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Propositions

1. In carbon electrodes with pores larger than the hydrated size of the adsorbed ions
selectivity is influenced by the ion-carbon surface interactions (this thesis).

2. Selectivity in ion-exchange membranes can be improved by increasing their chemical
affinity or their thickness, or by decreasing their charge density (this thesis).

3. By incorporating neuroscience subjects on how the brain works and learns into the
curricula of schools, students will acquire the tools to learn more effectively.

4. More breakthrough innovations can be achieved when connections among scientific
disciplines are developed.

5. Science should aim for diversifying knowledge rather than meeting a rigid quota based
on religion, race, gender, social background, class, or other identifying factors.

6. People with diverse skills and abilities have a better-equipped toolbox to thrive in this
ever-changing world as opposed to highly specialized individuals.

7. Society should demand from its leaders to take responsibility for their actions also when
things go wrong, and not let them get away by putting the blame on unforeseeable

circumstances.

Propositions belonging to the thesis, entitled
Selective Ion Removal in Electrochemical Processes

Tania M. Mubita Zambrano

Wageningen, 19 February 2021.
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Introduction

1.1 Water desalination and selective ion removal

Reducing the salinity of water streams, e.g., brackish and seawater, is the most common
application of desalination technologies, such as distillation, reverse osmosis (RO),
electrodialysis (ED), and capacitive deionization (CDI) [1-3]. Typically, the reduction in
salinity is achieved either by removing water molecules from saline waters, e.g., under
an applied hydraulic pressure such as in RO, or by removing salts instead of water
molecules, e.g.,, under an applied electrical field such as in ED and CDI [4, 5]. During
desalination, the feed water is divided into a diluate and a concentrate stream. Reverse
osmosis provides high-quality diluate streams with (close to) complete removal of ions
and other dissolved solutes [6, 7]. On the other hand, in technologies such as CDI and
ED, the quality of the diluate stream can be controlled by adjusting i) process
parameters, e.g., the flow rate of the feed stream and applied electrical potential, and ii)

material parameters, e.g., membrane surface area [8, 9].

Desalination is often viewed as a means to obtain freshwater by complete removal of
ions, mostly sodium (Na*) and chloride (Cl7), the main constituents of natural waters.
However, there is a variety of water streams that do not require the removal of all ions,
but only the removal/recovery of specific ions mainly because they pose risks to aquatic
ecosystems and human health or they have an economic value. Such water streams can
be groundwater with a high concentration of nitrate (NO3) or fluoride (F~), and

greenhouse irrigation waters, which often contain high loads of Na*[10-13].

The presence of competing ions at high concentrations and with similar
physicochemical properties to the target ions (e.g., size and valence) is the main
challenge for selective ion removal from water streams. In technologies such as ED and
CDI, operational and ion-exchange membrane parameters can potentially be tuned to
promote selective ion removal [14]. However, these technologies are not capable yet
of achieving this removal in an economically feasible fashion. Major technological
developments are expected in the coming years to further expand their application into

selective ion separations.
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An approach that could advance these technologies in selective ion separation is to
develop or modify some of the key components of the electrochemical system, i.e.,
porous electrodes in CDI and ion-exchange membranes (IEMs) in ED [15-19].
Advancements in membrane technology have prompted the development of different
selective IEMs [19, 20]. However, only a few of them have shown significant ion
selectivity to reach the commercial market: these membranes mostly show selectivity
towards protons or monovalent ions over divalent ions [21]. The pursuit of highly
selective membranes is ongoing not only to improve selectivity towards ions with
different valence but also ions with the same charge, e.g, potassium (K*) and

ammonium (NHJ); NO3 and Cl™.

The need for water desalination and selective ion removal

Water is a precious commodity that forges our society and helps it to meet food,
domestic, industrial, and energy needs. Although water is everywhere (water makes
up nearly 71% of the earth’s surface [22]), many people face barriers in accessing
clean water supplies—three out of ten people, including refugees and internally
displaced people, do not have access to clean water [23]. Concerns about future
water supplies and the strain on the water system are constantly making the
headlines due to projections of population growth and economic development in the
next decades. A feasible way to meet our increasing water demand is to harness

seawater by using desalination processes.

Currently, middle east countries such as Saudi Arabia, United Arab Emirates, and
Israel rely on desalination of seawater as a major source of freshwater [24, 25]. The
rest of the countries still rely on other natural waters—surface waters, i.e., rivers and
lakes, and groundwater. Groundwater supplies nearly 50% of the water consumed
worldwide [26]. Most of this water is used for irrigation (Figure 1.1)—at the global
scale, water used for agriculture represents 69% of the annual water consumption
[23]. The availability of groundwater is threatened by the depletion of aquifers and

the occurrence of contaminants as a result of human activities [11, 27].
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Agriculture is one of the contributors to the pollution of groundwater. High
concentrations of nitrate are often found in groundwater due to the excessive use of
fertilizers. Nitrates are potentially harmful to humans. It is reduced in the
gastrointestinal tract to nitrite, which then reacts with hemoglobin impairing oxygen
transport [28]. Due to its negative impact on human health, the World Health
Organization has set a limit for nitrate in drinking water of 50 mg/L [29]. Besides
nitrate, groundwater can also contain other chemical contaminants, such as fluoride,

arsenic, selenium, and heavy metals [11].

There exist different methods to remove chemical contaminants from water. The
removal of nitrate, for instance, can be achieved by biological denitrification—
mostly used for the treatment of municipal and industrial wastewater—, chemical

denitrification, ion-exchange resins, or desalination technologies [30, 31].

State-of-the-art desalination technologies, such as reverse osmosis, lack of
selectivity to remove specific ions from multicomponent waters. Therefore, very
often after desalination some of the removed ionic species are reintroduced to adjust
ion composition to meet water quality standards. For instance, during nitrate
removal from groundwater, chloride and some minerals, such as calcium and
magnesium ions, are also removed. To improve taste and make the water suitable
for human consumption, remineralization is necessary after the completion of the
desalination process. Another example is the removal of sodium ions from
greenhouse irrigation waters due to its detrimental effect on plant growth (Na* in
high concentration leads to low yield of crops). Sodium is removed together with
other essential nutrients for plant growth, e.g., potassium, magnesium, calcium, and
sulfate ions, which are involved in metabolic functions such as enzymatic activation

[32]. After desalination, fertilizers are used to add back the required nutrients.

The production of water from saline streams for human consumption is not the only
application that requires selective ion removal. Industrial water effluents, such as
those from the electroplating and mining industry, often require the selective
removal of heavy metals. Conventional methods for removing these ions involve

several steps: metal precipitation accompanied by flocculation or coagulation, or
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subsequent removal of the precipitate by solid-liquid separation processes [33].
These methods often require the addition of chemicals and generate large amounts

of harmful solids [33, 34].

Certainly, it is important to implement relatively simple yet environmentally and
economically sustainable technologies to selectively remove ions that represent a
potential threat to humans and ecosystems. However, the often low salinity of the
polluted water and lack of ion specificity are the biggest hurdles to the adoption of

selective desalination technologies in a cost-effective way.

I 2010 .
Developed countries  Electricity
I 2050 ® Industry
Households
2010 . . .
— Latin America and Caribbean = Irrigation

I 2050

I 2010
North Africa, the Middle East, and Russia
—— 2050

2010
Sub-Saharan Africa

B 2050
South Asia and East Asia Pacific
I 2010

., 2050

0 300 600 900 1200 1500
Water consumption (Km?)

Figure 1.1. Water consumption per sector area in the year 2010 and forecast for the year 2050. Source:
Adapted from [35]. Licensed under Creative Commons Attribution 3.0 Unported (CC BY 3.0).

1.2 Desalination technologies

Seawater constitutes about 97% of the water on Earth. Therefore, it is not surprising
that desalination is an important means to produce freshwater. Desalination is the
separation process in which dissolved compounds—such as salts, and organic matter—
are removed from water. Technologies that can achieve this type of separation are
commonly divided into two broad categories based on the separation method: 1)
thermal evaporation and 2) membrane separation [36-38]. The most commonly used
thermal desalination technologies are multi-effect distillation (MED), multi-stage flash

(MSF), and vapor compression (VC). The main difference among these technologies is
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the temperature to which the feed water is heated to generate the desalinated water
vapor. Membrane separation technologies can be further categorized by the driving
force that enables the salt-water separation: pressure gradient (osmotic pressure),

electrical potential difference, or differential temperature.

The most widely applied desalination method is the pressure-driven membrane
technology reverse osmosis with 63% of the capacity share, and MSF and MED, which
combined represent 31% of the share [39]. Other desalination technologies, such as
CDI, ED, and forward osmosis have not reached a significant share globally because they

are in the process of commercialization, or still require further development.

1.3 Electrically-driven desalination technologies

In this PhD project, we focus on electrically-driven technologies, specifically CDI,
membrane capacitive deionization (MCDI), and ED. This section gives an overview of
the key aspects of these technologies, with emphasis on their application in the selective

removal of ions.
1.3.1 Capacitive deionization

Capacitive deionization (CDI) is based on the electrosorption of ions upon the
application of an electrical potential difference between two porous electrodes (Figure
1.2a). Ions removed from the feed stream are temporarily adsorbed in the electrical
double layers (EDLs) of the oppositely polarized electrode (adsorption step) [40, 41].
When the adsorption capacity of the electrode is reached, the electrodes are short-
circuited or the voltage is reversed, which releases the ions back into solution
generating a concentrated stream (ion desorption step) [42-44]. CDI was initially
applied for the desalination of brackish water. However, in recent years the range of
CDI applications has expanded to water treatment of domestic and industrial effluents,

among others [9, 45, 46].

The main components of the CDI system are a pair of electrodes, mainly composed of
highly porous carbon-based materials. Much of the effort to improve CDI performance

has been directed to developing materials with high internal surface area to increase
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salt adsorption capacity, which is a metric that relates the amount of ions adsorbed in
the pores of the electrodes to the total electrode mass. Porous carbon materials, e.g.,
carbon aerogels, carbon nanotubes, graphene, and especially activated carbon, have
been extensively used in the fabrication of electrodes [47, 48]. Recently, a new class of
electrodes based on redox-active intercalation materials has been proposed. The
removal mechanism of these electrodes is based on ion insertion in the crystalline
structure of the material (reversible process) or on redox reactions [49, 50]. In section

1.3.1.2, we give further details about intercalation materials for selective ion

separations.

Electrical
Double Layers
Macropores l,

Current Collector

Porous Carbon Electrode u

- Micropores
Desalinated
Water

Porous Carbon Electrode @

Electrical K§\\
o

current

Current Collector

Current Collector

o

Porous Carbon Electrode

Anion Exchange Membrane

Cation Exchange Membrane

Porous Carbon Electrode

Current Collector

Figure 1.2. Schematic of CDI architectures a) feed water flows in between the electrodes, upon applying an
electrical potential, ions are adsorbed in the micropores of the electrodes, where the electrical double layers are
formed; b) membranes are placed in front of both electrodes. This architecture is referred to as MCDL
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An important characteristic of porous carbon materials is the preferential adsorption
of specific ions. However, ion selectivity in CDI is not only related to the properties of
the electrodes, but also to the properties of the ions to be removed, and system
conditions. Figure 1.3 summarizes the main factors that affect ion selectivity in CDI

systems. These factors are revised in the following section.

1.3.1.1 Factors affecting ion selectivity in CDI with porous carbon

electrodes

o The effect of ion properties and ion content on ion selectivity

Research has shown thation selectivity in porous carbon materials is largely influenced
by the valence and size of the hydrated ions. It has been reported that ions with high
valence are preferentially electrosorbed. Gabelich et al. [51] studied the effect of
valence, mass, and ion size on electrosorption capacity. They found that ion valence was
the main parameter determining ion selectivity. In solutions containing ions with
different valences, selectivity was observed towards the ion with the highest valence.
Similar results were obtained in the work of Zhao et al. [52] and Hou and Huang [53],
who reported preferential electrosorption of Ca?* over Na*, and Li et al. [54], who
reported preferential electrosorption of sulfate (S03~) over NO3. The selectivity
towards multivalent ions seems to prevail even when the concentration of the
multivalent ion is much lower than that of the monovalent ion. The selectivity towards
Ca%* reported by Zhao et al. [52] was achieved with electrolytes with an initial

concentration of Na™ five times higher than that of Ca?*.

When ions have the same valence, preferential electrosorption has been observed for
ions with smaller hydrated size [53, 55-57]. This selectivity trend, however, has been
shown to depend on the pore-size in the electrodes [58]. In electrodes with pore-size
similar to the ion-size, salt adsorption capacity, and hence preferential ion
electrosorption, decreases with increasing the hydrated size of the ions [59]. On the
other hand, when electrodes had a pore-size larger than the ion-size no significant

differences in electrosorption capacity of different ions were observed [51, 60].




Chapter 1

It is worth mentioning that ion selectivity based on size-affinity is often observed when
the concentration of competing ions is the same [54, 61]. This implies that when
competing ions have different concentration, selectivity is determined by other factors,

which will be discussed later.

For ions with the same valence and similar hydrated size, e.g, NO3 and CI~, ion
selectivity cannot be related to the differences in ion-size. Researchers have tried to
relate the observed selectivity to other physicochemical properties of the ions. Li et al.
[54] introduced the hydrated ratio, which is the ratio of the hydrated over the bare ion
radius, to evaluate the preferential electrosorption of monovalent ions. In this work, Li
et al. [54] reported selectivity towards anions with a higher hydrated ratio. A high
hydration ratio represents higher screening of the ionic charge, and therefore, less
electrostatic attraction of the ion for the carbon electrode. Sun et al. [62] tried to
correlate selectivity with electronegativity. They found that ions with higher

electronegativity are preferentially electrosorbed.

When looking into the effect of ionic composition, research has shown that preferential
ion electrosorption depends on the concentration of the ions in the feed solution and
not much on the ion valence or hydrated size. Different studies have reported that ions
with higher concentrations in the feed stream are found in higher concentrations

adsorbed in the carbon electrodes [63-65].
o The effect of system operation on ion selectivity

Operational parameters can also improve selectivity. Zhao et al. [52] obtained in a CDI
stack an effluent with a Ca%*/Na* concentration ratio of 300 by performing a stage
desalination process, where the desalination stream is repeatedly desalinated in the
next desalination cycle. Hou and Huang [53] showed that in a mixture of monovalent
cations selectivity towards small size cations increased as the applied voltage
increased. At 0 V, there was no preferential adsorption between K* and Na*. However,
at higher applied voltages selectivity towards K* increased. Yeo and Choi [66] showed
that in a mixture containing CI-,NO;~, and SO, %~ (concentration ratio 5:2:2), 50,2~ was
preferentially electrosorbed over ClI~ at low current densities. With increasing the

current density, adsorption of Cl~ increased.

10
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Figure 1.3. Overview of the main factors that affect ion selectivity in CDI with porous carbon electrodes. When
multiple ionic species are present in the feed stream the adsorption capacity of individual ions is influenced by

a) pore properties, b) ion properties, c) the presence of ion-exchange membranes (IEMs), and d) system

The effect of the electrosorption time on ion selectivity

The selective behavior of the electrodes in CDI has been shown to vary depending on

the electrosorption time [52, 54, 61, 67]. Zhao et al. [52] reported that Na* was

preferentially removed from the solution at the beginning of the electrosorption

11
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process, but when the electrodes were saturated, Ca?* replaced the adsorbed Na* ions.
In addition, when electrosorption was carried out for one hour, the Ca*/Na* ratio was
~ 7. This ratio increased to ~ 25 when the adsorption time was extended to five hours.
Similar to the previous study, in a CDI system, Hassanvand et al. [67] observed that at
the start of the electrosorption process monovalent cations (Nat and K*) were
preferentially adsorbed over Ca?*. However, after a certain time, Na‘ and K* were
displaced by Ca%*, which increased the concentration of both monovalent ions in the
bulk solution compared to that of Ca?*. In the case of mixture of anions, Hassanvand et
al. [67] reported that SO3~ and Cl~ are preferentially removed at the early stage of

electrosorption, but at later stages these ions are replaced by NO3.
o The effect of carbon modifications on ion selectivity

Selective ion adsorption can be achieved by modifying the pore characteristics of
carbon materials, e.g., pore size [68, 69]. Avraham et al. [68] used chemical vapor
deposition (CVD) to reduce the pore-size of carbon fiber electrodes. After the CVD
treatment, their results, obtained with single salt electrolytes, showed that the
adsorption capacity for divalent ions decreased, whereas the capacity for monovalent
ions did not change. They concluded that only ions that are smaller than the pore
opening could enter the pores. Noked et al. [69] modified an AC cloth by CVD to promote
the electrosorption of NO3 over Cl™. The preference for NO3 was attributed to the
formation of narrow pore openings that allowed the passage of NO3, with planar shape,

and hindered the passage of Cl~, with sphere-like shape.

Oyarzun et al. [70] used carbon electrodes functionalized with quaternary amines
(cathode) and benzene sulphonate (anode) to increase selectivity towards NO3 over
CI™. Guyes et al. [71] reported enhanced selectivity towards K* over Li* when using
chemically oxidized cathodes. Lado et al. [72] modified the surface of carbon electrodes
with coatings of metal oxides (SiO, on the cathode and y — Al,0; on the anode) to
increase the removal of NO3. They showed symmetric removal of cations and anions in
NaNO; electrolyte, but asymmetric ion removal in Ca(NO3), electrolyte, which was

characterized by higher electrosorption of Ca?* than NO3. In addition, with

12
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multicomponent electrolytes, Lado et al. [72] reported time-dependent ion removal for

Na* and Ca?* similar to that previously described by Zhao et al. [52].
1.3.1.2 Ion selectivity in CDI with other porous materials

One or both carbon electrodes can be replaced by electrodes composed of intercalation
or redox-active materials. CDI systems with two distinct electrodes are considered
hybrid. The electrodes in these systems present asymmetric ion removal, which is the
result of different removal mechanisms [73]. With intercalation materials, such as
Prussian Blue and its analogs (PBAs), ion removal is accompanied by a Faradaic charge
transfer. This mechanism of storing charge is often reversible, i.e., ions stored in the
interstitial sites can de-intercalate once the electrical potential difference is removed
[16]. On the other hand, with redox-active materials, the removed ions are transformed

into other chemical species by reaction with the electrode surface [49, 73].

The increasing interest in intercalation/redox-active materials is associated with their
high capacitance (capacity for ion storage) and the potential to achieve higher salt
removal than porous carbon electrodes at lower voltage [45, 50, 74]. Additionally,
intercalation/redox-active materials have shown high ion selectivity. For instance,
PBAs, such as nickel hexacyanoferrate (NiHCF), have been intensively studied for their
ability to selectively separate alkali metal ions [50, 75]. In aqueous electrolytes,
selectivity trends in PBAs-based electrodes are associated with ion size-exclusion: the
ion with the lowest hydrated size is preferentially removed [16, 50, 76]. These materials
can also achieve high selectivity by charge exclusion. Singh et al. [16] reported selective
removal of Nat over Ca?* and Mg?* in NiHCF-based electrodes. Sodium selectivity
remained high (separation factor Na'/divalent ions = 20) even in electrolytes with

concentrations of the divalent ions three times higher than Na*.

Transition metal oxides, such as sodium manganese oxide (NMO) and manganese oxide
(MnO,), are other types of intercalation materials. Kim et al. [77] showed that NMO-
based electrodes selectively removed Nat over K*,Mg*, and Ca*. On the other hand,
electrodes containing Mn0O, have shown to be suitable for recovering Li* from seawater

and brines [78]. Other materials such as lithium-manganese-titanium oxide (LMTO)

13
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and polyanionic phosphates, e.g., lithium iron phosphate (LiFeP0O,), have also been

proposed for the selective removal of Li* [79, 80].

Studies conducted by Srimuk et al. [81] demonstrated that intercalation materials can
also be used to selectively remove divalent ions. They reported that selectivity can be
tuned in intercalation electrodes by adjusting the applied voltage. The changes in
selectivity are related to the different potentials of intercalation for different ions.
Srimuk et al. [81] achieved selective removal of Mg2* over Cs™ in electrodes of titanium
disulfide and carbon nanotubes (TiS2-CNT). Other studies have also shown that

selectivity can be manipulated by changing the operational voltage [82].

In general, much of the research conducted with intercalation/redox-active materials
is focused on selective separation of cations, rather than anions. A few relevant studies
include mostly redox-active materials. For instance, Hu et al. [83] used layered metal
oxide electrodes to remove nitrates. The removal of nitrate is performed in two steps:
in the first step, NO3 is electrosorbed onto the anode electrode. In the second step,
which involves the regeneration of the electrode, NO3 is reduced to nitrogen gas.
Chloride has been selectively removed using bismuth (Bi) electrodes as an anode [84].
In these, electrodes, C1™ is stored as a bismuth oxychloride (BiOCl) compound. Removal
of CI~ is approx. 1.5-fold higher than that of SO2~. However, this preferential removal

of CI~ decreases with increasing SO%~ concentrations.
1.3.2 Membrane capacitive deionization

Membrane capacitive deionization (MCDI) is a modification of CDI in which ion-
exchange membranes (IEMs) are placed in front of the porous electrode (Figure 1.2b)
[85]. IEMs increase the desalination efficiency and salt adsorption capacity of the
system by blocking the co-ions that are expelled from the micropores. Due to
electroneutrality —requirements, the accumulation of co-ions at the
electrode/membrane interface leads to an increase in counterion concentration, and

hence an increase in salt removal capacity [86, 87].

IEMs influence ion kinetics by allowing the preferential transport of specific ions [67,

88]. lon transport, and therefore ion selectivity, varies depending on the membrane

14
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characteristics, e.g.,, chemical composition. Studies have shown that the removal of
divalent ions is increased in MCDI systems with conventional [EMs [89, 90]. On the
other hand, selective monovalent IEMs allow for the selective removal of monovalent

ions from electrolytes containing a mixture of multivalent ions [91, 92].

Typically, IEMs are included as free-standing films. However, IEMs can also be coated
onto the surface of the electrodes. Kim and Choi [17] coated the anode surface of carbon
electrodes with polymeric solutions containing selective ion exchange resins (IERs) to
separate NO3 from CI™. Their system achieved a higher electrosorption of NO3 over
Cl™ than the MCDI system with conventional IEMs. Gan et al. [93] used a similar
approach and coated carboxyl functionalized carbon nanotubes to preferentially
electrosorb NO3 over SO3~, CI7, and F~. Similarly, Zuo et al. [94] reported high

selectivity towards SO2~ even at high CI~ concentrations in the feed solution.

Although MCDI was initially developed with [EMs, new approaches include other types
of membranes such as nanofiltration membranes, which have been used to separate
monovalent and divalent ions [95]. Further modifications of MCDI systems include
hybrid systems with metal oxides electrodes, such as lithium manganese oxide, which

showed high selectivity towards Li* over Mg?*, Ca?*, K*, and Na* [96].
1.3.3 Electrodialysis

Electrodialysis is another desalination technology in which ions are transported
through IEMs when an electrical potential is applied between two electrodes, i.e.,
cathode and anode. An ED unit consists of cation-exchange membranes (CEM) and
anion-exchange membranes (AEM), placed in alternating order between the electrodes.
This membrane arrangement creates two separate compartments, i.e., diluate and

concentrate, through which water flows (Figure 1.4).

In general, IEMs allow the selective transport of ions with one charge sign, i.e, AEM
transports negatively charged ions (anions) and CEM transports positively charged ions
(cations). This selectivity is possible due to the presence of ion-exchange sites
consisting of functional groups with opposite charge to the ions transported across the

IEMs (counterions). These ion-exchange sites can be chemically bound to the

15
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membrane matrix (homogenous membranes) or physically dispersed throughout the
membrane matrix (heterogeneous membranes) [21]. Besides the apparent difference
in structure between homogenous and heterogeneous membranes, these two types of
membranes are also different in terms of their electrochemical properties, e.g.,
electrical resistance [97-100]. In principle, homogenous membranes have the same
properties throughout their thickness due to the uniform distribution of ion exchange
sites over the polymeric matrix. In addition, homogenous membranes are considered
to have relatively low electrical resistance compared to heterogeneous membranes

with the same thickness [100].

The selectivity of the [IEMs towards the transport of ions of opposite charge is a property
of the IEMs known as permselectivity [101, 102]. This selectivity is often sufficient for
most ED applications, e.g., sea and brackish water desalination. However, specific
applications, such as water softening, require membranes with an additional selectivity
that allows the separation of specific counterions. The ability of IEMs to discriminate
different counterions depends on different physical and chemical interactions, e.g.,
electrostatic attraction and steric hindrance, between the ion-exchange sites in the
membrane and the counterions in the feed stream. As a result of these interactions, the

IEMs exhibit affinity, or preference to permeate, for one counterion over another.

In ED processes, selective ion separation depends not only on the affinity of the IEMs
for specific ions, but also on parameters such as the driving force, e.g., applied electrical
potential, and the desalination time. For instance, typically, IEMs (both CEM and AEM)
show a higher affinity for multivalent ions, due to stronger electrostatic interactions
between the ions and the ion-exchange sites [103, 104]. At low applied electrical
potential, this affinity plays an important role in the preferential transport of divalent
ions over monovalent ions [105]. However, at high applied electrical potentials,
monovalent ions are preferentially transported. In this case, it is argued that kinetics
play an important role in determining selectivity: divalent ions are more strongly
retained in the IEMs, which in turn results in slow transport compared to the

monovalent ions [103, 106].
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The affinity of IEMs towards specific ions can be tuned by modifying the way ions
interact with the membrane structure i.e., ion-exchange sites and membrane matrix
[19, 107, 108]. To that end, modification of the IEM surface is the most common and
effective method to date, which has been shown to improve ion selectivity between
monovalent and divalent ions [15]. Surface modification can be achieved by i)
immobilization of a thin layer of a charged functionalized polymer with the same charge
sign as the counterions in solution [109]. In this way, the transport of multivalent
counterions is more hindered by strong electrostatic repulsion with the charged layers
than that of monovalent ions. ii) Deposition of multiple layers of polyelectrolytes, often
referred to as layer-by-layer deposition. The method consists of coating the surface
with alternating layers of polyanions and polycations. It has been shown that the
modification improves the permeability of the membranes towards small monovalent
ions [110-113]. And, iii) increasing the cross-linking degree of the membrane surface.
The modification increases the separation of ions with different hydrated size by ion-
sieving [114]. Other modification approaches include incorporating in the membrane
matrix fine particles of organic and inorganic ion-exchange materials, such as IER and

zirconium phosphate [115, 116].

In general, there is often a trade-off between membrane affinity and other membrane
properties, such as electrical resistance (ER) and permselectivity [117]. The ER in [EMs
with surface modifications or with high cross-linking is often increased as a result of a
reduction in ion mobility [110]. On the other hand, the addition of particles to the
membrane matrix causes dimensional instability (high degree of swelling or shrinking),

which leads to a decrease in the mechanical stability of the membranes [118].
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Figure 1.4. Schematic representation of an ED unit. The ED stack consists of alternating cation- and anion-
exchange membranes placed between two electrodes, ie, the anode and the cathode. When an electrical
potential is applied, anions migrate through the AEM and cations through the CEM, which creates a concentrate
and a diluate stream.

1.4 Numerical frameworks to describe ion transport

1.4.1 Porous electrode theory

Over the years, different theories have been developed to describe electrosorption in
porous carbon electrodes in capacitive processes. Key elements of these theories are
the description of ion transport inside the electrodes and ion adsorption in the EDLs. A
common theoretical approach is to consider the transport of ions from the bulk solution
through the interparticle space (macropores), and the transfer of ions from the
macropores into the pores inside the carbon particles (micropores), where the EDLs
are formed [52, 119]. To describe ion adsorption and charge storage in the micropores,
different EDL models have been implemented. Early porous electrode theories used the
Gouy-Chapman-Stern (GCS) model for the EDL structure [120, 121]. In the GCS-model,
the EDL consists of two layers: i) an inner layer (Stern layer), close to the electrode
surface, which is charge-free, i.e., ions are absent. And ii) an outer layer (diffuse layer)
at the outside boundary of the Stern layer (Figure 1.5a). The diffuse layer contains the

ions and extends outwards into the bulk solution—usually several nm in diluate

18



Introduction

solutions such as 5~20 mM NaCl. The length of the diffuse layer is often larger than the
average micropore diameter (~2nm), which results in double-layer overlap. The GCS
model does not take into account the overlap of the EDL, and this is the reason why
recent porous electrode theories replaced the GCS model for a more suitable model: the
Donnan model (Figure 1.5b) and its modified versions. Chapter 6 describes theory for
ion transport that includes a modified version of the Donnan model, which considers
the presence of chemical surface charge in the micropores, e.g., protonated groups and

acidic groups such as carboxyl.

Existing porous electrode theories capture the dynamics of the electrosorption process,
e.g., changes in ion concentration in micropores and the bulk solution. Extended
theories capture additional features such as pH changes between feed and outlet
stream, Faradaic (redox) reactions, and electrosorption of mixtures of salts [122, 123].
As previously discussed, porous carbon electrodes preferentially electrosorb certain
counterions in salt mixtures. Multicomponent theories often predict preferential ion
electrosorption based on differences in valence, ion mobility, and size among
counterions. However, these theories do not accurately describe preferential ion
adsorption between ions with the same charge valence and size. In Chapter 2, a
theoretical framework is developed to describe preferential ion adsorption based on

the affinity of the porous carbon electrodes towards a specific ion.
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Figure 1.5. Electrical double layer (EDL) representations according to a) Gouy-Chapman-Stern model and b)
Donnan model. The EDL forms when the carbon phase is brought in contact with an electrolyte phase. The red
dotted line represents the potential drop over the solution side of the carbon/electrolyte interface, when
transitioning from the carbon into the bulk liquid.

1.4.2 Theory of ion transport in electrodialysis

Numerical models for ED often use the Nernst-Plank (NP) equation to describe the flux
of ions in the system, e.g., across IEMs and bulk solution. In the NP equation, the total
flux of ions is the result of diffusional fluxes, i.e., due to a gradient in concentration, and
migrational fluxes, i.e., due to a gradient in electrical potential. To fully describe ion
transport in ED, the NP equation is often coupled with equations for mass conservation,
and the hydrodynamics of the system, among others [124]. These equations are then
applied to different regions: i) the diluate and concentrate flow compartments, ii) the
thin layers adjacent at each side of the membrane, which are known as boundary layers
(BL), and iii) the IEMs. Rigorous models often consider the formulation of ion transport
equations for the regions discretized in space and time [125]. Simplified models, on the
other hand, assume certain ideal situations to decrease numerical complexity, for
instance: i) completely mixed flow channels to neglect the BL, and ii) steady state, i.e.,

ion transport does not change in time, to avoid temporal discretization.

In general, numerical models consider selectivity in IEMs based on ion charge sign. The

common approach is to assume ideally permselective membranes, i.e., only counterions
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permeate. However, some models relax this assumption by considering leaky
membranes, i.e., counterions and a limited number of co-ions permeate the membrane.
Numerical models for ED that also include membrane selectivity between different
counterions are insufficient. lon selectivity between counterions is captured by
introducing parameters that are related to differences in ion mobilities between the
membrane matrix and the bulk solution or BL. This approach has been used to capture
ion selectivity between ions with marked differences in mobilities, e.g. monovalent and
divalent ions [105]. In Chapter 4, a dynamic transport model is developed to describe
selectivity between two different monovalent ions. An important characteristic of the
approach used in this model is that it includes a parameter related to the affinity of the

membrane for a specific ion.
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1.5 Scope and outline of the thesis

Studies mentioned in previous sections have shown that selective ion separation is
possible with CDI and ED. However, the degree of the separation that is achieved with
these technologies is still modest and limited to certain ionic species, mostly
multivalent/monovalent separation. This thesis aims to provide insights to promote the
selective removal of ions in CDI and ED. More specifically, this thesis intends to i) study
the selective separation of monovalent ions, ii) analyze the factors that affect selective
ionremoval in CD], i.e., applied electrical potential and ion concentration, iii) synthesize
selective ion-exchange membranes and evaluate their performance in electrodialysis
systems, and iv) propose numerical frameworks to describe and predict ion selectivity

in CDI and ED.

Chapter 2 focuses on the study of adsorption and electrosorption of NO3 and Cl™ in an
activated carbon material. The chapter includes a systematic study on ion selectivity
over a range of ion concentrations and applied electrical potentials. Moreover, it
presents a comparison between preferential ion adsorption onto the carbon material at
equilibrium (no electrical potential is applied) and electrosorption onto the carbon
electrode. The chapter also describes a theoretical model based on a modification of the
Donnan model and includes a parameter that relates to the affinity of the carbon

particles towards a specific counterion.

Chapter 3 explores the fabrication of heterogeneous IEMs selective towards NO3. The
chapter provides i) a comprehensive characterization of the electrochemical properties
of the membranes and ii) an analysis of the effects of hydrophobic groups in the

membranes and competing anions, such as Cl~, 103, and SO2~ on NO3 selectivity.

Chapter 4 deals with the evaluation of NO3 selectivity in commercial and home-made
membranes in an ED system. The performance of the different membranes is compared

and a numerical model for ion transport that captures ion selectivity is proposed.

Chapter 5 shows a “proof of concept” to fabricate IEM with biopolymers, i.e., alginate

and extracellular polymeric substances (EPS) extracted from anaerobic activated
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granular sludge. The membranes are intended to selectively separate monovalent

cations, specifically K* and Na™.

Chapter 6 is focused on the electrosorption of ions in an MCDI system consisting of
wire-shaped carbon electrodes coated with ion-exchange polymeric solutions. Two
procedures to fabricate the layer of porous carbon in the electrodes were examined.
The salt adsorption capacity of the resulting electrodes was described using a model
that considers the presence of acidic and basic groups on the carbon surface

(amphoteric Donnan model).

Finally, Chapter 7 gives an overview of the main findings of this thesis and provides

additional perspectives on ion selectivity in electrically driven processes.
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Chapter 2

Abstract

Activated carbon is the most common electrode material used in electrosorption
processes such as water desalination with capacitive deionization (CDI). CDI is a cyclic
process to remove ions from aqueous solutions by transferring charge from one
electrode to another. When multiple salts are present in solution, the removal of each
ionic species can be different, resulting in selective ion separation. This ion selectivity
is the result of combined effects, such as differences in the hydrated size and valence of
the ions. In the present work, we study ion selectivity from salt mixtures with two
different monovalent ions, chloride and nitrate. We run adsorption experiments in
microporous carbons (i.e., without applying a voltage), as well as electrosorption
experiments (i.e., based on applying a voltage between two carbon electrodes). Our
results show that i) during adsorption and electrosorption, activated carbon removes
much more nitrate than chloride; ii) at equilibrium, ion selectivity does not depend
strongly on the composition of the water, but does depend on charging voltage in CDI;
and iii) during electrosorption, ion selectivity is time-dependent. We modify the
amphoteric Donnan model by including an additional affinity of nitrate to carbon. We
find good agreement between our experimental results and the theory. Both show very
high selectivity towards nitrate over chloride, Bxo; /- ~ 10, when no voltage is applied,
or when the voltage is low. The selectivity gradually decreases with increasing charging
voltage to Byo;/c1- ~ 6 at Vn=1.2 V. Despite this decrease, the affinity-effect for nitrate
continues to play an important role also at a high voltage. In general, we can conclude
that our work provides new insights into the importance of carbon-ion interactions for

electrochemical water desalination.
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2.1 Introduction

Capacitive deionization (CDI) is a cyclic process to remove ions from aqueous solutions
by electrostatic interactions with charged electrodes often made of porous carbon [126,
127]. This cyclic process is performed by alternatingly charging and discharging the
electrodes. During charging, ions are electrosorbed from the feed water, and a
desalinated stream is produced. The ions are temporarily stored in electrical double
layers (EDLs), which are formed at the electrode-solution interface [59, 128, 129].
During discharge, ions are released from the electrodes and a concentrated stream is

produced.

When multiple salts are present in the feed water, the adsorption of each ionic species
can be different, resulting in selective removal of ions [56, 63, 130]. As we mentioned
in Chapter 1, several factors influence the ion adsorption capacity of individual ions
from salt mixtures, including i) the material of the electrode, for instance, an
intercalation material [131], or porous carbons, as we will focus on in this work; ii) for
carbons, the pore characteristics, such as size [132] and chemical surface charge [59];
iii) ion properties, such as ion valence [53], hydrated size [51], electronegativity [62],
and the affinity of the ion to the carbon; and iv) operational conditions, such as charging

and discharge voltage and initial ion concentration.

When ions have different valencies, it has been shown that a large selectivity can be
obtained [52]. However, for mixtures with two anions or two cations with the same
valence (namely both monovalent), the results are more ambivalent. In some cases, the
selectivity is quite small [55, 56] and in some cases much more significant [70]. It would
seem that an affinity difference between the two ions, i.e, their non-electrostatic
interaction with the carbon (micropores), can play a significant role when the carbon is
uncharged (in an adsorption experiment) [133], but most likely is overruled when two
carbons are charged in a CDI-cell (electrosorption). In the second case, the electrostatic
forces are strong (the voltage applied is many times the thermal voltage), and this is
expected to overwhelm the affinity effect, which is voltage-independent. Our findings,
as we will report below, are that indeed with increasing voltage the selectivity between

two ions of the same valence decreases when the charging voltage increases. However,
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as we also show, both experimentally and theoretically, the separation factor () for the
ion pair NO3 /Cl™ remains very high, also at a voltage of Van=1.2 V, where a value of

Bno;/ci- ~ 6 is found, dropping from a value ~10 in an adsorption experiment.

In the present chapter, we focus on studying selective removal of NO3 and Cl~ by porous
carbons. We perform two different types of experiments: i) adsorption to study
selective removal without electrically charging the carbon material, and ii)
electrosorption with charging the carbon, i.e., CDI. The CDI experiments are performed
as a function of the NO3 over Cl™ concentration ratio in the water and charging voltage.
For both types of experiments, we find significant preferential removal of NO3 over
Cl~. We show that, in both cases, experimental data can be well described with the
amphoteric Donnan model for ion adsorption in the EDLs. In the model, we include a
term to account for the affinity of the carbon surface for NO3. We show that this affinity
term leads to a high selectivity between the two ions in case of absence of a charging
voltage (or a low voltage). Furthermore, we show that the affinity-effect remains
important at a high voltage (Ven=1.2 V) where electrostatic effects also come to play a

role.

2.2 Theory

To describe ion adsorption in the EDLs formed in microporous carbon materials, we
use the amphoteric Donnan (amph-D) model. This model takes into account EDL
overlap in sufficiently small micropores (smaller than the Debye length), which is
typically the case for CDI with microporous carbons, and the model includes the
presence of chemical charge on the surface of the carbon, i.e, lining the micropore
regions [134-137]. The amph-D model considers that there are two types of surface
charge located in two different regions in the micropores: one region with acidic groups
(region-A), and one region with basic groups (region-B). The two regions are expected
to be near one another, quite well “mixed” throughout the electrode, but nevertheless,
each has its distinct ionic composition, resulting from the difference in nearby surface

charge.
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Chemical interactions between ions and chemical groups present at the carbon surface
can be included in the amph-D model, e.g., positively charged chemical groups at the
surface, for which we use the general symbol B+, can chemically bind ions, for example,
NO3, according to the reaction B* + NO3 S B — NOs. This adsorption process can be
modeled in equilibrium using a pK-constant, which describes the state of the
equilibrium as a function of the concentration of ionic species, and the number of free
and occupied adsorption sites [138, 139]. These chemical interactions between ions
and chemical groups affect the adsorption of specific ions, as well as the chemical
surface charge. Related is the pH-dependency of the acidic and basic groups as
considered by Hemmatifar [140] in a model with acidic and basic groups, co-existing in

the same micropore region (no separation in A- and B-regions).

Instead of considering the binding constants of ions with the different chemical groups,
in the present work we use a simplified approach to describe chemical interactions by
making use of a term (W) that describes the affinity of the micropore for certain ions.
This term is incorporated in the description of the ion concentration in the micropores

(€mi,ij) according to the Boltzmann equilibrium. The resulting expression is

Cmijij = CmA)i " eXp(_Zi “Adp; + Hi) Eq.2.1

where subscript ‘i’ refers to the ionic species, and subscript ‘j’ to the micropore region,
which can be either A or B. The concentration in the macropores is cpa;, z; is the
valence of the ion, and A¢p; is the dimensionless Donnan potential. For all species,
except for NO3, we set p to zero. Thus, only for NO3, we assume that the binding to
chemical groups can be appreciable. For the other ions (Cl~ and K*), we assume they
do not have a significant chemical binding to the surface, and that they behave as inert
species for which the normal Boltzmann distribution applies, i.e., Eq. 2.1 with p = 0.
We use the same value of |1 in both the A- and B- regions, i.e., the present model assumes

the affinity effect for NO3 does not depend on the nature of the chemical charge.

In each region in the micropores, the amph-D model describes three types of charge:

electronic charge in the carbon matrix (Geiec), ionic charge in solution (Gionic), and
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chemical charge at the carbon surface (Gchem). Overall, each region in the micropores is

charge-neutral, and thus
Gelec,j + Gchem,j + 0-ionic,j =0. Eq 2.2

The acidic region has a negative value of 6., Whereas the basic region has a positive

value of 0¢pem- To calculate 0oy, In €ach region we use

Eq. 2.3
Ojonicj = Z Zi * Cmijij- q
i
In the micropores, the ionic charge and electronic charge cannot come infinitely close;
therefore, a dielectric layer is considered in between, which is called the Stern layer.
The potential over this layer (A¢s;) is related to the Stern layer capacitance (Cs) and

Oelecj according to
Oelec,j F=Vr- Ad)s,j Cg Eq.2.4

where F is Faraday’s constant, and V; the thermal voltage, given by V = RT/F, with R

the gas constant and T the temperature.

In each electrode (anode or cathode), the potential drop over the EDLs (Adgp;.) is the
sum of Adpp and Adyg, and is equal for region A and B [141]

AdgpL = Appa + Adpsa = Adpp + Adsp. Eq.2.5
In addition, for each electrode, we calculate the average value for 0)ec and ojqpic Using
Oclec = Zj:A,B Q; - O¢lec,jr and Oionic = Z]’:A,B & * Ojonic,j Eq. 2.6

where q; is the fraction of each region relative to the total micropore volume, Upyjac

(mL/g electrode).

At equilibrium (no transport of ions), the cell voltage is related to A¢gp;, in the anode

(an) and in the cathode (ca) by

Veen Eq.2.7
Ic/: = Ad)EDLan - Ad)EDLca- a
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The ion adsorption capacity of the electrodes (IAC) is calculated from the difference
between the ion concentration in the micropore (c;) at the end of the adsorption step
(superscript “ads,end”), and the concentration at the end of the desorption step
(superscript “des,end”), and when both electrodes have the same mass is given by

[142]

_ ads,end des,end ads,end des,end Eq- 2.8
IAC; = = Upjac” ((c - )Ca + (ci -G )an)

1 1 1

Eq.2.9

Ci = Z (X]' . Cmi,i,j'
j=AB

The electrode charge (in C/g: defined per gram of two electrodes combined) is given by

adsend _ cdesend| Eq.2.10

EF =%-F: Umi,AC * |Gelec elec

Next, we define the charge efficiency for a mixture of monovalent ions as the ratio of the

total number of ions adsorbed, divided by a factor 2, over the charge transferred,

A F Y IAC Eq.2.11
T2 %

Where ‘i’ runs over all adsorbed ions.

Finally, to describe ion selectivity in the EDLs, we use the separation factor (B), which

is explained in detail by Suss [56] and is expressed as

_IAC; cmae Eq.2.12
27 1AC, cmat

where the subscripts 1 and 2 refer to the two different ionic species, e.g, NO3 and Cl™.

The set of Eq. 2.1-Eq. 2.12 describes ion adsorption in the micropores for a process that
at the end of each step (charging step, discharge step) reaches equilibrium, i.e., there is
no longer transport of ions into the micropores, and is valid irrespective of the valences

of the participating ions (except Eq. 2.11).
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2.3 Materials and methods

2.3.1 Adsorption experiments

Batch experiments were conducted to study the adsorption of ions in activated carbon
(AC) powder, which is equilibrated with a salt solution. A mass of 2 g of dry AC (YP50-
F, Kuraray Chemical, Japan) was immersed in 20 mL of multi-ionic solutions containing
either: i) one dissolved salt, either 20 mM KNO; or 20 mM KCI; or ii) salt mixtures with
different NO3 to CI™ concentration ratios, such as 1:2 and 2:1 (21 mM total ionic
strength), and 1:3, 1:1, and 3:1 (20 mM total ionic strength). The solution was
continuously stirred for 24 h, which is sufficiently long to reach equilibrium in the ion
transport between bulk solution and micropores. After this time, the solution was
filtered and the concentration of each ion in the filtrate was analyzed by ion
chromatography (IC). The ion concentration in the micropores (cy,;) was calculated

from the ion mass balance

Vsol * Cinitiali = Ymiac " Mac * Cmii + (Vsol — Ymiac * Mac) * Crinal Eq.2.13

where Vg is the volume of solution, my¢ the mass of AC, and upy,; ac is the AC micropore
volume. ¢jyjtia); is the initial concentration of ion i, and ¢y, 5 is the concentration of ion

i at the end of the adsorption experiment.
2.3.2 Electrosorption experiments

CDI experiments were conducted in a stack with four cells. Each cell consisted of two
graphite current collectors, a pair of carbon electrodes (Materials & Methods, PACMM™
203, Irvine, CA, electrode area = 33.8 cm?) and a spacer channel (Glass fiber filter, cat
No. AP2029325, Millipore, &sp ~ 250 pm) placed in between the electrodes, through
which an aqueous solution flows. The electrodes used in the present study have been
electrochemically characterized by other researchers [70, 143]. The stack was
ensembled as described by Porada et al. [144] in which an aqueous solution flows in
between the electrodes through the spacer channel. The aqueous solution with a total
volume of 160 mL was pumped through the stack with a flow rate of 30 mL/min. The

system was operated in batch-mode: the solution was pumped from the feed container
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into the stack, and the effluent of the stack was recirculated to the feed container. The
charging voltage (V) and discharge voltage (V4.,) were controlled and the current was
measured using a potentiostat (Ivium Technologies, the Netherlands). For each
experiment, we ran three cycles (charging /discharge) to achieve dynamic equilibrium,
i.e, when the dynamic data of effluent concentration and current of a particular cycle is
the same as of the previous cycle. Thereafter, the fourth cycle was performed, and we
took samples from the feed container at different times during charging and discharge.
The ion concentration in solution was measured by IC. With this concentration and the
volume of solution, we obtain the mole of ion in solution. The difference between the
mole of ions at the beginning of the electrosorption experiment and at equilibrium is
the total ion adsorption. This total ion adsorption was divided by the total mass of
electrodes to obtain IAC in mol/g. The half-cycle time (HCT), which is the duration of
each step (charging or discharge), was always 90 min unless otherwise noted. We

present an overview of the experimental conditions in Table 2.1.

Table 2.1. Overview of electrosorption experimental conditions.

Experiment type Initial salt concentration Operational mode
Effect of the initial [NO3] :[CI'] Ccv
ion concentration 1:2; 2:1 (total = 21 mM) Vn=12V
(Figure 2.2) 1:3; 1:1; 3:1 (total = 20 mM) Vach=0V
Effect of the . cv
charging voltage [%\é(l)i]—_lloor?l\l/\[/l Ven=0.6;0.8;1.0; 1.2V
(Figure 2.3) - Vaen =0V
Preferential ion [NO3]= 10 mM EZV
electrosorption [CI']=10 mM Vn =12V
(Figure 2.4a) Viach=0V
Step I: [C] ]= 20 mM~ Ccv
Ion displacement Veh = 1.2V, teh = 30 min
(Figure 2.4b) Step II: [NO3]= 20 mM* Ccv
Ven=1.2V, tch = 90 min

CV=constant voltage; * first step: CV charging for 30 min, 20 mM KClI solution; # second step:
addition of 20 mM KNO3 while keeping Veh = 1.2 V for tch = 90 min
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2.4 Results and discussion

2.4.1 Adsorption experiments: activated carbon is selective

towards NO3

Figure 2.1 shows the NO3 and CI™ concentration in the micropores of the carbon
particles as a function of the NO3 to Cl~ equilibrium concentration ratio in solution.
Preferential NO3 adsorption is observed, even when the concentration of Cl~ is three
times higher than that of NO3. Experiments performed with single salt solutions (either
NO3 or ClI™ in solution) showed that the concentration of Cl~ ions in the micropores is
34 % lower than that of NO3: ¢y c1-=86 mM and ¢y no; =130 mM. These results show
that commercial activated carbon materials, which are often used to fabricate
electrodes for CDI [145-147], have an affinity that favors the adsorption of NO3 in

carbon micropores.

Pore size and surface chemistry are affected by the fabrication and activation method
of AC and play an important role in the adsorption capacity of AC [148-150]. In the
present work, we report data obtained with microporous AC: 80% of the total pore
volume is due to pores with a size between 0.6 and 2 nm [129]. These pores are larger
than the hydrated size of the ions used in this study, and thus, are accessible for ions.
Therefore, we consider that the surface chemistry, rather than the pore size, has an

effect on the preferential adsorption of ions.
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Figure 2.1. Adsorption in uncharged carbon powder. a) Experimental data (symbols) and theoretical curves of
the ion concentration in the micropores (¢, ) of activated carbon, and b) the separation factor (Byo; /c1-) both
as a function of equilibrium concentration ratio in solution, [NO3 ]: [C1~]. In all calculations, we assumed that
the volume of solution is 160 mL and that the total initial ionic strength was 20 mM, although in experiments
with an initial concentration ratio of 2:1 and 1:2, the total initial ionic strength was 21 mM.

The surface chemistry of the AC is related to the presence of functional groups, which
are: i) acidic groups, primarily oxygen-containing groups, such as phenolic, carboxylic,
and lactonic, and ii) basic groups, such as nitrogen-containing functional groups, or -
electrons on the graphene layer [151, 152]. Depending on the conditions, such as the
pH and solvent characteristics, these functional groups can be dissociated or
protonated, thereby inducing attractive or repulse interactions with the ions in solution
[153]. As the strength of the interactions between ions and functional groups is not the

same for all ions, we observe an effect on the preferential adsorption of ions [154].

In Figure 2.1, we also show theory curves for NO3 and Cl~. We used the affinity term
(w), which describes the interaction between each ion in solution with the uncharged
carbon material, as a fitting parameter. Theory describes our data very closely when

the value of uyo; is 2.46.
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Table 2.2. Parameters used in the theory to describe ion selectivity in the EDLs.

amph-D model

Ochema | Chemical surface charge - acidic region -0.26 M
Ochems | Chemical surface charge - basic region +0.26 M
Umiac | Micropore volume carbon powder (adsorption) 0.82 mL/g
Micropore volume electrode (electrosorption) 0.49 mL/g
Cs Stern capacitance (adsorption) 145 F/mL
Stern capacitance (electrosorption) 175 F/mL

Hno; | Affinity term for NO3 adsorption in micropores 2.46

Q Fraction of region A and B relative to U ac Yo

R Gas constant 8.314 | J/mol/K
F Faraday constant 96485 C/mol
T Temperature 298 K

2.4.2 Effect of the initial ion concentration and charging voltage on

ion selectivity in CDI

Figure 2.2a and Figure 2.2b show equilibrium electrosorption data of Bno;/c1- and

the ion adsorption capacity (IAC) as a function of the NO3 to Cl~concentration ratio in
the feed solution. We observe that Byo;/ci- increases with the NO3 to C1”concentration
ratio in feed solution (Figure 2.2a). In Figure 2.2b, we see that with increasing
initial NO3 to Cl~concentration ratio, the difference between the concentration of NO3
and CI™ in the micropores increases. Before equilibrium is reached, however,
preferential ion electrosorption is determined by the initial concentration ratio: the ion
with the highest concentration in solution was predominantly electrosorbed (data not

shown).

Figure 2.3a shows that Byo; /c1- decreases with charging voltage, but the affinity-effect

does not diminish much and continues to play an important role also at a high voltage.

Charge and IAC increase with charging voltage (Figure 2.3b and Figure 2.3c). Figure
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2.3d shows that the charge efficiency is much lower than unity, which can be explained
by the desorption of co-ions (ions with the same charge as the electrode) from the

carbon surface at the beginning of the charging step [67, 146, 155].

To describe the experimental data in Figure 2.2 and Figure 2.3, we use the theory
outlined in Section 2.2. For the calculations, values for parameters o¢hem, Umiac, Cs,
and p; are required. The parameter value for oy,er, Was obtained from Ref. [156], while
the other parameters were fitted (see Table 2.2). We find that both the adsorption and
electrosorption data are theoretically described using the same value for p;. For the
adsorption experiments, for which activated carbon powder was used, we found a
micropore volume significantly higher than the micropore volume of the
electrosorption experiments, for which electrodes were used. This finding is supported
by previous work that showed that the micropore volume of activated carbon (Kuraray
YP-50F) (0.67 mL/g AC) was significantly higher than the micropore volume of the
electrode material per gram of dry activated carbon used for synthesis (0.56 mL/g AC)

[146].
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[NOs3]:[C]] in feed solution [NOs3]:[C]] in feed solution

Figure 2.2. lon electrosorption in CDI (V,, = 1.2 V). Data measured at equilibrium at different initial NO3 to
Cl™ concentration ratio in solution. a) Separation factor; b) ion adsorption capacity per gram of both electrodes.
Solid lines are the predictions of the numerical model.
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predictions of the numerical model.

2.4.3 Electrosorption of nitrate and chloride: ion selectivity is

controlled by Kkinetics and equilibria

Next, we analyze the dynamics of preferential electrosorption (Table 2.1). Figure 2.4a
shows that the NO3 concentration continuously decreases for about 30 min until it
reaches a constant value, whereas the CI™ concentration decreases only for about 15
min. Thereafter, we observe an increase of the Cl~ concentration in solution, which
means that NO3 ions gradually displace Cl~ ions. This phenomenon was previously

reported by Chen et al. [61] for the same mixture of ions.
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According to Hassanvand et al. [67], ion selectivity can be explained as a two-step
phenomenon: the first step is controlled by ion kinetics and the second by adsorption
equilibria. We will analyze both phenomena. To quantify ion selectivity, we use
Bnoz/c1-» which we show in Figure 2.4a as function of time. Values of Byo; /¢~ higher
than 1 indicate that NO3 ions are preferentially electrosorbed over Cl~ ions. As Figure
2.4a shows, the separation factor increases over time, which indicates that preferential
ion electrosorption is a time-dependent process. At the beginning of the charging step
more Cl™ than NOj is electrosorbed in the EDLs: Byo;/c1- = 0.7. At this stage, it is likely
that ion selectivity is governed by ion transport to the micropores: the faster ion, in this
case CI7, is preferentially electrosorbed (see diffusion coefficients of the ions in Table
2.3). As electrosorption progresses, Byo;/ci- increases as a consequence of the

displacement of CI~ by NO3. At equilibrium, Byo; /ci- reaches a maximum value of ~6.0

atVy, =12V.

Ions in aqueous solution are surrounded by layers of water molecules that form the
hydration shell [157]. The ion hydration energy indicates how strong the ions hold
these water molecules [158]. The structure of the hydration shell can suffer
rearrangements (partial dehydration or complete loss of the water molecules)
depending on the interaction of ions with the surface through which they flow [159,
160]. lons with lower hydration energy can more easily rearrange their hydration shell
compared to ions with higher hydration energy. It has been shown that ions need to
strip off or deform their hydration shell to enter pores with smaller size than the ion
hydrated size [161]. The mean size of the pores contained in our electrodes is larger
than the ion hydrated size. Thus, the pore size might not induce large perturbations in
the hydration shell of NO3 and Cl~, when these ions enter the pores. Therefore,
structural changes on the hydration shell are probably not the main cause of
preferential electrosorption of NO3. Ion-carbon surface interactions may play a more

important role in determining ion selectivity.

To support our findings of preferential adsorption of NO3 over Cl~ at equilibrium, we
also conducted two-stage electrosorption experiments (Figure 2.4b). In the first stage,

we charged the cell to 1.2 V with only K* and Cl~ ions in solution. After 30 min, a 20 mM
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KNOs solution was added to the feed container (same volume as the KCI solution in the

feed container, thus the resulting ion concentrations in the feed container are [K*] = 20

mM, [C]7] =10 mM, and [NO3 ] = 10 mM), and the charging voltage was maintained for

another 90 min. As Figure 2.4b shows, Cl~ starts to desorb from the EDLs immediately

after NO3 is added to the solution. We observe an increase in the CI~ concentration,

while the NO3 concentration decreases. Approximately 15 min after the addition of

NO3, we observe only minor concentration changes.
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Figure 2.4. a) Anion concentration in solution and separation factor as a function of time; V., = 1.2
V; Cinitial,No; ~ 10 mM and c¢jyjgial c1-~10 mM. b) Concentration of NO3 and C1™ ions as a function of time

(ion displacement experiment). At step I, only C1~ ions are electrosorbed for 30 min (NO3 ions were not
presentin the feed solution). Thereafter,a 20 mM KN O solution is added to the feed container (step II). Dashed

lines serve to guide the eye.

Table 2.3. Physicochemical properties of the anions studied in the present work.

Ion | Ionicradius | Hydrated radius Hydration Diffusion
Aa)* A)* energy coefficient
(kJ/mol) (10-° m2-s-1)™*
ClI- 1.81 3.32 -381 2.03
NO3 2.64 3.35 -314 1.90
K* 1.33 3.31 -322 1.96

*Nightingale [162]; **Smith [163]; ***Haynes [164]
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2.5 Conclusions

In this work, we present adsorption and electrosorption data for nitrate and chloride
ions. At equilibrium, we observe preferential adsorption of nitrate over chloride in the
micropores. Several factors can contribute to the preferential electrosorption of ions,
such as the hydrated size of the ions and the interactions between the ions and the
carbon surface. As the hydrated size of nitrate and chloride are equal, we conclude that
the preferential adsorption of nitrate over chloride is due to chemical interactions

between the ions and the carbon surface.

We also presented theory based on the amphoteric Donnan (amph-D) model to predict
selectivity between nitrate and chloride in the micropores. The theory can be extended
to describe preferential adsorption of other monovalent ions as well. Until now, the
amph-D model has not been used to describe ion selectivity. We included an affinity
term to describe the preferential adsorption of nitrate into the micropores. Although
this affinity term is not associated with any particular property of the ion or micropore,
it certainly describes the interaction between ions and the uncharged carbon particles.
We acknowledge that this interaction is influenced by the surface chemistry and ion
properties. Both theory and data underpin that a specific adsorption effect is not

overruled by electrostatic phenomena.
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2.6 Supplementary information (S.I)

2.6.1 Electrosorption of nitrate and iodide

A different mixture of monovalent ions, namely NO3 and 17, was used to study
preferential ion electrosorption in porous carbon. Nitrate and I~ have equal hydrated
size, but different hydration energy: the hydration energy of [~ is lower than that of NO3
(see Table S.I. 2.1).

Results in Figure S.I. 2.1 show that the carbon electrodes are more selective towards
7, rather than NO3. We observe that I~ displaces NO3 in the EDLs. Consequently, there
is a continuous increase in ["adsorption capacity, whereas NO3 adsorption capacity

increases only at the early stages of the electrosorption step (Figure S.I. 2.1b).

These results show that ion displacement occurs when two ions with different affinity
compete for space in the micropores. In this case, the ion with higher hydration energy

is displaced from the EDLs.

Table S.I. 2.1. [onic and hydrated radius, and Gibbs free energies of hydration of the

anions studied in the present work.

Ion Ionic radius Hydrated radius | Hydration energy
(A) [162] (A) [162] (kJ/mol) [163]
ClI- 1.81 3.32 -381
NO3 2.64 3.35 -314
I~ 2.16 3.31 -305
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Abstract

Selective transport of specific ions across ion-exchange membranes can be enhanced
by controlling membrane properties such as hydrophobicity. Previous studies have
shown that hydrophobic membranes enhance the transport of ions with low hydration
energy, although such membranes often have increased electrical resistance. In the
present work, we study the separation of monovalent ions, specifically nitrate and
chloride, using newly-designed heterogeneous anion-exchange membranes. These
membranes show high selectivity for nitrate over chloride and at the same time have
low electrical resistance. We use a functionalized polymeric binder (ionomer) and three
ion-exchange resins with different hydrophobic groups, i.e., resins with quaternary
ammonium groups and methyl, ethyl, and propyl substituents, respectively. We find
that in electrolyte solutions with nitrate and chloride, nitrate over chloride selectivity
in our membranes increases with the increasing length of the alkyl groups. The
membrane with propyl groups, i.e.,, which has the highest selectivity for nitrate, was
further tested in electrolyte solutions containing nitrate, chloride, sulfate, and nitrate,
chloride, iodate. The transport of sulfate and iodate ions across the membranes with
propyl groups was 6% and 2% of the total counterions transport, respectively. For
monovalent ions with similar hydrated size, it is possible to report selectivity trends
based on hydration energy. We find that the chemical structure of the membrane can

either promote or hinder the transport of ionic species.
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3.1 Introduction

Ion-exchange membranes (IEM) act as selective barriers that enable the separation of
anions from cations [15, 20, 67, 165-167]. Certain membranes also enable the
separation between mono- and divalent ions [19, 168], but they have limitations when
it comes to the separation of ions with the same charge and valence, e.g., nitrate (NO3)
and chloride (CI7) or sodium (Na*) and potassium (K*). The selective separation of ions
is particularly challenging because most of the water sources contain other competing
ions with similar physicochemical properties that may even be present at much higher

concentrations.

Technologies that use IEM for water desalination, such as electrodialysis (ED) and
membrane capacitive deionization (MCDI), can benefit from the use of ion-selective
membranes, e.g., because of the possibility of removing ions that are toxic to humans
and/or ecosystems, or by recovering ions with high economic value from various water
streams without using harsh chemicals [169-173]. A potential application of these
technologies is the removal of NO3 ions from groundwater. Nitrate is ubiquitous in
most natural waters. However, its concentration in several water sources, especially in
groundwater, has increased due to the use of fertilizers [174, 175]. The potentially
harmful effects of NO3 on human health have prompted research to selectively remove

this ion species [17,29,176-181].

The increasing number of potential applications for selective IEMs has led to research
focused on modifying the electrostatic interactions between counterions (ions with
opposite charge to the charged functional groups in the membrane) and ion-exchange
sites in the membrane as well as the membrane matrix [15, 108, 182-184]. The ion-
exchange sites in IEMs determine most of the membrane properties such as water
uptake, electrical resistance, and selectivity [185]. There are two main classes of IEMs:
homogeneous and heterogeneous [21, 117]. In homogeneous membranes, the ion-
exchange sites are chemically bound to the membrane matrix [20], whereas in
heterogeneous membranes particles that contain ion-exchange sites are dispersed in a
polymer matrix [186]. These particles can be organic such as ion-exchange resins (IERs)

[187, 188], inorganic with ion-exchange sites such as silicates and zirconium
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phosphates [189, 190], or a combination of the two [191]. The binder in heterogeneous
membranes is often an uncharged binder such as polyethylene [116], polystyrene
[192], polyvinyl chloride [118], polycarbonate [193]. The main drawback of
heterogeneous membranes is that the ion-exchange sites are not uniformly distributed.
Hence, for the same membrane thickness heterogeneous membranes have higher
electrical resistance than homogeneous membranes [194-196]. A large variety of
heterogeneous IEMs can be modified by using blends of polymeric binders [186],
varying the concentration of IER [197], applying an electrical field to arrange the
distribution of the IER particles [198], using binders with charged functional groups
[199].

To increase the selectivity of IEMs towards monovalent ions, one possible route is to
apply a charged layer on top of the membrane surface, which repels counterions with
higher valence [111, 200, 201]. Another approach is to decrease the mobility of large
ions inside the membrane by increasing the degree of crosslinking [202] or by changing
the hydrophobicity. Previous work has shown that hydrophobic membranes are more
selective to the transport of ions with low hydration energy [176, 203, 204]. Membrane
hydrophobicity has been used to achieve the separation of NO3 from Cl~. For example,
by varying the length of the alkylated quaternary ammonium groups [203, 205] or by
incorporating hydrophobic additives, i.e., activated carbon particles (AC) [206]. Results
show that the increase in alkyl length leads to more selectivity for NO3, but also to an
increase in electrical resistance [203]. On the other hand, it has been shown that the
addition of AC particles increases membrane hydrophobicity, but this did not result in

an increase in NO3 selectivity [206].

The present study focuses on the separation of different monovalentions, and therefore
we designed new heterogeneous anion-exchange membranes (hAEMs). In our study,
we use resin particles with different hydrophobicity and a polymeric binder with
charged functional groups to decrease the electrical resistance of the membrane. In this
work, we characterize and quantify the effect of hydrophobicity of ion-exchange groups
on selective ion transport. Our results show that selective transport of NO3 over CI~

can be achieved with our membranes while also achieving low electrical resistance. In

48



Selective anion exchange membranes

addition, we also show that the hydrophobic membrane effectively rejects bulky ions

such as iodate and sulfate.

3.2 Materials and methods

3.2.1 Membrane fabrication

Three heterogeneous anion exchange membranes, which we refer to as CB-hAEMs
(conductive binder heterogeneous anion-exchange membranes), were prepared using
different commercial IERs with quaternary ammonium groups: Amberlite PWA15,
PWAS, and lonac SR7. These IERs are specially designed for the removal of NO3 from
water streams. To bind the IER particles together an ionomer solution (fumion FAS
solution, FumaTech GmbH, Germany) was used as a polymeric binder. Relevant
physicochemical properties and specifications for the IER and polymeric binder as

reported by suppliers are given in Table 3.1.

For comparison, two commercial AEM were used, a homogeneous membrane
(Neosepta AMX, ASTOM Corporation, Tokyo, Japan), and a heterogeneous membrane
(Ralex AMH-PES, Mega a.s., Czech Republic).

Table 3.1. Physicochemical properties of the IERs and polymeric binder used to
fabricate CB-hAEMs.

PWA15 PWAS5 Ionac SR7 Fumion FAS
Matrix Crosslinked | Crosslinked Crosslinked Polyaromatic
copolymer copolymer polystyrene polymer
Structure Gel Macroporous Macroporous --
Amine (C1)3N (C2)3N (C3)3N Quaternary
ammonium
1IEC >1.3eq/L > 1.0 eq/L 0.8 eq/L 1.7-1.9 meq/g
Counterion Chloride Chloride Chloride Bromide

C1, C2, and C3 refer to methyl, ethyl, and propyl substituents, respectively

First, ion-exchange resins were dried in a vacuum oven at 40 °C for 24 h and then
ground in a ball mill. The resulting powder was sieved using a mesh size of 40 pm. Then,
a suspension was prepared by mixing the IER powder with the ionomer solution

containing N-methyl-2-pyrrolidone as solvent. The weight ratio of polymeric binder to
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IER was 60:40. To obtain a homogenous distribution of the IER particles in the
membranes, the suspension was stirred for 1 h and then sonicated for 6 min. The
resulting mixture was cast using a doctor blade knife onto a glass plate heated at 50 °C.
The cast solution was exposed to the environment until complete evaporation of the
solvent. In the final synthesis step, all membranes were immersed in deionized water
for 12 h and stored in a 0.5 M NaCl solution. Four different AEMs were fabricated: three
membranes containing IER (CB-hAEMs) and one membrane consisting only of the

polymeric binder (PB-membrane).
3.2.2 Membrane characterization

e Morphological analysis of membranes

Morphology of the membranes was visualized by scanning electron microscopy (SEM)
using a JEOL, JSM-6480LV scanning electron microscope at an accelerating voltage of
10 kV. Before analysis, membranes were coated with gold using a sputter coater (JFC-

1200 Fine Coater, JEOL, Tokyo, Japan).
o Water uptake

Water uptake was determined as the weight difference between the wet and dry
membrane. First, membrane pieces of 12 cm2were immersed in deionized water for 24
h, and the wet weight was measured after removing excess water from the membrane
surface. Thereafter, the membranes were dried at 55 °C for 24 h and the dry weight was

measured. Water uptake was calculated as follows:

Wivet — W, Eq.3.1
Water uptake % = (M> - 100 q

Wdry
where W,,¢; and Wy, are the wet and dry mass of the membrane, respectively.

e Ion-exchange capacity

Ion-exchange capacity (IEC) was calculated by measuring the number of equivalents of
Cl™ exchanged with NO3. First, the membranes were immersed in 0.5 M NaCl solution
for 48 h and then excessive ClI~ was removed from the membrane surface by washing

in deionized water. Subsequently, the membranes were immersed in 0.5 M NaNOs3
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solution for 24 h, and the concentration of Cl~ in solution was measured by ion
chromatography (IC) using a Metrohm Compact IC 761 with conductivity detector and
chemical suppression. IEC was related to the equivalent of exchanged ions (a) according

to:

Eq.3.2

e Electrical resistance

Electrical resistance (ER) in the membranes was measured using a six-compartment
electrochemical cell (Figure 3.1) following the procedure described by Galama et al.
[207]. The six-compartment electrochemical cell consisted of four-electrodes: i) two
Haber-Luggin capillaries, on either side of the tested membrane; and ii) the cathode and
anode. The capillaries were filled with 3 M potassium chloride solution and connected
to a reservoir with Ag/AgCl electrodes. The effective membrane area was 7.0 cm2. Four
compartments of the cell were filled with 0.5 M NaCl solution (compartments A, B, and
C in Figure 3.1). Electrode compartments (compartments D in Figure 3.1) were filled
with 0.5 M NazSO04 solution. All solutions were circulated through the compartments at
170 mL/min. The potential across reference electrodes was measured at different
current densities (mA/cm?) in the cell with and without the tested membrane. Electrical
resistance is obtained from the slope of voltage (mV) versus current density. The
membrane area resistance (Q:cm?) was calculated by subtracting the resistance
obtained without the membrane from the value obtained with the membrane. In this
work, we report the specific membrane resistance, p in Q-cm [208], which is the area
resistance normalized by the thickness of the membrane in a hydrated form (8e¢)

[209]. Therefore, p is given by

Area resistance Eq.3.3
pP=——F——

6wet
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Figure 3.1. Schematic of the six-compartment electrochemical cell used to measure electrical resistance and
ion selectivity.

3.2.3 lIon selectivity in ion-exchange membranes

Ion selectivity was investigated under equilibrium conditions, i.e., adsorption
experiments to measure the number of adsorbed counterions inside the membranes,
and dynamic conditions to measure ion transport through the membranes under

electrical potential driving force.
e Equilibrium conditions

Membranes of 12 cm? were placed in a 0.05 M NaCl and 0.05 M NaNOs3 solution and
stirred for 24 h. Thereafter, the membranes were transferred to 200 mL of a 0.05 M
K,S0, solution for 48 h to exchange NO3 and Cl~ for SO2~. Aliquots of the solutions
were taken and analyzed with IC to determine NO3 and Cl™ concentration. To ensure
the complete exchange of NO3 and Cl~, the membranes were immersed once more in a
smaller volume of SO~ solution for 24 h. The NO3 and CI~ concentration in the second
S03~ exchange solution was below the detection limit. We calculate the NO3 to Cl~

selectivity inside the membranes (SE) by

CNO3 ) Eq. 3.4

SEnoz/a- = ( o

exchanged in SO3™~ solution
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e Dynamic conditions

To study the preferential transport of ions across the AEMs, selectivity tests were
conducted in the six-compartment cell (Figure 3.1). Before each experiment, all
membranes were equilibrated in the test solution for 24 h. At the beginning of each
experiment, compartments A, B, and C were filled with the same solution, whereas
compartment D was filled with a 0.1 M K2SOa4 solution. In compartments C and D,
solutions were recirculated at a flow rate of 170 mL-min-! using a peristaltic pump. A
fixed volume of 130 mL of a multicomponent solution (0.1 M ionic strength) was
continuously stirred in compartments A and B, and after applying certain current
density samples were taken from these compartments at different time intervals to

measure ion concentration by IC.

Two sets of experiments were conducted to study the effect of competing ions on NO3
selectivity. In the first set, ion selectivity of all AEMs, i.e,, CB-hAEMs and commercial
membranes, was tested in a solution containing anions with similar size and valence,
i.e. CI” and NO3 (Solution I, Table 3.2). lon selectivity was measured at two current
densities, i.e.,, 20 A-m2for 5 h and 50 A-m2 for 2 h. In the second set of experiments, the
effect of competing ions with different size and valence on ion selectivity was further
studied. To that end, the CB-hAMs with the highest selectivity towards NO3 was tested
in two multicomponent solutions containing: i) Cl~,NO3, and SO3™ (Solution II, Table
3.2), and ii) C17,NOg3, and 103 (Solution III, Table 3.2). The applied current density for

these experiments was 20 A-m2for 5 h.

Ion selectivity under dynamic conditions (SD) is defined as
Ac; Cj Eq.3.5
i =(52), ()
1/ A 1B

Ac = ¢; — Cinitial Eq. 3.6

where subscript ‘i’ indicates NO3 ions and j’ another anionic species present in the
solution. ¢jpitia1 and c; are the initial concentration and the concentration at time ¢;
subscripts A and B refer to compartment A (receiving solution) and compartment B,

respectively. In compartment B, the concentration of both anions ‘i' and ‘j’ was the same
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at the beginning of each experiment and remain constant throughout the experiment.

This implies that (?) =1in Eq. 3.5.
/B

The current efficiency (1) was calculated by

+J)-F
lz%-lﬂo%

Eq.3.7

where J; and J; are the flux of nitrate and other ions respectively across the membrane

in mol/m?2/s; F is Faraday’s constant; and I is the applied current density in A/m?2.

Table 3.2. Composition of electrolyte solutions and current densities applied in the

electrochemical cell to measure ion selectivity.

Solution Composition Current Tested
compartments A, B,and C | density (A-m2) membrane
I 50 mM KCl + 50 mM KNO3 20; 50 CB-hAEMs and
commercial
I 20 mM KCI + 20 mM KNOs + 20 CB-hAEM with
20 mM K2S04 propyl groups
and commercial
III 33 mM KCI + 33 mM KNOs + 20 CB-hAEM with
33 mM KIOs3 propyl groups

3.3 Results and discussion

3.3.1 Membrane characterization

e Membrane morphology

SEM images of heterogeneous AEMs with the conductive binder (CB-hAEMs) with
propyl groups show the polymeric matrix as well as the dispersed resins. [rregularities
on the membrane surface (Figure 3.2a) are the result of agglomerates of IER particles.
We also observed that IERs particles are covered by the polymeric binder and are
uniformly distributed throughout the membrane matrix. The cross-section micrograph

(Figure 3.2b) shows a dense structure and the absence of empty spaces.
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CB-hAEMs with propyl groups

Figure 3.2. SEM micrographs of (a) the surface and (b) the cross-section of CB-hAEM with propyl groups.

e Jon-exchange capacity, water uptake, and electrical resistance

Figure 3.3 shows the effect of IEC on water uptake and ER (shown as specific
membrane resistance, p) in CB-hAEMs and commercial membranes, which are used as
a reference. Overall, we observe an increase in water uptake (Figure 3.3a) and a
decrease in p (Figure 3.3b) as [EC in the membranes increases, which is in line with the
trends observed in other IEMs [186, 209]. For CB-hAEMs, Figure 3.3 shows that water
uptake and ER are influenced by the chemical structure of the membranes, i.e., the
structure of functional groups with methyl (C1), ethyl (C2), and propyl (C3)
substituents. The effect of the length of alkyl chain on water uptake (Figure 3.3a) can
be explained by the increase in hydrophobicity of the ion-exchange sites with the

addition of methylene groups (—CH, —) to the alkyl chain [210].

Importantly, the ER in CB-hAEMs is lower in comparison with commercial membranes.
The use of conductive binder creates an extra pathway for ion transport, in addition to
the ones via IER and the liquid film between resin particles and the polymeric binder

[211].
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Figure 3.3. a) Water uptake and b) specific membrane resistance (p) of CB-hAEMs and commercial
homogeneous (Neosepta) and heterogeneous (Ralex) membranes as a function of the ion-exchange capacity.
C1, C2, and C3 refer to methy], ethyl, and propyl groups in the IERS, respectively. PB refers to the polymeric
binder membrane without IER. Dashed lines are to guide the eye. The numbers in panel (b) indicate the
thickness of wet membranes (8,¢¢) to help the reader with the conversion to the membrane area resistance
(in Q-cm?).

3.3.2 Selectivity between nitrate and chloride

e Equilibrium conditions

Figure 3.4 shows the preferential adsorption of NO3 over ClI”—i.e., SExo3-/c1-> 1 (Eq.
3.4),in CB-hAEMs and commercial membranes. In CB-hAEMs, NOj3 selectivity increases
with increasing the length of the alkyl group, and the highest value of Snos/cr= 5.3 is
obtained for the membrane with propyl groups. Ion selectivity at equilibrium is
influenced by specific electrostatic interactions between the ion-exchange sites in the
membranes and the counterions. The strength of these interactions depends on ion
hydrated size and hydration energy [203, 204]. Our results suggest that NO3, with
lower hydration energy (Table 3.3), can establish stronger electrostatic interactions
with the ion-exchange sites in AEMs, owing to the presence of fewer water molecules
around this ion. We believe that the strength of these interactions is what leads to the
preferential adsorption of NO3 over Cl™ ions. In addition, in CB-hAEMs, the increase in
hydrophobicity and size of the ion-exchange sites with increasing alkyl chain can induce

partial loss of water molecules in the hydration shells of the counterions [212-214]. It
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has been pointed out that the required energy to rearrange hydration shells is
compensated by stronger interactions between ions and ion exchange sites in the

membranes [204].
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Figure 3.4. Nitrate selectivity of CB-hAEMs, polymeric binder (PB) and commercial anion exchange
membranes at equilibrium (SE) and under dynamic conditions (SD). Selectivity in dynamic conditions was
measured in solution I (50 mM KCI + 50 mM KNOs) at 20 A'm2

Table 3.3. [onic and hydrated radii, and hydration energies of the anions studied in

the present work

Ion Ionic radii Hydfated radii | Hydration energy
(A) [162] (A) [162] (kJ/mol) [163]
Cl- 1.81 3.32 -381
NO3 2.64 3.35 -314
103 3.30 3.74 -326
S0;2 2.90 3.79 -1059

e Dynamic conditions

Under dynamic conditions, when ions are transported through the membranes due to
the electrical field, NO3 selectivity (SD) significantly decreases compared to selectivity
at equilibrium conditions (Figure 3.4). Despite this decrease, we observe the same
selectivity trend in CB-hAEMs: propyl-membrane > ethyl-membrane > methyl-
membrane, which is related to a higher transport of NO3 across the membranes
compared to that of Cl~ (Figure 3.5). Both PB- and methyl-membranes show the same
flux of NO3 and CI~ (Figure 3.5a), and therefore the same selectivity towards nitrate

(Figure 3.4, SD). The difference between selectivity values obtained at equilibrium and
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under dynamic conditions may be seen as the result of different mechanisms occurring
during ion adsorption in and transport across the membrane. As we mentioned before,
at equilibrium conditions ion selectivity is associated with differences in affinity,
related to chemical/physical interactions, between the charged functional groups in the
membranes and the counterions. Under dynamic conditions, however, ion selectivity is
determined by coupled effects that include kinetic effects, i.e., relative transport of ions,
as well as affinity effects. At current densities of 20 and 50 A-m-2, the current efficiency
(4) was on average 90% and 95%, respectively. The lower A at 20 A-m-2 is the result of
undesirable transport of co-ions (potassium ions) and water molecules across the

membrane due to the longer experimental time (5 h compared to 2h at 50 A-m2).

Figure 3.6 shows the change in ion concentration with time at 20 A-m-2in compartment
A. The slope ‘m’ of the fitted lines in Figure 3.6 and Figure 3.7 represents the rate of
ion concentration change. In Figure 3.6, the ion concentration change rate of NO3 is
higher for CB-hAEMs with propyl groups (m=2.7) in comparison to the PB (m=2.3) and
commercial Neosepta (m=2.2) and Ralex (2.1) membranes. In compartment B the ion
concentration change is negligible (data not shown). Additionally, in Figure 3.7, we

further show the effect of the IER particles on NO3 selectivity at 50 A-m2.
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Figure 3.5. Nitrate and chloride flux through fabricated membranes ata) 20 A‘m2 and b) 50 A‘m2 Membranes
were tested in solution I (Table 3.2), whereby the ionic flux is the average over 5 hours. Dashed lines indicate
the expected total ionic flux through the membranes.
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Figure 3.6. Experimental data (symbols) for the changes in bulk ion concentration at 20 A-m2 with a) propyl-
membrane; b) Neosepta membrane; c) Ralex membrane; and d) PB membrane. Dashed lines are the linear

regression of experimental data. The value of m indicates the slope of dashed lines. Membranes were tested in
solution I (Table 3.2).
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Figure 3.7. Experimental data (symbols) for the changes in bulk ion concentration at 50 A/m? with a) propyl-
membrane; and b) PB membrane. Dashed lines are the linear regression of experimental data. The value of m
indicates the slope of dashed lines. Membranes were tested in solution [ (Table 3.2).

3.3.3 Selectivity between anions with different valence and size

In previous sections, we showed that for monovalent ions with similar hydrated size it
is possible to report selectivity trends based on hydration energy. In this section, we
show that when ions have different valence or size, hydration energy is not sufficient to
predict ion selectivity. Figure 3.8a shows that overall AEMs are more selective to
monovalent (NO3 and Cl7) than to divalent ions (S0%7). The low transport of SO3~ can
be explained by i) hydrophobic effects, the membranes allow the preferential transport
of ions with low hydration energy, i.e, NO3 and Cl7, and limit the transport of ions with
high hydration energy, i.e., SO%~, (Table 3.3), ii) steric hindrance, related to the large
size of SO3~ (Table 3.3), and iii) stronger electrostatic interactions between SO3~ and
ion-exchange sites [103]. In CB-hAEMs with propyl groups and PB-membrane, the flux
of monovalent ions is similar, with significantly lower transport of SO?~ compared to
Neosepta and Ralex membranes. The difference in SO3™~ transport between commercial
membranes and CB-hAEMs with propyl groups and PB-membranes may be related to
variations in the distance between ion-exchange sites, i.e., the transport of SO~
requires the presence of two closely-spaced ion-exchange sites [215, 216]. Results in
Figure 3.8b show that in mixtures of monovalent ions with different hydrated size, the

decrease in hydration energy, i.e, NO3< 103< Cl~ (Table 3.3), cannot account for the
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observed preferential ion transport, which follows the sequence NO3>Cl™>I03. In this
case, the difference in size between 103 and the other anions seems to play a more
important role. In addition to the large size of 03, some studies have reported that this
ion behaves as a cation in aqueous solutions [217, 218], which can lead to electrostatic
repulsion with the ion-exchange sites. The low selectivity of the AEMs towards [03 was
also measured at equilibrium in which on average for CB-hAEMs with propyl groups
and PB membranes [03 concentration represents ~ 3% compared to 15% for CI~ and
82% for NO3, whereas for Neosepta membrane the 103, C17, NO3 concentration are 4%,
20%, and 76%, respectively. Our results show low adsorption and transport of 103, but
they do not allow to make conclusions about whether the observations are related to

the large size of these ions or their cation-like behavior.
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Figure 3.8. a) Normalized flux of ions, i.e, the ratio of the flux of one anion to the total flux of anions, through
propyl-and PB-membrane as well as commercial membranes in solution II, b) normalized flux through propyl-
membrane in solution III. Experiments conducted at 20 A-m2

3.4 Conclusions

Heterogeneous anion-exchange membranes (CB-hAEMs) were fabricated with ion-
exchange resins with different alkyl groups and a polymeric binder with charged
functional groups. We showed that nitrate selectivity in CB-hAEMs correlates with the
hydrophobicity of the alkyl groups in the membrane. CB-hAEM with the longest alkyl
group (propyl-membrane) showed high nitrate selectivity under dynamic conditions,

about two times higher than commercial AEM.
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Selectivity is the consequence of the interplay between different factors among
whereby the hydration energy is a dominant factor. We observed that for monovalent
ions with the same size such as nitrate and chloride, the selectivity is linked to the
difference in hydration energy. In solutions containing ions with different size and
valence it is not possible to relate ion selectivity to one single parameter. [on selectivity
is the combination of electrostatic interactions between ions and ion-exchange sites,

and steric hindrance due to the size of the ions and structure of the ion-exchange sites.

The use of a charged polymeric binder enables the fabrication of selective membranes
with low electrical resistance, comparable to commercially available non-selective
membranes. These membranes can potentially be used in electrochemical desalination
technologies such as electrodialysis and membrane capacitive deionization to obtain

selective removal of ions.
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Chapter 4

Abstract

We developed a dynamic theory based on the Nernst-Planck equation to describe the
transport of ions across ion-exchange membranes (IEMs) in multi-ionic electrolytes. In
the theory, we introduced a membrane parameter, the chemical affinity, to account for
the preference of membrane materials towards specific ionic species. The value of the
chemical affinity was determined from adsorption experiments with anion-exchange
membranes (AEMs) immersed in an electrolyte with mixtures of ions, specifically
nitrate and chloride ions. We found that in equilibrium nitrate ions are preferentially
adsorbed by the AEMs. We validate the dynamic theory with data of batch-mode
electrodialysis experiments, and we find that the transport of nitrate and chloride is
well described for different IEMs. Results indicate that strategies to increase nitrate
selectivity in AEMs are to i) increase the chemical affinity, ii) increase the membrane

thickness, or iii) decrease the membrane charge density.
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4.1 Introduction

Ion-exchange membranes (IEMs) are the key component of technologies such as
electrodialysis (ED) and membrane capacitive deionization (MCDI), which allow the
separation of ions from saline streams [15, 219-221]. In the present study, we focus on
ion separation using ED. Main applications of ED technology require the removal of a
large part of the total salt from the water stream. However, there are specific
applications that require separation between ions with the same charge sign but
different valence, e.g., separation of sodium (Na®) and calcium (Ca?*) in water
softening; or with the same valence, e.g,, nitrate (NO3) removal from groundwater,
which also contains chloride (Cl7). In this chapter, we focus on this last example, the

separation of ions with the same sign and the same valence.

In ED, the selective separation of ions with the same charge sign is mostly determined
by the structure of the IEMs, e.g., the density of ion-exchange sites and the pore
structure of the membrane matrix, and physicochemical properties of the counterions,
e.g, hydrated size and hydration energy [97, 104, 107, 222-224]. Additionally,
operational conditions, such as applied current and volumetric flow rate, and
properties of the water stream, such as ion concentration and composition, also affect

the separation of counterions [106, 166, 182].

Experimental and theoretical studies have been carried out to measure ion selectivity
in IEMs and to understand the mechanisms underlying ion transport through the
membranes [124, 204, 225, 226]. Theoretical models often use the Nernst-Planck
equation to describe the transport of ions subject to diffusional and migrational forces.
These transport models also include a set of parameters related to membrane
characteristics (porosity, charge density), and to other factors, such as ion partitioning

at the membrane-solution interface, and ion diffusion coefficients [227-229].

Several studies have focused on describing the transport of counterions in
multicomponent solutions. The competitive transport between mono- and divalentions
is often described by considering ion transport in the diffusion layers adjacent to the

IEMs and the influence of the applied current density [230, 231]. Kim et al. [231]
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reported that at high current densities the polarization of the boundary layer favors the
transport of monovalent ions, whereas at low current densities the divalent ions are
preferentially transported. Galama et al. [105] studied the influence of divalent ions
present in seawater on the electrochemical properties of anion- and cation-exchange
membranes under low current conditions. This study presented a transport theory in
which ion selectivity is introduced as the result of the differences in diffusion

coefficients between mono- and divalent ions inside the membrane.

Interestingly, only a limited number of studies focus on numerical models to describe
preferential transport of ions with equal valence [232, 233]. These transport models
use the modified form of the Boltzmann equation, which describes the equilibrium
distribution of ions in the membranes by adding different hydration terms for the ions
as a function of their size. Using this approach, for instance, Yang and Pintauro [233]
described the preferential adsorption and transport of alkali-metal cations in

multicomponent solutions in a dialysis system.

In the present work, we introduce a theoretical model to describe the transport of
monovalent ions through IEMs. In this theory, the ion concentration at the membrane-
solution interface is described using a modified Boltzmann equation. We introduce in
this equation a term that accounts for the affinity of the membrane towards an ion. We
use this approach to describe the transport of CI~ and NO3 across different IEMs, i.e.,
commercial membranes (homogenous and heterogeneous) and a home-made
heterogeneous anion-exchange membrane (CB-hAEMs). In Chapter 3, we reported the
fabrication and characterization of the CB-hAEMs, which showed an increased
selectivity towards NO3 over Cl~. The present study builds upon our previous work and
focuses on understanding the selective NO3 transport in an ED system. We provide
experimental and theoretical data that give insight into the selective separation of
monovalent ions in batch ED experiments. In addition, we analyze the results of the
theoretical calculations to develop strategies for enhancing the selectivity for NO3. The
strategies consist of modifying membrane properties such as the magnitude of the

affinity term, membrane thickness, and membrane charge density.
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4.2 Theory. Selective ion transport in ion-exchange
membranes

Theory presented in this section considers the dynamic transport of ions in an ED
system. The ED system is operated in batch-mode and consists of i) the ED stack with
multiple cell pairs. Each cell pair includes one anion-exchange membrane (AEM), one
cation-exchange membrane (CEM), and the spacer channels: diluate and concentrate,
and ii) two containers with the diluate and concentrate solutions. These solutions are
kept separate from one another and are continuously recirculated between the

containers and the ED stack (Figure 4.1).
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Figure 4.1. Schematic representation of an electrodialysis system operated in batch-mode. Dashed grey lines
illustrate the computational domain used to set up the mass balances.

First, we describe the ionic flux (J/ in mol/m?/s) through non-ideal IEMs, i.e.,
membranes that besides the transport of counterions allow the transport of co-ions. We
assume that diffusion and electromigration only occur in the direction perpendicular to
the membrane surface (x-direction), and we neglect water transport through the IEMs.
Thus, we use a version of the Nernst-Planck equation that does not describe advective

transport, which is given by [234]
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Iy ad Eq. 4.1
Ji = —Dmj <—x +2iCmj g0

where subscript §’ refers to the ionic species, ¢, is the concentration per volume of
solution in the membrane (mol/m3), x the position inside the membrane, z the ion
valence, ¢ the dimensionless electrical potential, and D, the diffusion coefficient in the
membrane (m?/s), which is assumed to be lower than the ion diffusion coefficient in
free solution, i.e, Dy, = Do, j/freqj, Where fiqq; is empirically obtained from fitting the
model to data. We consider that the values of D,, are different between the different

counterions, and will also be different for the co-ion.

At each position in the membrane, mass conservation of the ions at any time, ¢, is given
by
at ~ ox

Equation 4.2 is evaluated for each ionic species present, except for one, which can be
arbitrarily chosen. To evaluate the concentration of the remaining species, we use the
electroneutrality condition, which holds at each position in the membrane

Pm = szcm,j +wX =0 Eq. 4.3

J

where p,, is the local ionic charge density, w is the sign of the membrane charge, i.e., ®
=+1 for the AEM and w =-1 for the CEM, and X is the charge density of the membrane

defined per unit volume of solution in the membrane.

The local charge density is invariant in time and space

0pm 0 Eq. 4.4
—_——— o = 0_
ot ox Z )
j
The current density (/, in A/m?2) is independent of x, i.e., it has the same value at each

position in the membranes and the spacer channels, and is defined by

_ Eq. 4.5
1_F-sz]j q
i
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where F is Faraday’s constant (96485 C/mol).

The ion concentration inside the membrane at the solution/membrane interface (¢sc/m)
is often described by the Boltzmann equation [227, 235, 236]. In the present work, we
modify this equation and include a term (i) to account for the ability of the IEMs to
preferentially adsorb one counterion over another, from multi-ionic solutions. Thus, the

ion concentration inside the membrane at the solution/membrane interface is given by
Csc/mj = Cscj " €XP (_Zj ' Ad)D,sc/m + uj) Eq. 4.6

where subscript ‘sc’ refers to either the concentrate or diluate spacer channel, subscript

‘m’ refers to AEM or CEM, and Adp sc/m is the Donnan potential at the specific interface.

Next, we set up expressions for the ion concentration in the spacer channels, c,;. In the
spacer channels, we assume ideally-stirred volumes, and hence ion concentration
invariant in the x-direction (from membrane to membrane). We calculate ion

concentration at the entrance (cg. ... ) and the exit (cq;) of each spacer channel, i.e.,
SinED; dj p

along the membranes in the y-direction. The overall mass balance relates the ion
concentration to the flux of ions at the solution/membrane interface. In the diluate and
concentrate channels, the concentration is evaluated for each ionic species, except for

one. Therefore, we set up the balance for the anions, which is given by

dca;  Dg 1 Eq. 4.7
Fra Veea (CsinEDd,]. - Cd,j) + 5, Uj,a/aem — Jj,a/cem)
dc,; P, Eq. 4.8

1
3t @ (CSinEDCJ- - Cc,j) + 5. Uj,c/cem — Jj,c/aem)

where subscripts ‘d’ and ‘c’ refer to diluate and concentrate, respectively; ®4 and @,
are the flow rate through each spacer channel (m3/s), V. is the volume of the spacer
channel (m3), Jjq/aems Jjda/cem» Jjc/aem» and Jjc/cem are the ionic fluxes inside the
membrane at the solution/membrane interface, 8 is the thickness of the spacer channel

(m), and ¢, -, is the ion concentration in the solution that enters the spacer channel
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(mol/m3). Here, we assume the porosity of each spacer channel to be unity, i.e., we

neglect the presence of a spacer mesh.

The electroneutrality condition is also maintained in each compartment

Eq. 4.9
Z chsc,j =0. a
j
Besides a mass balance for each separate (set of) spacer channels (i.e., either c or d), we
also have two solution containers. What exits the cells goes to the containers, is mixed

there, and this mixture is fed back to the cells. The mass balance for the diluate and

concentrate containers is given by

Eq.4.10

CSinEDSC,j

Ve ot = (Csc.i - CSinEDSC‘j)

where V. is the container’s volume (m3) and & is the flow rate (m3/s) at the inlet and

outlet of the ED stack.

Finally, the preferential transport of ions is quantified by a time-dependent separation

factor () given by

_ Jic/aem Cdj Eq.4.11
Jic/aEM Cai

Bi/;

The above equations (Eq. 4.1-Eq. 4.11) result in a model that can be solved for an ED
system containing a mixture of monovalent ions. We use these equations to describe
the selective transport of ions through three different IEMs, i.e., two commercial IEMs
(one homogenous and one heterogeneous), and newly-designed heterogeneous anion-
exchange membranes (CB-hAEMs), see Chapter 3. Tables 4.1 and 4.2 summarize the
parameters used in the model for a system with KCl and KNOs and also provides key

properties of the ion-exchange membranes.
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Table 4.1. Parameters used in the ED model to describe ion selectivity in [EMs.

Operational
I Current density 20 A/m?
(O Flow rate per spacer channel 5 mL/min
Ncen | Number of cell pairs 4
Ve Volume of the solution container
Diluate 75 mL
Concentrate 72 mL
Spacer channels (diluate and concentrate)
) Spacer channel thickness 450 pum
Vi Volume of one spacer channel 0.27 mL
Anion Exchange Membranes
fred; Reduction factor for ion diffusion coefficient
in AEM
Potassium 140
Chloride 140
Nitrate 115
Cation Exchange Membranes
fred, Reduction factor for ion diffusion coefficient 10
in CEM
Diffusion coefficient of ions in free solution (D ;)
Dy x+ | Potassium 1.96-10-° m?/s
De,ci- | Chloride 2.03-10° m?/s
Do,no; | Nitrate 1.90-10° m?/s
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Table 4.2. Properties of the membranes used in the present study.

Charge Thickness Derived affinity
density X (M)* 8 (Lm) term, pyoz;
AEM
CB-hAEM 4.52 135 1.83
Commercial 7.56 150 1.35

homogeneous (C.HM,
Neosepta, AMX)
Commercial 4.75 590 0.77
heterogeneous (C.HT,
Ralex, AMH-PES)

CEM

Commercial 8.70 150 -
homogeneous
(Neosepta, CMX)
Commercial 5.75 590 -
heterogeneous (Ralex,
CMH-PES)

* Charge density measured experimentally.

4.3 Experimental

Adsorption experiments (section 4.3.1), as well as electrodialysis experiments (section
4.3.2), were carried out with three different anion exchange membranes (AEMs): i) the
commercial homogeneous membrane Neosepta AMX (ASTOM Corporation, Tokyo,
Japan), ii) the commercial heterogeneous membrane Ralex AMH-PES (Mega a.s., Czech
Republic), and iii) a home-made heterogeneous membrane, which we refer to as CB-

hAEM. The fabrication and characterization of CB-hAEM are described in Chapter 3.
4.3.1 Adsorption equilibrium experiments

To determine the chemical affinity of the IEMs for NO3 (uno;), we measured the
concentration of anions in IEMs in an adsorption experiment. First, membrane pieces
of 12 cm? were immersed for 24 h in 100 mL of aqueous solution (solution A) containing
salt mixtures with different concentration ratio of Cl~ to NO3 (total ionic strength 100
mM). Then, the membranes were immersed for a short time, around 2 seconds, in

deionized water to remove the salt solution from the membrane surface. Subsequently,
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the membranes were transferred into an exchange solution (100 mL, 0.25 M Na2S04)
for 24 h. After this period, the ion concentrations in the exchange solution were
measured by ion chromatography (IC). To ensure a complete release of ClI~ and NO3,
the membranes were once more placed in a smaller volume of fresh exchange solution
for 24 h. The C1~ and NO3 concentrations in the second exchange solution were below
the detection limit, implying that most of Cl"and NO3 was released into the first

exchange solution. The NO3 to Cl™ adsorption selectivity (S) of the I[EMs was calculated
by

CNO3
SNog/cr = ( . )

cc1-

CL) Eq.4.12

exchange solution (CNOE solution A,after 24 h

4.3.2 Electrodialysis experiments

The ED experiments were conducted using a micro-ED stack (ED 08002, PCCell GmbH,
Germany) consisting of two electrode compartments, one with a Pt/Ir coated titanium
anode and the other with a stainless-steel cathode, and four cell pairs. Each cell pair
consists of a CEM, a diluate channel, an AEM, and a concentrate channel. The IEMs (6
cm? of area available for ion transport) were separated by a silicone/polypropylene
spacer (thickness 450 pum). The stack is comprised of nine IEMs in total: 4 AEMs and 5
CEMs. Two of the CEM (PC SC for ED 08002) were used to separate the electrode
compartments from the cell pairs. The ED system was operated in batch-mode. The
initial salt concentration in the diluate and concentrate containers was 50 mM KCl + 50
mM KNOs, and in the electrode rinse solution container was 0.1 M Na2SO4.. Samples
were taken from the diluate and concentrate containers every 30 minutes to measure

the ionic concentration by IC.
The separation factor () is defined as

g = A Caj Eq. 4.13
i/ AC]'_C ) Cd,i

Aci = ¢y — Ciq

where subscript t indicates the sampling time.
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Additionally, the current efficiency (1) is quantified by

. +7)-F
A=%-100%

Eq. 4.14

4.4 Results and discussion

4.4.1 Adsorption equilibrium experiments

The concentrations of NO3 and Cl™ in the AEMs were determined through adsorption
experiments (section 4.3.1). Within the membranes, the total counterion concentration
(C1” + NO3) is approximately equal to the concentration of the ion-exchange sites in the
membranes, i.e., the charge density (X) (Figure 4.2a). The concentrations of co-ions in
the membranes was below the detection limit of the IC equipment. These results show
that highly charged IEMs—such as the membranes used in the present study—adsorb
high concentrations of counterions that balance the functional groups in the
membranes [237]. Interestingly, the three studied AEMs show higher adsorption of
NOj3 over Cl™ regardless of the initial NO3:Cl~ concentration ratio, which translates into
adsorption selectivity Syo;/c1- > 1 (Figure 4.2b). However, the adsorption selectivity
is markedly different among the membranes: the CB-hAEM is more selective for NO3

than the CHM and C.HT membranes.

We measured the adsorption of NO3 and Cl"in AEMs to determine the value of the
chemical affinity (u), which is introduced in the theory section as a parameter to
quantify the preferential adsorption of ions in the IEMs. The affinity term is only
calculated for NO3 (pno;), and hence for the other ions, we set i to zero. We used the
modified Boltzmann equation (see Eq. 4.6) to calculate the ion concentration in the
membranes. This equation describes the ion distribution at the membrane/solution
interface by taking into account the contributions of ion charge, concentration, and
chemical affinity. The value of uyo; is derived by fitting theory to experimental data
(the best-fit values are reported in Table 4.2). Experimental and theoretical data of ion

transport across the AEMs are presented in the next sections.
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Figure 4.2. Experimental results (symbols) of adsorption experiments. The membranes were immersed in
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4.4.2 Experiments and theory of ion transport in batch-mode ED

In this section, we report experimental data and output of theoretical calculations of the
competitive transport of CI~ and NO3 through three different AEMs in ED. In batch-
mode ED experiments, the concentrations of CI~ and NO3 continuously decrease in the
diluate container and increase in the concentrate container (Figure 4.3a and Figure S.I.

4.2). As shown in Figure 4.3b-d, Byo; /ci- is higher in the CB-hAEM than in C.HM and

C.HT. Furthermore, Figure 4.3 shows that the theory, which includes the values of pyo;
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obtained by fitting the equilibrium adsorption data (Figure 4.2 and Figure S.I. 4.1)
closely describes measured ion concentrations and Byo;/ci- - Figure 4.3 also shows
that, in batch-mode ED, Byo;/ci1-, and hence the NO3 selectivity decreases over time as
a result of the continuously changing ion concentrations in the solution containers.
Therefore, it is difficult to report the selectivity of the membrane material based on a

single value of Byo; /ci- that is independent of the solution composition.

In general, the flux of NO3 is markedly higher than that of C1~ for all membranes(Figure
4.4a). Nevertheless, the magnitude of the flux in each membrane is different. Nitrate
flux is higher in CB-hAEM compare to C.HT membranes, even though these two
membranes have similarities in their structure, which are related to their
heterogeneous nature [186, 224]. On the other hand, the NO3 flux through CB-hAEM is
equal to that of the C.HM membrane. However, CB-hAEM shows higher selectivity
toward NO3 because of the lower Cl™ flux in comparison with CHM membranes. Figure

4.4a also shows the current efficiency (1) in the ED system with different AEMs.

Overall, results show that AEMs are selective to NO3, but this selectivity varies
depending on desalination time and the type of membrane. In further studies with CB-
hAEM, we found that NO3 selectivity also depends on membrane thickness.

Interestingly, results show that an increase in membrane thickness increases Byo; /c1-

(Figure 4.4b). In the next section, we analyze how the transport of anions is affected by

the membrane thickness and other membrane parameters.
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CB-hAEMs with different membrane thickness (8 ,,,) as a function of time.

4.4.3 Theoretical predictions of ion transport in continuous ED

In this section, we present theoretical results of the transport of ions through the home-
made membrane, CB-hAEM, in continuous ED, instead of batch ED. In continuous ED,
the system is in steady-state: the ion concentrations are not changing over time, which
allows us to better understand and predict how the selective transport of NO3 through
IEMs is affected by membrane properties. Our study of preferential ion transport in
continuous ED is also relevant because this operational mode is often used in large-
scale ED desalination plants. In a continuous process, the aim is to achieve the desired
concentration of the diluate stream within a single pass, depending on, among others,
operational parameters such as the applied current and flow rate, and the dimensions

of the system

To analyze ion transport in continuous ED, we include certain modifications in the
theory presented in section 4.2. Consequently, the theory does not include a mass

balance for the solution containers (Eq. 4.10), and hence CSinEDgcj in Eq. 4.7 does not

change in time and is equal to the ion concentration in the feed solution. We consider
an ED system with 10 cell pairs in which the membranes have an active area of 100 cm?2.
The flow rate per spacer channels is set to 1.5 mL/min. We systematically analyze the

effect of parameters such as pyo; and Dy, on the ion concentration profile in the

80



Strategies to increase ion selectivity in electrodialysis

membrane. In addition, we also study the effect of thickness and charge density on

Bnos/ci-

e Effect of the chemical affinity and the diffusion coefficients on the

concentration profiles across the membrane

This section shows the analysis of the effect of pyo; and of Dy, on the concentration
profiles of ions in the membranes based on three different scenarios. In the first
scenario, we set jiyo; =0 and assume that the value of Dy, is for both anions the same. In
this scenario, there is no preferential transport between NO3 and Cl~ across the
membrane, and hence Byo;/c- = 1 and the concentration profile of the anions are
identical (Figures 4.5a-b). In the second scenario, we set pyo; =0 and assume that NO3

and CI~ have different D ,,. In this case, we observe low membrane selectivity (f = 1.1)
towards the ion with higher D, (data not shown). In addition, results show that the
concentration profiles of anions are in opposite directions (Figure 4.5a-b). For the ion
with the lowest Dy, the concentration profile inside the membrane is in the opposite
direction as one would intuitively predict based on the concentrations in the spacer
channels. The phenomenon in which one ion diffuses across the membrane in the
direction of increasing concentration or against the external concentration gradient is
in some work referred to as uphill diffusion [238-240]. Uphill diffusion is the result of
the requirement of electroneutrality in the membrane to avoid charge imbalance. Our
theory predicts uphill diffusion of CI~, i.e., the CI~ concentration at the interface with
the concentrate compartment is lower than that at the interface with the diluate
compartment, when Dy, no; > Dy - (Figure 4.5a). The concentration profile of NO3
is opposite to that of Cl~ (Figure 4.5b). Other studies have reported uphill diffusion in
different multicomponent systems with ion-exchange materials, e.g, membranes,
resins, and have also used the Nernst-Plank equation to numerically describe this

phenomenon [239-241].

In the last scenario, we set piyo; >0 and assume that the anions have different D,. The

theory predicts the affinity of the AEM for NO3 and the membrane concentration

profiles of NO3 and Cl™ are opposite regardless of their values of D,,. With an increase
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in pyo;z, the NO3 concentration in the membrane increases while the CI™ concentration
decreases (Figure 4.5c-d). In summary, NO3 and CI~ have membrane concentration
profiles opposite when their D,, is different or when the membrane shows a higher

affinity towards either ion.
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Figure 4.5. Theoretical results for concentration profile of C1I~ and NO3 across the CB-hAEM: a-b)
concentration obtained with different values of ion diffusion coefficients (Dy,) when pyo; = 0; c-d)
concentration obtained with different values of ;. Xaem is the x-direction and 8y, is the thickness of the

membrane.
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o Effect of membrane parameters on ion selectivity

We also evaluated the effect of membrane thickness (6,,), charge density (X), and
magnitude of pyo; on NOj selectivity in CB-hAEM (Figure 4.6). Firstly, results in
Figure 4.6b show that increasing §,, leads to an increase in the NO3 concentration and
adecrease in the Cl~ concentration in the concentrate compartment. The opposite trend

is observed in the diluate compartment.

On the other hand, we observe that an increase or decrease in §,,, have a pronounced
effect on the anion concentration in the membrane at the membrane interface with the
diluate compartment (Figure 4.7). At the interface with the concentrate compartment,
the NO3 and CI~ concentration are not significantly affected by §,, (Figure 4.7). To
understand the relationship between §,, and the ion concentration at the membrane
interfaces, we evaluate the transport of anions across the CB-hAEM in terms of total flux
and the contribution of diffusion, i.e., flux of ions due to concentration gradients, and
migration, i.e., flux of ions due to the influence of electrical potential, (Figure S.I. 4.3).
For NO3 , the diffusion and migration fluxes at either interface do not markedly change
with increasing 6,, (Figure S.I. 4.3a-b). However, 6, has a more dominant effect on
the CI~ fluxes, especially at the membrane-diluate interface. Results in Figure S.1. 4.3c
show that increasing &, causes a decrease in Cl™ diffusion, while its migration flux

increases across the membrane-diluate interface.

Secondly, Figure 4.6c-d show the effect of X on Byo; /¢~ and of the anion concentration
in the spacer channels, when 8§, is kept constant (135 pm). Overall, increasing X in the
membrane decreases selectivity towards NO3 (Figure 4.6c). The change in X has a
more pronounced effect on the CI™ concentration than on the NO3 concentration in the
spacer channels (Figure 4.6d). When we analyze the contribution of diffusion and
migration to the total flux of CI~ (Figure S.I. 4.4c-d), we observe that diffusion increases
with increasing X, whereas migration decreases. Interestingly, for highly charged
membranes (above 4.5 M) diffusion becomes the dominant contributor to

CI™ transport. Thirdly, increased selectivity towards NO3 is observed as o5 increases

(Figure 4.6e).
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Overall, our results show that NO3 selectivity can be enhanced when thick or low charge
density AEMs are used. These results contrast with the commonly accepted view of
using membranes with reduced membrane thickness [242] and increased charge
density to optimize ED performance. This view is mainly based on the effect that the
aforementioned membrane properties have on electrical resistance and
permselectivity, which in turn affect the energy consumption of the ED system.
However, selectivity between counterions is often not considered when analyzing
membrane properties and their impact on ED operation. The effect of these membrane
properties in systems with multiple salts was not investigated before, probably due to
limitations on how to account for the affinity of the IEMs towards certain counterions,

a topic we resolved in the present work.
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4.5 Conclusions

We used a theoretical model to describe the transport of monovalent anions, i.e.,
chloride and nitrate, through AEMs, and we described the nitrate selectivity observed
in batch-mode ED experiments. In our theory, we introduced an affinity term to
describe the preferential adsorption of specific ions by the membrane material. In this
work, the affinity term is not related to a particular interaction (chemical or physical)
between counterions and the AEMs, but treated as a general correction to account for

higher adsorption.

Overall, we developed an understanding of the relationship between membrane
properties, i.e., thickness, charge density, and their effect on nitrate selectivity. An
important aspect of the theory is that it allows the characterization of the transport
properties of IEMs when experimental data is difficult to obtain, e.g., ion concentration
profiles in the membranes. In addition, it also allows the analysis of the contribution of

the different mechanisms, diffusion and migration, to ion transport.
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4.6 Supplementary information (S.I)
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Figure S.I. 4.1. Experimental results (symbols) of adsorption experiments. The membranes were soaked in
electrolyte solutions with different NO3 and CI~ concentrations (total ionic strength 100 mM). The x-axis gives
the NO3 : CI™ equilibrium concentration ratio in solution. a) Nitrate and b) chloride concentration in the

membranes. Lines are based on theory.
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Figure S.I. 4.2. Experimental data (symbols) and theory (lines) of the ion concentration in diluate and
concentrate containers as a function of time for: a) the heterogeneous commercial AEM (C.HT), namely Ralex;

and b) the homogeneous commercial AEM (C.HM), namely Neosepta.
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Abstract

In compact bioreactors such as upflow anaerobic sludge blanket (UASB) reactors,
microorganisms grow as mixed consortia entangled and “glued” together by
extracellular polymeric substances (EPS). EPS act as a protective barrier against harsh
environments, e.g., increased salt concentrations. The present work aims to elucidate
the role of EPS in regulating ion concentrations in anaerobic granular sludges adapted
to high salinity. To that end, we exposed salt adapted anaerobic granules to different
monovalent electrolytes to i) study their effect on the methanogenic activity of the
granules, and ii) measure ion concentration inside the granules and in the bulk solution.
Results from batch-adsorption experiments show that the concentration of cations in
the granules is significantly higher than that of the anions. Furthermore, the cation
concentration in the granules was found to be higher compared to that in the bulk
solution. For the anions, the opposite trend was observed: higher concentrations in the
bulk solution than in the granules. The increased affinity of the granules for cations
suggests a cation-exchange process in which EPS is directly involved. To study the ion-
exchange properties of EPS, we devised a novel approach. We fabricated membranes
with EPS embedded in an inert binder (PVDF-HFP). The membrane was characterized
in an electrodialysis cell using a mixed electrolyte solution with KCl and NaCl. Results
show that the membrane with EPS preferentially transports cations. Furthermore, the
EPS-membrane shows selectivity for potassium ions over sodium. The performance of
the EPS-membrane was compared with a membrane containing alginate, a well-studied
EPS model compound, and a commercial cation-exchange membrane. Results reveal the

potential use of EPS-like compounds for ion separation applications.
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5.1 Introduction

In anaerobic wastewater treatment systems, high monovalent salt concentrations are
considered to negatively affect microbial activity, especially the methanogenic activity,
and formation of anaerobic granular sludge [243-246]. It was only recently shown that
anaerobic granules adapted to approximately 0.35 M NaCl can increase in size [247]
and can even be formed from dispersed biomass [248] at NaCl concentrations as high
as 0.87 M. In such high concentrations, it was also shown that microorganisms can
maintain high methanogenic activity for successful high rate anaerobic reactor
operation [247, 248]. The high methanogenic activity could in part be explained by the
production of osmolytes that balance the osmotic pressure between the microbial cells
and the bulk liquid [249]. The osmo-toxic effect of highly saline environments on
anaerobic microbial consortia has mainly been attributed to cations rather than anions
[245, 250-255]. The toxicity of cations has been attributed to a mechanism that involves
their ability to i) replace metallic enzyme cofactors thereby disrupting the biological
function of these cofactors, ii) induce redox reactions with cellular thiols, provoking
Fenton-type reactions that produce reactive oxygen species, and iii) interfere with

membrane transport processes [256, 257].

In anaerobic granular sludge, microorganisms are entangled in a matrix of extracellular
polymeric substances (EPS) forming a dense spherical biofilm structure [258, 259].
Extracellular polymeric substances generally have a net negative charge [260, 261],
which enables them to adsorb cations. Studies have shown the tendency of bacterial
EPS to adsorb multivalent ions, specifically heavy metals [262-267]. The adsorption of
monovalent ions has also been reported. However, results differ depending on the type
of culture used in the study. The EPS of Halomonas sp. were shown to poorly adsorb
monovalent cations [268], whereas the EPS of Pseudoalteromonas showed high affinity

towards K*[269].

Extracellular polymeric substances can alleviate toxicity of low concentrations (mg/L
range) of heavy metals towards microorganisms [257, 270-272] by binding and
coordination reactions between the metals and the negatively charged functional

groups of EPS. These binding reactions prevent the cations to diffuse into the deeper
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parts of the biofilm [271, 273, 274]. A recent study has shown that mannose-rich EPS
surrounding methanogenic cells from high salinity adapted granular sludge adsorb high
concentrations of sodium ions (Na*), while the concentration within active cells
remains low [275]. These results suggested that even at high salinity EPS may have a
protective role against monovalent cations such as Na* by hindering their diffusion into

microbial cells [275].

Few studies have shown the toxic effects of anions on bacterial communities. Only at
relatively high salt concentrations (0.2 M), the flux of chloride (Cl-) into microbial cells
was shown to alter the intracellular pH of aerobic acidophilic microorganisms [276].
Typically, anions are reported to be less toxic for anaerobic microorganisms than
cations. This relatively low toxicity of anions so far has not been extensively addressed.
Anions and cations both contribute to osmotic pressure in water [277], and therefore
microorganisms should have a strategy to cope with high concentrations of either of
them. In principle, the negative charge of EPS could prevent or hinder the transport of
anions to microbial cells, thereby lowering their toxicity towards the microorganisms

present in porous biofilm structures.

Studies that evaluate the transport of ions, rather than adsorption, across EPS layers
are scarce. Furthermore, often these studies do not provide enough insights into ion
transport dynamics. Siegrist and Gujer [278] experimentally determined the diffusion
coefficients of Br- and Na* through a heterogeneous biofilm. They reported that the
diffusion coefficient of Br- was slightly higher compared to Na*. In another study, Horn
and Morgenroth [273] studied the diffusion of NaCl and NaNOs in biofilms. However, in
the latter study, the transport of individual ionic species could not be distinguished

because conductivity rather than individual ion concentrations was measured.

In the current study, the distribution of monovalent ions (K*, Na*, and Cl-) was
investigated in microbial granules adapted to 0.87 M and 0.22 M of NaCl. Preliminary
results indicated that Cl- is repelled from the granular sludge by EPS surrounding the
microorganisms. These results suggest that EPS may act as a barrier for anions with
cation-exchange properties. We investigated the ion-exchange nature of EPS by

implementing a novel approach. EPS extracted from granular sludge were used to
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fabricate EPS layers (EPS-membranes). These membranes were tested in an
electrodialysis cell to evaluate the transport of K*, Na*, and Cl-. To further evaluate the
role of EPS on regulating ion concentration inside granules (osmo-protection), studies
were conducted with the salt adapted granular sludge to evaluate the impact of

different monovalent salts on the methanogenic activity.

5.2 Materials and methods

5.2.1 Source of anaerobic granular sludge

Anaerobic granular sludge was obtained from laboratory scale Upflow Anaerobic
Sludge Bed (UASB) reactors. The reactors were operated at sodium concentrations of

0.22 (R5) and 0.87 (R20) M as described in [248].

5.2.2 Ion distribution and concentration within salt adapted

granular sludge

e Scanning electron microscopy with energy dispersive X-ray

spectroscopy (SEM-EDX)

Samples of granules for SEM-EDX analysis were prepared with a modified procedure
described in Ref. [279]. The modifications included dehydration with graded series (10,
30, 50, 70 and two times 100%) of ethanol instead of acetone and sputter coating with
tungsten instead of platinum. The granules were imaged at an acceleration voltage of
10 kV and a beam current of 0.4 nA, at room temperature in a field emission scanning
electron microscope (Magellan 400, FEI Company, Oregon, USA) equipped with an
energy dispersive X-ray detector. The images were processed using AZtec software

(OXFORD Instruments).
e Ion concentration in hydrated granular sludge

Approximately 20 g of sludge samples were taken directly from R5 and R20 for the
determination of ion concentration in hydrated granular sludge. For ionic composition
measurements of hydrated granular sludge, the sludge was first separated from the

liquid phase by centrifugation at 10000 xg and 4°C for 15 min. Further, the sludge
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samples were carefully homogenized with a spatula and two samples (approximately
0.5 g each) of homogenized solids were taken for microwave digestion (ETHOS 1 -
Advanced Microwave Digestion Labstation, Milestone S.r.l, Italy) with 10 mL of 65%
HNO3 (For Analysis Emsure® ISO). Digested samples were brought up to 50 mL with
mili-Q water and further diluted for analysis. As a blank for ionic composition of solids
mili-Q was treated in the same way as the samples. The supernatant after centrifugation
was filtered through 0.2 pm cellulose acetate membrane filter (VWR® Syringe Filters)
and diluted with mili-Q for further analysis. Measurements of bulk liquid were made in
one replicate to confirm the expected bulk liquid concentrations of ions. Differences

between measurements and expected values were below 2% in all cases.

Additionally, to elucidate the cation exchange properties of EPS in sludge granules, the
distribution of CI-, Na*, and K* in granules of R20 upon granular sludge exposure to
equimolar K* (0.87 M) concentration was investigated. To do this, 1 g of R20 granular

sludge was immersed in 1L of a modified (NaHCOs and NaCl replaced with KHCOs and
KCl, respectively) nutrient medium of R20 [248] for 24 h before analysis of ionic
composition with sample preparation as described above. A period of 24 h for ion
exchange was chosen to ensure that an equilibrium between the sludge granules and
the modified nutrient medium is reached. As a control R20 granular sludge was also

exposed to its original medium containing 0.87 M of Na* [248].

The analysis of Na* and K* was carried out by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Varian, Australia) as described in Ref. [275]. Chloride
content was measured on Dionex ICS-2100 Ion Chromatography System (Breda, The
Netherlands) equipped with a Dionex lonPac AS19 column (4 x 250 mm) and data were
processed with Chromeleon 6.80 SR13 software. The results are presented on weight
bases (mmolion/gmedium and mmolion/gwet sudge) to prevent introduction of errors due to

differences in the density of the medium and the granular sludge.
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5.2.3 Ion exchange properties of EPS

e Extraction and purification of EPS

Extracellular polymeric substances (EPS) were extracted from granular sludge adapted
to 0.87 M of Na* (R20) by using an alkaline extraction method as reported in Ref. [280].
In short, 3 g of granular sludge (wet weight) were put into a 0.5% (w/v) NazCOs
solution, heated to 80°C and stirred at 400 rpm for 35 min. After extraction, the cell
debris and insoluble fraction of the extract were separated by centrifugation at 4000 xg
and 4°C for 20 min. Finally, the EPS solution was dialyzed (SnakeSkin™, 3.5K MWCO)
against milli-Q for 24 hours. To obtain purified EPS in a dry state, the EPS solution was
further lyophilized at -84°C and 0.001 mbar.

e Fabrication of alginate gel membranes (ALG - membranes)

Alginate is a well-known EPS model compound [270, 281]. Therefore, alginate
membranes were prepared as a control for comparison with membranes fabricated
with EPS extracted from granular sludge. The alginate gel layers (ALG-membranes)
were cast with an external gelation method adapted from Ref. [282] in the following
steps: i) dissolving the polymer in 10 mL milli-Q; ii) degassing the solution for 24 hours
at 4°C; iii) casting the solution on a petri dish (ID = 5.7 cm) and drying at 40°C in a
leveled oven; iv) crosslinking the casted layers in a 2% (w/v) calcium chloride solution
with 30% (v/v) of ethanol. For casting a mixture of 0.4 g of sodium alginate (SA) and
0.004 g of guar gum (GG) as a plasticizer were used, resulting in 0.016 g SA/cm?. The
resulting membrane was washed with demi-water and equilibrated in a solution with

10 mM NaCl and 10 mM KClI for 8 h before ion selectivity tests.
e Fabrication of membranes with EPS (EPS-membranes)

First, a polymeric solution was prepared by dissolving poly(vivylidene fluoride-co-
hexafluoropropene) (PVDF-HFP) in dimethylacetamide (DMAc) in a ratio 1:9.5 w/v for
3h at 80 °C. Then, a weighed amount of EPS was dispersed in the polymeric solution
and the materials were blended in a ball mill for 4 h. The resulting mixture contained

70:30 weight ratio of PVDF-HFP to EPS. The mixture was cast onto a glass plate at 50 °C
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until complete evaporation of the solvent. The resulting membrane/layer was washed
with demi-water and equilibrated in a solution with 10 mM NaCl and 10 mM KCl for 8
h before ion selectivity tests. The content of EPS in the membranes was approximately
0.0027 g EPS/cm? of dry membrane. This was calculated from the total area of the

membrane by assuming a uniform EPS distribution.

e Confocal laser scanning microscopy (CLSM) for visualization of EPS

distribution in the polymeric binder PVDF-HFP

To visualize the EPS distribution in the EPS-membranes, the membranes were first
equilibrated in a buffer solution (10 mM KCl and 10 mM NaCl) overnight. For the
staining of the protein fraction of EPS, the EPS-membranes were placed in PBS 1X and
SYPRO Ruby for 1 hour in the dark. Finally, the membranes were washed with the buffer
solution and immediately observed under CLSM. To guarantee that SYPRO Ruby does
not stain PVDF-HFP, a pure PVDF-HFP membrane was processed in the same way as
EPS-membranes. Before the CLSM analysis, autofluorescence of PVDF-HFP was tested,
as described in S.I. 5.6.1. Microscopy analysis was performed with an inverted
AxioObserver Zeiss LSM 880 CLSM (Carl Zeiss, Germany) with a 40 x/1.3 Oil DIC M27
Plan-Apochromat objective lens. Autofluorescence of PVDF-HFP in the membranes was
visualized with 488 nm excitation wavelength, at a maximum emission of 510 nm.
SYPRO Ruby signal was visualized with 458 nm excitation wavelength at a maximum
emission of 656 nm. The argon laser was set to 1% power for both excitation
wavelengths. A series of Z-axis images (212.5 pum x 212.5 um x 70 pm) were generated
by optical sectioning with a slice thickness of 1 pum. Maximum projection intensity and
orthogonal 3D reconstruction were generated with Zen Blue software (Zen imaging
Software, ZEISS, Germany). The choice of emission wavelengths and the dye for EPS

protein staining is explained in detail in S.I. 5.6.1.
5.2.4 Electrochemical characterization and ion selectivity

The performance of the membranes was evaluated in a six-compartment electrodialysis
cell as shown in Figure 5.1. Different membranes separated the compartments inside

the cell: i) the membrane under investigation, placed in between compartments A and
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B. This membrane was either the EPS-membrane, the ALG-membrane, or a commercial
ion-exchange membrane (Neosepta CMX, ASTOM Corporation, Tokyo, Japan). ii)
Commercial ion exchange membranes, i.e., Neosepta AMX and CMX, which separated

the other compartments.

Compartments A, B, and C were filled with a solution containing 10 mM NaCl and 10
mM KCl, whereas compartments D were filled with 0.1 M NazSO4 solution. Solutions in
compartments A and B (130 mL) were continuously stirred. For compartments C and
D, one-liter solutions were circulated at a flow rate of 170 mL/min. A current density of
10 A/m? was applied to the cell for 1h. Samples from compartments A and B were taken
over time and ion concentration was measured by ion chromatography. An increase in
chloride concentration was calculated from compartment A, whereas increases in
sodium and potassium concentration were calculated from compartment B. lon
selectivity (S) in the membranes is based on the concentration changes between

potassium and sodium and is given by

5 Acg+ Eq.5.1
4+ Nat = —,
K¥/Na ACNa+
and
Ac = Ct — Cinitial Eq 5.2

where t, Cinitiaq and c; are the sampling time, the initial concentration and the

concentration at time t measured in compartment B, respectively.
We measure the current efficiency (1) in the membranes as

Eq.5.3

i=2

1= Z (Cti — Cinitiali) * Veen ' F
, It

1

where subscript ‘i’ refers to cation species in solution, i.e.,, K* and Na*, V., is the volume

of liquid in compartment B, F is Faraday’s constant, and I is the applied current.

The value of 4 gives an indication of how selectively ions are transported across the
membrane [166], i.e., it indicates if the ionic current is mainly transported by potassium
and sodium (cation-exchange membrane), or the membranes also allow the transport

of chloride.
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Figure 5.1. Schematic representation of the electrochemical cell used to evaluate the performance of the
membranes. The membrane under investigation separates compartments A and B. After applying a potential
difference, cations move from compartment A to B. For an ideal cation-exchange membrane, the transport of
chloride from compartment B to A is zero. Water splitting was not significant in these experiments.

5.2.5 Effect of anions and cations on specific methanogenic activity

To study the effect of monovalent anions and cations on specific methanogenic activity
(SMA) of salt adapted granular sludge, batch experiments in 118 mL serum bottles at a
working volume of 50 mL, 120 RPM mixing speed and 35°C were performed. The VSS
concentration was set to 1 g/L and the COD:VSS ratio was 4:1 (w/w). Sodium acetate
was used as the electron donor and carbon source. The SMA was calculated through
measurements of pressure build-up curves with a pressure meter equipped with an
absolute pressure probe (GMH3151, Greisinger Electronic, Germany). The biogas
composition at the end of experiments was measured as described in Ref. [283]. Unless
stated otherwise, the experiments were performed in triplicate. All results were
corrected for the atmospheric pressure and pressure build-up in blank experiments

without added acetate.

The first set of experiments was performed to study the SMA of granular sludge adapted
to 0.22 (R5) and 0.87 (R20) M of Na as NaCl, when exposed to an equimolar
concentration of cations by addition of NaBr, KCl, and KBr. The second set of

experiments was performed to study the SMA of R5 granular sludge upon exposure to
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hyper-salinity shocks (i.e., an abrupt increase of salinity by spiking a nutrient medium
with increased ion concentration) of NaCl, NaBr, KCl, and KBr. The final cation
concentration in these experiments was 0.43 M. Bromide salts were tested (NaBr and
KBr), to investigate if different anions at very high salinity would also have a substantial
effect on SMA, as is frequently reported for cations [245, 252, 253]. All experiments
contained 0.08 M of Na* originating from inocula and sodium acetate as a carbon source.
This was taken into account when calculating the desired concentration of cations in

the experiments. The nutrient medium was the same as reported in Ref. [249].

5.3 Results

5.3.1 Equilibrium of sodium, chloride, and potassium in granules at

different salinities

The measured ion concentrations (Figure 5.2) and distributions (Figure 5.4) in the
anaerobic, salt adapted, granular sludges suggest a cation exchange nature of EPS in the
granules. Figure 5.2 shows the sodium and chloride concentrations in bulk liquid and
in granular sludges of R5 and R20. Sodium concentration in the granular sludge was
0.24 = 0.004 (~0.24 M) and 0.71 = 0.01 (~0.71 M) mmol/gwet siudge in R5 and R20,
respectively. The sodium concentration in R5 granular sludge was 9% higher compared
to the bulk liquid, whereas in R20 it was 17% lower compared to the bulk liquid,
probably due to metal cations other than sodium also being present in the granular
structure and interacting with the negatively charged EPS groups. The chloride
concentration was 0.11 + 0.002 (~0.11 M) and 0.52 + 0.001 (~0.52 M) mmol/gwet sludge
in R5 and R20, respectively (Figure 5.2). These concentrations correspond to a 31.2
and 35.8% lower chloride concentration compared to the bulk liquid in R5 and R20,
respectively. Thus, apparently, EPS of granular sludge acclimated to 0.22 and 0.87 M of
Na* preferentially repel anions, such as Cl-, probably due to the anionic nature of EPS,

as will be discussed in more detail in section 5.4.1.
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Figure 5.2. Na* and Cl- concentration in salt adapted granular sludge. a) granular sludge and bulk liquid
composition of R5 adapted to 0.22 M Nat; b) granular sludge and bulk liquid composition of R20 adapted to
0.87 M Na*. The error bars show absolute deviation from measurements of two separately prepared and

digested 0.5 g sludge samples.

Potassium concentration in the R20 granular sludge before changing the medium was
0.05 mmol/gwet siudge (~ 0.02 g/gsiudge vs) (Figure 5.3). This corresponds to a 28-fold
increase compared to the growth medium. Such a high concentration of K* can be found
within methanogenic cells upon exposure to high osmotic stress, even after the
accumulation of osmolytes within the microbial cells [284]. When placing the R20
granules, previously exposed to 0.87 M Na(l, in a nutrient medium with KCl (0.87 M)
the CI- concentration in the granular sludge did not change (Figure 5.3). However, Na*
had almost completely been displaced with K+ within 24 hours (Figure 5.3). After the
medium change, the K* concentration within the granular sludge reached a
concentration of 0.81 = 0.04 mmol/gwet siudge (~0.32 g/gsludge vs), which is higher
compared to the Na* concentration of 0.73 * 0.002 mmol /gwetsludge in the control sample.

This indicates a higher affinity of K* towards EPS in granular sludge compared to Na+.

102



Biopolymers for selective cation exchange membranes

1.0
) 0.81
: —
2 0.8 7 0.73
3 ]
20
< 067 056056
— ——
g
g s
= 04 A s S 5
- = p=} 1] =
2 HIENEHERRE
=] =} Ello < o &
S SHEllsl s © |8
= 0.2 1 Sl sz 2 % |%
0.01 |—-—|0'05
0.0 :

Figure 5.3. lonic composition of R20 granular sludge after 24 hours in 0.87 M Na+ medium (control) and 0.87
M K* medium (after). The error bars show absolute deviation from duplicate measurements.

Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX)
of sliced microbial granules adapted to 0.87 M of NaCl showed a uniform distribution
of sodium ions throughout the granules (Figure 5.4a), confirming the ionic
composition results in Figure 5.2. In contrast to the ion chromatography results
(Figure 5.2), chloride could not be detected in the granules with SEM-EDX imaging
(Figure 5.4b). This could be a result of chloride ions removal together with water from
the pores of the granular sludge during the dehydration steps of the SEM samples
preparation (see Materials and Methods). This removal of chloride, coupled with
sodium retention in the granules, suggests that sodium was bound to the EPS, whereas

chloride was mainly present in the water phase of the granule pores as will be further

discussed in section 5.4.2.
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Figure 5.4. SEM - EDX micrographs of a sliced microbial granule adapted to 0.87 M NaCl. a) distribution of
sodium throughout the granular structure; b) distribution of chloride throughout the granular structure. The
black corner in the bottom left of the micrographs is a region from which the detector could not receive any
signal due to the structure of the granule. No clear shape of a granule in panel (b) indicates that the background
signal was as strong as the signal from the granule.

5.3.2 The ion exchange properties of EPS-membrane and ALG-

membrane

The CLSM analysis showed that binding of EPS with PVDF-HFP was successful.
Micrographs in Figure 5.5a and Figure 5.5¢ show a uniform distribution of EPS (in red,
stained with SYPRO RUBY) as a thin layer on the surface of the PVDF-HFP (in green).
Such a distribution is likely due to the hydrophobic nature of the inert binder (PVDF-
HFP), which could interact with the hydrophobic moieties of EPS, and did not allow for
mixing of EPS throughout the depth of the membrane. The negative control staining
(Figure 5.5b and d) confirmed that SYPRO Ruby does not bind to the PVDF-HFP
membrane and that the signal in Figure 5.5a and c indeed originated from SYPRO Ruby

bound to the proteinaceous fraction of EPS.
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Figure 5.5.a-b) Orthogonal view of CLSM micrographs of membranes using maximum intensity projection and
the respective 3D reconstructions in panels (c) and (d). The membrane with the EPS in A, C. The green signal
shows auto-fluorescence of the binder. The red signal shows EPS proteins stained with SYPRO Ruby. The bright
yellow signal originates from the combination of green and red. The reference membrane composed solely of
inert binder (PVDF-HFP) in panels (b) and (d).

After the successful preparation of the membranes, as shown in Figure 5.5a and
Figure 5.5¢, their selectivity towards transport of potassium, sodium, and chloride was
tested in an electrodialysis cell. Figure 5.6a-c shows changes in cation concentration
(potassium and sodium) in compartment B and of chloride concentration in
compartment A, for the ALG-membrane, EPS-membrane, and the commercial
membrane, respectively. Cations (sodium and potassium) were preferentially
transported across the membranes, whereas chloride ions were partially repelled. In
addition, a preferential transport of potassium over sodium across the ALG and EPS-
membrane was measured (Figure 5.6a-b). The rate of change in ion concentration
(determined by the slopes of the curves, m value) shows that in the ALG-membrane the
potassium transport was 11 % higher and sodium transport was 23 % lower than in

the EPS-membrane. The resulting potassium selectivity (Sg+/y,+ > 1) is depicted in

Figure 5.6d and was higher for the ALG-membrane compared to the EPS-membrane.
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With the commercial ion exchange membrane, there was no marked difference in the
transport between potassium and sodium (Figure 5.6¢). In Figure 5.6d, the current
efficiency shows how much of the current was transported by cations. Despite the non-
ideal cation selectivity of the “bio-membranes”, the current efficiency (1) was relatively
high: 79% for the ALG-membrane and 83% for the EPS-membrane. The commercial

membrane gave the highest current efficiency of 92%.
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Figure 5.6.a-c) lon concentration changes (symbols) as a function of time. The concentration changes of cations
were measured in compartment B, whereas the concentration changes of anions were measured in
compartment A. The m value indicates the slope of the dashed lines. d) Potassium selectivity (Sk+/na+) and

current efficiency (1) of the membranes. The error bars show absolute deviation in duplicate measurements.
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5.3.3 Effect of anions and cations on specific methanogenic activity

Figure 5.7a shows that exposure of 0.22 M Na* adapted granular sludge to equimolar
concentration of KCl and KBr salts resulted in a decrease of methanogenic activity by
25.3 and 11.7%, respectively, when compared to the reference at 0.22 M of Na*.
Doubling the ion concentration to 0.43 M of KCl and KBr resulted in SMA decrease by
49.2 and 44.1%, respectively. The negative effect of Na* salts on the SMA of granular
sludge at increased molarity of 0.43 M was considerably less pronounced compared to
K+ salts (Figure 5.7b). The SMA decreased by 19.9 and 11.1% with NaCl and NaBr salts,
respectively. It seems that in general Br- salts had a slightly smaller negative effect on
SMA compared to Cl- salts. However, the results obtained with NaBr at 0.22 M did not
follow the overall trend, therefore additional experiments are needed in the future to
confirm this. Finally, Figure 5.8 shows that granular sludge adapted to 0.87 M NaCl
retains its methanogenic activity when exposed to NaBr. However, SMA in the granules
completely ceased when they were exposed to potassium salt solutions. Overall, results
indicate that cations, specifically K*, have a stronger impact on the methanogenic

activity of salt adapted granular than the anions (Cl-and Br).
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Figure 5.7. SMA of granular sludge exposed to various chloride and bromide salts. Granular sludge was first
adapted to 0.2 M NaCl and then exposed to 0.22 M (panel a) and 0.43 M (panel b) electrolyte solutions of NaCl,
NaBr, KCl, and KBr. Error bars show standard deviations from triplicate in C1~ salts. Error bars with Br~ salts
show absolute deviations from average in duplicate experiments. % decr. - % SMA decrease with respect to the
reference. Horizontal dashed line shows the SMA of the reference.
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Figure 5.8. SMA of granular sludge exposed to various chloride and bromide salts. Granular sludge was first
adapted to 0.87 M NaCl and then exposed to 0.87 M electrolyte solutions of NaCl, NaBr, KCl and KBr. Error bars
show standard deviations from triplicate experiments. % SMA decrease with respect to the reference.
Horizontal dashed line shows the SMA of the reference.

5.4 Discussion

5.4.1 Cation exchange membrane properties of EPS and potassium

selectivity

The ability of EPS to partially repel anions, and act as a cation-exchange membrane, has
been clearly shown in the present study (Figure 5.2, Figure 5.4, Figure 5.6a-b).
Different studies have shown that both EPS and EPS-like substances, such as alginate,
exhibit affinity for cations [285-288]. This cation affinity is also visible in EPS- and ALG-
membranes in which the transport of cations (potassium and sodium) represented ~
80% of the total ionic current (Figure 5.6d). The cation affinity in EPS-membrane is
probably the result of the abundant presence of different negatively charged functional
groups such as carboxylic, phenolic, and phosphoric groups in EPS [264]. Alginate
compounds also have negatively charged groups, mainly carbonyl, at neutral pH [289,

290].

Evidently, the membranes do not show ideal permselectivity (4 < 100%)—however,
such non-ideal behavior is expected. EPS can not completely repel ions since it would

prevent the diffusion of important substrates, such as phosphate or acetate, to the
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microbial cells. Furthermore, EPS and alginate have hydrogel properties. Hydrogels are
known for their hydrophilic structure, and hence high water uptake, which leads to
swelling and even dissolution when exposed to water [289, 291]. Swelling can cause
structural changes in the membranes that impact the ability of the membrane to
preferentially transport counterions (ions with opposite charge to the charged
functional groups in the membranes) and exclude co-ions (mobile ions with the same
charge to the charged functional groups in the membranes) [292, 293]. Therefore, when
ion-exchange membranes are not able to effectively block the transport of co-ions, 4 is
< 100. Optical coherence tomography (OCT) analysis (Figure S.I. 5.2) showed that a
hydrated PVDF-HFP membrane was 50 pm thick, while the addition of 10% w/w EPS
increased the membrane thickness by 89 pm, clearly showing that swelling of EPS

indeed took place.

Surprisingly, the EPS and particularly the ALG-membrane were more selective to K*
than to Na*, (Figure 5.6d). Such selectivity was higher than that measured in the
commercial membrane (Figure 5.6d). It is not clear, which EPS and alginate properties

resulted in such selectivity and this certainly should be further looked into.

The current efficiency of ALG-membrane was very similar to that of the EPS-membrane
(Figure 5.6d). Measurements of charge density show a marked difference between
alginate and EPS (S.I. 5.6.2). In principle, membranes with high charge density are also
more permselective [209]. Alginate had a charge density of 7.0 meq/g and EPS a charge
density of 2.5 meq/g as measured for free dissolved polymers in solution. These values
may be significantly different in the membranes themselves due to charge shielding. In
ALG-membranes, the crosslinking with calcium ions may have led to a reduction of
charged functional groups available for ion-exchange. In the EPS-membranes, some
functional groups may have been completely embedded in the matrix of the supporting
polymers (PDVF). Therefore, in future studies, the real charge densities in the

membranes themselves should be assessed, for example by acid-base titration [186].
5.4.2 Methanogenic activity inhibition by various ions

The methanogenic activity of 0.87 M NaCl adapted granular sludge was completely

inhibited when it was exposed to an equimolar concentration of KCI (Figure 5.8). Also,
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exposure of 0.22 M NaCl adapted granular sludge to 0.22 M of KCl led to a 25 % decrease
in methanogenic activity. The decrease of SMA was smaller (19.9 %) when exposing the
same granular sludge to 0.43 M NaCl (Figure 5.7b). Kugelman and McCarty [252]
showed that potassium had a higher negative effect on methanogenic activity than
sodium, using low salinity adapted sludge and equimolar concentrations of sodium and
potassium bicarbonates. Our results extend this finding with chloride salts and high
salinity adapted sludge and demonstrate that anions at equimolar concentrations have
little influence on the SMA (Figure 5.7 and Figure 5.8). The mechanism of a potential
Br- or Cl- toxicity on methanogens is not known. Possibly anion toxicity is “masked” by
the ability of EPS to repel these anions, as was shown in this study (Figure 5.2, Figure
5.6). This “masking” would occur if the granular structure could be viewed upon as a
membrane (Figure 5.9). In this regard, the concentration of ions in the membrane is
determined by the concentration of fixed charged functional groups in it. Inside the

membranes, electroneutrality is reached according to Ref. [236]:

Ccounterion — Cco—jon —X =0
where Ccounterion 1S the counterion concentration, cco-ion is the co-ion concentration, and
X is the concentration of charged functional groups (negative for EPS). Due to the fixed
negative charges of EPS, the concentration of negatively charged co-ions in the porous
granular structure is potentially reduced, while positively charged counterions are
allowed to accumulate (Figure 5.9). The extent to which the amount of co-ions is
reduced in the granular structure compared to the bulk liquid depends on X. Due to the
fixation and electrostatic interaction between the cations and the charged functional

groups in EPS, the osmotic pressure experienced by the microbial cells can be reduced.
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Figure 5.9. Granular sludge as a porous structure with fixed negative charges in EPS.

This hypothesis can potentially be tested with EPS deficient mutants of methanogens in
toxicity experiments, and by comparing their sensitivity to different anions with EPS
covered methanogens. Such an approach has been used by Wang et al. [272] to study
the role of EPS in osmo-protection upon exposure of Klebsiella pneumoniae to 100 mM
of CaClz. This showed that in EPS deficient microbial cells the turgor pressure decreased
upon exposure to salt, whereas in cells covered with EPS the turgor pressure remained
unaffected. This suggests that EPS helps to counteract the osmotic pressure

experienced by microbial cells in high salinity environments.

The mechanism by which high K* concentrations inhibit methanogenic activity is not
exactly known. Toxicity studies with high concentrations of metallic cations and other
types of microorganisms demonstrated interference with membrane transport
processes, either by competitively inhibiting membrane transporter proteins or by
affecting the membrane potential [257]. Acetoclastic methanogens couple sodium
transport across the cytoplasmic membrane with the transfer of the methyl group from
tetrahydrosarcinapterin (H4SPT) to coenzyme M (HS-CoM). This precedes the final
reduction step for methane production from acetate [294]. Also, acetoclastic
methanogens make use of both proton and sodium gradients across the cell membrane
for ATP synthesis [294]. Abrupt exposure of the microorganisms to high concentrations
of potassium could potentially interfere with these processes. Prolonged periods (more

than a month) of exposure can result in the adaptation of methanogens to K*
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concentrations of up to 0.19 M [295]. However, further increases of K* concentration in
completely stirred continuously operated tank reactor resulted in decreasing
methanogenic activity, similar to the results of batch experiments in this study [295].
This suggests that the adaptation of methanogens to high K* concentration is more

difficult than adaptation to Na*.

5.4.3 Can the EPS-membranes be applied for the separation of

sodium and potassium in practice?

Separation of two monovalent cations is a serious challenge, even for the most
advanced technologies, such as electro-membrane processes. This is because these ions
possess similar physicochemical properties, e.g., hydrated size. Most state-of-the-art
ion exchange membranes lack selectivity for one specific ion [15]. With the mimicked
“bio-membranes” (ALG and EPS-membranes) as prepared in this study, relatively high
selectivity towards potassium over sodium (Sg+,y,+ > 1), was observed, particularly
for the ALG-membrane. Such selectivity was absent in a commercial cation-exchange
membrane (Figure 5.6d). However, the membranes prepared in this study cannot be
considered for commercial applications at this stage due to their limited stability.
Approximately 48 hours of exposure of membranes to water leads to EPS detachment
from the PVDF EPS-membrane and to water leakage in the ALG-membrane (data not
shown). In the EPS-membrane, this is likely due to weak adhesion between EPS
(hydrophilic with hydrophobic moieties) and PVDF (hydrophobic), whereas in the ALG-
membrane this is likely due to Ca?* exchange with Na*, leading to disintegration of the
3D structure of the gel [289]. Future studies need to focus on the EPS and sodium
alginate properties that dictate the selective transport of K+ over Na*, which may help
to develop analogous synthetic membranes. Such investigations should include
fractionation of EPS extracts in their constituents and also preparation of membranes
with EPS model constituents other than alginate (e.g., proteins and glycoproteins) to

elucidate how these affect the membrane transport properties.
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5.5 Conclusions

We have shown that electrochemical methods can be used to measure and characterize
the affinity of EPS towards cations. With the fabrication of membranes containing EPS
(EPS-membrane), we were able to demonstrate that EPS from anaerobic granular
sludge adapted to high salinity have cation-exchange properties. The cation-exchange
behavior was also exhibited by membranes fabricated with alginate (ALG-membrane),
a well-studied EPS model compound. Both EPS and ALG- membrane showed not only
cation selectivity but also selectivity between different cations. Potassium ions were
selectively transported over sodium ions. These results may open doors to consider

biopolymers for the fabrication of selective ion-exchange membranes.

In addition, selectivity experiments carried out with EPS-membrane and adsorption
experiments with granular sludge showed that EPS of the granules function as a
protective barrier against anions. Moreover, we showed that the ion concentration and
composition of the bulk solution markedly affect the specific methanogenic activity
(SMA) of anaerobic granular sludge. A higher decrease of SMA was measured with

potassium monovalent salts solutions than with sodium salt solutions.
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5.6 Supplementary information (S.I)

5.6.1 Membranes morphology

e Confocal laser scanning microscopy (CLSM)

For the visualization of PVDF-EPS membranes under CLSM, the auto-fluorescence of
PVDF-HFP was tested on pure a PVDF-HFP membrane, previously hydrated in a
solution containing 10 mM KCl and 10 mM NacCl. The PVDF membrane was analyzed for
autofluorescence with an inverted AxioObserver Zeiss LSM 880 confocal laser scanning
microscope (CLSM; Carl Zeiss, Germany) using fluorescence excitation/emission filters
with a 20x/0.8M27 Plan-Apochromat objective lens. The emission scans were
performed with 9 nm bandwidth increments in the range of 410-695 nm excitation
wavelength. The argon laser power was set to 1% for 488 and 458 nm excitation
wavelengths. Acquired CLSM images were processed with the Zen Blue software (ZEISS,

Germany). The obtained images are shown in Figure S.I. 5.1.

The PVDF membrane has high emission intensity in the range from 486 nm to 575 nm
at excitation wavelength of 458 nm (Figure S.I. 5.1A). The emission spectrum at
excitation wavelength of 488 nm showed a maximum emission intensity in the range
from 477 to 521 nm (Figure S.I. 5.1B). This excludes the possibility to apply on the

PVDF-EPS membranes fluorescent dyes falling in the same emission range.

SYPRO Ruby was chosen for EPS protein staining because it has its maximum excitation
at 458 nm and its maximum emission at 656 nm. This allowed to simultaneously scan
the auto-fluorescence of PVDF (excitation 488 nm, max. emission 510 nm) and the
protein portion of EPS by the fluorescence of SYPRO Ruby (excitation 458 nm, max.

emission 656 nm).
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Figure S.I. 5.1. Single pictures show the isolated emission spectra of the PVDF membrane after excitation with
458 nm (panel A) and 488 nm (panel B) lasers in the emission range from 415 nm to 691 nm. In yellow, the
emission spectra with highest intensities are identified.
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e Optical Coherence Tomograph (OCT)

To study the thickness of the hydrated membranes (in 10 mM NaCl + 10 mM KCl), a
spectral domain OCT (Thorlabs Ganymede OCT System, USA) was used. The OCT was
equipped with a 5x telecentric scan lens (Thorlabs LSM03BB, USA) with a maximum
scan area of 100 mm?. The OCT engine was configured to provide high-resolution

images with a sensitivity of 106 dB at 1.25 kHz scan rate.

The results in Figure S.I. 5.2 show a large increase of membrane swelling upon mixing
PVDF with EPS. Upon addition of 10% (w/w) of EPS to PVDF the thickness of the PVDF
membrane increased from 50 um (Figure S.I. 5.2A) to 139 pm (Figure S.I. 5.2B).

SEOEG, PRAA BB PRI LA AR St A w4 e A ESRL GO A B L RN e gy

Figure S.I. 5.2. OCT micrographs of membranes fabricated with : A) PVDF; and B) PVDF mixed with 10%
(w/w) EPS. The thickness of the membrane was 50 um in A and 139 umin B.
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5.6.2 Charge density measurement

To compare the charge density of EPS and alginate used for preparation of the EPS-
PVDF and SA-gel membranes, a colloid titration method was used, as described in Ref.
[260]. In short, 10 mL of samples (1 mg/L) were titrated against 0.01 mM poly-
diallyldimethylammonium chloride (pDADMAC) using a Miitek Particle Charge
Detector (PCD03) with an automatic titrator (Metrohm titrando 888). The titrant was
added in steps of 0.02 mL, while simultaneously recording the streaming potentials
(mV). The charge density was then calculated on the basis of titrant volume added to
reach the point of 0 charge (streaming potential equals to 0 mV). The charge densities
of samples were measured at their original pH (below 6) in mili-Q and at pH adjusted

to 7. A solution 0.1 M of NaOH/HCl was used for the pH adjustment.

Figure S.I. 5.3 shows the charge density of EPS extracted from several sludges grown
in laboratory scale reactors at 20 g Na*/L and 5 g Na*/L and of alginate used to prepare
SA-gel membranes. The charge density of EPS used to prepare EPS-PVDF membranes
corresponds to the sample Tryptone 20 g Na. A variety of EPS was tested to confirm if

EPS from anaerobic sludge of various reactors would have similar charge density.
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Figure S.I. 5.3. Charge density of various anaerobic sludges grown at 20 g Na*/L (Tryptone 20 g Na*, Gelatine,
Lysine/Glut, Proline), at 5 g Na*/L (Tryptone 5 g Na*) and of alginate used for SA-gel membrane preparation.

117






Chapter 6

Capacitive deionization with
wire-shaped electrodes.

This chapter has been published as:
M. Mubita, S. Porada, EM. Biesheuvel, A. van der Wal, J.E. Dykstra,

Capacitive deionization with wire-shaped electrodes, Electrochim.
Acta, 270 (2018) 165-173.



Chapter 6

Abstract

Capacitive deionization is a desalination technology to remove ions from aqueous
solutions in a cyclic manner by applying a voltage between pairs of porous electrodes.
We describe the dynamics of this process by including a possible rate limitation in the
transport of ions from the interparticle pore space in the electrode into intraparticle
pores, where electrical double layers are formed. The theory includes the effect of
chemical surface charge located in the intraparticle pores, which is present in the form
of acidic and basic groups. We present dynamic data of salt adsorption for electrodes
with and without coated ion-exchange membranes. Experiments were conducted in a
CDI cell geometry based on wire-shaped electrodes placed together. The electrodes
consisted of graphite rods coated with a layer of porous carbon. To fabricate this layer,
we examined two procedures that involve the use of different solvents: acetone and N-
methyl-2-pyrrolidone (NMP). We found that electrodes prepared with acetone had
lower salt adsorption compared to electrodes prepared with NMP. At equilibrium, the
theory is in agreement with data, and this agreement underpins the effect of chemical
surface groups on electrode performance. Under dynamic conditions, our theory

describes reasonably well desalination cycles.
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6.1 Introduction

Water desalination using capacitive deionization (CDI) is based on the removal of ions
from aqueous solutions by electrosorption [41, 45, 296]. For CDI with porous carbon
electrodes, after applying a voltage between the electrodes, cations are adsorbed into
the negatively polarized electrode while anions are adsorbed into the positively
polarized electrode (adsorption step). When the adsorption capacity of the electrodes
is reached, the electrodes can be short-circuited for regeneration, and ions are released
(desorption step) [42, 297, 298]. During desalination two processes jointly occur in the
carbon electrodes: ion transport and adsorption. lons are transported through the
interparticle space, the macropores. lon adsorption occurs in the intraparticle space,

the micropores, where electrical double layers (EDLs) are formed [126, 143, 299].

Several mathematical models describe adsorption phenomena in EDLs. The Helmholtz
and Gouy-Chapman-Stern models are well-known [52, 300, 301], but do not accurately
describe ion adsorption for CDI [142]. The Donnan model and its extended versions,
however, describe ion adsorption to a very accurate degree [128, 142, 302]. The latest
version of the Donnan model, the amphoteric Donnan (amph-D) model, includes the
effect of charged surface groups in EDLs [134, 156]. These charged surface groups are
present in the form of acidic groups, e.g., carboxyl structures, or basic groups, e.g., amine
structures. Different from previous Donnan models [43, 142, 302, 303], the amph-D
model does describe the sometimes-observed phenomenon of ion desorption at the

start of an adsorption cycle [304-306].

In the present work, we use the amph-D model and couple it to a transport model to
dynamically describe the desalination process. In the transport theory, we include a
transport limitation for ions between macro- and micropores. This approach is
different from the often-used assumption of infinitely fast ion adsorption into

micropores [146, 299, 307, 308].

To compare our dynamic theory with experimental data, we use a CDI cell with rod-
shaped electrodes (“wire-CDI cell”), Figure 6.1a. The wire-CDI cell is a simple cell

design (compared to conventional CDI), which consists of graphite rods (wires) coated

121



Chapter 6

with a thin porous carbon layer [309]. To enhance salt adsorption, we coat ion-
exchange membranes (IEMs) on the carbon layer. The inclusion of I[EMs in the system
is referred to as membrane capacitive deionization (MCDI) [44, 143]. The carbon layer
on the electrodes is prepared by mixing activated carbon with a polymeric binder
dissolved in an organic solvent. Often, N-methyl-2-pyrrolidone (NMP) is used as a
solvent [299, 309]. In this work, we tested a new method to fabricate the carbon layer
by using acetone as a solvent. Acetone is a less toxic alternative to NMP [310, 311]. In
addition, acetone evaporates faster than NMP, which decreases the preparation time of

the electrodes.

One of our aims is to present a modified theory to dynamically describe salt adsorption
and charge storage in CDI and MCDI. Our theory is not only valid for wire-CDI systems
but can also be applied to other CDI cell designs and other electrosorption processes. In
this study, we validate the theory with experiments conducted with wire-shaped
electrodes with and without coated IEMs. Furthermore, we compare salt adsorption
and charge storage of porous carbon electrodes prepared with two different organic

solvents, acetone, and NMP.

Macropores
Cma,Pma

Micropores
Cmi» Pmi

Non-conductive
material

—Wire-electrode

Stern layer, Agps

Figure 6.1. a) Capacitive deionization cell used in this study. The cell consists of three pairs of porous carbon
electrodes. lons are adsorbed from solution upon applying a voltage between pairs of electrodes. b) In the
electrodes, ions are adsorbed in electrical double layers formed in the micropores.

122



Wire electrodes in capacitive deionization

6.2 Theory

In this Section we present i) the theory used to calculate salt adsorption and charge in
equilibrium, when there is no transport of ions either through the macropores or from

macro- to micropores, and ii) our dynamic theory to describe electrosorption.
6.2.1 Equilibrium theory

To describe salt adsorption in equilibrium for CDI, we use the amphoteric Donnan
(amph-D) model [141, 156]. This model includes the effect of charged surface groups in
EDLs. These groups are fixed to the carbon surface and can be formed during the
activation process of the carbon material or cell operation [151, 312, 313]. In each
electrode, we model two different micropore regions: the A- and B-region. The A-region
contains acidic groups, such as carboxyl-, lactone- or phenol- groups [314]. The B-
region contains basic groups (i.e., protonated groups). In the A- and B-region, three
types of charge are present: i) electronic charge in the carbon matrix, 0ge, ii) ionic
charge in the micropores, ojonic, and iii) chemical surface charge fixed to the carbon

surface, 0.hem- Each region is overall charge-neutral, thus
Oclecj T Oionicj T Ochemj = 0 Eq.6.1

where subscript j refers to region A or B. Charge 6.pem 4 has a negative sign, and 6pem s

has a positive sign.

Similar to the classical Donnan model [130, 303], the amph-D model also considers
overlapping EDLs and assumes that the electrical potential inside the micropores, in
each region, does not depend on the distance to the pore wall. Therefore, the

concentration of ion ‘i’ in a micropore region ‘j', ¢y, 3; can be related to the concentration

in the macropores, ¢y, i, according to the Boltzmann equilibrium

Cmijij = CmA,i " eXP(—Zi ) A¢D,j) Eq. 6.2

where parameter z; is the charge number of an ion, and Ay ; the dimensionless Donnan

potential.
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From now on, we consider an electrolyte containing only a dissolved 1:1 salt in water,

such as NaCl. In the macropores, we assume electroneutrality, which is given by

CmA,cation = CmA,anion = CmA Eq. 6.3

while the ionic charge in each micropore region is

Gionic,j = Cmi,cation,j - Cmi,anion,j- Eq 6.4

The Stern layer, which is located between the carbon surface and the aqueous phase in

the micropore, is considered in the amph-D model. The Stern layer potential, Ay, is

related to the Stern layer capacitance (Cs) and 01 according to
Gelec,j -F= VT . Aq)s‘j ' CS Eq 6.5
where F is Faraday’s constant, and Vi the thermal voltage (V; = RT/F).

The potential drop over the EDL, Adgp;, is the sum of the Stern and Donnan potentials

and (in a given electrode) is equal for the acidic and basic region

Adgpr, = Appa + Apsp = Adpp + Adgp. Eq. 6.6

For each electrode, the average electronic charge, o), ionic charge, 0;,nic, and average

ion concentration in the micropores, cj,,s, are given by

Eq. 6.7
O¢lec = Z Qj * Oelec,j
j=AB
Eq. 6.8
Ojonic = Z & * Ojonic,j
j=AB
Eq. 6.9

Cmi,ions = Z O(j ' (Cmi,cation,j + Cmi,anion,j)
j=AB

where q; is the fraction of each region relative to the total micropore volume (Upyjac,

mL/g electrode). Note that ay + ag = 1.

We calculate the charge, X, from the difference between the micropore charge at the
end of the adsorption step (superscript “ads, end”) and that at the end of the desorption
step (superscript “des, end”) [299]
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ads,end __ __des,end Eq. 6.10

— 14 .F - .
Yp="%"F Umi,AC * |Oelec elec

The salt adsorption is calculated according to

Tsait = % Mw,NaCl *Umi,AC Eq.6.11

. ( Cads,end des end) + ( ads,end __ des,end )
an

mi,ions m1 ions mi,ions rnl,ions

where My, nac; is the molecular weight of NaCl. We relate the cell voltage, Vi, to Adpgpy,

according to

Veen Eq.6.12
]C;F = Aq)EDLan - Aq)EDLca a

where subscripts ‘an’ refers to the anode and ‘ca’ to the cathode.

Equations Eq. 6.1-Eq. 6.12 describe, together with a mass balance of the cell (see S.I.
6.6.1), salt adsorption in equilibrium for CDI. For MCDI, however, we need to consider
the IEMs. Previous work [309] assumed that the membranes are perfectly selective,
which means that co-ions (ions with the same sign as the membrane fixed charge)
cannot go through. In our work, we relax this assumption and consider non-ideal

permselectivity, which we will describe in section 6.2.2.
6.2.2 Dynamic theory

To model dynamics of ion adsorption from macropores into each micropore region in
the electrodes, we use an expression similar to the one used to calculate the transfer
rate of electrons in redox reactions at electrode surfaces [315]. However, instead of
using this equation for a redox reaction, in this work, we use it to describe the transfer

rate of ions between macro- and micropores, given by
Jij =k (cma - exp(—% -z 'A¢D,j) — Cmijij  exp(%2 - zi - Adpj)) Eq. 6.13

where jj; is the transfer rate of each type of ion per unit macropore volume into
micropore region j (mol/m3/s), and k is the rate constant, which we assume to have the

same value for cations and anions.
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For monovalent salt solutions, we derive expressions for the transfer rate of ions, jiops,

and charge, jcparge, between macro- and micropores, expressed in mol/m3/s
jions,j = jcation,j +jani0n,j Eq. 6.14
jcharge,j = jcation,j - janion,j- Eq 6.15

We insert Eq. 6.13 in Eq. 6.14 and Eq. 6.15 to arrive at

Jionsj/k = 2 cma - cosh(¥z - Adp) Eq.6.16
bt [Cmi,ions,j . COSh(l/Z . Aq)D,]) + Gionic,j ' Slnh(]/z " Aq)D,])]
jcharge,j/k =—2"Cpp- Sinh(l/z ’ Ad)D,j) Eq.6.17

- [Cmi,ions,j . Slnh(l/z . ACbD‘]) + Gionic,j . COSh(l/Z . A(I)D,])]

For both anode and cathode, we set up an ion balance over the macropore volume,
which includes the flux of the ion from the bulk solution into the electrode,

Ji (mol/m?/s), and the flux of ions from macro- to micropore, j;, according to

Eq. 6.18
aCmA,i 4

A"5r AcJi = Vina Z o Jij
j=AB

Vin

where V4 is the total volume of macropores in the anode or cathode, and A, is the
outer area of the electrode. As electroneutrality holds in the macropores, summing Eq.
6.18 over cat- and anions results in

i aCmA — ]ions
ot Pma - }\e

Eq.6.19

— Jions

where A, is the ratio of electrode volume over electrode surface area, A, = V./A¢, Pma

is the macroporosity, and where J;o,,s and jjons are given by

Jions = Jcation + Janion Eq. 6.20

Eq.6.21

Jions = Z jions,j-

j=A,B

In (each region of) the micropores we relate c,;;; to ji; by
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OCmi,ij . Eq. 6.22
O Pmi 'T = Pma " Jij

where py; is the microporosity.
We substitute Eq. 6.22 into Eq. 6.4 to derive a mass balance for o jop;c;

ao—ioniclj . Eq. 6.23
A P - T = PmaA " Jcharge,j-

The average ionic charge in the micropores, oynic, can be related to ionic current

density, Jeharge (mol/m?s), which is defined per projected area of an electrode,
according to

i acionic _ ]charge Eq. 6.24

We relate Jcparge to the potential drop over the bulk solution, Ady,x, and a constant
describing the conductance of the bulk solution, kp, by

]charge Eq. 6.25

A =— .
Pouik Kp * Coul

We set up an overall salt balance over the bulk solution in the cell, which is operated in

batch mode, given by

OChulk Eq. 6.26
2 Vpuik - 65 =—-A. Z ]ions,e a

e=an,ca

where Vi is the volume of the bulk solution and where e runs over the anode, an, and

cathode, ca. To complete the description of the CDI cell we consider that
CmA = Cpulk: Eq 6.27

Equations 6.13-6.27 are the basis of the dynamic theory of salt adsorption in CDI. For
MCDI, we include membranes and consider non-ideal permselectivity (i.e., besides
counterions, co-ions can also go through the membranes). Therefore, the flux of ions
through the membrane is calculated using the Nernst-Planck equation. We assume
that: i) at each position in the membrane, the electroneutrality condition holds,

Cmem,cation — Cmem.anion T WX = 0, where wX is the membrane fixed charge defined per
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unit aqueous phase [236, 316]; ii) the concentration profile and potential profile across
the membrane are linear, which is only correct for wX very large; iii) the cat- and anions
have equal diffusion coefficients; iv) the transport of ions through the membranes can

be described in steady state condition.

These assumptions lead to an expression for J;,,s given by [220]

Jions = —Kmem * (ACT,mem —wX - Ad)rnem) Eq 6.28

where Kyem IS the membrane transport rate constant, which is directly linked to the
membrane porosity and thickness, and the mobility of ions within membrane pores.
The term Act yem is the difference between the total ion concentration in the membrane
at the membrane-macropore interface, ¢t mem—clec; and in the membrane at the
membrane-bulk solution interface, ¢rmem-buir and AdPpeyn is the difference in

potential between the aforementioned interfaces.

The concentration at each membrane interface (membrane/bulk, mem — bulk, and

membrane/electrode, mem — elec), ¢t yem, is given by [236]

CT,mem—bulk = v X% + (2 * cpu)?
Eqg. 6.29
CTmem—elec = V X%+ (2" cpa)? d

The potential drop over the membrane, A}, e, is related to ionic current density and

average membrane concentration, ¢ mem, by

]charge = ~Kmem ' ¢Tmem * Acl)mem' Eq 6.30

The ionic current density, Jcharge, iS invariant across membranes and bulk solution.

Therefore, the value of Jcparge in Egs. Eq. 6.24, Eq. 6.25, and Eq. 6.30 is the same.

At the mem — bulk and mem — elec interfaces, we consider Donnan equilibrium [317].

The Donnan potential, Adp, at these interfaces is given by

. wX
AdDD,mem—bulk = asinh (—)

2 Courk Eq.6.31

. wX
Ad)D,mem—elec = asinh <2 ; )
CmaA
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Finally, the cell voltage is calculated according to

Vcell
Vr

Eq. 6.32

= (Ad)EDL + AcI)mem + Aq)D,mem—bulk - A(1)D,mem—elec)an

- ( Aq)EDL + Aq)mem + A¢D,mem—bulk - A¢D,mem—elec)ca

+ Abpuik-

6.3 Experimental

6.3.1 Preparation of wire electrodes

All experiments in this study were performed using wire-shaped electrodes. Graphite
rods (Poco EDM-3, diameter ~ 3.0 mm, Saturn Industries, Inc., USA) were used as inner
support and current collector. These graphite rods were coated with a porous carbon
layer using a carbon slurry. A polymeric binder, polyvinylidene fluoride (PVDF) (Kynar
HSV 900, Arkema Inc., Philadelphia, PA), was dissolved in a solvent: either acetone or
N-methyl-2-pyrrolidone (NMP). For the preparation of electrodes using acetone (A-
electrodes), PVDF was dissolved in boiling acetone (56 °C) in a weight ratio PVDF :
acetone of 1 : 45 and stirred for 1 h. Thereafter, activated carbon (YP50-F, Kuraray
Chemical, Japan) and carbon black (Vulcan XC72R, Cabot Corp., Boston, MA) were
added to the solution in a weight ratio activated carbon : carbon black : PVDF 0of 85: 5 :
10. The resulting slurry was stirred for an additional hour at 50 °C. Graphite rods were
repeatedly dipped into the slurry until a carbon layer with a thickness of ~ 370 um and
a length of 12 cm was obtained. The coated electrodes were dried at 100 °C overnight.
For the preparation of electrodes using NMP (NMP-electrodes), we followed the
procedure described in Ref. [309].

6.3.2 Preparation of wire electrodes coated with ion-exchange
membranes

Commercially available Fumion® ionomer (FumaTech GmbH, Germany) was used in
this study; FKS for cation exchange membranes (CEM), and FAS for anion exchange

membranes (AEM). Membranes were coated onto the acetone-based electrodes (A-

electrodes) by dipping the electrodes into the solution with ionomer. Three layers of
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ionomer were coated on the electrode. Each layer was dried before coating a new one.
The thickness of the resulting membranes was ~100 pm. The membrane-coated
electrodes were dried in a tubular oven with a temperature ramp from 60 °C to 120 °C

for 3 hr. Before use, the electrodes were soaked in a 20 mM NaCl solution for at least 24
h.

6.3.3 CDI and MCDI experiments

The CDI and MCDI experiments were conducted in a batch-wise operated wire-CDI cell.
The cell consisted of three pairs of electrodes separated by a piece of non-electrically
conductive material (1.5 mm thick) located at the top and bottom of the electrodes,
Figure 6.1a, to avoid electrical connection between anodes and cathodes. In CDI and
MCDI experiments, aqueous solutions of NaCl with an initial concentration of 20 mM
were continuously stirred and purged with nitrogen. The cell voltage was controlled
and the current was measured using a potentiostat (Iviumstat, Ivium Technologies, the
Netherlands). The conductivity of the solution was also monitored and its value
recalculated according to a calibration curve to obtain salt concentration. To perform

the experiments, we followed three procedures that are described below.
e Method i

To calculate salt adsorption, charge, and charge efficiency as a function of charging
voltage, desalination experiments were conducted with alternating adsorption and
desorption steps in the same container, while we continuously monitor the conductivity
of the solution. During the adsorption step, we applied different charging voltages, V,,
of 0.6, 0.8, 1.0 and 1.2V, for 35 min. This time was long enough to assure that
equilibrium was reached. During the desorption step, we short-circuited the electrodes
for regeneration i.e, we applied a discharging voltage of 0V for 35 min. For each
charging voltage, we conducted four consecutive adsorption and desorption cycles, and
we determined salt adsorption, charge, and charge efficiency of the last cycle. These
equilibrium experiments were conducted with A- and NMP-electrodes. Results are

presented in Figures 6.2a-c.
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e Method ii

To evaluate salt adsorption, charge, and charge efficiency in a more realistic setting,
with actual desalination, experiments were conducted in two different containers, one
container for adsorption, and another container for desorption. At the beginning of each
experiment, the volume and salt concentration of the two solutions were the same. For
adsorption, a charging voltage of 1.2V was applied for 35 min. For desorption, the
electrodes were moved from the adsorption to the desorption container and short-
circuited for 35 min. Each experiment consisted of four consecutive desalination cycles.
In these experiments, at the end of each adsorption or desorption step, the electrodes
are moved to the other container and the conductivity is measured. Results are

presented in Figure 6.2d-f and Figure 6.3.
e Method iii

To evaluate dynamic salt adsorption and charge, desalination cycles were conducted
with consecutive adsorption and desorption steps in the same container, as in method
i. We applied a charging voltage of 1.2 V for 1.1 h, and thereafter we short-circuited the
electrodes for 1.1 h. The experiments were conducted with A-electrodes with and

without coated membranes. Results are presented in Figure 6.4.

6.4 Results and discussion

In the first part of this Section, we present results of equilibrium CDI experiments,
conducted with A- and NMP-electrodes, as a function of charging voltage (method i),
and results of experiments conducted during real desalination (method ii). We compare
the results of experiments with the amph-D model. In the second part, we show the
dynamic evolution of salt adsorption and charge in (M)CDI, and compare the

experimental data with our dynamic theory.
6.4.1 Performance A- and NMP-electrodes

Equilibrium experiments were conducted using A- and NMP-electrodes (method i and
ii). Figure 6.2 compares the performance of both sets of electrodes in terms of salt

adsorption, charge, and charge efficiency. Panels a, b, and ¢ show an increase of these
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variables as a function of charging voltage. Panels d, e, and f show data obtained when

consecutive desalination cycles are carried out.

Compared to NMP-electrodes, salt adsorption and charge efficiency of A-electrodes are
considerably lower. We considered two explanations for this behavior: i) differences in
pore size distribution and ii) presence of an additional chemical surface charge, o.;em,
in the micropores of the carbon material for the A-electrode. To test the first
explanation, we conducted gas sorption analysis to measure the porosity and surface
area of the electrodes. Results show no evidence of a significant difference in the

physical structure between the two sets of electrodes, Table S.I. 6.1.

The second explanation considers the modification of the chemical surface on carbon
particles during the fabrication of the electrodes using acetone. Carbon-oxygen groups
are the main surface groups present in activated carbon (AC) [318]. Functional groups
such as carboxyl, lactone, and phenol impart the acidic behavior of AC [61, 128]. We
assume that electrode preparation with acetone increases the number of acidic groups
in the carbon pores. To investigate this hypothesis, we measured the concentration of
acidic groups in both sets of electrodes, NMP- and A-electrodes, following the procedure
described in Ref. [134]. Results in Figure S.I. 6.2 show that the total concentration of
acidic groups is about —0.43 M for A-electrodes and —0.18 M for NMP-electrodes. These
results underline the possibility that acetone modifies the chemical surface of carbon
electrodes by increasing the concentration of acidic surface groups. This increase may
be responsible for the decrease in salt adsorption exhibited in experiments conducted

with A-electrodes.

In our theory, we include the effect of chemical surface charge to predict salt adsorption
and charge. For NMP-electrodes, we assumed that the density of acidic and basic surface
charge groups is the same in value and opposite in sign. We used values for surface
charge determined in Ref. [156], which is for the acidic region o¢yema = —0.26 M and
for the basic region 6chemp = +0.26 M. For A-electrodes, we determined the chemical
surface charge by adding to each region additional acidic groups with a concentration
set to —0.35 M. The additional groups are assumed to be equally present in both A- and

B-region in both anode and cathode. As shown in Figure 6.2, the theory describes
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experimental data very closely for both types of electrodes, thus the amph-D model
underpins that chemical surface charge has an impact on the performance of the

electrodes [134].

Additional parameters required for the theory are micropore volume, vpy; ac, which was
measured using gas sorption and Stern layer capacitance, Cg, which was obtained from

Ref. [146]. A list of all parameters is given in Table 6.1 and Table 6.2.
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Table 6.1. Parameters for A-electrodes.

Experimental

e Thickness of porous carbon layer 1.83 mm

A, Area of electrode (cathode or anode) 6.90 cm?

M, Total mass of porous carbon layer 1.27 g
(anode and cathode)

Pelec Electrode mass density 0.52 g/mL

Vhuik Volume bulk solution 40 mL

amph-D theory

Ochema | Chemical surface charge - acidic region -0.61 M
(-0.26-0.35)

Ochem,; | Chemical surface charge - basic region -0.09 M
(+0.26-0.35)

Umi Micropore volume 0.49 mL/g

Cs Stern capacitance 160 F/mL

Dynamic theory

Pma Macroporosity 0.48

Pmi Microporosity 0.25

wX Membrane charge density (-)2.5 M

k Kinetic rate constant for macropore- 1 s71
micropore transport

Kp Fitting parameter for the conductance | 2.7:10® | m/s
of the bulk solution

Kmem Membrane transport rate constant 1.0-108% | m/s
Table 6.2. Parameters for NMP-based electrodes.

Experimental

M, Total mass of porous carbon layer 0.90 g

Delec Electrode mass density 0.40 g/mL

Vpwik Volume bulk solution 40 mL

amph-D theory [299]

Ochem,a | Chemical surface charge acid region -0.26 M

Ochem,s | Chemical surface charge base region +0.26 M

Ui Micropore volume 0.47 mL/g

Cs Stern capacitance 160 F/mL

6.4.2 Consecutive desalination cycles

Next, we show the results of salt adsorption for CDI and MCDI experiments conducted
with A-electrodes. These experiments were conducted by alternatingly transferring the

electrodes from the adsorption to the desorption container, as described in
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section 6.3.3 (method ii). Theory lines shown in Figure 6.3a are based on equilibrium
theory for CDI, and on dynamic theory for MCDI. The dynamic theory was adopted to
include the non-ideal behavior of the IEMs. Figure 6.3a shows the salt concentration in
the container at the end of each adsorption step as a function of the number of
desalination cycles. With IEMs, after 4 desalination cycles, we see a decrease in the
initial salt concentration of about 87%, while for CDI the decrease was about 52%.
Figure 6.3b compares experimental data for energy consumption per mole of salt
removed in CDI and MCDI. Energy consumption is calculated by integrating the current
over time for the adsorption step and then multiplying by the charging voltage. As
previously reported [44, 319], I[EMs do not only enhance the performance of the system
by increasing the salt adsorption, but also decrease the energy required for the
adsorption of ions. Our results show that MCDI requires, on average, 57% less energy
to remove an ion than CDI. When we compare our data with data reported in Ref. [143]
for CDI, we observe that the energy consumption in our system is higher. We attribute
the increased energy consumption to the presence of additional acidic groups in the A-

electrodes and to higher resistance in bulk solution.
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Figure 6.3. a) Concentration in the desalination chamber as a function of the cycle number. Two sets of
experiments (symbols) are compared with theory (lines). b) Specific energy, i.e, energy per salt removed. Data
is reported for A-electrodes without ion-exchange membranes (CDI) and with membranes (MCDI).
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6.4.3 Dynamic salt adsorption

In this Section, we discuss experimental and theoretical results of dynamic ion
adsorption in CDI and MCDI. For electrodes prepared with acetone, the theory includes
parameters used in the amph-D model and additional parameters such as pp,i, Pma, ®@X,
Kp, Kmem, and k. Porosities, py,; and py,a, are calculated as described in S.I. 6.6.2. The
remaining parameters are treated as fitting parameters. When fitting x, and k using
data from CDI experiments, we found that there is not a unique set of values that
describe the experimental data, see Figure S.I. 6.3a and Figure S.I. 6.3b. Consequently, we
decided to set k=1 s'1, which is in line with the approach taken in previous work [146,
299], because when k > 1 s'1there is no longer a rate limitation in the transport of ions
from macro- to micropore; instead ion transport from macro- to micropore is at

equilibrium.

With the value of k fixed, we then fitted k. The values of wX and k., were fitted with
MCDI experimental data. Both CDIand MCDI calculations include the additional surface

charge that we assumed is present in A-electrodes.

Despite our theory describes CDI and MCDI data reasonably well, Figure 6.4, it is
unclear whether the ion transport from macro- to micropore is rate-limiting since more
than one set of values for k and kp, can closely describe our experimental data. Although
we did not include in our approach rate-limitation between macro- and micropores,
this phenomenon may be important when we model ion adsorption in carbons with
very small pores (sub-nm) [161], or thin electrodes with long macro- to micropore

transport distances [45].
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6.5 Conclusions

We extended dynamic theory for electrosorption of ions in porous carbon electrodes
by including i) a chemical charge on the carbon surface to describe the electrical double
layers and ii) a finite transport rate of ions from macro- to micropores. We used the
theory to describe experimental data obtained in a CDI system. The CDI system has
wire-shaped electrodes with and without coated ion-exchanges membranes. As we
showed, the extended theory closely describes fundamental aspects of desalination
cycles: salt concentration and charge. Additionally, it also captures the influence of

chemical surface groups on the performance of the electrode.

Regarding ion transport from macro- to micropores, it was not possible to verify the
influence of this phenomenon on the dynamics of the electrosorption process. This is
because numerically we found more than one set of values for the kinetic rate constant,
k, and the conductance of the bulk solution, kp, that describe our experimental data to

the same degree.

We also compared salt adsorption of electrodes fabricated using two solvents, namely
acetone and N-methyl-2-pyrrolidone (NMP). Results show lower salt adsorption for
acetone-based electrodes (A-electrodes). This difference is not explained by differences
in pore size distribution or pore volumes. We suggest that the lower salt adsorption for
A-electrodes is due to an increase in the density of acidic groups on the surface of the
electrodes. Titration experiments indeed confirm that A-electrodes possess a higher

concentration of acidic groups compared to NMP-electrodes.
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6.6 Supplementary information (S.I)

6.6.1 Mass balance for equilibrium theory

In a batch mode operated cell, the total amount of salt in the system remains the same
over the whole process of desalination. Thus, for a system without membranes, the
concentration of the bulk solution (cpy;x) is equal to the concentration in the
macropores and the mass balance can be expressed according to the following

mathematical expressions.

e Atthe beginning of the adsorption step

Total Salt = Vyuik * Chulkads T 2 * Vima * Cbulkdes T Lsaltdes Eq.S.1. 6.1

e Atequilibrium (end of adsorption)

Total Salt = (Vbulk + 2 VmA) . Cbulk,ads + Fsalt,ads Eq S.1.6.2

where subscripts ‘ads’ and ‘des’ refers to the adsorption step and desorption step,
respectively. Vp,ix is the volume of solution in the container, V5 is the volume of the

macropores, and [,;; is the salt adsorbed in the micropores and the end of each step.
6.6.2 Macro and micro porosities calculations

Considering an electrode structure where three kinds of pores can be distinguished, we

can relate them by the following expression

Pma + Pmi T Pskeleton = 1 Eq.S.I. 6.3

where each porosity is related to the density of the electrode (p.) and the volume of the

respective pore by

Pm = UmiAc " Pe- Eq.S.I. 6.4

In the introduction section, we defined macro- and micropores. The term pgyeleton
accounts for the fraction of skeleton material (all solid components). This value is

calculated by dividing p. by the average mass density of the skeleton material (psgeleton)
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which considers 90% weight fraction of carbon material and 10% of the binder with

mass densities of 1.95 g/mL and 1.78 g/mL respectively.

6.6.3 Gas sorption results. NDLFT analysis

We used the non-local density functional theory (NDLFT) method as a tool for

calculating pore size distributions in the electrodes, those prepared with acetone and

N-methyl-2-pyrrolidone. The results obtained are shown in Table S.I. 6.1. In FigureS.L

6.1, we observe that the surface area and volume of the pores of the electrodes do not

differ considerably between the acetone and NMP electrodes: this means, that we can

obtain a similar pore distribution in the carbon layer by either using NMP or acetone as

solvents.

Table S.I. 6.1. Pore area and volume determined by NLDFT method for electrodes

prepared by using two different organic solvents.

ACETONE NMP
Total pore area, [m?/g] 1120.6 1070.5
Micropore area, [m2/g] 1096.1 1048.5
Mesopore area, [m2/g] 24.5 22.0
Total pore volume, [mL/g] 0.56 0.53
Micropore volume, [mL/g] 0.49 0.47
Mesopore volume, [mL/g] 0.07 0.06
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Figure S.I. 6.1. Differential pore size distribution obtained by NLDFT; where V is pore volume and w pore
width.

6.6.4 Chemical surface charge NMP- and A-electrodes

To determine the total concentration of acidic groups on carbon particles, we
performed potentiometric titrations of the electrodes. We used NaOH 0.5 M as reaction
base and HC1 0.5 M as titrant. The concentration of acidic groups was obtained from the
titration curve, Figure S.I. 6.2. At pH 7, when all the acidic groups are completely
neutralized, the total concentration of acidic groups is -180 mM for NMP-electrodes and

-430 mM for A-electrodes.

200 1

-200 1

-600 1

----NMP-electrode
——Acetone-electrode

Chemical surface charge (mM)

-1000

3 5 7 9
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Figure S.I. 6.2. Surface chemical charge of NMP- and acetone-electrodes.
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6.6.5 Variation of the fitting parameters k and k

More than one set of values for k and kj can fit our experimental data. To obtain a direct
view of this behavior we show in Figure S.I. 6.3a the salt concentration when k is varied
and kp is fixed to 2.7e-6 m/s. We can see that when k=1 s1 the theory describes
reasonably well the experimental data. On the other hand, when the value of k) is varied
and k is kept constant to 1le-3 s1, we obtaine Figure S.I. 6.3b. In this case, the theory

describes the experiments when kp=3.2e-6 m/s.
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- . k=1e-3s1 -+ Kp=2.2e-6m/s
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Figure S.I. 6.3. a) Variation of the Kinetic rate constant (k) to fit the dynamic ion adsorption theory. In the
calculation the value of kp, was fixed to 2.7e-6 m/s. b) Variation of parameter for the conductance of the bulk
solution (kp ). In the calculation the value of k was fixed to 1.0e-3 s1.
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7.1 Overview of this PhD thesis

This PhD thesis aims to study the selective separation of monovalent ions with similar
hydrated size, such as nitrate (NO3) and chloride (Cl7), potassium (K*) and sodium
(Na™) ions, using two electrochemical systems, namely capacitive deionization (CDI)
and electrodialysis (ED). The research comprises a systematic evaluation of variables
that influence ion selectivity (ion concentration, applied electrical potential, presence
of competing ions). Additionally, theoretical frameworks were developed to describe
ion adsorption in porous carbon electrodes (Chapters 2 and 6) and ion transport in IEMs

(Chapter 4). An overview of the main findings of this thesis is given below.
Chapter 2. Selective adsorption of nitrate over chloride in microporous carbons

In this chapter, the effect of ion concentration and applied cell voltage on the selectivity

of activated carbon powders and carbon electrodes is addressed. Results show that:

e activated carbon without any chemical modification, e.g., functionalization or
oxidation of the surface, removes much more NO3 than CI~ through adsorption,

when no voltage is applied.

e at the beginning of the charging step, ion selectivity is influenced by the initial
NO3: Cl~ concentration ratio in the bulk solution. The anion with higher
concentration in the bulk solution is predominantly electrosorbed compared to the

anion with lower concentration.

e at equilibrium, nitrate is preferentially electrosorbed regardless of its initial
concentration in the bulk solution. Overall, at equilibrium, NO3 selectivity does not
depend on the initial ion concentration in the bulk solution, but it does depend on

the applied cell voltage.

Chapter 3. Heterogeneous anion exchange membranes with nitrate selectivity

and low electrical resistance

This chapter focuses on the fabrication and characterization of heterogenous anion-

exchange membranes (AEMs). The selectivity in the membranes is evaluated in
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different electrolyte solutions containing mono- and divalent anions and compared

with that of commercial AEMs. This study revealed that:

e fabricating heterogeneous AEMs with a functionalized polymeric binder helps to
overcome the high electrical resistance often associated with heterogeneous
membranes. The electrical resistance of home-made AEMs was of the same

magnitude as that of homogeneous membranes.

e increasing the hydrophobicity of the functional groups in AEMs leads to an increase
in selectivity for NO3 over C1™. The NO3 selectivity prevailed even with multivalent

ions such as SO;~ in the feed stream.

Chapter 4. Experimental and theoretical results point towards strategies to

increase ion selectivity in electrodialysis

In Chapter 4, the performance of the home-made AEM with the highest selectivity for
NO3 is further analyzed from an experimental and theoretical point of view in an ED
system. We developed a theoretical model to describe selective ion transport across

the membranes. Overall, the model describes:

e ionselectivity based on a membrane parameter referred to as the chemical affinity.
e selective transport of NO3 not only across the home-made membrane but also

across commercial heterogeneous and homogenous AEMs.

Theoretical calculations provide insights into possible strategies to increase ion
selectivity, specifically NO3 selectivity in AEMs. These strategies include i) increasing
the chemical affinity, ii) increasing the membrane thickness, or iii) decreasing the

membrane charge density.

Chapter 5. Cation exchange membrane behavior of extracellular polymeric

substances (EPS) in salt adapted granular sludge

In this chapter, a novel approach for the fabrication of selective ion-exchange
membranes (IEMs) is evaluated, which is based on the use of biopolymers. Two
different membranes were fabricated using alginate and extracellular polymeric

substances (EPS) extracted from anaerobic granular sludge adapted to high salinity
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(NaCl 0.87 M). An important characteristic of the membranes was their preferential
transport of cations, and interestingly selective transport of K* over Na*. However, the
membranes showed relatively low stability in aqueous electrolytes: visible EPS
detachment was observed after 48 h exposure of the membranes to water. Therefore,

further research should focus on improving membrane stability.
Chapter 6. Capacitive deionization with wire-shaped electrodes

The removal of ions from aqueous solutions is evaluated in a CDI cell consisting of wire-
shaped carbon electrodes, unlike the CDI cell used in Chapter 2 with flat carbon
electrodes. A thin layer of ion-exchange membranes was coated on the surface of each
electrode, which leads to an increase in the desalination capacity of the CDI system.
Furthermore, Chapter 6 shows that the type of solvent used in the fabrication of carbon
electrodes impacts their salt adsorption capacity. Acetone increases the amount of
acidic groups on the surface of carbon electrodes. This increase of acidic groups leads
to a reduction in salt adsorption capacity compared to electrodes for which N-methyl-

2-pyrrolidone is used as a solvent.
Ion selectivity in CDI and ED

Overall, results obtained throughout this PhD thesis indicate that selectivity results
from the interplay between the properties of the ions, the properties of the main
constituents of the electrochemical system, i.e., carbon electrodes in CDI and IEMs in
ED, and operational parameters. Physicochemical properties of the target and
competing ions, especially the hydrated size and hydration energy, were shown to have

a significant effect on ion selectivity.

In the following sections, a broader discussion on ion selectivity is given on the basis of
one physicochemical property: ion hydration. It is argued that ion hydration is the key
property influencing the extent of ion selectivity in porous carbons and IEMs. Further,
the implications of the chemical affinity term for describing ion selectivity in [EMs are
rationalized. Also, the possible definitions of the separation factor as an indicator of ion
selectivity in porous carbon and IEMs are discussed. Finally, an analysis is given on the

viability of using IEMs to selectively remove ions with significantly lower
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concentrations in the feed stream compared with competing ions. As an example, the

selective removal of lithium ions (Li*) from seawater is analyzed.

7.2 Ion hydration is the key to understand ion affinity in

porous carbon

In Chapter 2, we show that selectivity between monovalent anions in porous carbon
electrodes is a time-dependent process. This time-dependent behavior relates to the
constant rearrangement of the electrical double layer (EDL): previously adsorbed
anions are exchanged for different anions (ion displacement). Such ion displacement
was observed not only in studies conducted with electrolyte solutions containing

NO3 /Cl~ but also with NO3 /17, see Chapter 2: S.I.

Our studies with monovalent anions highlight the effect of the EDL dynamics on ion
selectivity. At the beginning of the electrosorption step (short adsorption time), kinetics
favor the adsorption of the anion with higher mobility, but at equilibrium (longer
adsorption time) the adsorption of anions with higher affinity for the micropores is
favored. These results give rise to several questions to which we currently have no clear
answers, for instance, what factors drive ion affinity in the EDLs? Is ion displacement a
phenomenon related to ion properties, e.g., ion size, or to carbon properties, e.g., pore

size?

To rationalize the possible factors that influence the distribution and concentration of
ions in the EDLs, and overall selective ion adsorption, we first point out that affinity, in
the context of this discussion, is viewed as the tendency of an ion to be preferentially
adsorbed at the carbon particles. This tendency is the result of a variety of interactions
occurring in the micropores, i.e., ion-carbon, ion-water, ion-ion, and it is directly related
to the carbon nature and ion properties. Functional surface groups, such as lactones,
carboxylic acids, and phenols, influence most of the properties exhibited by carbon
materials. These groups can confer a hydrophobic/hydrophilic nature to the surface
and also mediate the adsorption of certain ions [152, 153, 320]. On the other hand,
water influences most of the physicochemical properties of the ions, e.g., hydration

energy and size.
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In the constrained environment inside the micropores, ions can undergo a change in
size and shape due to dehydration or reorientation/rearrangement of water molecules
associated with them. These changes would impact the degree of hydration of the ions
and directly affect the distribution and concentration of ions in the EDLs. Numerous
studies have reported the important role of hydration in determining specific
interactions of ions with charged surfaces and for the structure of EDLs [321-326].
Thus, ion hydration may play an important role in the occurrence of ion displacement

in the EDLs, or absence thereof, and more importantly on the ion affinity.

A better understanding of the changes occurring in the EDLs, and the role of ion
hydration, requires analyzing the EDL structure not only at the macroscopic level,
i.e., EDL formation, but also at the atomistic/nano level to trace the evolution of the
ions during electrosorption. Analytical techniques such as x-ray photoelectron
spectroscopy (XPS) and x-ray diffraction (SXRD) can provide insights into the
structure and composition of the EDLs. These techniques measure the electrostatic
potentials, more specifically the energy of electrons, that chemical species
experience as they move away from charged surfaces. For instance, analyses of
various charged surfaces, e.g., minerals such as mica, have revealed that ions are
distributed in the EDLs forming layers, one closer to the charged surface (inner
layer) and another farther away (outer layer) [327-329]. In the inner layer, ions are
partially dehydrated, whereas in the outer layer ions retain their hydration shell.
Numerical simulations that account for the discrete nature of the ions, e.g., molecular
dynamics simulations and that consider effective ion size (including hydration) can
also help to assess the role of ion hydration on the EDLs formation and ion
selectivity. Molecular dynamics (MD) simulations have been used to investigate at
the atomic level the mechanisms of ion adsorption on charged surfaces [330-332]. The
output of MD simulations provides insights into i) the strength of the interactions
among ions, water, and surface, ii) degree of ion hydration, and iii) the effect of ion

type on the EDLs structure.
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7.3 Ion hydration is the key to understand selectivity in

IEMs

In Chapter 3, we used the difference in hydration energy between monovalent
counterions with similar size as an argument to rationalize selectivity in AEMs. The
rationale behind this came from studies that show that ions establish more favorable
interactions with the surroundings when they overcome the energy barrier required to
undergo dehydration, i.e., the partial or complete loss of water molecules from the
hydration shell [213, 333-336]. Calculations of the energy barriers—using Arrhenius-
type equations—at membrane-solution interfaces point out a correlation with ion
hydration energy [204, 337, 338]. This argument is used to support the validity of
membrane selectivity promoted by ion dehydration. However, it does not provide
direct evidence that all ions undergo dehydration when permeating the membranes, or

to what extent ions dehydrate.

The degree of ion hydration is likely to be affected by the chemical environment in the
membranes—polymeric matrix, ion-exchange sites, and the presence of other ions.
Consequently, ions would be more or less hydrated depending on the membrane
characteristics and even on operational conditions, e.g., applied electrical potential. We
argue that ion hydration could explain the selectivity trends observed in different
membranes because it relates to the number of water molecules directly associated
with the ions [339], and this number influences the interaction with the membrane

structure.

Reliable quantification of ion hydration is crucial to understand ion selectivity in
different membranes. However, this quantification is challenging mainly due to the
limitation of current analytical techniques to separate the signals of water associated
with different ions. Additionally, in an ED process, it is difficult to make a clear
distinction between water transported by the ions due to friction (electro-osmosis) and
water transported in the hydration shells of the ions [340, 341]. Developments in
analytical methods are required for a detailed analysis of ion hydration in the

membranes. We believe that insight into ion hydration will improve the understanding
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of ion selectivity, which in turn will help to predict more consistent selectivity trends

for monovalent ions and also mixtures of ions with different charge sign and size.

7.4 The affinity term and the prediction of ion selectivity

in IEMs

To numerically describe ion selectivity in IEMs, at least two different approaches, which
translate into two different mathematical models, are available. The first approach is to
consider that ion selectivity is driven by the affinity of the membranes towards a
specific counterion. This approach leads to the transport theory outlined in Chapter 4.
And, as shown in that chapter, selectivity between ions with the same charge sign and
hydrated size is well described. In this theory, the membrane affinity was not
associated with any particular physicochemical property of the ions or the membrane,
or any effect resulting from their interaction. Instead, affinity values are derived by
fitting theory to experimental data obtained by measuring ion adsorption across a

range of solutions with different NO3 and Cl~ concentrations.

The second approach assumes that ion selectivity is the result of competitive
adsorption involving a specific counterion, e.g.,, NO3, and the ion-exchange sites (ES).

This adsorption can be seen as a reversible reaction given by
NO3 + ES* = NO3 — ES*

We can use a simple Langmuir isotherm equation to describe the equilibrium state of
the adsorption as a function of the counterion concentration and the number of free and

occupied adsorption sites.

Nmax * Cm,NO3,mobile Eq.7.1

Cm,NO3,bound =
R Ps ot kNO; + Cm,NO3,mobile

where N, represents the maximum number of adsorption sites, which in the context
of IEMs is directly related to the charge density of the membrane (X). The ion-exchange
sites can be occupied by nitrate that is bound (cm, noj,bound) OF by nitrate that is mobile

and transported across the membranes (¢yno3 mobile)- kno; is a fitting parameter
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related to the number of ion-exchange sites available for ion transport. The higher the

value of kyo;, the lower the ¢y no3 bound -

Therefore, the total concentration of nitrate in the membranes consists of bound and

mobile NO3
Cm,NO;,Total = Cm,NO—;,mobile + Cm,NO;,bound- Eq 7.2

With this second approach, we derive a theoretical framework to describe ion transport
that includes Eq. 7.1 and Eq. 7.2, and the set of equations outlined in Chapter 4, except
the equation for the ion concentration at the solution/membrane interface, which is

now given by
Csc/mj = Cscj " €XP (_Zj ' A(l)D,sc/m)- Eq.7.3

We used this approach to describe selectivity between NO3 and Cl~ in the home-made
membrane (CB-hAEM). Results in Figure 7.1a show that regardless of the value of
kno;, we cannot fit the theory to predict the selectivity of NO3 over Cl”observed
experimentally. Overall, this approach predicts that there is more NO3 than Cl™ in the
membrane. However, part of NO3 is bound to the exchange sites and does not take part
in the transport across the membranes. This implies, that selective ion adsorption does
not necessarily lead to selective ion transport through the membranes. This result
further supports the approach that ion selectivity is directly linked to the membrane
affinity for a specific counterion. However, additional studies are required to find
correlations between the membrane affinity and physicochemical properties of the
ions. Following the discussion in the previous section, section 7.2, we suggest looking
into correlations based on ion hydration. The work of Gur et al. [342] and Guzman et
al. [232] can be used as a starting point. They included hydration forces acting on the
ions in a solid-water interface as a function of the size and charge of the ions, as well as
the dielectric constant of the solvent. Guzman et al. [232] pointed out that not including
the hydration effects leads to some inaccuracies in the model, for instance, the flux of

co-ions is significantly overestimated.
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Figure 7.1. Comparison of the separation factor (Bno;/c1-) obtained experimentally for the CB-hAEM
(symbols) and using transport theory (lines) that assumes: a) adsorption, and b) chemical affinity. Parameters
used in the models are given in Chapter 4.

7.5 The separation factor. A metric to compare ion

selectivity in CDI with other studies

In the field of CDI, there are standardized metrics to describe the performance of the
system and establish comparisons between different CDI systems. These metrics are
mostly based on material properties, the throughput of a desalination unit, and energy
consumption, e.g., salt adsorption capacity (mg/g of both electrodes: cathode and
anode) and energy consumption per mol of salt removed (in kJ/mol k] /g, or KT /ion)
[45, 343]. However, so far, there are no standardized metrics for evaluating
electrosorption selectivity in CDI. The problem that arises with this lack of
standardization is that often there is not enough data to compare ion selectivity
achieved in different studies. Most studies only include data comparing the decrease in

ion concentration in the bulk solution.

Several parameters affect ion selectivity in CDI, including the electrosorption time,
applied electrical potential, the pore size of carbon particles, and the concentration of

target ions, and competing ions. Therefore, the challenge is to establish an insightful
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way to quantify ion selectivity. In Chapter 2, we quantify ion selectivity by calculating

a separation factor given by

_ IACA . CmA,B Eq 7.4
IACB CmA,A

A/B

where subscripts A and B represent two ionic species, and where IAC is the ion
exchange capacity (mg/g of electrode), and c,,, is the concentration of ions (A or B) in
the macropores, which in CDI with porous carbon electrodes is, in equilibrium, equal to

the concentration in the bulk solution.

The separation factor (B,/5) indicates how effectively ion A is removed from the bulk
solution compared to ion B. Itis based on a relevant performance metric, the IAC, which
can be calculated for electrosorption processes with various time durations. The
separation factor measured at any time before equilibrium is reached gives insights into
the time-dependent behavior of ion selectivity. On the other hand, the separation factor
measured at equilibrium (eqf,,g) provides information about the maximum ion
separation that can be achieved during electrosorption. Importantly, eqB,/z is not
affected by the initial ion concentration of the feed stream (see Chapter 2). It is
apparent that measuring eqB, g can be an insightful way to characterize ion selectivity
of the electrode material because time effects are excluded. However, if ion selectivity
shows strong time-dependency, then B, 5 values should be reported as a function of

time.

In Chapter 2, we reported values of Byos/c- measured at equilibrium conditions
across a range of applied cell voltages: Bno; /c- values ranged from ~ 9 at 0.6 Vto ~ 6
at 1.2 V. To put these values into perspective, we calculated /g for a variety of
selectivity studies, which include ion pairs other than the nitrate-chloride pair, carried
out over several conditions: constant voltage, constant current, and different ion
concentrations. Figure 7.2 provides a good overview of the maximum (, g values
achieved in different CDI configurations: CDI with porous carbon (I), CDI with modified
carbon electrodes (1), i.e., electrodes functionalized or oxidized, MCDI with commercial

membranes (MCDI, III), MCDI with modified or home-made membranes (IV), and
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Hybrid CDI (V). In the case of anion selectivity, most values of B,/g are lower than 8.
On the other hand, for cations, BA/B values of 7 and 24 were obtained with Ca?*/Na*
mixtures in CDI [52]. These /g values are encouraging; however, they were achieved
at equilibrium, which often includes long electrosorption times. The long desalination
times required to achieve such ion selectivity certainly represent a constraint when

considering CDI as an economically viable technology for selective ion separation.

A game-changer in the way ion selectivity can be achieved in CDI systems is by using
intercalation or redox materials as electrodes (Hybrid CDI). Hybrid CDI has been
increasingly used to selectively separate cations because it achieves significantly higher
selectivity compared to other CDI systems (Figure 7.2b). Hybrid CDI has not been
widely used to selectively separate anions. However, we foresee that more studies will

seek to achieve practically valuable ion separations using hybrid CDI.
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Figure 7.2. Experimental values of the separation factor (84 ,g) calculated for different CDI architectures:
1=CDJ; II= CDI with carbon modification; [II=MCDI; [IV=MCDI with membrane modification; and V=Hybrid CDL
Panel (a) shows B4 /g values for anions, and panel (b) for cations. Data includes studies carried out at constant
current (CC) and constant voltage (CV).
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7.6 What can the separation factor tell about the

performance of IEMs?

The potential application of IEMs for selective ion separations has prompted research
focus on developing new membranes with improved selectivity towards specific
counterions. Numerous studies have reported IEMs with increased selectivity towards
Lit [347-349], Nat [18, 350] , K* [351], NO3~ [107], among others. However,
comparisons between different studies are difficult, given the variety of methods used
to measure and quantify ion selectivity. In ED, the selectivity of IEMs for different

counterions is often quantified with a separation factor given by [15, 352-355]

Ja CaB Eq.7.5

BA/B=]_'_

B CdA

where subscripts A and B indicate the ionic species, | is the ionic flux through the

membranes, and c4 is the ion concentration in the diluate compartment.

The separation factor (B,,g) described in Eq. 7.5 is a measure of the transport of ion A
relative to that of ion B. It indicates how efficiently the ion separation is performed
[354]. In this definition of B,/g, ion selectivity directly depends on the ion
concentration in the feed solution. To assess what impact the ion concentration has on
Bass, we used the numerical model developed in Chapter 4, to calculate Byo; /- for
different NO3 and Cl~ concentrations in the feed solution and for two current densities:
20 and 10 A/m?. Figure 7.3 shows Byo;/ci- as a function of the NO3:Cl™ concentration
ratio in the feed solution for an ED system operated in continuous mode. In Figure 7.3,
we can distinguish three main regions: the first region, where Byo;/ci- hardly changes
with increasing NO3:Cl™ concentration ratio, includes the lowest value of Byoz/c1- (~
1.6 at 20 A/m?and ~ 1.4 at 10 A/m?) obtained when the NO3 concentration in the feed
solution is almost negligible (NO3:Cl™ concentration ratio ~1e-3 ). In the second region,
we observe alinear relationship between Byo; /¢~ and the NO3:Cl™ concentration ratio.
In this region, Byo;/ci- ranges from 1.8 to 2.9 and from 1.6 to 2.3 at 20 and 10 A/m?,

respectively. The third region shows that increasing the concentration of NO3 in the
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feed stream does not necessarily lead to a significant increase in Byo;/ci-- The
maximum values of Byo; /c1-, obtained at relatively high NO3 concentration, are ~ 3.1

at20 A/mZand 2.6 at 10 A/mz.

Overall, Figure 7.3 gives a clear indication that for any given membrane, the reported
value of B, /g only reflects the ion separation attained under specific ion concentrations.
In this regard, reporting ion selectivity, B,,p, as a function of the ion concentration
provides more insights into ion separation efficiency, which is more useful from an
engineering perspective. Certainly, several other factors affect selectivity in the
membranes, such as the applied electrical potential and the presence of competing ions.
That is why it is imperative to have consensus about how to measure and quantify ion

selectivity to benchmark membrane performance.

Jinog-=1.83 20 A/m?

10 A/m?

N
M

Bnos-/cr-

=Y
M

0 - -

1.0E-03 1.0E-01 1.0E+01 1.0E+03

Feed [NO3]:[Cl]

Figure 7.3. Separation factor (Byo; /c1-) as a function of the NO3: CI™ concentration ratio for two applied
current densities: 10 A/m? and 20 A/m2 ED system operated in continuous mode, 10 cell pairs, membrane

area=100 cm? and ¢4 = 1.5 mL/min.

7.7 Can ED selectively remove ions present at very low

concentrations in aqueous solutions?

One potential application of ion-selective technologies is the removal of Litfrom
seawater. It is estimated that the oceans have around 231 billion tons of Li* [356]. This

amount is four orders of magnitude higher than the amount reported to exist in brine
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deposits and lithium ores combined. The main hurdle for Li* removal from seawater is
the low concentration, approx. 0.17 ppm [357], compared to the concentrations of 300-
700 ppm in salt lake brines (salars) [358]. So, the question is: can technologies such as

ED selectively and efficiently remove lithium from seawater?

In this section, we provide a framework to analyze the viability of selective Li* removal
from seawater based on calculations using the numerical model outlined in Chapter 4.
To this end, we made the following assumptions: i) ED system operated in continuous
mode. ii) The feed solution is comprised of Na*, Li*, and Cl. iii) The initial
concentration of Na* and Li* are 450 mM and 2.5-10-2 mM, respectively. And iv) the
CEMs are selective towards Li* with an affinity p,;+. All parameters included in the

model are listed in Table 7.1.

We calculate the separation factor of Na* /Li*, B+ /n,+ When the py;+ term in the CEMs
is varied. The output of the theoretical calculations shows that B ., as expected,
increases with increasing p;;+ (Figure 7.4). However, increasing p;;+ is not enough to
achieve significantly high Li* concentrations in the outlet stream (concentrate spacer
channel). The Na*:Li* concentration ratio in seawater (feed stream) is 1.8-104. This
concentration ratio decreases to 1.67-10% (in the concentrate spacer channel) when the

affinity of the CEM is p;+ = 3, and to 1.38:10* when p;+ = 5 (Figure 7.4).

Overall, the results show that it is possible to remove Li* from seawater using selective
membranes. However, having CEMs with high selectivity for Li* is not a guarantee that
the process is economically viable—after the recovery process, the concentration of Li*
in the concentrate channel remains low: ~0.2 ppm. Note that the concentration of Li*
reached after solar evaporation of salt lake brines is > 6000 ppm [359]. Thus, the
challenge of recovering Li* from seawater is not necessarily related to overcoming the
low affinity for Li* in the membranes, but related to the low concentration in which this
ion is found in the feed stream. High volumes of seawater would need to be processed
to recover moderate Li*concentration. Stamp et al. [360] modeled the production of
lithium from seawater using ion-exchange technologies. According to the authors,
approximately 5000 m3 of seawater is required to obtain 1 kg of lithium carbonate

(Li,CO3). To put this number in perspective, a full battery electric vehicle (EV) requires
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approx. 1 kg of Li,CO5; per kWh of battery’s capacity [361]—the Tesla model S EV has
a battery of 100 kWh capacity [362].

Certainly, improving the selectivity of CEMs towards Li* is of technological relevance.
However, efforts should be directed to use selective membranes to remove Lit from
more concentrated water streams, such as reverse osmosis concentrate or salt lakes
brines. But using Lit-rich streams create other technological challenges mainly
associated with the high salinities of the streams—the total dissolved solids (TDS) of
salar brines is on average 170-400 g/L [359]. In these high-TDS streams, other ions than
Na* are in significantly high concentrations, e.g., Mg?*, Ca?*, and K*, [363]. Therefore,
the efficiency of the recovery process will considerably depend on the affinity of the
membranes for Lit and the high rejection of other counterions. Even when the technical
issues associated with high TDS are resolved, achieving significant Li* concentration
will likely require a multi-stage process in which Li* is enriched in the concentrate
streams of serially connected ED units. The number of stages will directly depend on
the affinity of the membranes towards Li*: the higher the affinity the fewer stages

needed to enrich Li* to concentrations that allow economically feasible ED operations.

Sustainability of the widely used lithium mining process

Solar evaporation is the common practice used to concentrate lithium found in salt
lake brines [358, 364]. A large amount of water is lost to evaporation during this
process, which is then needed in the downstream process to recover and purify
lithium compounds (mainly lithium carbonate) [359]. The freshwater used
downstream is taken from water reserves surrounding the lithium-brine mines.
Most of the world’s lithium-brine mining takes place in arid regions—Andean
regions of Argentina, Bolivia, and Chile [365, 366]—, all of which often face severe
water problems. Thus, this widely used practice of lithium mining puts more stress
on fragile water ecosystems, which are vital water supplies for communities living

in the proximities of the mining facilities.
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Table 7.1. Parameters used in the ED model to predict Lit removal from seawater.

Operational
I Current density 50 A/m?
o] Flow rate in concentrate and diluate 500 L/h
streams
[O29 Flow rate in each spacer channel 10 L/h
ED unit
Osc Spacer channel thickness 500 pum
Neel Number of cell pairs 10
Apem | Membrane area 0.1 m?
Ion exchange membranes
X Charge density 5 M
Om Membrane thickness 150 pum
Diffusion coefficient of ions in water (D, ;)
Dy, i+ | Lithium 1.03-10-° m?/s
Dy nat | Sodium 1.33-10-° m?/s
Dy, ci- | Chloride 2.03-10° m?/s
Diffusion coefficient of ions in the membrane (D,,,;)
D+ | Lithium 1.03-10-11 m?/s
DpNat | Sodium 1.33-10-11 m?/s
Dmc- | Chloride 2.03-1011 m?/s
2.0E+04
60
Feed stream L—’ / 1.8E+04
+§ 0 L 1.6E+04 5
o .
3 =
Q - 1.4E+04 =%
20 -
L 1.2E+04
0 : . . . 1.0E+04
0 1 2 3 4 5
i+

Figure 7.4. Theoretical results for the separation factor, B;/na, and the Na*: Li* concentration ratio in the
feed stream (seawater) and the concentrate flow channel of an ED stack.
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Ion selectivity is regarded as the ability of a system to remove specific ionic species from
multi-ionic mixtures. In this PhD thesis, two electrochemical systems, namely capacitive
deionization (CDI) and electrodialysis (ED), were studied for their potential to achieve
selective ion separations relevant to a wide variety of applications. One such application
is the removal of chemical contaminants from waters intended for human consumption.
For instance, in groundwater, chemical substances from natural sources or human
activities, such as nitrate, fluoride, arsenic compounds, and heavy metals, can pose a
threat to the environment and human health when their concentrations are above a
certain threshold. Selective removal of these contaminants is challenging mainly due to
the presence of interfering ions with much higher concentrations, e.g., chloride. Another
application is the recovery of valuable ions such as lithium from seawater and rare
earth elements (REE) from waste streams. Lithium and REE are in high demand because
they are used in the fabrication of numerous products and goods. Lithium is the key
component of batteries for electronic devices and electric vehicles, whereas REE are

used in magnetic, luminescent, and catalytic materials.

This PhD thesis combines the study of the selective separation of monovalent ions in
CDI and ED from an experimental and theoretical perspective. The thesis starts with an
overview of studies focused on ion selectivity in CDI and ED. Chapter 1 gives insights
into the several factors that affect ion selectivity: ion concentration and composition of
the feed stream, applied electrical potential, physicochemical properties of the ions, the
carbon electrodes, and the membrane. In Chapter 2, selectivity between nitrate (NO3)
and chloride (C17) in microporous carbon is studied. The results reveal that during
adsorption (i.e., without applying a voltage) and electrosorption (i.e.,, when a voltage is
applied between two carbon electrodes) activated carbon removes much more NO3
than CI™. During electrosorption, ion selectivity is time-dependent, which indicates that
the electrical double layers (EDLs) constantly rearrange their structure. Chloride that
has been adsorbed at early stages during electrosorption is displaced by NO3.
Consequently, displaced Cl~ ions desorb from the EDLs and return to the bulk solution.

When equilibrium is reached, the selectivity of NO3 over Cl~ is measured in the EDL.
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This selectivity for NO3 is observed regardless of the initial NO3: CI~ concentration
ratio in the feed solution. Nevertheless, the NO3 selectivity gradually decreases with
increasing the charging voltage. When no voltage is applied the separation factor
(Bnoz/ci-), which is the ratio of ion adsorption capacity normalized by the bulk
concentration, is ~ 10. However, when the charging voltage increases to 1.2V, Bo; /c1-

decreases to ~6.

In this study, it is pointed out that ion selectivity is the result of the affinity between
carbon and ions. Moreover, it is assumed that selectivity is not the result of
rearrangements of the hydration shell, e.g., partial loss of water molecules, of the ion
with lower hydration energy, i.e., NO3. The reasoning behind this assumption is that
the mean size of the carbon pores is larger than the hydration shells of the adsorbed
ions. Additionally, a numerical model is developed based on a modification of the
amphoteric Donnan model, which includes an additional affinity of NO3 to carbon. Good
agreement between experimental results and the theory is found. Results show that the
affinity-effect for NO3 plays an important role during adsorption and electrosorption.
Overall, the study of ion selectivity in microporous carbon provides new insights into

the importance of carbon-ion interactions for electrochemical water desalination.

In Chapter 3, ion selectivity is studied in newly-designed heterogeneous anion-
exchange membranes (AEMs). The membranes were fabricated using a functionalized
(charged functional groups) polymeric binder and three ion-exchange resins with alkyl
groups with different hydrophobicity, i.e, methyl, ethyl, and propyl substituents,
respectively. The study highlights the influence of hydrophobicity in the membranes on
selectivity. Increasing the length of the alkyl group, and therefore hydrophobicity, leads
to an increase in the selectivity for NO3. This NO3 selectivity is observed in
multicomponent solutions containing monovalent ions such as CI~ and iodate (103),
and multivalent ions such as sulfate (SO327). In electrolyte solutions containing
monovalent ions with similar hydrated size, i.e,, NO3 and Cl~, selectivity can be related
to the differences in hydration energy of the ions. We argue that the membranes are
more selective for the ion with lower hydration energy, i.e., NO3, because it can

potentially dehydrate more easily and establish stronger interactions with the ion-
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exchange sites. However, for monovalent ions of different size, selectivity trends cannot
be reported on the basis of hydration energy. In this case, it is assumed that the chemical

structure of the membrane hinders the transport of larger ions.

In Chapter 4, we further study the performance of the home-made AEMs that showed
the highest selectivity for NO3 in an ED cell. The nitrate selectivity of this membrane
was higher than that of two commercial AEMs. We explore methods to enhance the NO3
selectivity in AEMs using theory. Theoretical results point that suitable strategies to
improve ion selectivity are: increasing the chemical affinity or thickness, or decreasing
the charge density in the membranes. Overall, this study gives insights into the
relationship between membrane properties—affinity, thickness, charge density—and

their effect on NO3 selectivity.

In Chapter 5, we use a novel approach for the fabrication of IEMs, which involves the
use of alginate and extracellular polymeric substances (EPS) extracted from anaerobic
granular sludge. The membranes fabricated with these two biopolymers showed
preferential transport of cations (current efficiency ~80%), which indicates the cation-
exchange characteristics of alginate and EPS, and most importantly preferential
transport of potassium (K*) over sodium (Nat). These results are promising and give
an indication of the potential of biopolymers for the selective removal of ions.
Nevertheless, further research is needed to improve the stability of the membranes in
aqueous electrolytes, as well as to understand the mechanisms involved in the selective

transport of ions in these membranes.

In Chapter 6, the desalination of water is studied in a wire-CDI system. It is shown that
solvents used in the fabrication of the electrodes affect their performance. Electrodes
fabricated with acetone showed lower adsorption capacity and charge efficiency
compared with electrodes that were fabricated with N-methyl-2-pyrrolidone (NMP).
We argue that the lower adsorption capacity is related to a modification of the carbon
electrodes chemical surface due to an increase in the concentration of acidic groups. An
improvement in the performance of the electrodes was achieved by coating their
surface with polymeric solutions (ionomer). This study also includes the development

of a theoretical model to describe ion adsorption in CDI systems. The model is based on
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the amphoteric Donnan model and includes the effect of the chemical surface charge in

the micropores to predict salt adsorption.

Finally, Chapter 7 presents an overview of the studies conducted in this PhD research.
The chapter highlights that it might be possible to give a comprehensive explanation of
ion selectivity if we can reliably determine ion hydration in porous carbon electrodes
and IEMs. The discussion stresses the importance of ion-water interaction and how this
interaction is affected by the presence of other ions and the chemical environment
inside the electrodes and IEMs. Additionally, the theoretical and practical implications

of our findings are put into perspective.
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