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INTRODUCTION
AND
THESIS OUTLINE



INTRODUCTION AND THESIS OUTLINE

Separations are at the heart of creating and producing new products. Before new
products can be made, constituents need to be either isolated or fractionated from
mixtures, and undesirable impurities need to be removed. For example, before we can
enjoy a scoop of strawberry ice cream, milk needs to be centrifuged and filtered to
obtain the cream (Tamime, 2008), sugar needs to be separated from the sugar beet
juice and crystallized (Jenkins, 1966), and leaves need to be removed from
strawberries. All these steps refer to specific separation techniques based on size,
charge, color, solubility, etc.

In general, separation can be defined as a process to obtain at least two distinct
products from a mixture depending on their physical or chemical specifications (Yoon
et al., 2019). Five separation principles can be distinguished: the addition, or creation
of an extra phase, as well as, the application of a barrier, a solid agent, or an external
field (Figure 1.1). The first category (1) includes liquid-liquid extraction and stripping
and the separation is based on the difference in miscibility of the molecules in the
original phase and the newly added one. A new phase may be created by heat transfer
to or from a mixture as is the case in distillation or crystallization (2). An example of a
barrier is a membrane that allows the permeation of some components, while other
components are retained (3). This can be done using porous or non-porous
membranes, which can be used to separate colloidal particles or molecules. The
underlying principle for typical components present in foods is size exclusion
(e.g. proteins) or specific solubility and diffusivity in the membrane material (e.g. flavor
molecules). Selective separation can also be achieved by interactions with inert or
reactive solid agents as used in chromatography (4), or by applying an external force
and/or gradient (5; e.g. pressure, electric field, magnetic field) as in centrifugation,
electrophoresis, and electrodialysis (Seader et al., 1998).

All separation processes cost considerable energy, and are on large scale still
dependent on the use of classic non-renewable energy sources such as natural oil
and gas. Currently there is a strong drive toward the use of renewable energy sources,
and it may be expected that the energy source of the future is electricity, generated

through a mix of bio-based, solar, wind, tidal, etc. techniques. Thus, any separation




technique that would inherently be compatible with this may hold advantages over

others.
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Figure 1.1. General schematic of separation processes and most common separation principles
(Seader et al., 1998).

Away from the energy sourcing perspective, electric stimuli are also interesting
in separation processes because their facile control enables quick cycling between
the accumulation and regeneration stages. With a ‘push of a button’ the surface charge
of an electrode can be changed from positive to negative or vice versa and thus
influence the adsorption directly and quickly (Suss et al., 2015). In comparison to
adsorptive separation processes that do not use electric driving forces
(e.g. chromatography) the application of an electric stimulus avoids the use of solvents
otherwise required to regenerate the solid agent: thus the electric potential replaces
the chemical potential difference to desorb the target components.

Advanced processes often use a combination of separation principles; e.g.,
electrochemical ion separation processes such as capacitive deionization (CDI) make
use of an external electric field, combined with a solid agent (the electrode) and often
a barrier (ion exchange membranes). The electric field drives the ions towards the
electrodes and accumulates them in the electric double layer when a constant
potential or current is applied (Figure 1.2, left panels). The ions are released by
reversing or switching off the potential or current. To make the process more efficient,
ion exchange membranes are used to avoid co-ion expulsion (Suss et al., 2015; Yoon
et al., 2019).
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Figure 1.2. Schematic of capacitive deionization (left) and inverted capacitive deionization (right).

Where CDl is efficient and effective for the separation of ions (the electric power
scales with the amount of separated ions), it is less efficient at higher ionic strengths,
which would typically be present during food (ingredient) processing. In addition, the
selective removal of specific molecules from complex mixtures is still poor. As an
alternative, inverted CDI (iCDI) has been developed (Figure 1.2, right panels), in
which ions adsorb passively onto a surface in the absence of electric current. Electric
power is only needed to desorb the ions, which can be relatively efficient since the

release only requires ionic transport over a small distance (in the order of the double




layer thickness) (Gao et al.,, 2015a). At the same time, it may allow for specific
interactions between the target molecules and the adsorptive surface if modified
accordingly, resulting in the selective removal of specific components.

Although electrochemical separation processes for ionic separations have
gained significant attention, and the understanding of the underlying principles has
increased drastically in the past decade, insight about separation of larger molecules
such as proteins is still very scarce. Therefore, in this thesis we focus on selective
isolation of proteins using electrochemical principles. This includes the identification
and quantification of the underlying phenomena, and definition of guidelines to design
processes based on these principles, also for practical applications.

The use of electric stimuli for the separation of ions and proteins is reviewed in
Chapter 2. In addition, measurement techniques are discussed that can be used to
analyze the effects of the electric stimuli on the adsorption and desorption of
macromolecules. Some of these techniques are used in later chapters.

In Chapter 3 we present an exergy analysis of membrane CDI using activated
carbon electrodes. This concept is further extended to electrodes containing charged
polymers in Chapter 4. Both the exergy analysis as well as the incorporation of
polystyrene sulfonate and poly(diallyl dimethyl ammonium chloride) using a styrene
butadiene rubber as binder are new approaches for CDI. In addition to that, we
introduce a novel processing type, which will be referred to as inverted membrane
CDI. In Chapter 5 we describe the desalination of protein containing streams using
hierarchical carbon materials and highlight surface modification with zwitterionic
polymer brushes to reduce protein fouling and thus improve electrode lifetime.

In Chapter 6 we take this one step further, and show how protein and salt
adsorption to cationic and anionic polyelectrolytes can be reversed using an electric
potential. The impact of the electrode potential on protein ad- and desorption was
further studied using surface plasmon resonance in Chapter 7 and related changes
in electrostatic and hydration repulsion, induced by the electrode potential, were
analyzed using atomic force spectroscopy and electrowetting. Protein adsorption to
carbon materials can be measured by reflectometry, and for that we prepared
graphene oxide coated silicon substrates in Chapter 8.

The general discussion in Chapter 9 summarizes the main findings in this
thesis and puts them in the wider context of separation processes, and gives a

perspective towards future developments needed to bring the technology to fruition.







CHAPTER 2

ELECTROCHEMICALLY DRIVEN
ADSORPTIVE SEPARATION TECHNIQUES:
FROM IONS TO PROTEINS AND CELLS

IN LIQUID STREAMS

Separation processes are of utmost importance for most industrial processes in the
chemical, food, and pharma sectors. Electrochemical separation technologies gain
more and more attention especially for the desalination of water, as they potentially
lead to a reduction in the environmental footprint of the process. For salt, many different
electrochemical desalination architectures and electrode designs have been proposed.
Also other target molecules have been investigated, such as carboxylates, amino
acids, proteins and whole cells. We note that the efforts are still scattered; therefore in
this review we bundle and summarize the technological state of the art, and the
application possibilities for capacitive as well as faradaic separation technologies for
various targets. From this it is clear that there are still a lot of options that have been
underused so far, and that electrochemical separation processes could play a key role

in the separation processes needed for a sustainable future.

This chapter has been submitted as:
P. A. Fritz, R. M. Boom, and K. Schroén, Electrochemically driven adsorptive

separation techniques: from ions to proteins and cells in liquid streams.



2.1. Introduction

Numerous separation methods such as precipitation/crystallization, extraction,
adsorption, and membrane filtration have been developed for purification of valuable
products from liquid streams, or removal of impurities (Mandal and Kulkarni, 2011).
Based on theoretical evaluations, adsorptive separation is most efficient for the
removal or isolation of minor components (Giddings, 1991) and is commonly applied
to remove pollutants (e.g. heavy metals) from water (Ali, 2014) or to isolate products
of high value (e.g. proteins and peptides) (Geng and Wang, 2008; Hage et al., 2012).
It is also applied on very large scales, as for example in the separation of glucose-
fructose (Cheng and Lee, 1992), olefins and paraffins (Herden et al., 1984) or isomeric
mixtures (Guo and Zheng, 2009).

During adsorption a target molecule in solution first diffuses across a
hydrodynamic boundary layer surrounding the stationary solid support, possibly
followed by diffusion into the support, and finally by ad- and desorption to and from this
interface (Qiu et al., 2009). Key factors for ad- and desorption are the polarity and
charge of the surface and target molecule (Van der Waals, electrostatic, hydration
forces), whereas also complexation, ion exchange and microprecipitation can play a
role (Hokkanen and Bhatnagar, 2016). Thus, different molecules in the liquid (mobile)
phase have different affinities for the stationary phase and can either be physi-, chemi-
or electrosorbed.

In most cases, adsorption is an exothermic process and desorption is
endothermic. For ions, typical adsorption energies to an ion exchange resin range
between 0.6 and 25 kJ'mol', and the heat of adsorption can be as low as
-24 kJ'mol' (Inglezakis and Zorpas, 2012; Sahai, 2000) depending on the charge of
the ion and the substrate. If the adsorbent is more complex as in the case of proteins,
multiple contact points in combination with structural rearrangements of the molecule
leads to heats of adsorption as low as -1200 kJ-mol™' at initial adsorption (Arai and
Norde, 1990). Other sources report binding free energies between -20 and
-50 kJ-mol* for individual amino acids (Kokh et al., 2010), and interaction energies of
-165 up to -465 kJ'mol' for different protein-polymer surface combinations (Lu et al.,
1992).




Surface interactions can be influenced by the temperature, pH, and ionic
strength of the solution and for the product release by desorption, these environmental
conditions need to be changed. In chromatography, this requires the use of extreme
pH or ionic strengths (e.g. acidic or basic solutions or solvents) that may have a
negative effect on sustainability of the process, and on the quality of the product.
Recent innovations in “green chromatography” propose the use of stimuli responsive
resins, that change their physical properties upon the application of other external
stimuli such as temperature, pH, magnetic- or electric fields to improve separation
processes (Terefe et al., 2014). Although this influences the ad- desorption part of the
process, it does not influence the diffusion part, and that can be rather time consuming.
In order to accelerate this, an additional driving force would be needed such as an
electric field.

In this review, we focus on the use of an electric field as stimulus in adsorptive
separation processes, in which either capacitive or faradaic currents are used to store
charged molecules in the double layer, or remove them, or to alter the stationary phase
properties. Different technologies have been developed that make use of this concept:
capacitive deionization, electrochemically modulated liquid chromatography
(potentiostatic chromatography, elution voltammetry) (Blaedel and Strohl, 1965;
Collins and Arrigan, 2009; Eads and Payne, 1964; Ge et al., 1991; Yamini et al., 2014),
electrochemical solid phase (micro)extraction (Breadmore, 2007; Collins and Arrigan,
2009; Liljegren et al., 2002; Yamini et al., 2014), and electrokinetic trapping (Yamini et
al., 2014) but the available options that could be envisioned are far from exhausted
with this list. All these processes employ a surface to adsorb or immobilize the target
molecules, and still a lot of progress can be made in terms of modulating the
interactions occurring close to the surface, either through surface modification, or by
influencing the interactions that take place at close range.

To be clear, we exclude permeation based electrochemical membrane
techniques such as electro-dialysis, electro-osmosis, electro-microfiltration and
electrokinetic membrane extraction, and refer interested readers through to the
following reviews (Breadmore, 2007; Collins and Arrigan, 2009; Kuban et al., 2010;
Morales-Cid et al., 2010; Nikitas, 2000; Pedersen-bjergaard and Rasmussen, 2008;
Petersen et al., 2011; Yamini et al., 2014).




2.2. Surface interactions acting during electro-adsorptive
processes

Interactions at the solid-liquid interface are key for adsorptive separation processes
and the nature and strength of the interactions depend on multiple factors. For ions the
dominant factor are electrostatic interactions, but for larger molecules, the DLVO
theory suggests that Van der Waals and electrostatic interactions are essential, and
further hydration forces play a role (Parsegian and Zemb, 2011; Parsons et al., 2011).
Especially the latter two are strongly influenced by an electric potential applied to the
interface, and are discussed in the next section. Van der Waals forces, as shown in
Figure 2.2 e, will not be covered since they are related to the dipole of the molecules
in the surface and not influenced by the surface potential at low ionic strength
(Israelachvili, 2011), and thus cannot be used in a cyclic electrically driven

adsorption/desorption process.

2.2.1. The electric double layer and electrostatic interaction energies

The charge as function of the distance to a charged solid wall is generally
described with a double layer model. A widely shared view is that the double layer
consists of a concentrated layer of specifically adsorbed ions near the wall called the
Stern layer, which becomes more diffuse when moving from the wall, and ultimately
resembles the bulk electrolyte concentration far from the wall (GCS-model;
Figure 2.1 a).

For solid interfaces that are electrically charged, the current involved in building
the double layer is referred to as capacitive current: no electron is exchanged over the
interface; charge is only accumulated (Biesheuvel and Dykstra, 2018). The potential
drop at an electrode interface can be modelled using the Debye screening length, «/

(Equation 2.1) and the Poisson-Boltzmann equation (Equation 2.2).
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Figure 2.1. lon storage in a non-overlapping (Gouy-Chapman-Stern model) and b overlapping double
layers (modified Donnan model). Reproduced with permission from Suss et al., 2015.

With a larger surface charge, the potential drop increases (Figure 2.2 a), and
expands further. The electrostatic interaction energies between two charged plates at

a finite distance from each other can be calculated using Equation 2.3.

Vg =— j: {ZnOkT [cosh (Z—?) — 1] — ?(ii—lf)z} dz 2.3

Like charges repel each other, while unlike charges attract each other upon
approach, indicating the possibility for adsorption and desorption between the two
plates. In Figure 2.2 ¢ and d, the electrostatic repulsion between two negatively
charged flat plates is shown as a function of the distance D between the two plates,
for constant potential and constant charge boundary conditions, respectively.

Experimental studies to measure the double layer potential with open circuit and
with applied potential have been done with atomic force spectroscopy (Butt, 2007;
Fermin, 2006; Papastavrou, 2010). At the potential of zero force, the size of the double
layer is minimal but extends if the applied potential is shifted to more negative or more

positive values, indicating an increase in ion storage capacity.
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Figure 2.2 a Double layer potential (E) profile from the electrode interface (Eo between -0.1 and -0.02 V)
to the electrolyte solution. Inset: Distance at which the potential drops to 0 V (cutoff: -5-10“ V).
b Schematic of ion distribution at electrode interface within the electric double layer and potential profile
at interface. ¢ Electrostatic interaction energy determined for constant potential boundary conditions,
gold electrode was held at 0, -0.2, -0.4, -0.6, -0.8 or -1.0 V and silica probe set at -0.06 V. d Constant
charge boundary conditions were determined using Graham’s equation for values between 0 and
0.041 V-nm™" for the gold electrode, and -0.0173 V-nm™' for the silica surface. e Van der Waals attraction
for a Hamaker constant of 5.7-102° J, and f hydration repulsion for hydration repulsion amplitude
between 1 and 30 mJ-m-2 with decay length of 1.29 nm.

Please note that the double layer for semiconductors (e.g. ITO) (Bos et al., 1994;
Hu etal., 1997) is smaller compared to that of conductive surfaces such as gold (Barten
et al., 2003a; Duval et al., 2001; Fréchette and Vanderlick, 2001; Giesbers et al., 2002;
Hillier et al., 1996; Kuznetsov and Papastavrou, 2012; Moulton et al., 2003; Roques-
Carmes et al., 2006; Zhou and Xie, 1999; Zhou et al., 2000), stainless steel
(Beaglehole et al., 1998), or pyrolytic carbon (Holmstrom et al., 1998), since most of
the potential drop occurs in the semiconductor layer itself (Bos et al., 1994).

In nanoporous materials such as activated carbon (< 2 nm), the double layer is
not fully developed, since the diameter of the pores are smaller than the distance over
which the potential drops, and therefore the double layers strongly overlap. In this case
the structure can be described using the modified Donnan model (Figure 2.1 b).
Further descriptions and summaries about the modified Donnan model can found in

the following references (Biesheuvel et al., 2011, 2014; Suss et al., 2015).
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2.2.2. Hydration forces

As mentioned, hydration forces are important in ad- as well as desorption
events, especially for macromolecules such as proteins in an aqueous environment
(Israelachvili and Pashley, 1983). Hydration repulsion can be attributed to primary,
secondary, and structural hydration forces (Figure 2.2 f), related to the water
molecules that are directly bound to the interface and/or protein molecules, water
molecules in ionic hydration shells, and steric effects due to the finite volume of the
solvent molecules (Kilpatrick et al., 2013; Parsegian and Zemb, 2011). If the orientation
and density of water molecules at the interface is different compared to the bulk
distributions, the force to displace a water molecule by an adsorbing target molecule
is impacted (Besseling, 1997). At the surface of an electrode, the orientation and
density of water molecules can be influenced by the applied potential (Velasco-Velez
et al., 2014), and thus ad- and desorption of e.g. proteins can be influenced
(Chapter 7).

In bulk water, the hydrogen-bonding-to-dispersion-forces have a ratio of 70:30,
which relates to a contact angle of 63°. A surface exhibiting a lower contact angle is
denoted hydrophilic; a surface with a higher contact angle is hydrophobic (Vogler,
2012). This implies that hydration interactions can be measured using electrowetting
(Mugele and Baret, 2005), in which the contact angle is a function of the applied electric
potential (Vogler, 2012). Usually, the contact angle and the Gibb’s free energy
decrease when a potential is applied, which implies that the work of water adhesion

increases, indicative of more hydration repulsion.

2.3. Capacitive separation processes

2.3.1. Capacitive separation of ions (Capacitive deionization)

For ion separation, porous carbon materials are used in capacitive deionization
(CDI) systems. The most commonly used system contains two carbon electrodes
opposite from each other, separated by a non-conductive spacer. The feed flows
between the two electrodes through the spacer (Figure 2.3 a); while applying constant
potential or current, charged ions dissolved in the feed are stored in the double layer
at the electrode interfaces and thus the feed flow is desalinated. For regeneration of

the electrodes the current or potential is reversed or switched off, and the ions are
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released from the interface generating a brine (Huang et al., 2013; Porada et al., 2013;
Suss et al., 2015). Depending on the carbon material, electrosorption capacity values
range from 0.25 for simple activated carbon to 24.2 mg-g™ in graphene aerogels in
which nanopores play a crucial role (Jia and Zhang, 2016; Oladunni et al., 2018).

As an extension, CDI in flow-through mode, (Figure 2.3 e) or with carbon flow
electrodes (Figure 2.3 h-j) have been developed, and besides carbon intercalation
materials are currently investigated to boost the desalination capability
(Figure 2.3 f and g) (Suss et al., 2012). In these materials, ions are captured through
redox reactions at the interface. Although Biesheuvel et al. (Biesheuvel and Dykstra,
2018) argue that this can be considered capacitive ion storage (the electro composition
stays the same, and no electrons are transferred), we follow other reviews and discuss
intercalation materials in the context of faradaic separation processes (Zhang et al.,
2018a).

By inserting ion selective membranes (Figure 2.3 b) between the electrodes,
(Biesheuvel and van der Wal, 2010) or coating the electrodes (Yang et al., 2013), the
charge efficiency of flow between desalination processes can be improved, and the
removal of specific ions such as nitrate promoted (Kim and Choi, 2012; Kim et al.,
2013; Yeo and Choi, 2013). Furthermore, it allows the successful desalination of more
complex feeds such as brackish water containing proteins (Zhang et al., 2018b) or
micro-organisms (El-Deen et al., 2016a), or even biomass hydrolysates containing
sugars, organic acids or furans (Huyskens et al., 2013). Besides, ZnCl> was separated
from insulin samples (Jung et al., 2012) while acetic and sulfuric acid was removed
from hydrolysate (Kim et al., 2012). Furthermore, it is good to mention that CDI
technology on larger scale has been reported (Lee et al., 2006).

In contrast to conventional CDI in which adsorption takes place due to an
applied potential or current, in inverted CDI, modified electrodes with additional surface
charges (anode: net negative; cathode: net positive) are used to store ions
(Figure 2.3 c). This means that adsorption occurs at 0 V (Gao et al., 2015a, 2015b) or
the potential of zero charge (Gao et al., 2018), whereas desorption is activated by
depolarizing the electrodes electrochemically. This saves energy during loading
especially at higher solution conductivity, and allows for the selective adsorption of

specific ions, depending on the groups present on the electrodes.

14
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Figure 2.3. Capacitive deionization technologies ranging from flow-between (a-d, f, g) to flow-through
(e) and flow electrode (h-j) set ups, using either capacitive or faradic ion storage principles. Modified
from Suss et al., 2015.

For iCDlI, in literature carbon materials modified with tetraethyl orthosilicate
and/or nitric acid (Gao et al.,, 2015a, 2015b), or polystyrene sulfonate (Fritz et al.,
2019a) have been used to increase the net negative charge, and the opposite charge
was increased with ethylenediamine (Gao et al., 2015a) or poly(diallyldimethyl-
ammoniumchloride) (Chapter 6). Activated carbon electrodes were treated with

cetrimonium bromide and sodium dodecyl benzene sulfonate for the selective removal
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of nitrate (Oyarzun et al., 2018; Palko et al., 2018). A theoretical overview of iCDI
desalination systems and the influence of chemical surface charges is available from
Biesheuvel et al. (Biesheuvel et al., 2015).

The efficiency of an inverted CDI process can be further increased by inserting
ion exchange membranes, possibly in combination with unmodified and modified
activated carbon electrodes (Figure 2.3 d). The separation performance of this
inverted membrane CDI set up was competitive with conventional CDI using the same
electrodes (Fritz et al., 2018, 2019a).

2.3.2. Capacitive separation of larger molecules

Capacitive current can also be used to alternate adsorption of colloids and
macromolecules (Figure 2.4) as investigated using reflectometry, ellipsometry, or
surface plasmon resonance equipped with an electro chemical cell (as compiled in
Table 2.1). For example the adsorption of polyvinyl pyridine (Figure 2.4 a) (Barten et
al., 2003b; Kleijn et al., 2004), poly(propylene imine) dendrimer (Figure 2.4 b) (Kleijn
et al., 2004), and of poly(vinyl imidazole) (Roques-Carmes et al., 2006) (positive at low
pH) increased with the cathodic potential. Thiols could be chemi- or physisorbed onto
mercury depending on the applied potential (Muskal and Mandler, 2000), and AFM
studies revealed attractive and repulsive forces at positive and negative potentials,
respectively, acting on negatively charged silica particles (Kuznetsov and
Papastavrou, 2012; Rentsch et al., 2007), and DNA (Erdmann et al., 2009).

For the adsorption of blood proteins (Beaglehole et al., 1998; Holmstrom et al.,
1998; Mattson and Smith, 1973; Morrissey et al., 1976; Moulton et al., 2003; Srinivasan
and Stoner, 1970), lysozyme (Figure 2.4 ¢ and d) (Kleijn et al., 2004; Xie et al., 2013)
and horseradish peroxidase (Cole et al., 2007) a similar trend was found: the
adsorption increased with increasing potential relative to the protein charge.
Desorption was only detected for DNA (Hook et al., 2006; Jiang et al., 2004; Wang et
al., 1999) and B-lactoglobulin (Chapter 7). Difficulties for desorption in other cases were
mostly related to multiple contact points, effectively rendering the adsorption
irreversible. Although mostly not considered, for an electrochemical protein separation
process, the change in surface tension induced by the applied potential due to

hydrostatic and electrostatic forces was found to be of great importance (Chapter 7).
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Figure 2.4. Adsorbed amounts (closed symbols) and adsorption rates (open symbols) of charged
macromolecules to gold electrodes as function of applied potential. a PVP+, 12k (b, O), concentration 1
mg-L", and 124k (2, 4), concentration 5 mg'L™", pH 6.4. b Adsorption of DAB-64 from a 5 mg-L"" solution
at pH 6.9. (c and d) Adsorption of lysozyme from a 3 mg'L"" solution at pH 6.4 and pH 5, respectively.
Background electrolyte 1 mM KNOs. The lines are to guide the eye. (Reproduced with permission from
Kleijn et al., 2004).

A first capacitive protein separation process was proposed by Fritz et al.
(Figure 2.5), ad- and desorption of whey protein isolate to and from various electrodes
that may carry a polyelectrolyte layer could be controlled by an externally applied
electric potential. Upon applying a potential, the UV signal that is linked to protein
concentration drops, while conductivity that corresponds to salt increases (Figure 2.5
a and b). Since protein ad- and desorption occurred at opposite potentials compared
to salt ad- and desorption, this makes this process also useful for desalination of

proteins (Chapter 6).
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Figure 2.5. Protein and salt separation using an electrical switch. a Change in UV signal of the eluent
during cycle 5. b Change in conductivity of the eluent during cycle 5. ¢ Schematic of salt and protein ad-
and desorption. At 0 V proteins adsorb and salt is released, while at a potential bias proteins desorb
and salt is stored in the electrodes.

2.3.3. Electrically responsive coatings (capacitive current)

Capacitive current may be used to trigger conformational changes in the surface
coating, and thus to indirectly promote the exchange of larger molecules (Maharjan et
al., 2008; Mendes, 2008; Terefe et al., 2014). This was achieved by coating mercapto-
hexadecenoic acid at low surface coverage to a gold electrode (Figure 2.6). At
negative potential the hexadecenoic acid chain was oriented perpendicular to the
surface, whereas upon positive depolarization the carboxyl group was directed towards
the electrode surface and the chain folded upon itself. Hence, the nature of the surface
changed from negatively charged to hydrophobic, allowing the separation of
streptavidin and avidin with isoelectric points of 5.8 and 10.5, respectively (Lahann et
al., 2003; Liu et al., 2004; Ma and Shrotriya, 2012; Mu et al., 2007). The same system
was also used to retain and release bacteria (Pranzetti et al., 2013); and in slightly
modified form using a terminal amino group (Mu et al., 2007) as well as positively

charged oligolysine peptides instead of the carboxyl groups (Yeung et al., 2010).
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applying a potential, either the chain is upright, exposing the head group or bent, exposing the backbone.
MHA: mercaptohexadecanoic acid (Reproduced with permission from Mu et al., 2007).

Zwitterionic phosphorylcholine was theoretically investigated; the charge ratio
between the phosphate and choline group shifted as function of applied potential. This
may change the interaction with Cytochrome c, indicating that ad- and desorption could
be possible using a potential switch without impacting the structure of the protein (Xie
et al., 2015). Also, multi-component, self-assembled monolayers have been tested for
cell adhesion, but this adhesion is irreversible (Ng et al., 2012). For electrically
responsive coatings, charged polyelectrolytes (Cao et al., 2012; Fang and Szleifer,
2006; Ouyang et al., 2009) such as polystyrene sulfonate (Kawaguchi et al., 1988; Xu
et al., 2012) and pyridine (Stolberg et al., 1986) have been suggested.
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2.4. Faradaic separation processes

In contrast to the capacitive separation processes, the storage of charged species in
faradaic separation processes is based on charge transfer. Some argue that this
includes the detachment of the reaction product from the electrode after electron
exchange, and thus intercalation materials or redox-active electrode coatings would
be capacitive (Biesheuvel and Dykstra, 2018). However, here we maintain the
classification used in previous reviews (Suss et al., 2015; Yoon et al., 2019) and limit
ourselves to processes that use electrodes at which redox reactions occur leading to

the storage of target molecules.

2.4.1. Faradaic separation of ions

Partition chromatography of metal ions by electrodeposition was reported
already in the sixties (Blaedel and Strohl, 1965). The distribution coefficient kp between
solution and stationary phase of Ti and Pb could be influenced by an applied electric
potential (Nernst equation). As stationary phases, mercury (Blaedel and Strohl, 1965),
amalgamated nickel, lead, noble metals, as well as other amalgamated metals, and
graphite (Eads and Payne, 1964) have been reported.

Through the development of intercalation materials for batteries and super-
capacitors, the storage capacity could be greatly improved. This allowed ions to be
stored within the electrode material and not only at its surface. Especially for cation
separation (lithium, sodium, potassium) many materials have been considered such
as manganese oxide (Kanoh et al., 1991; Kim et al., 2017; Pasta et al., 2012a), iron-
based phosphate (Kim et al., 2016; Pasta et al., 2012b), and hexacyanoferrate (Lee et
al., 2017; Trécoli et al., 2015; Yoon et al., 2018). For chloride ions, silver and bismuth
electrodes have been proposed (Hui and Yang, 2017; Nam and Choi, 2017; Pasta et
al., 2012a) or two-dimensionally layered materials such as MXene (Srimuk et al., 2016)
and MoS: (Srimuk et al., 2017; Xing et al., 2017). Some intercalation electrodes can
also be used for the selective removal of ions using specific conversion reactions or
tunnel structure (Kim et al., 2017). For reviews on intercalation materials we refer to
the appropriate manuscripts (Su and Hatton, 2017a; Suss and Presser, 2018; Yoon et
al., 2019; Zhang et al., 2018a).
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Conductive and redoxactive polymers have also been considered for ion-
exchange voltammetry, electrochemically modulated liquid chromatography
(Deinhammer et al., 1995; Garcia et al., 2011; Liliegren and Nyholm, 2003; Liljegren
et al., 2002; Wu and Pawliszyn, 2001; Wu et al., 2002), and as components in batteries
(Song and Palmore, 2006), and pseudocapacitors (Arcila-Velez and Roberts, 2014).
As such, polypyrrole (Figure 2.7 a and b) and polyaniline are neutral, but when partially
oxidized at positive potentials they became positively charged; a negative potential
returned the polymer into its neutral reduced state. This allowed the exchange of
counter anions and electro-inactive analytes (Yamini et al., 2014). The ion selectivity
of a polypyrrole electrode could be adapted by doping. CI- doping led to the following
preference: Brr > SCN-> SO4% > |- > CrO4%, whereas perchlorate doping changed the
sequence to SCN- > Br > |- > SO4% > CrO+* (Ge and Wallace, 1992; Teasdale and
Walfacet, 1993; Vorotyntsev et al., 1998). Cations could be adsorbed by entrapping
large anions into the polypyrrole and polyaniline electrode
(Figure 2.7 b), since at reduced state the overall charge of the electrode was negative
(Arca et al., 1995; Hasan et al., 2005). For this, anionic intercalation materials (Du et
al., 2014; Wang et al., 2014a) have been discussed, and also catechol and quinones
(Hepel and Dentrone, 1996).

Other suggested conductive and redox active polymers were polyampholyte
(Espenscheid and Martin, 1989), sulfonate-ferrocene copolymer (Beer and Bayly,
2005; Espenscheid and Martin, 1985, 1989), poly(2,6-pyridinedicarboxylic acid) (Wang
et al., 2014b) or polythiophenes (Higgins, 1997; Schaferling and Bauerle, 2004;
Suarez-Herrera and Feliu, 2009; Zotti et al., 1997). Over-oxidizing polypyrrole
increased the preferential collection of cations over anions in the polymer matrix (Sahin
et al.,, 2008; Ugur et al., 2004). Metallocenes, bipyridines, porphyrines and other
organometallic redox-active polymers were found to be interesting candidates for
electrochemical separation processes, since electron-transfer rates and electronic
structure of the metal-ligand system can be manipulated with an applied electric
potential (Su and Hatton, 2017a). When the electrode was oxidized the metal became
positively charged and thus stored ions reversibly. Several organo-metals based on for
example Co (Simon et al., 1985), Os (Genborg and Sharp, 1993; Grumelli et al., 2006;
Lindall et al., 1996) or Fe (Balasubramanian et al., 2002; Bruckenstein et al., 1998;
Hillman et al., 1992; Jureviciute et al., 2000) have been proposed for the separation of

different anions, and in some cases cations (Figure 2.7 c).
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Figure 2.7. Redox reactions and ion exchange properties of polypyrrole films for a Anion (A, CI- or
ClO4-) and b Cation extraction (PPS stands for polystyrene sulfonate) (Reproduced with permission
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osmium-bipyridine). (Reproduced with permission from Su and Hatton, 2017a).
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Ad- and desorption of ions can also be realized by electrochemically induced
pH changes when using pH responsive coatings such as poly-4-vinylpyridine
(Figure 2.8 a) (Pascal et al., 2007). In an aqueous environment, water splitting can be
locally induced at potentials over 1.23 V, leading to a local change of the pH (Kao et
al., 2008; Morimoto et al., 2008). Redox couples such as quinon/hydroquinone
(Fomina et al., 2016; Simmons et al., 2000; Singh and Paul, 2015) and
anilin/hydroanilin (Frasconi et al., 2010; Pavitt et al., 2017) may serve as proton source

or sink, and thus influence the pH and their storage properties (Figure 2.8 b).
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Figure 2.8. a Electro-triggering of pH-switchable ligands: (top) capture step at low or zero potential,
(middle) expulsion step at electro-oxidizing potential and (bottom) spontaneous restoring at low or zero
potential (Reproduced with permission from Pascal et al., 2007). b Schematic representation of
electropolymerization of bis-aniline-cross-linked Au NP composite, and generation of electrochemically
induced pH changes in aqueous solutions (Reproduced with permission from Frasconi et al., 2010).

2.4.2. Faradic separation of larger molecules

While most systems were developed for the separation of small ions, some of
the systems presented earlier have been used for ad- and desorption of larger
molecules (chemical pollutants, proteins and cells: summarized in Table 2.3).
Polyvinyl(ferrocene) functionalized carbon nanotube electrodes were reversibly
oxidized and reduced, enabling good separation (separation factor > 140) of
carboxylate, sulfonate and phosphonate (Su et al., 2016). Using the same approach,
protein  (lysozyme, myoglobin, horseradish  peroxidase, ribonuclease-A,
a-chymotrypsin, bovine serum albumin) ad- and desorption was realized (Figure 2.9)
(Su et al., 2017a).

Further, electro responsive polymers have been used, such as composites of
poly(N-methyl pyrrolydinium) and poly(styrene sulfonate) onto which dopamin
reversibly adsorbs at reductive potential (Miller and Zhou, 1987). The adsorption rate
and adsorbed amount of glucose oxidase could be increased by applying a positive
potential to a polyanion-doped polypyrrole film (Khan and Wernet, 1997). Molecular

imprinting of overoxidized sulfonated polypyrrole (OSPPy) was used for the separation

28



of L-glutamic acid (Figure 2.10) (Deore et al., 2000), naproxene (Ameli and Alizadeh,
2012), salicylate (Ameli and Alizadeh, 2011) and fluoroquinolones (Liu et al., 2012).
Polytiophene electrodes (poly(3-dodecylthiophene) and poly(3-octylthiophene))
reversibly adsorbed neutral arsenobetaine that passively binds to the long hydrophobic
allyl chains at open circuit potential, with desorption triggered by the reversible

oxidation of the polymer (Tamer et al., 2003; Yates et al., 2002).
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Figure 2.9. a Preparation of polyvinyl(ferrocene)/carbon-nano tube electrodes. b Schematic of protein
ad- and desorption depending on applied potential (Reprodced with permission from Su et al., 2017a).
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Figure 2.10. a Schematic of uptake/release of glutamic acid cation upon charging and discharging
molecularly imprinted over-oxidized polypyrrole film at pH 1.7. b Effect of applied potential on the uptake
of 10 mM L- and D-glutamic acid (Reproduced with permission from Deore et al., 2000).
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When targeting protein or cell separation, it is important to avoid irreversible

fouling of the electrodes, and thus, antifouling coatings were developed. For example,

penta(ethylene glycole) groups were used as an antifouling layer, which could be

modified with ligands specific for a protein or a cell. This ligand could then be linked to

a redox active quinone protionic ester (Figure 2.11). In this way, the target cell or

protein could be captured by the ligand, and released upon applying a negative

potential to reduce the quinone linker (Hodneland and Mrksich, 2000; Yeo et al., 2001,

2003; Yousaf et al., 2001a, 2001b). In a similar fashion, polyethylene glycol was used

in combination with redox-active haeme groups for the reversible binding of

B-lactoglobulin (Lam et al., 1995). Interesting reviews on these systems are (Collins

and Arrigan, 2009; Su and Hatton, 2017b).
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Figure 2.11. a Capture and release of fibroblast cells using a ligand that can be sacrificed when applying
a potential of 550 mV to a hydroquinone-linker. b Reaction scheme for the electro-responsive surface
coating (Reproduced with permission from Yeo et al., 2003).
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2.5. Methods to analyze ad- and desorption or macro
molecules

To study the impact of electrode potential on ad- and desorption of macromolecules,
such as proteins, different techniques were used. It was possible to indirectly measure
the amount of adsorbed material through bulk fluid depletion; however one can also
directly observe the amount of material adsorbed at a surface, using reflectometry or
surface plasmon resonance. Further, with AFM the ad- and desorption forces may be
quantitatively measured (Table 2.4). In the following section, we discuss these

methods (see also Table 2.1 and 2.3 for the respective references).

2.5.1. Indirect measurement through bulk depletion

Adsorption and desorption of macromolecules can be measured indirectly by
tracking their concentration in the bulk solution e.g. by measuring the conductivity, UV
absorbance (Chapter 6), fluorescence, or by using target specific assays (e.g.
bicinchoninic acid assay (Khan and Wernet, 1997; Su et al., 2017a),
o-phthaldialdehyde assay (Khan and Wernet, 1997)). The sensitivity depends on the
detection method, and sampling is sometimes difficult. Nevertheless, the clear
advantage that these techniques hold is that they are independent of the electrode
material, meaning that any type of electrode and/or coating can be tested, also on large

scale.

2.5.2. Direct surface adsorption measurement: reflectometry

In reflectometry a laser is projected through a prism onto a planar silicon
substrate, and the intensity of the reflected polarized light is measured, which can be
related to the amount of adsorbed material through the refractive index. To increase
the sensitivity of the method, usually a transparent silicon oxide layer is grown on top
of the silicon. For electrochemically driven processes this was impractical due to the
insulating properties of silica; therefore a gold coating was applied, in spite of it having
a complex refractive index that reduces the signal intensity (Barten et al., 2003b;
Roques-Carmes et al., 2002). Gold surfaces can be easily modified via thiol bonds and
have served as a basis for diverse polymer coatings. Other potential coatings are

indium tin oxide or reduced graphene oxide (Fritz et al., 2019b), since both are
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conductive and have a lower complex refractive index compared to gold. Because the
laser light has to travel through the electrolyte solution, this solution should be clear

and thus may only contain components at low concentration.

2.5.3. Direct surface adsorption measurement: surface plasmon resonance
In contrast to reflectometry, in surface plasmon resonance the laser is projected

onto the back side of the electrode; the intensity of the reflected light depends on the
generation of surface plasmons. At a certain angle of the incoming light, all energy is
converted into fluctuation of electrons at the metal-electrolyte interface and the
reflection is minimal. This so called SPR-angle depends on the refractive index at the
interface and thus on the amount of e.g. proteins adsorbed. In SPR, mostly gold is
used but also silver or graphene coated substrates have been applied (Pattnaik, 2005;
Wu et al., 2017).

2.5.4. Measuring adsorption forces: Atomic force spectroscopy

Using atomic force spectroscopy the interaction strength between two interfaces
can be determined directly, by following the deflection of a cantilever upon approaching
a planar substrate. The cantilever can be equipped with a very sharp, conical, or
colloidal probe, and the substrate can be an electrode (e.g. gold) in an electrochemical
cell. As mentioned earlier this technique can be used to directly measure the double
layer potential of an electrode (Barten et al., 2003a; Hillier et al., 1996; Chapter 7) but
also other surface forces (Chapter 7). Direct interactions between single molecules
and interface can be measured by modifying the probes with macromolecules. The

sample preparation and data interpretation are not trivial, however.

2.6. Conclusion

We summarized different approaches to use capacitive and faradic currents for the
separation of ions as well as larger molecules such as proteins and even whole cells.
Furthermore we discussed different electrode materials ranging from porous carbon to
metallic surfaces and (electro responsive) coatings, such as conductive polymers or

organometallics, for this purpose.
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The overview and perspective that this review offers is important to position
electrochemical separation processes that show a great potential as a next generation
technology that answers today’s challenges, such as improved and milder separations
at reduced environmental impact. Therefore, we pointed out achievements and
challenges for various species and indicated where cross-overs between the

applications exist.

Table 2.4. Overview of advantages and challenges of different methods to study the impact of an applied

potential on ad- and desorption of macromolecules (e.g. proteins)

Techniques

Advantages

Challenges

E-Reflectometry

Direct observation
of changes at the
interface

Limited choice of substrates and
therefore coatings

Influence of applied potential on
measurement signal

Refractive indices need to be known

Difficult to distinguish nature of adsorbed

species
E-SPR Direct observation Limited choice of substrates and
of changes at the therefore coatings
interface Influence of applied potential on
Simple to use measurement signal
High sensitivity Difficult to distinguish nature of adsorbed
species
Assay/UV Determine the Sensitivity
gﬁiﬁ}'on n change in No information about location of protein

Fluorescence in
outlet

concentration of

specific species

Sampling, impurities

E-AFM

Information about
protein specific
surface interactions
Quantification of

interaction force

Single molecule interaction
Difficult to operate and interpret

Limited choice of electrodes
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CHAPTER 3

EXERGY ANALYSIS OF
MEMBRANE CAPACITIVE DEIONIZATION (MCDI)

Capacitive deionization (CDI) and membrane capacitive deionization (MCDI) are
widely considered as promising, highly energy efficient processes for water
desalination, of which commonly used performance indicators are the average salt
adsorption rate, the salt removal efficiency, and the charge efficiency. Quantification
of the sustainability performance of CDI and MCDl is still scarce, and in this paper, we
use exergy analysis to evaluate the resource use efficiency of membrane capacitive
deionization (MCDI). The electric as well as chemical exergies of the salt solution, and
the stored ions, are used to calculate the exergy efficiency (7ex) and cumulative exergy
losses (CEL) ranging between 2 to 13 % and 0.5 to 8 J-mol water', respectively. From
an exergetic point of view, passive adsorption in combination with active desorption
(-0.9V) is favorable, yielding the highest 7ex and lowest CEL values. The combination
of active salt adsorption using an electric field, with either passive or active desorption
gives higher productivities, but at the cost of a disproportionate amount of exergy (and

energy) input.

This chapter has been published as:

P. A. Fritz, F. K. Zisopoulos, S. Verheggen, S., K. Schroén, and R. M. Boom. Exergy
analysis of membrane capacitive deionization (MCDI). Desalination 444, 162-168
(2018).



3.1. Introduction

The scarcity of fresh water leads to enhanced interest in sustainable and efficient water
purification methods (United Nation, 2017; United Nations, 2016). Widely distributed
and established purification processes such as reverse osmosis and multistage flash
distillation are high in energy consumption, since a lot of water needs to be removed
from the electrolytes. In reverse osmosis for example high pumping energies are
required to overcome the osmotic pressure and the membrane resistance, with modern
facilities having an energy requirement of 2.9 to 3.7 kWh-m= (190-240 J-mol water™),
going up to 4 kWh-m3 (260 J-mol water') for multistage flash distillation (Anderson et
al., 2010; Fitzsimons, 2011).

CDI technology is much less energy intensive: energy usages of 0.1 to
0.6 kWh'm (6.5 to 38.9 Jmol water') have been reported (Anderson et al., 2010;
Farmer et al., 1996a, 1996b; Welgemoed and Schutte, 2005). The process focusses
on the removal of ions from water based on active electro-sorption into porous carbon
electrodes; the ions being stored at the electric double layer due to chemical charges
on the interface or charging of the electrodes (Porada et al., 2013). Reviews about the
working principle as well as module architectures have been published (Oren, 2008;
Porada et al., 2013; Suss et al., 2015). For the electrodes, different carbon sources
have been discussed, such as activated carbon, 3D graphene (El-Deen et al., 2016b),
hierarchical carbon (Suss et al., 2013), or carbon cloths (Han et al., 2015), that have
high surface areas (up to 2500 m?g! of material) (Pandolfo and Hollenkamp, 2006).

In order to evaluate the performance of CDI, several classical characteristics
have been reported such as the average salt removal rate, as well as energy
arguments (Anderson et al., 2010; Garcia-Quismondo et al., 2013; Han et al., 2015;
Hemmatifar et al., 2016). To the best of our knowledge, we use exergy for the first time
to evaluate the resource use efficiency of MCDI starting from our own experimental
data. Exergy quantifies the useful work that can be extracted from a resource relative
to an environmental reference, therewith also allowing for a detailed cross comparison
with other desalination processes (Dincer, 2002).

Exergy is a thermodynamic state variable that may capture both the quantity
and the quality of the resources used in a process. It describes the potential of a system

to do work when it equilibrates with the environment of reference (Dincer and Rosen,
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2013; Hevert and Hevert, 1980; Rosen et al., 2008). The fundamental exergy function
follows from the work of Carnot, Clausius, and Gibbs (Gibbs, 1878), and is related to
the general work potential function for simple chemical systems (Equation 3.1)
(Spiegler and EI-Sayed, 2001).

i

In which E, stands for the exergy of the system (the maximum amount of work)
with internal energy U, volume V, entropy S, and N; number of moles. Py, To and i
represent the pressure, temperature and chemical potential of the reference
environment.

For various desalination processes (Cerci, 2002; Fitzsimons, 2011; Fitzsimons
et al., 2015; Kahraman et al., 2004; Mechanics et al., 2012; Spiegler and El-Sayed,
2001) exergy analysis has been reported with theoretical exergy destruction values for
reverse osmosis and distillation ranging between 64 - 320 J-mol water! (Spiegler and
El-Sayed, 2001). In the current paper, we perform exergy analysis of MCDI and
compare our findings not only with those made for other desalination processes, but
also with conclusions drawn based on classic separation parameters, such as salt

adsorption removal rate.

3.2. Materials and Methods

3.2.1. Experimental work

3.2.1.1. Electrode fabrication
Activated charcoal (acid washed with phosphoric and sulfuric acid, 10-74 um

particle size, Sigma-Aldrich, USA) was mixed with binder poly(vinylidene fluoride)
(PVDF, Mw 534,000 g'mol', Sigma-Aldrich, USA) in a ratio of 2:1 in DMAc (Sigma-
Aldrich, USA) for one hour using a mechanical stirrer. Subsequently, the carbon slurry
was sonicated for one hour and cast onto a graphite sheet using a rod coater with a
defined space of 200 um. The thus obtained electrode sheet was dried at 70 °C for

30 min, and ready for use. For the electrochemical characterization, and the MCDI
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experiments, the coated electrode was cut into circles with a diameter of 1, and 5 cm,

respectively.

3.21.2. Electrode characterization
The cumulative pore volume as well as surface area of the electrode material

after adding the binder was evaluated using nitrogen adsorption isotherms (TriStar I
Plus 2.01, Micromeritics Instrument Corp., USA) based on the Brunauer-Emmett-Teller
(BET) theory. The potential of zero charge was evaluated by differential capacitance
minimum measurements with a potentiostat (lvium Stat.XR, Ivium Technologies B.V.,
The Netherlands). As working electrode, the previously described activated carbon-
graphite composite with the according ion exchange membrane was used in
combination with a platinum wire as counter electrode, and a silver/silver chloride
(Ag/AgCl) (saturated) reference electrode. As electrolyte, 5 mM sodium chloride (NaCl)
solution was used. The electrochemical impedance spectra were measured at a
frequency of 1 mHz with a sinusoidal voltage perturbation of 8 mV and potential
increments of 10 mV between 0.2 and -0.2 V. The potential at the minimum value of
capacitance was determined to be the potential of zero charge. The capacitance C (F)
was calculated using Equation 3.2, where Z” (Ohm) is the imaginary part of the

impedance spectra and  (rad-s™") the angular frequency (Wu et al., 2016a).
1
¢~ |7 32

3.2.1.3. MCDI experiments
Dense cationic (molecular weight cut-off (MWCO) 60) and anionic (MWCO 180)

ion exchange membranes (AMX and CMX Neospeta, Eurodia, France), as well as a
spacer mesh (Meshtec NBC, Japan) were put between two of the previously described
carbon electrodes. This stack was inserted into the CDI module (see Figure 3.1, left),
and 5 mM sodium chloride (NaCl) solution was flown at a speed of
5 mL-min™' in between the carbon electrodes in single pass mode. During the salt
loading step, a potential of either O (passive), 0.9, 1.2 or 1.5 V (active), was applied for
300 s while during regeneration of the electrodes the potential was either reversed
(active) or set to 0 V (passive) for 300 s. The different process options are depicted in

Figure 3.1 (right); the abbreviations are coded as follows: processes using active salt
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loading and unloading were termed AA and depending on the potential applied AA0.9,
AA1.2 or AA1.5. The processes where either adsorption or desorption happens at 0 V
(passive) were termed PA and AP, respectively (A for active, P for passive), with
according numbers (0.9, 1.2, 1.5) to indicate the applied potential in the active step.
Electrolyte flow was sustained by a pump (P-9003, AKTA purifier, GE
Healthcare, UK), and conductivity was measured continuously in the outlet stream
(UPC-900, AKTA purifier, GE Healthcare, UK). All experiments were conducted in

triplicate, allowing no more than 1 % deviation from the baseline.

Description Adsorption (Ad) Desorption (De)
I | ® S
—| — \ S
Ad: active, De: active (AA) ENENENE] £ S S S
y \ S ®

mm Electrode

Ad: active, De: passive (AP
mm AMX membrane P (AP)  s—

Spacer ® ®
CMX membrane \ f
Ad: passive, De: active (PA) + o+ o+ o+

Figure 3.1. Left: schematic cross section of the MCDI module (arrows indicating electrolyte flow); Right:
overview of process options, indicating electrode-cation interactions (green bar indicates negatively
polarized electrode, red bar positively polarized electrode and gray bar electrode that has not been
electro-chemically polarized actively).

3.2.2. Exergy Analysis

The dominant driving force for separation during MCDI is the electrochemical
potential differences between the two electrodes. Thus the electric exergy as well as
the chemical exergy related to concentration changes, will be used in this study.

The electric energy (J) required for this process was calculated using
Equation 3.3, with Eyp the applied potential (V), / the current response (A), and fcycie

the potential cycle time (s).

tcycle 3.3

Bel = Eel = Eappf Idt
0

The chemical exergy of the electrolyte solution B:ys (J) was defined as the
useful work obtained when brought from its restricted dead state (at thermo-

mechanical equilibrium) to the dead state (chemical equilibrium with the reference
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environment). Here, we use the electrolyte solution model (Fitzsimons et al., 2012)
(Equation 3.4) as well as the Szargut model (Equation 3.5) to calculate it. For the
electrolyte solution model the reference environment was set to 293 K, and the salt
concentration of the dead state was either chosen to be equal to the incoming stream

(0.3 g.L-1) or set to the salt concentration in sea water (35 g.L-1).

3.4

ay MpyactYNacl
Bchs =R TO (Tl Xw In—+ nNaClxNaCll
Aw,o0 Mpact,0YNacl,0

The subscript w and NaCl denote water, and salt solution, respectively. R is the
gas constant (J'mol-K"), Ty, the reference temperature (K), nthe number of moles
(mol), x the mole fraction (-), aw the water activity (-), m the molality (molkg™), and y
the activity of the sodium chloride solution (-).

The chemical exergy using the Szargut model B3Z, (J) is described in the
Equation 3.5. It includes the intrinsic chemical exergy values of water eS"
(0.9 kd'mol') and NaCl solution e, (14.0 kd'mol") (Fitzsimonset al., 2012; Szargut,

1989) since it uses the lithosphere as reference environment.
BChs = nwew + nNaCleNaCl +R TO [le In Ay + NNact In myNaCl] 3.5

To account for non-ideal behavior of the sodium and chloride ions, the activity
coefficients yvaci and yvacio were calculated using the Pitzer equation (Equation 3.6),
following (Fitzsimons et al., 2012, 2015).

o g
Iny, = —|z,z_| A? ln 1+b
(1)
+m 2”’"”"123“’) - i [1—(1+ a1 —%) -“ﬁ” 3.6
3m? [2(v,,v,)%/? o ]
2 v MX

where z is the valence of the ions (Na*, CI); m the molality of the electrolyte (moles of

solute per kg of water); / the ionic strength of the solution; A? a constant (at 20 °C equal
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to 0.3882); b and a are fixed values which are 1.2 and 2.0, respectively. The quantities
Bomx, Bmmx, and Cgmx are empirical parameters that are known for sodium chloride at
20 oC, 1 bar, and salt concentrations ranging from 0-6 molar (Fitzsimons et al., 2012).

The chemical exergy of the capacitively stored ions on the carbon-based
material was based on (Equation 3.7); adsorbed sodium (Na*as) and chloride ions

(Clag) are released into water and form a sodium chloride solution (NaClag).
Nag,; + Clyy = NaClg, 3.7

In terms of exergy, this relationship was expressed with Equation 3.8, with the

term on the left being the total exergy of adsorbed ions.
h h —
n elf]a"’,ad +neqqq = Wexn + 1 Beps 3.8

The work obtained Wix» is equal to the electric energy (0.5 q Eapp) stored in the
double layer; thus, we describe the chemical exergy of the adsorbed ions Bchr ad based
on the amount of electric charges q (C), the applied potential Eapp (V) and chemical
exergy (J) of the equivalent amount of salt ions in solution relative to the environment

(dead state) €'naciaq @s shown in Equation 3.9.
B =ne, +nel ,=-qE,,+nB 3.9
ch,ad n eNa+,ad neéc ,ad 2 q app n ch,s .

To be complete, the losses in tubing and pumps e.g. kinetic exergy Bkin
(Equation 3.10, ~10-"° J) and pressure exergy Br (Equation 3.11, ~0.4 J for an over

pressure of 2 bar) also need to be taken into account:

Byin = 0.5mg; Vg 3.10
Bp =V Ap 3.11

With me the processed mass of electrolyte (kg), ves the velocity of the electrolyte

(ms™), V the volume (m?®) and Ap the pressure difference (Pa) between the pressure
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inside the CDI cell and the environment (101325 Pa). Since the focus of this study lays
on the key driving factors of MCDI for the separation of salt from water the kinetic an
pressure exergy are, however, not considered further as suggested by Spiegler and
El-Sayed (2001).

3.2.3. Process indicators

3.2.3.1. Separation performance indicators
The separation efficiency was evaluated based on the maximum salt adsorption

capacity (mSAC; mgg™"), and the average salt adsorption rate (ASAR; mg-g's™)
(Equation 3.12). The mSAC represents the amount of adsorbed salt per gram of active
material on the electrodes. The latter relates mMSAC to the total cycle time teycie (S) (Suss
et al., 2015).

mSAC
ASAR =

3.12

cycle
3.2.4. Exergy indicators

To evaluate the exergetic performance of the process, two exergy indicators
were used. The cumulative exergy loss CEL (J'mol water') defined as the exergy
destroyed during the process (subtracting exergy output Bout from input Bin,) see

Equation 3.13, with n, the amount of mole of water (mol).

CEL = Z % _ Z Bout - Z Baestroyea n z Byastea 313
ny, ny, ny ny,,

The exergy efficiency 7ex (%) was used to estimate how well exergy flows

through the process, and although typically expressed as useful output exergy over
total input exergy, here we consider the difference in chemical exergy between
adsorption or desorption Bchout-Ben,in With respect to the invested electrical exergy Be
(Equation 3.14).

B —B., .
Ny = ( Ch"’”; : Ch'”‘) 100% 3.14
e
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3.3. Results and Discussion

The pore structure of the carbon material is of great importance for ion removal; in
Figure 3.2 a, the cumulative pore volume is depicted indicating predominantly pores
in the range of 50 - 200 A. The total surface area of the electrode material is 430 m?2
per g of electrode material, and the total pore volume 0.347 cm3-g™', with a micro-pore
volume of 0.143 cm?3 per g of electrode material. Due to the amphoteric character of
the activated carbon (Biesheuvel, 2015) and the asymmetric set up using an anion and
a cation exchange membrane, the potential of zero charge (PZC) shifts (Figure 3.2 b).
Activated carbon contains oxide groups with negative charge, and thus a positive
potential is required to balance all charges in the system (Gao et al., 2015b, 20163a;
Wu et al., 2016b). The negative charges of the cation exchange membrane in direct
contact with the cathode strengthen this effect, whereas the positive charges of the
anion exchange membrane in direct contact with the anode reduce it. Thus, even with

the process running at 0V, depolarization of the electrodes occurs.

Y
o

0.15 0.15
()
E —m—n —n L
2 .-Ill""" n—a—= °
S _oq0| ” T 010 .. PZC (Anode):
0L L = U.
E o 2 0.02V .
“ B Q o
g \g_/ § ..‘..\l/ o®
E 005 m O 005 B '0/0]\.0
=] =
€ d PZC (Cathode): 0.05 V
o 0 ! . ! | ) 0 N 1 N 1 s 1 .
0 500 1000 -04 -0.2 0 0.2 0.4

Pore width (A)

Potential (V)

Figure 3.2. a Left: Cumulative pore volume of activated carbon electrodes as a function of pore size.
b Right: Differential capacitance (F) at different applied potential (V); point of zero charge (PZC) is
indicated by arrows.

The electrolyte solution model is used to quantify the chemical exergy. Exergy
values, for a reference environment with a concentration of 0.3 g.L™!, are positive and
are depicted for AA1.2-, AP1.2- and PA1.2-mode in Figure 3.3 a, b and c, respectively.

The exergy values for the remaining experiments are summarized in Table $3.1.

45



a AA 1.2 == Chemical exergy (J)

== Electrical exergy (J)

Feed water 1 Exergy destruction (J)

Chemical exergy: 0.00 J

Product: Desalinated water
Electrical e Chemical exergy: 0.08 J
Electrical exergy: 0.00 J

Adsorbed NaCl ions

Chemical exergy: 2.15 J
Feed water

Chemical exergy: 0.00 J =EEITr

-1.2V
Waste water

Chemical exergy: 0.08 J
Electrical exergy: 0.02 J

Electrical exergy: 2.26 J

b AP 1.2

Feed water
Chemical exergy: 0.00 J

Product: Desalinated water
Electrical e — Chemical exergy: 0.07 J
Electrical exergy: 0.00 J

Adsorbed NaCl ions
Chemical exergy: 2.03 J

Feed water -
Chemical exergy: 0.00 J gt\a/sorpuon.
T Waste water
Electrical exergy: 0.00 J .______Chemical exergy: 0.07 J
Electrical exergy: 0.00 J
c PA 1.2
Feed water

Chemical exergy: 0.00 J

,(L;\cii/sorptlon: Product: Desalinated water
Electrical exergy: 0.32 J Chemical exergy: 0.01 J

Electrical exergy: 0.00 J

Adsorbed NaCl ions
Chemical exergy: 0.02 J

Feed water i
Chemical exergy: 0.00 J E;e;‘i; ption:
E ' Waste water
Electrical exergy: 0.23 J ~ Chemical exergy: 0.01J
Electrical exergy: 0.02 J

Figure 3.3. Grassmann diagram representing exergy flows during adsorption and desorption of sodium
chloride using a AA1.2-mode (1.2 V during adsorption, -1.2 V during desorption) b AP1.2-mode (1.2 V
during adsorption, 0 V during desorption) and ¢ PA1.2-mode (0 V during adsorption, -1.2 V during
desorption). The reference environment was 0.3 gL

46



The calculated chemical exergy values reflect the useful work contained in the
streams due to sodium chloride concentration differences with the reference
environment. The feed water has the same concentration has the defined dead state
(0.3 g-L™"), thus the chemical exergy is 0 J. During adsorption and desorption, the
concentration is deviating to lower (e.g. 0.25 g-L-! for AA1.2-mode) and higher (e.g.
0.35 gL' for AA1.2-mode) values, respectively and thus positive chemical exergy
values are obtained.

The magnitude of the change in chemical exergy during adsorption and
desorption per mole of water separated depends on the process mode as shown in
Figure 3.4 a and c. The chemical exergy change is lowest for adsorption at 0V and
highest for active adsorption at 1.5V (AA1.5 and AP1.5). This is expected, since in PA
mode, ions spontaneously adsorb through electrostatic interactions with the charged
groups on the surface of the electrode. lon separation in AP-mode is due to the electric
charge induced by the applied potential (assuming electrostatically bound ions are not
removed), while in AA-mode both types of ion interactions occur. These differences
are also the reason why only AA and AP show a dependency on the maximum applied
potential during adsorption, leading to the largest gain in chemical exergy of
0.07 Jmol water’', corresponding to 1.3 mg of adsorbed sodium chloride
(Figure S3.2).

In line with the chemical exergy change, also the total electric exergy input
increases with values ranging between 0.02 and 5.4 J-molwater' during the adsorption
step (Figure 3.4 b). During desorption no electric exergy input is given for AP but
between 0.16 and 3.83 J-mol water' are invested for AA- and PA-mode, respectively
(Figure 3.4 d). Figure 3.4 e reveals that the highest average exergy efficiency over
both ad- and desorption returns values of ~13 % and is achieved in PA-mode using -
0.9 V during desorption; the lowest values (~2 %) correspond to modes that use 1.5V
during adsorption. The values determined using the electrolyte solution model using a
reference environment of sea water as well as Szargut model using the lithosphere as
reference show similar results for chemical exergy change as well as exergy efficiency
(Figure S3.3).

To put the results further in perspective, regular CDI operation (without
membranes) is reported to achieve lower salt separation at higher energy requirement
(Zhao et al., 2012a), and thus lower exergy efficiency. As an alternative to the constant

potential experiments reported in the current paper, constant current operation can be
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considered. It has been shown that higher salt separation at lower energy investment

(Zhao et al., 2012a) can be achieved, leading to higher exergy efficiencies.
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To put these values into a theoretical framework, we consider the maximum
chemical exergy describing the complete desalination of a salt solution containing
0.3 gL' NaCl, which is 0.44 Jmol water’. In an ideal system with 100 % exergy
efficiency this would correspond to the maximum electric exergy input required. During
active adsorption (AP- and AA-mode) the electric exergy is exceeding this value,
meaning that more electric exergy (as high as 5.4 J'-mol water) is put into the system
then theoretically required for complete salt removal (Figure 3.4 b). During passive
adsorption the electric exergy input is lower than 0.44 J-mol water' and matches with
0.04 J:mol water’ the chemical exergy change. However, during desorption also in
PA-mode the theoretical maximum value is exceeded (Figure 3.4 d).

When the cumulative exergy loss (CEL) is plotted versus the average salt
adsorption rate (ASAR), the PA processes cluster at low ASAR and low CEL values,
whereas the AA and AP processes are positioned at high CEL and high ASAR values
(Figure 3.5). The relation is clearly nonlinear; the PA-mode combines a very low CEL
with a moderate ASAR and thus can be qualified as a very efficient mode of operation.
A higher adsorption rate can only be gained at much larger CEL, and this is what both
AP and especially the AA-mode show: high and fast sodium chloride separation at the

cost of a disproportionally large exergetic input.
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Figure 3.5. Cumulative exergy losses determined for the experimental data versus average salt
adsorption rate for the different operation modes: PA in black squares, AP in blue tringles, and AA in
red circles.

This insight opens up two strategies to improve the process: in PA-mode, the

surface charge needs to be as high as possible to increase the salt adsorption rate,
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whereas for AA and AP-mode, lower potentials (even below 0.9 V) may be used to
reduce the electric exergy input. Besides, by using energy recovery systems, up to
20 % of the invested energy could be stored in a super-capacitor (Dtugotecki and Wal,
2013; Kang et al., 2016), leading to a reduction in CEL.

Furthermore, the exergy analysis indicates the great potential of the PA mode
with high exergy efficiencies and low CEL values. This leads us to concluded that
increasing the surface charge by modification with e.g. polymers would be an
interesting option to increase the capacity. This feature could be especially interesting
to selectively remove impurities from large feed streams, when tailoring the chemical
surface charges.

These options directly follow from the exergy indicators therewith showing their
usefulness for comparing MCDI with other desalination technologies. During reversed
osmosis, water is desalinated by pressing it through a semipermeable membrane,
while ions remain in the retentate. For brackish water a commonly applied pressure is
15 bar (Fritzmann et al., 2007) leading to a much higher exergy input Bp of
25.2 J-mol water' (Equation 3.11) with Ap being the pressure difference between the
applied pressure and the environmental pressure, that is lost throughout the process
when a perfect semipermeable membrane is assumed. For the desalination of sea
water using reversed osmosis with an applied pressure of 60 bar (Fritzmann et al.,
2007) an exergy input of 106.2 J'mol water' is lost. After extrapolating our analysis to
the purification of sea water, a chemical exergy change of 44.5 J'mol water" during
adsorption has to be achieved as well as during desorption. Since for AP mode no
electric exergy is invested during desorption and for PA-mode the electric exergy
invested during adsorption is recovered during desorption, 44.5 J-mol-! represents the
minimal electric exergy input required for sea water desalination (3.5 wt%). For AA-
mode this value increases to 89 J'mol-! since both ad- and desorption are active. These
values are representing the thermodynamic limiting case for the different MCDI modes
but they will increase due to exergy inefficiencies as reported above.

The values reported here, clearly show that MCDI has a potential for exergy
efficient water desalination, and in future studies amongst others the electrode material
will be investigated further in order to make better use of spontaneous adsorption

processes that are beneficial from an exergy view point.
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3.4. Conclusions

Exergy was used to analyze different process modes within the MCDI process family.
A process that uses passive adsorption and active desorption, is more efficient even
though the typical capacity is relatively lower than that of other modes. Modes that
combine active adsorption (with an electric field), with active or passive desorption,
both show larger productivities, albeit at the cost of a disproportionally higher use of
exergy. In comparison to reversed osmosis, the minimal CEL values for AP and AA
mode are comparable but the real values are still higher due to exergy inefficiencies in
the current system, which is not optimized. The exergy analysis gives guidelines on
how to improve the different process modes, since it allows for direct comparison of
the achieved chemical exergy change from feed stream to product and the driving force
(electric exergy). It revealed the great potential of PA, which can be enhanced further
by increasing the difference in the potential of zero charge between the two electrodes
by incorporating additional chemical surface charges. AA and AP can only be improved

by lowering electric exergy losses or increasing chemical exergy changes.
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3.5. Supporting Information
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Figure S3.1. CDI performance for the individual potential patterns (PA, AA and AP) and the different
applied potentials 0.9, 1.2 and 1.5 V. Top line in the figures displays the current response and bottom
line the conductivity in the outlet flow.
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Table S3.1. Average calculated exergy content of streams for each potential pattern.

Abbreviation Adsorption Desorption Stream Electrical Chemical exergy
potential potential exergy (J) (Electrolyte
(V) V) solution model, J)
PAO0.9 0 -0.9 Adsorption in 0.02 0.00
PAO0.9 0 -0.9 Adsorbed ions 0.02
PAO0.9 Purified
0 -0.9 0.00 0.01
stream
PAO.9 -0.9 Desorption in 0.15 0.00
PAO0.9 -0.9 Waste stream 0.02 0.01
AA0.9 0.9 -0.9 Adsorption in 3.02 0.00
AA0.9 0.9 -0.9 Adsorbed ions 1.57
AA0.9 Purified
0.9 -0.9 0.00 0.06
stream
AAO0.9 0.9 -0.9 Desorption in 1.20 0.00
AA0.9 0.9 -0.9 Waste stream 0.02 0.06
APO0.9 0.9 0 Adsorption in 2.22 0.00
APO0.9 0.9 0 Adsorbed ions 1.19
AP0.9 Purified
0.9 0 stream 0.00 0.04
APO0.9 0.9 Desorption in 0.00 0.00
APO0.9 0.9 Waste stream 0.00 0.05
PA1.2 -1.2 Adsorption in 0.02 0.00
PA1.2 -1.2 Adsorbed ions 0.02
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Abbreviation Adsorption Desorption Stream Electrical Chemical exergy
potential potential exergy (J) (Electrolyte
(V) V) solution model, J)
PA1.2 Purified
0 -1.2 0.00 0.01
stream
PA1.2 -1.2 Desorption in 0.23 0.00
PA1.2 -1.2 Waste stream 0.02 0.01
AA1.2 1.2 -1.2 Adsorption in 4.15 0.00
AA1.2 1.2 -1.2 Adsorbed ions 2.15
AA1.2 Purified
1.2 -1.2 0.00 0.08
stream
AA1.2 1.2 -1.2 Desorption in 2.26 0.00
AA1.2 1.2 -1.2 Waste stream 0.02 0.08
AP1.2 1.2 Adsorption in 3.85 0.00
AP1.2 1.2 Adsorbed ions 2.03
AP1.2 Purified
1.2 0 0.00 0.07
stream
AP1.2 1.2 Desorption in 0.00 0.00
AP1.2 1.2 0 Waste stream 0.00 0.07
PA1.5 -1.5 Adsorption in 0.02 0.00
PA1.5 -1.5 Adsorbed ions 0.02
PA1.5 Purified
0 -1.5 0.00 0.01
stream
PA1.5 -1.5 Desorption in 0.38 0.00
PA1.5 -1.5 Waste stream 0.02 0.01
AA1.5 1.5 -1.5 Adsorption in 7.15 0.00
AA1.5 1.5 -1.5 Adsorbed ions 3.67
AA1.5 Purified
1.5 -1.5 0.00 0.10
stream
AA1.5 1.5 -1.5 Desorption in 3.83 0.00
AA1.5 1.5 -1.5 Waste stream 0.02 0.10
AP1.5 1.5 Adsorption in 5.92 0.00
AP1.5 1.5 Adsorbed ions 3.10
AP1.5 Purified
1.5 0 0.00 0.09
stream
AP1.5 1.5 Desorption in 0.00 0.00
AP1.5 1.5 Waste stream 0.00 0.09
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Figure $3.3 Comparison of Electrolyte solution model with a reference salt concentration of 35 gL' (a-
d) and Szargut model (e-h). a and e show the chemical exergy change during adsorption and b and f
during desorption. ¢ and g display the exergy efficiency of the entire process (%) and d and h show the
CEL versus ASAR. Experimental values for PA (black squares), AP (blue tringles), and AA (red circles).
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CHAPTER 4

POLYELECTROLYTE-ACTIVATED CARBON
COMPOSITE ELECTRODES FOR INVERTED
MEMBRANE CAPACITIVE DEIONIZATION (IMCDI)

A new way of desalination using capacitive deionization (CDI) technology is by
inverting the potential profile (inverted capacitive deionization iCDI). This means ions
adsorb to the electrodes at 0 V and desorb when biasing the electrodes to larger
potential differences. Previously, this operation was achieved by preparing electrode
materials with anionic and cationic surface charges. Here we show, as a novelty, that
an inverted CDI operation is also possible with conventional activated carbon
electrodes when used in combination with ion exchange membranes (inverted
membrane capacitive deionization iMCDI). Further we show that, salt separation could
be increased to 5.2 mg-g™! using 0 V for ion loading and -1.5 V for regeneration of
polyelectrolyte-activated carbon composite electrodes. These are made with a water
soluble styrene butadiene rubber binder and positively (poly(diallyldimethyl-
ammoniumchloride)) and negatively charged (polystyrene sulfonate) polyelectrolytes
and used in combination with ion exchange membranes. This leads to increased
separation performance, and exergy efficiency, whereas cumulative exergy loss
values remain low, indicating promising resource use efficiencies, competitive with

conventional membrane capacitive deionization (MCDI).

This chapter has been published as:

P. A. Fritz, R. M. Boom, and K. Schroén. Polyelectrolyte-activated carbon composite
electrodes for inverted membrane capacitive deionization (iMCDI). Sep. Purif. Technol.
220, 145-151 (2019).



4 1. Introduction

Throughout the last decade capacitive deionization (CDI) has attracted great attention
in water desalination (Suss et al., 2015; Tang et al., 2019). Instead of separating the
water from salt as done in reversed osmosis and distillation, CDI targets the removal
of the dissolved species by storing them in an electric double layer at the electrode-
electrolyte interface by applying a potential. This interface can be regenerated by
neutralizing or reversing the applied potential (Oren, 2008; Porada et al., 2013; Suss
et al., 2015). The incorporation of ion exchange membranes (Biesheuvel and van der
Wal, 2010; Zhao et al., 2012a), or composite polymer electrodes (Gaikwad and
Balomajumder, 2016), may further improve the separation performance of CDI. The
charges in the membranes selectively allow permeation of one charged species, and
similarly, the polymer only allows the counter ion to enter the electrode, thus charge
inefficiencies originating from co-ion repulsion can be reduced.

The capacity can be further enhanced through the use of additional charges on
the surface of the active electrode material, and inside the nanosized pores, which
increases the amount of stored ions and reduces oxidation of the cathode (enhanced
CDI) (Cohen et al., 2011; Gao et al., 2016a; Wu et al., 2015, 2016b). In contrast to
active adsorption as used in conventional CDI; in inverted CDI modified electrodes with
additional chemical surface charges (anode: net negative; cathode: net positive) are
used to passively store ions during adsorption. This means that adsorption occurs at
0 V whereas desorption occurs by depolarizing the electrodes electrochemically. While
this saves energy during the loading phase especially when the solution has higher
conductivity, it also allows for selective adsorption of specific ions, depending on the
charged groups present on the electrode surfaces.

Examples of iCDI from literature comprise carbon xerogels and pristine carbon
modified with tetraethyl orthosilicate and/or nitric acid (Gao et al., 2015a, 2015b) to
increase the net negative charge, and with ethylenediamine (Gao et al., 2015a) for
additional net positive charge. Further, activated carbon electrodes were treated with
cetrimonium bromide and sodium dodecyl benzene sulphonate and applied for the
selective removal of nitrate (Oyarzun et al., 2018). A theoretical overview of CDI
systems and the influence of chemical surface charges on the desalination behavior is

given by Biesheuvel et al. (2015).
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In earlier work, we investigated ion exchange membranes in combination with
activated carbon electrodes. An exergetic comparison revealed a higher resource use
efficiency of the inverted membrane CDI (iMCDI) process compared to conventional
membrane CDI (MCDI) (Fritz et al., 2018). Here we demonstrate how the efficiency of
this system can be further improved by additional polyelectrolytes in the matrix of the
electrodes. We investigated both iIMCDI and iCDI processes, and compare classic
desalination performance indicators such as salt removal capacity, and state of the art

exergy indicators.

4.2. Materials and Methods

4.2 1. Electrode fabrication

Activated carbon (AC) electrodes were fabricated as described earlier (Fritz et
al., 2018). For electrodes containing polyelectrolytes, activated carbon was mixed with
5 % styrene butadiene rubber (Zeon, Japan) and 5 % or 7.5 % polymer (polystyrene
sulfonate (P-), Sigma Aldrich, USA) or poly(diallyldimethyl-ammoniumchloride) (P+),
Sigma Aldrich, USA) in water (El-Deen et al., 2016b). The mixture was stirred for 13 h
on a magnetic stirrer. Later, the AC-polyelectrolyte slurry was cast onto graphite foil
with a road coater (400 um gap) and dried over night at room temperature. Once the
water evaporates the particles in the styrene butadiene rubber merge and form a
cohesive network serving as binder. The electrodes were cut into circles of 1 and 5 cm
diameter for EC-analysis and iCDI experiments respectively. The amount of active
material was on average 0.135 g on an electrode with 5 cm diameter. The electrodes
are termed after the percentage of polymer, e.g. for 5 % P- the abbreviation P-5 is

used, a stack of two electrodes containing 5 % P- and 5 % P+ is referred to as P5.

4.2.2. Electrode characterization

4.2.2.1. Structure and element analysis
The porous structure of the AC and P electrodes was imaged using scanning

electron microscopy (SEM) at 2 kV and 5000x; the pore size distribution was measured
using N2 adsorption and evaluated using the BET isotherm. The chemical composition
of the AC and P electrodes was determined using X-ray photoelectron spectroscopy

(XPS) before and after exposure to water for 12 h.
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4.2.2.2. Electrochemical analysis
The point of zero charge of the AC and P electrodes was determined using electric

impedance spectroscopy with graphite foil as counter electrode and a Ag/AgCl double
junction reference electrode (Metrohm). The potential was varied between 0.3 and
-0.3 V at 5 mHz with a potential deviation of 0.1 V. The capacitance C (F) was
calculated using Equation 4.1, where Z” (Ohm) is the imaginary part of the impedance

spectra and o (rad-s™') the angular frequency (Fritz et al., 2018; Wu et al., 2016b).

c—|1| 4.1
_a)Z" -

4.2.3. i(M)CDI experiments

For iCDI experiments without membranes, a stack of either two AC electrodes
or of one P- and one P+ electrode was inserted in the CDI cell. The electrodes were
prepared with the same concentration of polymer, so either both at 5 or at 7.5 %. A
nylon mesh (diameter: 6 cm, thickness: 125 um, mesh opening: 246 um, Meshtec
NBC, Japan) served as spacer between the electrodes. For iMCDI experiments with
membranes an anion exchange membrane (AX, molecular weight cut-of 180, AMX
Neospeta, Eurodia, France) was placed in front of the P+ electrode and a cation
exchange membrane (CX, molecular weight cut-of 60, CMX Neospeta, Eurodia,
France) was placed in front of the P- electrode. Subsequently a NaCl solution
(0.3 g'L") was flushed through the cell at a flow rate of 1 mL'min™ until a stable
conductivity signal in the outlet was reached. Then for a period of 30 min, 0 V was
applied (passive phase) followed by 30 min during which a potential of -0.9, -1.2 or
-1.5 V was applied (active phase). Thus, the P+ electrode is the cathode during the
active phase (negatively biased), whereas the P- electrode is the anode (positively
biased). Each combination was repeated 10 times. In addition, we conducted iCDI

experiments with a shorter active phase of 50 s.

4.2.4. MCDI experiments

MCDI experiments where conducted with two AC electrodes and ion exchange

membranes as described for iCDI experiments. While flowing NaCl solution (0.3 g-L™")
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at 1 mL-min"" a potential of 0.9, 1.2 or 1.5 V was applied for 30 min to adsorb ions

followed by either 0 V, -0.9, -1.2 or -1.5 V for 30 min to regenerate the electrodes.

4.2.5. Indicators

The separation performance was analyzed using established indicators such as
the gravimetric salt adsorption capacity gSAC (mg-g”', Equation 4.2), the gravimetric
salt desorption capacity gSDC (mg-g™!, Equation 4.3), average salt absorption rate
ASAR (mg-g's™', Equation 4.4), charge efficiency A (%, Equation 4.5) and salt

removal efficiency 7 (-, Equation 4.6):

gSAC = Mgait adsorbed 4.2
Mejectrode
gSDC = Mgqit desorbed 4.3
Melectrode
gSAC 4.4
ASAR =
cycle
m F 4.5
A== “dfs‘;rgid 100%
w

n=(1—(%>> 4.6

In which, Msait adsorbed @Nd Msatt desorvea (MQ) represent the amount of salt adsorbed
to or desorbed from the electrodes, respectively, mMeiectrode (g) the -active material on
the electrodes, tqcie (s) the total cycle time, My, (g'mol') the molecular weight of NaCl,
F the faraday constant (96485 C:mol), / (C-s™) the electronic charge, ca, (mg-L™) the
average salt concentration of the effluent and co (mg-L™") the initial salt concentration.

Furthermore the exergy efficiency 7ex (%, Equation 4.7) and cumulative exergy
losses CEL (J, Equation 4.8) based on the amount of purified water CEL, (J'mol™,
Equation 4.9) and the salt removal efficiency CEL, (J.g"s™!, Equation 4.10) were

used to determine the resource usage of the different processes (Fritz et al., 2018).
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n mElectrodetcycle

In which, Benr,out-Ben,in (J) is the difference in chemical exergy between adsorption
and desorption, Be (J) the electrical exergy, Bin (J) the total exergy input during
adsorption and desorption, Bout (J) the total exergy output during adsorption and
desorption, Byestroyed (J) the exergy destroyed during adsorption and desorption, Bwasted
exergy (J) wasted during adsorption and desorption, and nw the amount of purified

water (mol).

4.3. Results and Discussion

The styrene butadiene rubber used in this research allows fast and easy incorporation
of polyelectrolytes into activated carbon electrodes without the use of toxic or
environmentally harmful solvents such as DMAc. The presence of the anionic (P-) and
cationic (P+) polyelectrolytes in the electrodes and their stability after exposure to
water was confirmed using SEM (Figure 4.1 and S4.1) and XPS analysis (Figure 4.2).
The smooth surface in the SEM image taken of the P-5 electrode (Figure 4.1 b) is
representative for all polymer treated electrodes, and indicative of the presence of
binder and polyelectrolytes in the porous structure of the activated carbon that is much
rougher as can be seen in Figure 4.1 a.

The chemical composition measured with XPS (Figure 4.2) indicates the
presence of a N1s peak in the P+ electrodes, and an S2p peak in the electrodes
modified with P-, before and after exposure to water, which is indicative of the presence
of the polymer in the electrodes. Also the presence of Cl and Na ions in the respective
electrodes indicates the presence of the according counter ion on the amino and
sulfonate groups. The C/O ratios that are 10.8 for AC, 8.3 for P-, and 14.2 for P+
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electrodes respectively, (Table $4.1) show that for P- electrodes the ratio is lower due

to oxygen in the sulfonate and for P+ electrodes it is higher due to the high proportion

of carbon molecules within the polymer.
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Figure 4.2. XPS spectra of the different electrodes a before and b after exposure to water.

Of the pore volume of the original activated carbon, approximately 60 % can be
preserved after binding with PVDF or styrene butadiene rubber to the current collector.
The maijority of the pores are either micropores in the range of 8 to 14 A or mesopores
between 20 and 100 A in all materials (Figure 4.3).

Due to the presence of the polymers the specific capacitance increases and the
point of zero charge (PZC) shifts to higher and lower values in the case of anionic and
cationic charges, respectively (Figure 4.4, Figure S4.4). The effect can be enhanced

by using ion exchange membranes in front of the electrodes, as indicated by AX and
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CX in Figure 4.4. This implies that the bias between two electrodes at open circuit
conditions can be increased by using electrode pairs with oppositely charged
polyelectrolytes, using AC electrodes in combination with ion exchange membranes,

or using both options simultaneously which renders the greatest effect.
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Figure 4.3. Cumulative pore volume measured by BET adsorption (N2) of untreated AC material (black

squares), AC (red downward pointing triangles), P+7.5 (blue upward pointing triangles) and P-7.5 (green
circle) electrodes.
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Figure 4.4. Point of zero charge of an AC electrode as well as composite electrodes with cationic (P+)
and anionic (P-) polyelectrolyte with and without anion (AX) and cation (CX) exchange membrane. The
numbers indicate the amount of polyelectrolyte present in the electrodes. (Capacitance spectra are
depicted in Figure S4.4).

As expected from Figure 4.4 the incorporation of the polyelectrolytes allows to
absorb and store ions due to electrostatic interactions with the charges in the
polyelectrolyte also while applying a OV difference between the electrodes. Thus, a

negative peak occurs during the passive phase when either 5 (P5, blue line,
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Figure 4.5 a) or 7.5 % electrodes (P7.5, red line, Figure 4.5 a) are used, indicating
salt adsorption. As soon as a potential bias of for example -0.9V is applied to the
electrodes in the active phase the conductivity is increasing, indicating desorption. If
the active phase is extended to for example 1800 s an adsorption peak can be detected
after the desorption peak in the active phase (Figure S4.2). This is because the
potential applied for desorption is larger than the working voltage windows, ranging
between 0.015 and 0.12 V depending on the electrode combination (Figure 4.4). For
AC electrodes (yellow line, Figure 4.5 a) that do not contain polymers, the opposite
behavior is detected, similar to a normal CDI process (ions are adsorbed when the

electrodes are biased and desorbed when 0V is applied).
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Figure 4.5. a Change in conductivity during passive (0 V) and active phase (-0.9 V) of iCDI processes
without membrane: blue line P5 electrodes, red line: P7.5 electrodes, yellow line: AC electrodes.
b Adsorbed (purple bars) and desorbed (yellow bars) amount of salt during passive (0 V) and active
phase (-0.9 V) of iCDI processes.

If however ion exchange membranes are positioned in front of the electrodes it
is possible to obtain an adsorption peak with simple AC electrodes when 0V is applied
and a desorption peak when the electrodes are biased, leading to an inversion of the
conventional capacitive deionization procedure (Figure 4.6 a). With P electrodes
gSAC values doubled in comparison to the AC electrodes and quadrupled in
comparison to the system without membranes (Figure 4.5 b, 4.6 b). In fact, by adding
additional polyelectrolytes into the electrodes and using ion exchange membranes in
the system the obtained gSAC is similar to the values obtained for a conventional
MCDI process using the same AC electrodes. For example the gSAC obtained using
iIMCDI with P-electrodes and a regeneration at -1.2 or -1.5 V (4.4 and 5.2 mg-g™,
respectively) is similar or even higher to the gSAC obtained for a MCDI system using

AC electrodes run at 0.9 V (4.5 mg-g™!, Figure S4.3) (Fritz et al., 2018) with the same
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electrode material. This indicates the great potential of an inverted membrane
capacitive deionization process (iMCDI) to improve the performance of iCDI systems
that already have a high gSAC (5 mg-g™") due to their electrode material properties as

described for example by Gao et al. (2015a).
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Figure 4.6. a Change in conductivity during passive and active phase (-0.9 V) of iCDI processes with
membranes. Yellow line: AC electrodes, blue line: P5 electrodes, red line: P7.5 electrodes. b Adsorbed
(purple bars) and desorbed (yellow bars) amount of salt during passive and active phase (-0.9 V) of iCDI
processes with membrane.

The great difference between systems without (Figures 4.5) and with ion
exchange membranes (Figures 4.6) is due to the shielding of the electrodes, thus
preventing counter-ion adsorption (Schematic 4.1), as argued for MCDI (Biesheuvel
and van der Wal, 2010). This allows charge efficiency values up to 85 %, 5.5 times
higher compared to the systems without membranes (Figure 4.7) even at potentials
beyond the working potential window. If no membranes are present counter-ions can
access the electrode more readily, which can be especially a problem during the active
phase, where the electrodes are biased with an applied potential. Figure S4.2 for
example indicates that if the active phase of the system without membranes is
extended from 50 s to 1800 s not only a desorption peak is observed but also a large
adsorption peak, representing the ions that are electrochemically stored in the
electrodes due to the applied potential (dashed arrows in Schematic 4.1). During the
passive phase we thus see a large desorption peak and the adsorption peak that we

can detect in the runs with shorter active cycle in Figure 4.5 is no longer visible.
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With polymer

Without polymer

- Electrode lon exchange membrane = Polyelectrolyte

Schematic 4.1. lon movements in the iCDI systems, with and without membranes, and with and without
polymers. Note: Only a half cell is drawn in this schematic, for a complete set up a counter electrode is
required (e.g. in the scenario top right an anion exchange membrane would be added and an electrode
with a positively charged polymer would be used as counter electrode).
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Figure 4.7. Charge efficiency for systems a with ion exchange membrane (AD cycle time: 1800 s, DE
cycle time: 1800 s) and b without ion exchange membrane (AD cycle time: 300 s, DE cycle time: 50 s).
Black diamond: -0.9 V, red circle: -1.2 V and blue square: -1.5 V applied during the active phase.

Also with respect to exergy indicators the use of membranes has a great impact.
Exergy efficiency indicates how much electrical exergy needs to be invested to achieve
desalination of the feed stream, and is a result of electronic and ionic resistances within

the hardware and across the electrode-electrolyte interface, the membranes and the
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spacer (Dykstra et al., 2016). Without membranes, exergy efficiency is around 2 % but
it is increasing to 13.4 % when membranes are used (Figure 4.8), which is higher than
the value reported for conventional CDI (4 %) (Fritz et al., 2018).
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Figure 4.8. Exergy efficiency for systems a with ion exchange membrane (AD cycle time: 1800 s, DE
cycle time: 1800 s) and b without ion exchange membrane (AD cycle time: 300 s, DE cycle time: 50 s).
Black diamond: -0.9 V, red circle: -1.2 V and blue square: -1.5 V applied during the active phase.

Next to electric exergy losses also chemical exergy losses related to waste
streams, play a role when considering the resource use efficiency of the process. All
together are reflected as cumulative exergy losses in Figure 4.9 either related to the
amount of water purified (a) or the amount of salt separated over time (b). The smallest
CEL values were obtained for iMCDI systems, indicating that more salt can be
separated at lower electric exergy loss and faster processing times. The addition of
the polymers accentuates these values; in comparison to AC electrodes, higher ASAR
values are measured at only a small increase in CELpurified water Values. In fact, the ASAR
values obtained for iIMCDI processes using P electrodes (-1.2 and -1.5 V) have similar
ASAR values as MCDI process conducted at 0.9 and 1.2 V (Figure 4.9 a). The trend
described for CELpurified water also holds for CELsait removal efficiency €ven though the
differences, especially for the processes with membranes, are smaller (Figure 4.9 b).

When comparing the cumulative exergy loss and average salt adsorption rate,
it is clear that the usage of membranes (Figure 4.9 a, filled symbols vs. open symbols)
and the incorporation of polymers (Figure 4.9 a, black symbols vs. red and blue
symbols) are beneficial. The polymer as well as the membranes increase separation
efficiency and resource use efficiency. An iMCDI process with P electrodes is similarly
effective as conventional (M)CDI, and the electrode modification method described in
this paper is instrumental in achieving this. It also shows the great potential to further

increase the separation performance of other electrode materials that have proven to
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be beneficial for iCDI, when operated as iIMCDI, also at applied potentials closer to the
working potential window (Gao et al., 2015b, 2018). In addition to that iCDI and iMCDI
both have the potential advantage of allowing selective removal of ions depending on
the affinity of the target ion for the chemical charges in the electrodes, thus having a

major advantage for separation application in more complex feed streams.

Q
o

< lo
_?l'_g ‘7('3) 1.0 y
g 15-15V| 5 0.8
° 1.2-1.2V ) w Y
E£10r OV ouqsv 5
= B g06r %
g 0.9/0.9V 5
] 9/-0. w
3 |o-1.2V, 304+
g 5 X 0"1"?’ 0/-1.5V H150V £ *
= 0/-1.2V 0/-;.5V 0512V *y 51y, 5
3 [0V o012V, 009Vt =02r
2 |o-09V 3
= o-09v 090V | 4
L(l_)J Ok . 0/-0.9V X w g W 1%} L
0 0.004 0.008 O AC P5 P75

ASAR (mg-g™s™)

Figure 4.9. a Cumulative exergy loss based on purified water as function of average salt adsorption
rate. b Cumulative exergy loss based on salt removal efficiency Black filled circle: AC electrodes with
membranes (Adsorption: 0 V, Desorption: -0.9, -1.2, or -1.5 V see label). Red filled pentagram: P5
electrodes with membranes, Blue filled hexagram: P7.5 electrodes with membranes. The empty
symbols denote corresponding systems without membranes. Gray square: AC electrodes with
membranes (Adsorption: 0.9, 1.2, or 1.5V, Desorption 0 V). Gray triangle: same process but now with
desorption at -0.9, -1.2, or -1.5 V).

4.4. Conclusion

We showed that an iCDI process can be realized by using polyelectrolyte-activated
carbon composite electrodes prepared using water soluble styrene butadiene rubber.
This leads to behavior that is rather different from that reported for normal AC
electrodes that accumulate salt during application of an externally applied potential.
The polyelectrolyte-activated carbon composite electrodes accumulate salt during a
passive adsorption phase, and expel this upon applying a potential. We used these
electrodes as such, and in combination with ion exchange membranes. The maximum
amount of separated salt is 5.2 mg-g”' at a regeneration potential of -1.5 V if ion
exchange membranes are used. This leads to an increase in salt removal rate at a
relatively low cumulative exergy loss of 1 J'mol"'. This makes the approach presented

here competitive to conventional CDI and MCDI while also considering that, as extra
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feature, the addition of chemical charges or polyelectrolytes in the electrode matrix

may allow selective ion adsorption.

4.5. Supporting Information

a 7 _ b ) c

Figure S4.1. SEM images of a MAC-5, b PSS-7.5, ¢ MAC-7.5

Table S4.1. Elemental composition of electrodes.

Electrode AL%

C o F Na S Cl N
AC (before washing) 85.2 7.7 71 0 0
AC (after washing) 86.5 8.1 54 0 0
P+5 (before washing) 91.5 5.4 0 0 0 12 1.9
P+5 (after washing) 91.1 6.2 0 0 0 1.1 1.6
P+7.5 (before washing) 89.4 6.9 0 0 0 16 2.1
P+7.5 (after washing) 89.1 7.2 0 0 0 14 23
P-5 (before washing) 81.0 9.0 0 7.7 2.3 0 0
P-5 (after washing) 83.9 8.8 0 5.5 1.8 0 0
P-7.5 (before washing) 76.1 10.8 0 10 3.1 0 0
P-7.5 (after washing) 78.8 10.3 0 8.2 2.7 0 0
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stack using an iMCDI set up with ion exchange membranes (Adsorption: 0V, desorption: -0.9,

-1.2 or -1.5V) and AC electrodes with ion exchange membranes in a MCDI set up. Gray square:
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CHAPTER 5

ZWITTERIONIC POLYMER MODIFIED
POROUS CARBON FOR HIGH PERFORMANCE
AND ANTIFOULING CAPACITIVE DESALINATION

Capacitive deionization (CDI) is an emerging technology for effective brackish water
desalination to address fresh water scarcity. It is of great interest due to its high energy
efficiency, environmental friendliness, and low-cost operation, compared with
traditional desalination technologies. However, electrode fouling, caused by dissolved
organic matter and resulting in reduction of electrode electrosorption capacity and
device lifespan, is an impediment to practical application of CDI. Herein, we report a
novel salty water desalination electrode with excellent antifouling properties. The
antifouling electrode is prepared by coating zwitterionic polymer brushes, i.e., poly
(sulfobetaine methacrylate) (SBMA), on porous carbon (PC) via surface-initiated atom
transfer radical polymerization. The successful coating of zwitterionic polymer on PC
surface is confirmed by TEM, SEM, XPS, TGA, and other characterizations. Coating
with polySBMA did not affect the electrosorption capacity of PC electrodes and
imparted antifouling properties (versus fouling by model foulant bovine serum albumin)
during long-term salt removal tests (100 desalination/regeneration cycles). This is an
important step toward practical application of capacitive deionization technology for

brackish water desalination.

This chapter has been published as:

P. Zhang, P. A. Fritz, K. Schroén, H. Duan, R. M. Boom, and M. B. Chan-Park. Zwitterionic
polymer modified porous carbon for high-performance and antifouling capacitive desalination.
Appl. Mater. Interfaces 10, 33564-33573 (2018).



5.1. Introduction

In recent decades it has become evident that freshwater scarcity, due to steadily
increasing demand and changing climate conditions, will become a threat to
sustainable global development. In its most recent annual risk report, the World
Economic Forum lists water crises as the largest global risk in terms of potential impact.
Around 4.0 billion people suffer from severe water scarcity for over one month of the
year. Half a billion people live under the condition of severe water scarcity all year
round (Mekonnen and Hoekstra, 2016; World Economic Forum, 2017). To meet the
increasing demand for fresh water, various water treatment innovations and
technologies have been researched and developed, including reverse osmosis,
electrodialysis, distillation, and others.

However, these conventional technologies suffer from high energy
consumption, for example, because of the requirement of e.g. high pressure operation
(Liu et al., 2017). Also known as electrosorption, capacitive deionization (CDI) has
been attracting enormous interest in the desalination field because of its low energy
consumption, cost effectiveness, environmental friendly operation, and absence of
secondary pollution, compared with conventional desalination technologies. The
concept of CDI is based on the working principle of an electrochemical double-layer
(EDL). When an external electrostatic field is applied between electrodes, ionic species
with opposite charges are electro-adsorbed in the EDL formed at the interface between
the solution and the porous electrode interface until the pores are saturated with ions.
After being saturated with ions, the electrodes can be regenerated by a short circuit or
a reverse voltage (Dahanayaka et al., 2017; El-Deen et al., 2016a). Within the CDI
field, researchers have mainly focused on novel electrode material development,
theoretical study, device architecture design, and performance improvement (Huang
etal., 2017; Suss et al., 2015). Only a few studies have been done on electrode fouling,
which is essential for practical application of CDI technology since electrode fouling
results in diminished salt removal capacity during long-term or repetitive operation
(Gao et al., 2016b).

Generally, due to their high electrical conductivity and easily tunable structure,
porous carbon materials-based electrodes have been considered as ideal electrodes

for CDI applications. Different kinds of carbon materials, such as activated carbon,
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graphene, carbon nanotubes, carbon aerogel and their composites, have been
intensively investigated as CDI electrodes. Likewise, porous carbon (PC) materials
have been widely adopted as carbon electrodes in supercapacitors, due to their low
cost, excellent capacity and superior stability. These outstanding properties make PC
interesting for application in CDI electrodes. However, application of pristine PC in
water treatment is hindered by a) the presence of protein and/or other organics in
practical applications and b) the intrinsic hydrophobicity, which together can result in
electrode fouling and reduction of the electrosorption capability and device lifespan.
Therefore, modification of porous carbon to have a surface that resists proteins and/or
other organics is critical for practical CDI applications.

Conjugation of hydrophilic polymer brushes is the most commonly employed
approach for preparing anti-fouling surfaces (Gao et al., 2017a; Rosso et al., 2011; Su
et al., 2017b). Zwitterionic polymers, such as phosphobetaine, carboxybetaine, and
sulfobetaine, have been observed to have excellent anti-fouling properties (Ji et al.,
2012; Mi et al., 2015; Wang et al., 2015a; Zhao et al., 2015). The underlying
mechanism is that zwitterionic polymers, carrying both anionic and cationic groups in
one molecule, can strongly bind water molecules due to electrostatically induced
hydration (Chen et al., 2005; He et al., 2008).

Surface-initiated atom transfer radical polymerization (SI-ATRP) is a very useful
and efficient approach to modify or functionalize different kinds of materials, such as
silicon, metal oxides, gold, carbon, CNTs, graphene oxide, etc. (Song et al., 2016a).
We report herein the first example of an anti-fouling zwitterionic polymer brush coated
porous carbon electrode for capacitive deionization. The anti-fouling coating material,
poly(sulfobetaine methacrylate), is formed on the PC electrode via SI-ATRP
(Scheme 5.1); the resulting electrode material is hereafter referred to as PC-SBMA.
We firstly fabricated PC via a simple one-pot “leavening method” by heating cellulose
with KHCOs3 at high temperature under argon atmosphere. The as-prepared PC, with
good conductivity and large surface area, underwent deposition of polydopamine
(PDA) in a Tris buffer. Because of strong -1 interaction, a strongly adherent PDA
coating is readily and uniformly produced on the surface of the carbon (Song et al.,
2016b). The synthesized PC-PDA was then further modified by immobilizing 2-
bromoisobutyryl bromide (BiBB) initiator and, subsequently, grafting of polySBMA via
SI-ATRP to grow a zwitterionic polymer layer on the PC surface. The resulting PC-

SBMA electrode was tested for electrosorption capacity and antifouling performance
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in a long-term test of salt removal in the presence of protein. The obtained results are

relevant to water desalination and food processes.

PC-Br Polydopamine

initiator
Scheme 5.1. lllustration of the porous carbon modification process.

5.2. Materials and methods

5.2.1. Materials

a-Cellulose, potassium bicarbonate (99.7 %), hydrochloric acid (37 %),
triethylamine (TEA, 99 %), dopamine hydrochloride (DA), a-bromoisobutyryl
bromide (BiBB, 98 %), Trizma base, methanol (99.8 %), ethanol (99.8 %),
N,N,N’,N",N"-pentamethyldiethylenetriamine (PMDETA, 99 %), copper(ll) bromide
(CuBr2, 99 %), tetrahydrofuran (THF, anhydrous, 99.9 %), ethyl a-bromoisobutyrate
(EBiB, 98 %), N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine (SBMA, 97 %), polyvinylidene fluoride (PVDF), anhydrous dimethylacetamide
(DMACc), and bovine serum albumin (BSA, lyophilized powder) were purchased from
Sigma Aldrich. Water used in all experiments was deionized and purified with a Merck
Millipore system; and the deionized water had a resistivity of more than 15 MQ-cm.
Copper wire with diameter of 1 mm was washed with hydrochloride acid and rinsed

with water before use.
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5.2.2. Characterization

A field-emission scanning electron microscope (FESEM; JEOL-6700F) and a
transmission electron microscope (TEM; JEOL, JEM-2010) equipped with an energy-
dispersive X-ray spectrometer (EDS) were used to characterize the morphology and
structure of the samples. Water contact angles were measured by a DSA25 Contact
Angle Analyzer (Kruss, Germany). X-ray diffraction (XRD) measurements were
collected using a wide-angle X-ray diffractometer (Bruker D2 Phaser) with Cu Ka
radiation (A=0.154 nm). Raman spectra were measured using a Raman spectrometer
(Renishaw InVia Reflex) with a 514 nm laser as the excitation source.
Thermogravimetric Analysis (Netzsch STA 409) was performed to analyze the
composition and thermal behavior. Before measurements, all samples were
completely dried to remove water and were subjected to TGA under nitrogen
atmosphere. X-ray photoelectron spectroscopy (XPS) of the as-prepared samples was
performed using an ESCALAB MK-II spectrometer (VG Scientific Ltd., West Sussex,
Britain).

5.2.3. Electrochemical measurements

The working electrodes for electrochemical characterization were prepared as
follows: carbon powders (10 mg) in 1 mL ethanol were subjected to 30 min sonication
to form a homogenous suspension. 10 pL of this suspension was dropped onto a glass
carbon electrode (GCD, @=0.6 mm) and dried at room temperature for 2 hours. After
drying, 10 pL of a Nafion solution was added onto it to make sure that the carbon
materials bound to the GCD. The electrochemical tests were performed using a CHI
660D electrochemical workstation in a three-electrode system with a Pt foil as the
counter electrode and a saturated calomel electrode (SCE) reference electrode in
10 mM NaCl deaerated aqueous solution. The specific capacitance C was calculated
from the relation C = IAt/mAV, where I, At, AV, and m represent the discharge current,

discharge time, voltage range, and sample mass, respectively.

5.2.4. Synthesis of PC
5 g of a-cellulose and potassium bicarbonate at a mass ratio of 1:2 was heated
at 800 °C for 90 min under argon atmosphere with a heating rate of 10 °C min' using

a tube furnace. After heating, the sample was passively cooled to room temperature
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and then dispersed in HCI solution and stirred for 6 hours. PC was obtained after

filtration with water and ethanol and drying at 60 °C in vacuum oven overnight.

5.2.5. Polydopamine (PDA) coating

PC (500 mg) was dispersed and sonicated for 30 min in 200 mL of water and
ethanol mixture (viv=1:1). Then 200 mg DA and 2.0 mM Tris buffer solution were
successively added to the dispersion under magnetic stirring. The dopamine
polymerization and coating was performed at 37 °C for 12 h. Then, the PDA-coated
PC (PC-PDA) was washed with ethanol several times by centrifugation. The separated

product was dried in a vacuum oven at 60 °C for 24 h.

5.2.6. Immobilization of the ATRP initiator
250 mg PC-PDA added into a solution comprised of 20 mL of anhydrous THF and

2 mL of TEA (14.4mmol) and then was sonicated for 20 min. The mixture was purged
with Ar for 10 min. After that, 1.8 mL BiBB (14.4 mmol) dissolved in 20mL anhydrous
THF was added dropwise into the PC-PDA suspension, which was kept chilled in an
ice bath. Then, the solution was removed from the ice bath and allowed to react at
room temperature for 24 h. The resulting product was washed with THF, acetone, and
methanol several times and dried in a vacuum oven at 60 °C for 24 h. The PC with
immobilized ATRP initiator is denoted as PC-Br.

5.2.7. Preparation of porous carbon/polymer hybrids by SI-ATRP
250 mg PC-Br was placed in a 20 mL Schlenk flask and sonicated for 20 min

after adding 10 mL of water/methanol mixture (v:v=1:1), followed by successive
addition of CuBr2 (11 mg, 0.05 mmol), PMDETA (10 pL, 0.05 mmol), EBIB (7 uL,
0.05 mmol), SBMA (1.397 g, 5 mmol), and a piece of copper wire with length of ~2 cm.
The flask was sealed with a rubber stopper and the mixture was degassed by three
freeze-thaw-pump cycles. The polymerization was conducted for a defined time at
60 °C, the time depending on the target polymer brush length. SBMA grafted PC (PC-

SBMA) was separated by centrifugation and washed thrice with H2O and methanol.
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5.2.8. CDI electrode preparation

The CDI electrodes were made following our previous procedure with some
modification, as shown in Figure $5.9 a. Briefly, a mixture of PC or PC-SBMA and
PVDF with a mass ratio of 85:15 was blended in an appropriate amount of DMAc and
vigorously stirred for 4 hours to achieve a homogeneous carbon slurry. The generated
slurry was then pressed onto a graphite foil and dried at 80 °C for 2 hours in a drying
oven and then under vacuum at the same temperature overnight to remove any
remaining solvent residue. After drying, the electrodes were soaked in 1 M NaCl
aqueous solution to activate them. The final thickness of the PC or PC-SBMA layer on
the graphite foil after drying was approximately 80 um according to the SEM
characterizations (Figure S5.9 d and S5.9 e), and the mass of active material in the
carbon electrode was 1.38 mg-cm. The total active area of a pair of electrodes was

2 x5x5cm2.

5.2.9. Electrosorptive capacity measurement

The desalination/regeneration experiments were conducted using a flow-
through capacitor system. A pair of large-scale electrodes separated by a piece of
nylon spacer were assembled into a homemade CDI prototype (Figure 5.5). The
capacitive deionization behaviour characterizations of PC and PC-SBMA-24
electrodes were carried out at 1.2 V charging and 0 V discharging (1.2/0 V, charge and
discharge periods were each 5 min) with about 10 L of 245 mg-L-' deaerated NaCl
solution (conductivity 500 uS-cm') with a flowrate of 10 mL-min' using a peristaltic
pump. The electrosorption capacity (Q, mg-g™") can be calculated by multiplying the
volumetric flow rate (@) by the time (f) integral of the concentration (c) (Gao et al.,
2017b):

Q—EJ(Q_CO) t 5.1

where m is the mass of the activated carbon material in the electrode, and ctand co

are the salt concentrations in effluent (time dependent) and influent, respectively.
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5.3. Results and discussion

The porous structure and morphology of PC and PC-SBMA was characterized with
field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). FESEM images (Figure 5.1 a, b and 5.1 d, e) show that both PC
and PC-SBMA have an open macroporous structure, with pore sizes ranging from
hundreds of nanometers to several micrometers, forming a 3D hierarchically porous
carbon. It is worth noting that the surface of PC seems smoother than that of modified

PC-SBMA, which is indicative of the formation of a polymer layer.

Figure 5.1. FESEM images for (a) PC, (d) PC-SBMA-24; high magnification FESEM of (b) PC, (e) PC-
SBMA-24; TEM images (c) PC, (f) PC-SBMA-24.

The FESEM images (Figure $5.2) of the surfaces of both PC-PDA and PC-Br
also appear rougher than that of PC. The TEM images (Figure 5.1 ¢ and f) are
consistent with the macropores observed in the FESEM images. In addition, the
HRTEM image (Figure $5.1 a) shows that PC contains multilayer graphene sheets
with sizes of tens of nanometers, and the line profile (Figure $5.1 b) indicates that the
d-spacing of the graphene sheets is in the range of 0.34 ~ 0.39 nm; the ring-like SAED
pattern confirms that the porous carbon has a graphitic and polycrystalline structure
with numerous edge defects (Bi et al., 2016a). The element distribution of PC-SBMA,
measured with energy-dispersive X-ray spectroscopy (EDX)-STEM mapping
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(Figure S5.3), shows that sulfur and bromide are homogeneously distributed in the
carbon surface, indicating a uniform coating of polySBMA brushes on PC surface.

The water contact angles of PC, PC-PDA, and PC-Br were 135°, 104°, and
145°, respectively. The contact angle of PC-SBAM-24 could not be determined
(Figure S5.4 d) as the water droplet was completely absorbed into the electrode
within 1s, which is indicative of a super-hydrophilic surface obtained after coating
with polySBMA brushes. The dispersibility in deionized water of PC without and with
zwitterionic polymer modification was tested by standing at high concentration
(2.0 mg'mL-") for three days; it is apparent (Figure S5.4 e) that the PC without
modification precipitated almost entirely, while polySBMA-coated PC dispersed
uniformly and stably without obvious aggregation. The much improved dispersion of
PC-SBMA is attributable to its hydrophilic surface and electrostatic repulsion between
PC-SBMA particles.

Porous carbon samples without and with modification were analyzed with X-ray
photoelectron spectroscopy (XPS) to confirm the grafting of the polySBMA polymer
brush onto the PC surfaces. From the survey spectra (Figure 5.2 a), the appearance
of new peaks at 398.4 eV in PC-PDA and 68.8 eV in PC-Br, attributed respectively to
N1s and Br3d, indicate the successful deposition of PDA and immobilization of BiBB
on the carbon surface (Ezzat and Huang, 2016). The nitrogen (N) and sulfur (S) peaks
are normally used for characterizing zwitterionic sulfobetaine on a surface (Chang et
al., 2011; Chou et al., 2017). The characteristic S2p peak at 167.5 eV, due to sulfur in
the zwitterionic sulfobetaine side chains, was detected in the survey scan of PC-SBMA
but not in that of PC-Br (Figure 5.2 d and $5.5 b). In the high-resolution spectra
(Figure 5.2 b, S$5.5 a, and S5.5 c¢), N1s peaks are well-resolved into two component
peaks at binding energies 401.2 and 398.4 eV, which correspond to quaternary
ammonium [-N(CH3)>—]" in the SBMA segment and C-N in the PDA segment,
respectively (Chang et al., 2011; Chou et al., 2017). Longer reaction time in the SlI-
ATRP step led to higher intensities of the N1s and S2p peaks (Figure S5.5 ¢ and
$5.5 d), which is reflected by the elemental compositions calculated from the XPS data
(Table 5.1). Sulfur is present at 0.59, 0.98, and 2.20 atomic % for PC-SBMA-6, PC-
SBMA-12, and PC-SBMA-24, respectively. SI-ATRP provides precise control over the
molecular weight of the polymer brushes attached to the carbon surface, (Song et al.,

2016a) which is reflected in the higher intensities observed.
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Figure 5.2. XPS spectra of porous carbon surface before and after zwitterionic polymer modification.
(a) Survey spectra; high resolution spectra of PC-PDA, PC-Br and PC-SBMA-24 showing (b) N1s,
(c) Br3d and (d) S2p.

Table 5.1: Surface elemental composition (% atomic concentration) calculated from XPS for porous
carbon surface before and after modification.

C o N Br S
PC 96.03 3.97
PC-PDA 80.47 14.41 5.12
PC-Br 86.64 9.18 2.28 1.12
PC-SBMA-6 88.8 7.37 23 0.09 0.59
PC-SBMA-12 85.93 9.4 2.21 0.09 0.98
PC-SBMA-24 74.81 16.78 3.86 0.21 2.20

The Raman spectra of PC and PC-SBMA-24 (Figure 5.3 a) show two prominent
peaks, the D and G bands at 1581 cm™" and 1349 cm™, respectively. It is universally
acknowledged that the G band is due to in-plane vibration of the sp? carbon atoms
while the D band is a defect-induced Raman feature representing the non-perfect
crystalline structure of the material (Deng et al., 2015; Liang et al., 2014). The ratio of

the intensities (lc/Ip) is a measure of the degree of structural disorder (Balogun et al.,
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2016; Bi et al., 2016b; Zhu et al., 2017). Compared with pristine PC, the G/D ratio
calculated for PC-SBMA-24 decreased considerably from 1.08 to 0.88, indicating
that the carbon surface defects increased with the grafting of PSBMA zwitterionic
polymer brushes through SI-ATRP modification (Chen et al., 2015; Liu et al., 2010;
Takada et al., 2016). The Ig/lp of PC-PDA and PC-Br also decreased to 0.97 and 0.92
(Figure S5.6), respectively, which may be caused by the successful coating with PDA

and immobilization of the ATRP initiator.
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Figure 5.3. Raman spectra (a) and XRD pattern (b) for PC and PC-SBMA-24; FTIR spectra (c) and
TGA curves (d) of PC, PC-PDA, PC-Br, and PC-SBMA-24.

The XRD patterns of PC electrodes before and after modification, shown in
Figure 5.3 b and S5.6 b, exhibit similar diffraction features with two broad peaks
centered at 26 = 20.0° and 41.8°, which can be attributed to the (002) and (100)
reflections, respectively (Woo et al., 2008). This characterization is perfectly consistent
with the SEAD pattern in Figure S5.1 a, indicating that bare PC is a typical graphitic
carbon material with some degree of graphitization (Zheng et al., 2014). The lower
intensity of the (002) peak in the XRD pattern of PC-SBMA-24 implies a lower degree
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of graphitization than in PC; this may be due to additional defects introduced to the
graphitic structure of PC by the modification.

In the FTIR spectrum (Figure 5.3 c¢), the presence of the polySBMA coating is
indicated by the bands at 1046 cm™ and 1180 cm™, that are attributable to —S=0
stretch, and the band at 1791 cm', attributable to O—C=0 stretch (Salleh et al., 2014;
Zhai et al., 2014). In addition, the polySBMA spectrum also shows the bands of
—C—N* stretch at 1636 cm™ (Zhai et al., 2014); these results confirm the successful
coating of the polySBMA brush to the carbon surface.

Thermogravimetric analysis (TGA) is a powerful technique to determine the
composition and thermal stability of materials. Figure 5.3 d shows that the ultimate
mass loss for PC, PC-PDA, PC-Br, and PC-SBMA-24 was 1.8 %, 7.4 %, 13.2 %, and
19.9 %, respectively. The mass loss derivative peaks (Figure S5.7 a) for PC-Br and
PC-SBMA appeared at ca. 175 °C & 260 °C, and 270 °C & 390 °C, respectively. The
variations in thermal degradation patterns among the different forms of PC confirm the
presence of different functionalities on the PC (which by itself has a featureless derivative
TGA curve) (Hatton et al., 2017). The mass loss increases with the extension of ATRP
reaction time (Figure S$5.7 b), indicating that control of reaction time controls the amount
of zwitterionic polymer that is grafted on the carbon surface.

Various electrochemical measurements were conducted to investigate the
performance of PC and PC-SBMA-24 as CDI electrode. First, cyclic voltammetry (CV)
experiments on the prepared material in 1 M NaCl aqueous deaerated solution were
conducted with a potential window from -0.4 to 0.6 V, to evaluate the electrochemical
properties for CDI (Figure 5.4 a, $5.8 a and S$5.8 b). No redox peak was observed in
CV curves for both PC and PC-SBMA-24, suggesting that they can function as
electrodes in typical electrical double layer capacitors (EDLCs) based on coulombic
interactions rather than electrochemical redox reactions (Aslan et al., 2016; Liu et al.,
2017; Wang et al., 2016, 2015b). In addition, the CV curves exhibit a nearly perfect
rectangular shape, which means the charge current can reach the plateau quickly
when applying a reverse voltage, suggesting that ionic species can be rapidly and
effectively adsorbed to and desorbed from the electrode. The CV curves remain
approximately rectangular even at 100 mV-s' (Figure S$5.8 a and $5.8 b), implying a
rapid movement of ions into and out of PC and PC-SBMA-24 electrode surface even

at high scan rate.
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Figure 5.4. Electrochemical performance of the as-prepared material. (a) The CV curves of PC and PC-
SBMA-24 tested at scan rate of 5 mV's™'; and their (b) Galvanostatic charge/discharge curves tested at
current density of 1.0 A.g™'; (c) The Nyquist plots in the frequency range of 100 kHz to 10 mHz (inset:
Nyquist plots at high frequency range); (d) Capacitance retention plot of PC-SBMA-24 with cycle
number. (inset: the first and 1000" cycle at a constant current density of 2.5 A'g™". All tests were
conducted in 1M NaCl aqueous deaerated solution.

The galvanostatic charge/discharge (GCD) performance of PC and PC-SBMA-
24 electrodes was measured at a current density of 1.0 A-g”". As shown in Figure 5.4 b,
the GCD curves of the two electrodes have a classic triangular shape, indicating a
typical EDLC behaviour without any Faradaic reaction. The symmetric triangular shape
with linear variation of potential with time shows that these electrodes exhibit good
reversibility. The rate performance of these electrodes was tested under various
current densities ranging from 0.5-5.0 A.g™' (Figure $5.8 ¢ and S5.8 d). All the curves
display symmetrical triangular shapes, indicating excellent electrochemical
reversibility, which is crucial for high efficiency and long-term operation of CDI (El-Deen
etal., 2016a; Yang et al., 2014). The capacity of PC-SBMA-24 (119.4 F-g') is evidently
somewhat smaller than that of PC (136.0 F-g™"), which is in accordance with the CV
measurements. This may be due to reduction in ion adsorption that results from a

zwitterionic polymer layer over the PC surface (Gao et al., 2016b).
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Electrochemical impedance spectroscopy (EIS) has been recognized as a
useful measurement to clarify the ionic transportation kinetics at the interface between
the electrode and the electrolyte. EIS was carried out over a frequency range of
100 kHz to 0.01 Hz to investigate the ion transport behaviour and electrical resistance
of the as-prepared electrode materials. In the low-frequency region, the Nyquist plots
(Figure 5.4 c) are linear and steep. In general, the larger the slope of this part of the
plot, the faster the EDL is formed (Bi et al., 2016b; Fu et al., 2014; Oschatz et al., 2014;
Puthusseri et al., 2014; Rose et al., 2011). The slope for PC-SBMA-24 is smaller than
that for PC, indicating slower formation of EDL due to the grafted zwitterionic polymer
layer. This is in line with the CV and GCD analyses. It is interesting to note that there
was nearly no semicircle in the high-frequency region, indicating ultra-small transfer
resistance of both PC and PC-SBMA-24 electrodes (Bi et al., 2016b). Generally, all
measurements point towards purely capacitive behavior, indicating that PC and
PC-SBMA-24 have excellent pore accessibility for the electrolyte. Figure 5.4 d shows
that after 1000 cycles (~25 hours) at constant current density of 2.5 A.g', the
capacitance retention of PC-SBMA-24 is 97.5 %; such excellent durability is vital for
long-term use in practice.

To estimate the electrosorption capacity of the prepared electrodes, a pair of fabricated
electrodes with a thickness ca. 80 um (Figure $5.9 d and S5.9 e) were assembled in

a prototype CDI cell as illustrated in Figure 5.5 a.
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1

Figure 5.5. Schematic diagram of (a) Symmetrical CDI cell set up, and (b) CDI system used in this
study.

The continuous mode CDI experiments were conducted in deaerated NaCl
aqueous solution with a concentration of ~245 mg-L-! at applied voltage of 1.2 V. The

desalination efficiency of the PC and PC-SBMA-24 electrodes in the presence and
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absence of protein (Bovine Serum Albumin, (BSA), 100 mg-L™") is plotted in Figure 5.6.
With only NaCl present, both electrodes show typical salt removal behavior, i.e., the
conductivity of effluent decreased sharply under the external electrostatic field
(Figure 5.7 a). This strong initial decrease in conductivity indicates a rapid adsorption
(~ 0.5 min) of the salt ions on the electrode surface. As time passes, the concentration
in the effluent then gradually recovers due to saturation of the electrode. After running
the CDI tests for 100 consecutive cycles, no obvious change in cycle to cycle
absorption was observed. The electrosorption capacity of both electrodes remains
nearly the same (Figure 5.7 b), which suggests excellent regeneration capability and
chemical stability for both PC and PC-SBMA-24 electrode materials in salty water.
Although the specific capacitance of PC-SBMA-24 is somewhat lower than that of
pristine PC (Figure 5.4 b), its electrosorption capacity in CDI testing is almost the same
as that of PC. This may be due to the superhydrophilic character imparted to the
electrode surface as a result of zwitterionic polymer modification, giving better wetting

of the pores and hence more complete use of the pore volume.
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Figure 5.6. Desalination and regeneration comparison profiles of PC and PC-SBMA-24 electrode 1.2V
with flow rate of 10 mL'min~! in absence (a, b) and presence (c, d) of BSA.
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Electrode fouling is a serious issue since it reduces salt removal efficiency;
(Mossad and Zou, 2013) therefore, we performed a long-term salt removal test in the
presence of a model foulant, BSA. Comparing the desalination and regeneration
curves (¢ and d in Figure 5.6), there is systematic decline in the performance of the
PC electrode after 100 cycles, its electrosorption capacity retention is 57.9 % while that
of PC-SBMA-24 electrode is 99.1 % (Figure 5.7 b). FESEM of the electrodes after 100
cycles in the presence of BSA showed clear evidence of BSA deposition on the pristine
PC electrode (Figure S5.10 b) but not on the PC-SBMA-24 electrode
(Figure S5.10 a). Further evidence of the beneficial effect of polySBMA coating is seen
in the superior stability of the pH level in the PC-SBMA-24 long-term experiment
compared with the uncoated electrodes, in both the presence and absence of BSA
(Figure S5.11). This effect may be attributed to a reduction of electrochemical carbon
oxidation due to the presence of the polymer brushes at the anodes which produce H*,
(Gao et al., 2016b) leading to a more negative charge density. The polySBMA brushes
on the PC-SBMA-24 surface prevent further carbon oxidation, especially in the
presence of BSA (Figure $5.11 ¢ and d), leading to a more stable production of H*
during long-term CDI operation. These results indicate that the PC-SBMA-24 electrode
has high electrosorption capacity and is very stable, even in the presence of fouling
biomolecules. It is expected to be suitable for application for desalination of water

containing these types of foulants, such as brackish surface water.
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Figure 5.7. (a) First cycle of desalination and regeneration with PC and PC-SBMA-24 electrode at 1.2 V
with flow rate of 10 mL'min-' in the presence and absence of BSA, (b) the electrosorption capacity
retention curves over 100 cycles.
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5.4. Conclusion

We have developed the first zwitterionic polymer coated porous carbon electrodes with
protein antifouling property and high electrosorption capacity for CDI applications. The
PC-SBMA electrodes have electrosorption capability of 16.5 mg-g™ in 245 mg-L-* NaCl
solution, which is superior to the reported performance of other carbon-based materials
(Table S5.1). Moreover, PC-SBMA-24 exhibits excellent CDI cycling stability in the
presence of foulant (BSA); electrosorption capacity retention was 99.1 % after 100
cycles, corresponding to an average capacity loss of 0.009 % per cycle, implying
~8000 cycles for 50 % capacity loss if capacity loss is exponential, or ~5500 cycles if
linear. The pristine PC electrodes retained only 57.9 % of their initial electrosorption
capacity after 100 cycles. Clearly, the zwitterionic polymer coating contributes greatly
to electrode durability, which is an essential step toward practical application in
desalination. It is expected that this work not only presents a promising way to develop
effective antifouling CDI electrodes with excellent electrosorption capacity for practical
desalination applications, but may also have potential in other fields such as protein

separation, food engineering, efc.
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5.5. Supporting Information
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Figure S5.1. (a) High-resolution TEM image of PC, inset is the corresponding SAED pattern; (b) line

profile of the d-spacing.

Figure $5.2. FESEM image of (a) PC-PDA, (b) PC-Br.
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Figure S5.3. STEM of PC-SBMA-24 in dark field mode and its corresponding STEM-EDX mapping.

135° 104° c 145° d 0°
T R R 2
PC-PDA PC-Br PC-SBMA-24

.

QU@

PC-PDA PC-Br PC-SBMA-6 PC-SBMA-12 PC-SBMA-24

Figure S5.4. (a) - (d) Contact angles of PC, PC-PDA, PC-Br, and PC-SBMA-24, respectively; (e) visual
appearance of suspensions of unmodified and modified porous carbon after three days standing.
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Figure S5.5. (a) High-resolution N1s comparison of PC-Br and PC-SBMA-24; (b) XPS survey spectra,
high-resolution spectra of (¢) N1s, and (d) S2p of PC-SBMA-6, PC-SBMA-12, and PC-SBMA-24.
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Figure $5.6. (a) Raman spectra and (b) XRD patterns of PC-PDA and PC-Br.
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Figure S5.7. (a) DTA curves of porous carbon before and after modification; (b) TGA curves of modified
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Figure S5.8. Electrochemical performance of the as-prepared material. The CV curves of PC (a) and
PC-SBMA-24 (b) at different scan rates from 5 mV's™' to 100 mV's™; the constant current galvanostatic
charge/discharge curves of PC (c) and PC-SBMA-24 (d) at different current densities from 0.5 Ag™" to
5.0 A'g™". All tests were conducted in 1 M NaCl aqueous deaerated solution.
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Figure S5.9. (a) Scheme of CDI electrode fabrication process; FESEM top view of (b) PC and
(c) PC-SBMA-24 electrode; SEM cross-section view of (d) PC and (e) PC-SBMA-24 electrode.
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Figure S$5.10. Surface comparison of (a) PC-SBMA-24 and (b) PC electrode after long-term CDI
operation in the presence of BSA, the region indicated by the red dotted oval is fouled with BSA.
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Figure $5.11. pH variation with time for different electrodes during CDI process over 100 cycles.
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Table $5.1. Comparison of electrosorption capacities of different carbon-based electrode materials.

Applied Flow rate Initial conc. Electrosorption
Materials Ref
voltage (V) (mL'min-') (mg'mL")  capacity (mg'g™)
Single-walled (Li et al.,
2.0 25 23 0.75
carbon nanotubes 2011)
Amine modified (Gao et al.,
1.1 20 250 53
microporous carbon 2015a)
3D macroporous (Wang et
2.0 25 100 5.39
graphene al., 2013)
3D porous (Li et al.,
2.0 ~10 74 11.86
graphene 2015)
Sponge templated Yang et
pong P 1.5 3 52 4.95 (Yang
graphene al., 2014)
Sulfonated )
(Qian et al.,
graphene- carbon 1.2 5 100 9.54
. 2015)
nanofibers
N-doped porous (Zhao et
1.2 15 40 15.5
carbon al., 2018)
Polymer coated (Gao et al.,
1.2 80 409 7.6
carbon cloth 2016b)
PC 1.2 10 245 16.8 This work
PC-SBMA-24 1.2 10 245 16.5 This work
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CHAPTER 6

STEERING PROTEIN AND SALT ADSORPTION AND
DESORPTION BY AN ELECTRICAL SWITCH
APPLIED TO TAILOR MADE ELECTRODES

We make use of spontaneous adsorption of proteins to solid electrodes that we reverse
by applying an electric field to regenerate the interface. This allows us to ad- and
desorb proteins to and from an electrode surface, following an inverted capacitive
deionization scheme (adsorption at 0 V; desorption at -1.2 V), leading to protein
adsorption when salt is desorbing, and vice versa. We demonstrate that the
incorporation of negatively charged polystyrene sulfonate (PSS) or positively charged
polydiallyldimethylammonium chloride (PDMAC) in or on top of the respective
electrodes increases the amount of exchanged protein from 1 to 10 mgg™.
Simultaneous salt exchange remains at values comparable to conventional activated
carbon electrodes (3 mg-g™') when polyelectrolytes are located on top of the electrodes.
Besides this, an enrichment in B-lactoglobulin could be achieved starting from whey
protein isolate. These are all important steps toward electrochemical technologies for
protein separation, and fractionation, that do not require solvent use, and may include

concurrent desalting.

This chapter has been submitted as:
P. A. Fritz, P. Zhang, T. Bruschinski, S. Sahin, L. de Smet, M. B. Chan-Park, R. M.
Boom, and K. Schroén. Steering protein and salt ad- and desorption by an electrical

switch applied to tailor made electrodes.



6.1. Introduction

Proteins are an essential component in human nutrition and are also important in
medicine and biotechnology (Chang, 1977; Geissler and Powers, 2012; Walsh, 2002).
Protein losses are high in the global food system, partly due to inefficient processing
(Alexander et al., 2017). The utilization of byproducts and waste streams (biorefinery)
can reduce their environmental impact (Asghar et al., 2011; Galanakis, 2012; van der
Goot et al.,, 2016; Jayathilakan et al., 2012), but only if this can be done in a
sustainable, energy efficient way.

Current protein separation processes revolve mostly around filtration,
(ultra)centrifugation, precipitation and chromatography (Graslund et al., 2008; Hilbrig
and Freitag, 2003; Narayanan, 1994; Scopes, 1994). Filtration and centrifugation
generally do not affect protein structure, although high selectivity between components
is rarely possible, whereas precipitation aggregates proteins, which influences their
functionality. In terms of purity, chromatography is the best option, although desorption
of the protein and regeneration of the column requires extreme conditions, and may
lead to changes in protein functionality. Most desorption strategies target the solution
conditions, e.g. by changing the pH (Tarhan and Harsa, 2014) or the ionic strength
(Neyestani et al., 2003) of the eluent and thus impact the charge of the proteins, or
their screening length (Gerberding and Byers, 1998). This leads to high eluent usage
and consequently high environmental impact, especially in large scale, preparative
chromatography (Coskun, 2016; Cuatrecasas, 1970; Fucifios et al., 2019; Pedersen et
al., 2003; Simon et al., 1996).

We here investigate the use of electrochemical stimuli to cycle surface
properties from adsorptive to desorptive, without requiring external chemicals. By
applying either positive or negative potential, interfacial properties such as surface
charge, double layer structure and oxidative state can be altered, which influences the
ad- and desorption behavior of ions and molecules (Maharjan et al., 2008). This
strategy has mostly been tested for small species (ions) in capacitive deionization
(Suss et al., 2015; Tang et al., 2019) and aromatic sulfonates or corticosteroids in
electrochemically modulated liquid chromatography and related processes (Collins
and Arrigan, 2009; Harnisch and Porter, 2001; Porter and Takano, 2000; Su and
Hatton, 2017a; Yamini et al., 2014). The extension to proteins (Mu et al., 2007; Su et
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al., 2017a) and the investigation of the underlying force modulations (Barten et al.,
2003a) at the interface have been limited so far, but are crucial for further development
towards sustainable protein separation processes. Here we propose for the first time
an inverted capacitive protein separation process that allows the selective isolation of
protein via adsorption to and desorption from electrodes that are coated with

polyelectrolytes and to which a potential bias can be applied to induce desorption.

6.2. Materials and Methods

6.2.1. Chemicals

The following chemicals and materials were purchased from Merck (The
Netherlands): activated carbon (AC, particle size ~10 um), poly-(vinylidene fluoride)
(PVDF, 534,000 gmol'), dimethylacetamide (DMAc), nitric acid (70 %),
ethylenediamine (99 %), poly(sodium 4-styrenesulfonate) (PSS, 1,000 kg-mol),
polydiallyldimethylammonium chloride (PDADMAC, 400-500 kg'mol'), and sodium
chloride (>99.5 %, Merck, The Netherlands). Furthermore styrene butadiene rubber
(Zeon, Japan) and whey protein isolate (Biopro, Davisco, USA) were used. Water in
all experiments was deionized, and purified with a Merck Millipore system
(18.2 MQ-cm).

6.2.2. Electrode preparations

Various electrodes were prepared, as described in the next sections and

summarized in Table 6.1.

6.2.2.1. Activated carbon electrodes
Most electrodes were based on AC electrodes. To prepare these, activated

carbon powder was mixed with 10 wt% PVDF binder in DMAc overnight and cast onto
graphite foil using a rod coater with a 400 um gap. Subsequently electrodes were dried
over night at room temperature. All electrodes had circular shape with 5 cm diameter
(Fritz et al., 2018).
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6.2.2.2. Surface modified activated carbon electrodes
To increase the negative charges on the surface of the AC powder, 10 g AC

was oxidized by exposing it to concentrated nitric acid (70 %) for 24 h (AC).
Subsequently the AC- powder was washed with around 1 | of water. To obtain positive
surface charges on the activated carbon (AC*), AC- was suspended in ethylenediamine
at 120 °C until all the liquid was evaporated (Gao et al., 2015a, 2016a). Electrodes

were made from these materials using PVDF binder as described above.

6.2.2.3. Dip-coated activated carbon electrodes
To prepare dip-coated electrodes (White et al.,, 2016) (Dip* and Dip),

unmodified AC electrodes were immersed for 15 min in 20 mM (based on Mw of
monomer) PDADMAC or PSS solution, each containing 100 mM NaCl. Subsequently,

the electrodes were immersed for 1 h in water and dried.

6.2.2.4. Composite polyelectrolyte-activated carbon electrodes
These electrodes (Comp* and Comp’) were prepared by mixing 5 wt% of

PDADMAC or PSS, respectively, with AC powder and styrene butadiene rubber as
binder in water. This slurry was then cast onto graphite foil (Fritz et al., 2019a). Like

the AC based electrodes, these electrodes were circular with a diameter of 5 cm.

Table 6.1. Electrode combinations and abbreviations

Anode Cathode Abbreviation of combination
Activated carbon (AC) Activated carbon (AC) AC
Nitric acid treated activated Ethylenediamine treated activated ACH-
carbon (AC) carbon (AC™)
PSS mixed into the electrode PDADMAC mixed into the c "

omp*”
slurry (Comp’) electrode slurry (Comp®) P
AC electrode dip coated with AC electrode dip coated with Dip*

ip*"

PSS (Dip) PDADMAC (Dip*)

6.2.3. Characterization

X-ray photoelectron spectroscopy (XPS) was used to study the chemical
composition of the electrodes. In addition to wide scans, C1s, O1s, N1s and S2p

narrow scans were also measured. Thermogravimeteric analysis (TGA) was
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conducted under nitrogen atmosphere after fully drying the samples, to determine the

composition of the electrodes.

6.2.4. Electrochemical measurements

To determine the potential of the zero charge of all electrodes, cyclic
voltammetry measurements were conducted at 0.5 mV-s™! within a potential window of
-1to 1V (Gao et al., 2018).

6.2.5. Capacitive separation measurements

The ad- and desorption of proteins and ions in response to capacitive current
was measured using a flow through capacitor system. Anode/cathode combinations,
separated by a piece of nylon cloth, were assembled in a flow cell that was created by
the technical workshop of our university, as described in previous articles (Fritz et al.,
2018, 2019a). A solution containing 1.5 mg-g™' whey protein isolate (WPI) and
0.3 mgg”' sodium chloride was continuously flushed between the electrodes at
1 mL'min"! and the applied potential was switched between 0 V and -1.2 V during
10 cycles. The time for each step was varied between 300 and 1800 s.

The gravimetric ad- and desorption capacity of salt (QSAC and gSDC,
respectively) and proteins (QPAC and gPDC, respectively) were determined for cycles

3 to 10, based on the equations below,

gSAC = Mg ads 6.1

gSDC = ms,:es 6.2

gPAC = mpro:,ads 6.3

gPDC = mproj,des 6.4
me

where m is the mass of salt (s), or protein (prot) adsorbed (ads) or desorbed (des),

respectively; meis the average mass of active material on the electrodes (0.186 g).
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6.2.6. HPSEC measurements

Whey protein isolate consists of a number of proteins. The amounts of
B-lactoglobulin, o-lactalbumin, and bovine serum albumin in the outflow of the
electrochemical flow cell were determined using high performance size exclusion
chromatography (HPSEC, Thermo Dionex Ultimate 3000 UHPLC, Thermo Fisher
Scientific, USA) using two columns (TSKGel G3000SWXL 5um 300x7.8 mm and
TSKGel G2000SWXL 5um 300x7.8 mm). As eluent, 30 % acetonitrile in ultrapure
water with 0.1 % trifluoroacetic acid was used at a flowrate of 1.5 mL-min-' and 30°C.

The UV detection wavelength was set to 214 nm.

6.3. Results and discussion

In this section, we first present the composition and characteristics of the electrodes to
which the components (protein and salt) adsorb. We then illustrate various process
conditions, and discuss the differences in ad- and desorption behavior, leading to
suggestions for innovative separation design.

We compare four electrode combinations all based on activated carbon as
shown in Table 6.1: (1) two AC electrodes, (2) an anode with carboxylic groups (AC")
and a cathode with ethylenediamine (AC*) to create a net-positive charge when
exposed to water at neutral pH (Gao et al., 2015a). Additional electrodes were made
with charged polymers (PSS or PDADMAC) that were either (3) dip-coated onto
unmodified AC electrodes or were cast as an integral part of the electrode slurry (4).

Figure 6.1 a and Table 6.2 indicate that the AC- electrodes were successfully
modified with carboxylic groups, as evident from the larger oxygen content compared
to the AC electrode, and the shift in the potential of zero charge (PZC) to more positive
values (Figure 6.1 d). The N1s peak at 399 eV (Figure 6.1 b and Table 6.2) of the
ethylenediamine treated electrodes (AC*) proves the presence of amine groups, which
shifted the PZC to negative values (Figure 6.1 d), as found by Gao et al. (2015a). The
electrodes containing PSS obtained by dip coating or as integral part of the matrix,
show prominent S2p peaks at 168 eV due to the sulfonate groups (Figure 6.1 c),
whereas the PDADMAC containing electrodes have N1s peaks at 399 and 402 eV for
C-NH2 and C4-N*, respectively (Pei and Lucy, 2014) (Figure 6.1 b and Table 6.2). As

described earlier for modified AC electrodes, also here a shift in PZC was observed:;
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negatively charged polymers lead to more positive PZC, and positively charged
polymers to more negative values (Figure 6.1 d). Similar PZC values were obtained
in earlier work using impedance spectroscopy (Fritz et al., 2019a). The shift in PZC is
less pronounced compared to AC* and AC- electrodes without polymers, since the
majority of the incorporated polymer is not located directly at the interface of the

activated carbon and thus influences the external electric double layer less strongly.
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Figure 6.1. X-ray photoelectron spectra of all electrodes as indicated in the plots. a wide scan. b High-
resolution spectrum of N1s and ¢ S2p. d Potential of zero charge of all electrodes (CV scans are shown
in Figure S6.3).

Thermogravimetric analysis indicates on average 7.7 wt% (Figure S6.2 and
Table 6.3) weight loss for Comp-and Comp*, when heated to 600 °C. This is slightly
less compared to the ratios used to prepare the electrode slurry (5 wt% binder and

5 wt% polymer). The weight loss of all AC electrodes is around 10.6 wt%, which is in
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line with the 10 wt% PVDF used for the electrode preparation, while Dip*and Dip- lose

12.4 wt% of their mass, which corresponds to 1.6 wt% polymer content.

Table 6.2. Elemental analysis (% atomic composition) of X-ray photoelectron spectra of different
electrodes. Two distinct N peaks were found at 1) 399 eV and 2) 402 eV for C-NHz and Cs-N*,
respectively.

Element Position (eV) AC AC* AC- Dip* Dip- Comp* Comp-
Ci1s 285 85.3 77.3 80.1 78.6 79.8 92.1 79.8
O1s 532 5.9 4.3 6.1 9.8 8.8 5.3 11.6
F1s 687 8.8 14.0 13.8 6.7 7.7 - -
N1s 1) 399 ) 144 ) 1)1.2 ) 1)0.6 )

2) 402 2)3.2 2)1.0
Cl2p 197 - - - - - 1.0 -
S2p 168 - - - - 1.5 - 2.9
Na KLL 497 - - - - 2.2 - 5.7
o/C 0.07 0.06 0.08 0.12 0.11 0.06 0.15
N/C - 0.06 - 0.06 - 0.02 -
S/C - - - - 0.02 - 0.04
F/C 0.10 0.18 0.17 0.09 0.10 - -

Table 6.3. Thermogravimetric weight loss after heating sample from 100 to 600 °C.

Material Weight loss (wt%) Estimated polymer content (wt%)
AC 10.6 0

AC* 10.8 0

AC 10.5 0

Dip* 12.4 1.8

Dip 121 1.5

Comp* 7.8 2.8

Compr 7.5 2.5

When testing the different electrode combinations in the flow cell, protein
adsorption was detected in the passive phase during which 0 V was applied (minimum
UV absorbance in outgoing fluid). In contrast, during the active phase when a potential
of -1.2 V was applied, an increase in UV signal indicated protein desorption
(Figure 6.2 a). At the same time salt ad- and desorption occurred vice versa: while
proteins adsorbed, salt was released and while proteins desorbed, salt was stored in

the electrodes as indicated in Figure 6.2 b and c. In the following, we will first discuss
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protein separation and subsequently continue with more insights about the salt
interchange.

For Comp*- and Dip*- electrodes, the amount of ad- and desorbed protein of
about 10 mg-g™!, is much larger than that of, about 1 mg-g™, for the AC and AC*"
electrodes (Figure 6.3 a), with stable values for cycles 3 to 10 (Figure S6.4-S6.7). The
whey proteins have an overall negative charge at the given conditions leading to
storing at interfaces with a positive charge. The cathode carrying PDADMAC can story
more proteins than the standard AC* electrodes due to the presence of the polymer.
Furthermore, the interaction strength between the polymer and protein is weaker than
that with activated carbon, and thus proteins detach more readily. This protein
exchange also takes place at lower potential, but lower amounts can be seperated

(e.g. -0.4 V leads to 3 mg-g™' on average (Figure S6.8)).
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Figure 6.2. Protein and salt separation using an electrical switch. a Change in UV signal of the eluent
during cycle 5. b Change in conductivity of the eluent during cycle 5. ¢ Schematic of salt and protein ad-
and desorption. At 0 V proteins adsorb and salt is released, while at a potential bias proteins desorb
and salt is stored in the electrodes.

It is important to mention that protein desorption occurs faster than adsorption

for all electrodes (Figure 6.3 ¢). For example, when adsorption and desorption periods
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are both set to 1800 s the adsorption peak of Comp*- has a long tail and a total width
of 1800 s (Figure 6.2 a and c), the desorption peak has however only a width of 880
s. This asymmetry in rates is due to the interaction between the different ionic species,
and the difference in driving forces during ad- and desorption. The largest contributor
to this effect is the electric potential applied during the protein desorption phase, which
compensates chemical charges in the electrode and which increases electrostatic
repulsion of negatively charged species at the interface of the cathode while adsorbing
cations. The latter effect can also be of relevance since the increase in ionic strength
in the electrodes can further weaken electrostatic interactions between the proteins

and the electrodes.

a 15 b
—~
‘TD) ‘>
\&» ()]
38 1ol =
c ¢ =5
9..3 © =
oo 5 n o
5 [e]
o o 7}
9 )
) ©
°

ojfh mll | o. Iﬁ Iﬁ

c AC  AC*- comp*- Dip*'- d AC AC*" Comp*’ Dip*-
2 1500t ©1500F fa N
39 2
S E 3 E
© = 1000} B 1000}
2.3 T2
£ 5 5000 ® S 500}
(D] [}
3 3
0 0 +/ +/ +/
AC  AC* comp*- Dip*"- AC AC™" Comp™" Dip™"

Figure 6.3. Protein and salt exchange for all electrode combinations while keeping both the adsorption
and desorption cycle at 1800 s. a Protein adsorption (dark grey) and desorption (light grey). b Salt ad-
and desorption. ¢ Width of protein ad- and desorption peaks. d Width of salt ad- and desorption peaks.
All values in c-d are averages over cycles 3 to 10 for all replicates.

This asymmetry is also known in ion exchange processes in which the
replacement of a slower diffusing molecule with a faster one is usually much faster
than the opposite scenario. lon exchange is, for example, three times faster if a cation
exchange resin, loaded with Na*, is exposed to H*, than in the opposite case. This is
due to the buildup of a potential gradient depleting the film around the resin if fast-
moving H* ions are loaded onto the resin (Wesselingh et al., 1995). In our case, this

rate determining factor could be especially important for polyelectrolyte containing
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electrodes. Since proteins diffuse much more slowly than chloride ions, protein
adsorption is slow if the chemical charges in the polyelectrolyte are screened by CI
ions. In contrast, if the protein concentration in the polymeric layer is high, the ion
concentration in its vicinity is high and thus facilitates protein-Cl- exchange.

In general, the adsorbed amounts of protein are slightly smaller than the
desorbed amounts, and the same trend is found when adsorption and desorption
periods are both set to either 900 or 300 s (Figure 6.4 and S$6.11-S6.12). For these
times, the amount of adsorbed protein is 5, and 3 mg-g”', respectively. Only when a
longer adsorption period (1800 s) is combined with a shorter desorption period of 300 s
are the amounts similar (Figure 6.4 and S6.13). Interestingly, this particular
combination seems to lead to higher protein adsorption compared to the process run
at 1800 s for adsorption and desorption, which could be indicative of slow additional
adsorption to the anode between the moment when the desorption peak has leveled

off, and the end of the active phase due to the applied potential.
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Figure 6.4. Comp*" electrodes used at different ad- and desorption times indicated on the x-axis
(adsorption time/desorption time). a Protein adsorption (dark grey) and desorption (light grey). b Same
but now for salt. ¢ Width of protein ad- and desorption peaks. d Same for salt.

The Comp*" electrodes contain slightly more polymer than the Dip*- electrodes
(2.6 wt% versus 1.6 wt%, Table 6.3). This is especially relevant for the anode, since

the presence of the polymer reduces protein adsorption on the ‘wrong’ electrode (the
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anode). If, for example, two Comp™* electrodes are used (Figure S$6.9), protein
desorption can be detected during the active as well as the passive phase while if two
Comp- electrodes are used (Figure S6.10) desorption occurs only during the active
phase, with small adsorption peaks during the passive phase. The migration of proteins
into the anode also occurs for AC and AC*- electrode combinations. This explains the
second desorption peak right after the adsorption peak in the passive phase
(Figure 6.2 a).

By analyzing fractions of the effluent using HPLC we were able to relate the
overall WPI protein concentration to that of its three major constituents, -lactoglobulin,
a-lactalbumin, and bovine serum albumin (Morr and Ha, 1993). Of these proteins,
B-lactoglobulin is the most prevalent, and its relative concentration increases during

the active phase, meaning that the effluent is enriched in B-lactoglobulin (Figure 6.5).
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Figure 6.5. Changes in B-lactoglobulin (red), a-lactalbumin (blue) and bovine serum albumin (green)
concentration during active and passive phases (bottom) with respect to total UV absorbance change
(top). a Using Comp*" electrodes. b Using Dip*" electrodes.

In addition to proteins, the low-molecular weight ions need to be considered. As
discussed above, some ions are stored due to an ion exchange mechanism, especially
when considering the electrodes containing polyelectrolytes, leading to ion adsorption
when proteins are released and desorption while proteins are adsorbed. The largest
driving force the ions experience is, however, the applied potential difference of -1.2 V,
leading to ion storage in the electric double layer of the electrodes as is the case in

capacitive deionization (Figure 6.2 b and c). However, the amount of stored ions is
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also strongly dependent on the properties of the electrodes (Figure 6.3 b). AC+- or
Comp-- electrode pairs that have chemical charges directly at the surface or distributed
within the electrode matrix, show low salt ad- and desorption values (0.5 mg.g-1). This
could be explained by less efficient capacitive ion storage, e.g. due to a negative
electric charge of the cathode. In the cases of the AC+- and Comp+- electrode pairs,
the cathode also carries positive chemical charges which partially repel the cations.
This was not the case for Dip+- electrode pairs that allow ions to penetrate through the
polymer layer, thus not impacting electric double layer formation due to capacitive
current. As a result, ad- and desorption is high at around 3 mg.g-1, which is comparable
to the values obtained for AC electrodes.

The Dip*- electrodes are also the most stable ones, with less fouling over
repeated operation. Over the course of 10 cycles the gSAC of Dip*- electrodes
decreases by 0.3 mg-g”' while AC electrodes loos 0.7 mg-g™' (Figure S6.4 & S6.6).
This proves that the incorporation of polymers either in or on top of AC electrodes
results in a capacitive protein separation process that also affects the salt
concentration in the effluent depending on the position of the polymers. The Dip*-
electrode pair is most efficient per amount of polymer used, probably due to the density

of the polymeric layers.

6.4. Conclusion

We have presented a novel capacitive, selective protein separation process based on
electrically switched ion exchange. As it is an exchange process, the protein and salt
ad- and desorption are coupled. Via surface modification with charged polymers we
increase the protein ad- and desorption to 10 mg-g™!, from 1-2 mg-g™! for the unmodified
electrodes, and even achieved an enrichment of B-lactoglobulin over other whey
proteins. The stability of the modified electrodes remained high. Since protein and salt
ad- and desorbed in opposite half cycles this process is promising for concentration
and desalting of protein streams within one process, which is relevant to industries

such as food and biotechnology.
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6.5. Supporting Information
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Figure $6.1. X-ray photoelectron spectroscopy narrow scans of a O1s peak and b C1s peak.
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Figure S6.2. Thermogravimetric weight loss after heating samples from 100 to 600 °C (Note: The curves
of AC" and AC" are not shown since they overlapped with AC).
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Figure S6.4. UV absorbance (a) and conductivity signal (¢) measured in the outlet of the electrochemical
flow cell when using AC electrodes, using an adsorption and desorption time of 1800 s and a potential
of -1.2 V during the active phase. b and d represent the amount of proteins and salt exchanged during
the passive and active phase, respectively. The grey filled diamond indicates adsorption in the passive
phase and the empty diamond indicates adsorption in the active phase, while the black filled circle
indicates desorption in the passive phase and the empty circle indicates desorption in the active phase.
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Figure S6.5. UV absorbance (a) and conductivity signal (c) measured in the outlet of the electrochemical
flow cell when using AC*- electrodes, an adsorption and desorption time of 1800 s and a potential of
-1.2 V during the active phase. b and d represent the amount of proteins and salt exchanged during the
passive and active phase respectively. The grey filled diamond indicates adsorption in the passive phase
and the empty diamond indicates adsorption in the active phase, while the black filled circle indicates
desorption in the passive phase and the empty circle indicates desorption in the active phase.
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Figure S$6.7. UV absorbance (a) and conductivity signal (c) measured in the outlet of the electrochemical
flow cell when using Comp*"- electrodes, an adsorption and desorption time of 1800 s and a potential of
-1.2 V during the active phase. b and d represent the amount of proteins and salt exchanged during the
passive and active phase respectively. The grey filled diamond indicates adsorption in the passive phase
and the empty diamond indicates adsorption in the active phase, while the black filled circle indicates
desorption in the passive phase and the empty circle indicates desorption in the active phase.
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Figure S6.8. UV absorbance (a) and conductivity signal (c) measured in the outlet of the electrochemical
flow cell when using Comp*"- electrodes, an adsorption and desorption time of 1800 s and a potential of
-0.4 V during the active phase. b and d represent the amount of proteins and salt exchanged during the
passive and active phase respectively. The grey filled diamond indicates adsorption in the passive phase
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Figure S$6.9. UV absorbance (a) and conductivity signal (c) measured in the outlet of the electrochemical
flow cell when using two Comp™ electrodes, an adsorption and desorption time of 1800 s and a potential
of -1.2 V during the active phase. b and d represent the amount of proteins and salt exchanged during
the passive and active phase respectively. The grey filled diamond indicates adsorption in the passive
phase and the empty diamond indicates adsorption in the active phase, while the black filled circle
indicates desorption in the passive phase and the empty circle indicates desorption in the active phase.
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Figure S6.10. UV absorbance (a) and conductivity signal (c) measured in the outlet of the
electrochemical flow cell when two Comp- electrodes, an adsorption and desorption time of 1800 s and
a potential of -1.2 V during the active phase. b and d represent the amount of proteins and salt
exchanged during the passive and active phase respectively. The grey filled diamond indicates
adsorption in the passive phase and the empty diamond indicates adsorption in the active phase, while
the black filled circle indicates desorption in the passive phase and the empty circle indicates desorption
in the active phase.
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Figure S6.11. Indicators MAC/PSS matrix AD: UV absorbance (a) and conductivity signal (c) measured
in the outlet of the electrochemical flow cell when using Comp*" electrodes, at ad- and desorption time
of 300 s, and a potential of -1.2 V during the active phase. b and d represent the amount of proteins
and salt exchanged during the passive and active phase respectively. The grey filled diamond indicates
adsorption in the passive phase and the empty diamond indicates adsorption in the active phase, while
the black filled circle indicates desorption in the passive phase and the empty circle indicates desorption
in the active phase.
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Figure S6.12. Indicators MAC/PSS matrix AD: UV absorbance (a) and conductivity signal (c) measured
in the outlet of the electrochemical flow cell when using Comp*- electrodes, at ad- and desorption times
of 900 s, and a potential of -1.2 V during the active phase. b) and d) represent the amount of proteins
and salt exchanged during the passive and active phase respectively. The grey filled diamond indicates
adsorption in the passive phase and the empty diamond indicates adsorption in the active phase, while
the black filled circle indicates desorption in the passive phase and the empty circle indicates desorption
in the active phase.

a b
= 1500 B40
£ ‘E’so
§1ooo §’
g 220
[}
§°L L LI L1 L] Sojesesssss
=
3 o5 1 15 2 £ 3456780910
Time (s 4 Cycle number
51.5 gs
g <,
E 1
= S
= ‘ S22y
gos S |®sgnenee
g . %0 00000009
O “os5 1 1.5 2 » 345678910
Time(s) x10* Cycle number

Figure S6.13. Indicators MAC/PSS matrix AD: UV absorbance (a) and conductivity signal (c) measured
in the outlet of the electrochemical flow cell when using Comp*- electrodes, at ad- and desorption time
of 1800 s and 300 s, respectovely, at a potential of -1.2 V during the active phase. b and d represent
the amount of proteins and salt exchanged during the passive and active phase respectively. The grey
filled diamond indicates adsorption in the passive phase and the empty diamond indicates adsorption in
the active phase, while the black filled circle indicates desorption in the passive phase and the empty
circle indicates desorption in the active phase.
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CHAPTER 7

CONTROLLING ELECTROSTATIC AND HYDRATION
INTERACTIONS ELECTROCHEMICALLY FOR
PROTEIN ADSORPTION AND DESORPTION

When proteins in aqueous solution are exposed to solid substrates, they adsorb due
to the dynamic interplay of electrostatic, van der Waals and hydration interactions.
Once adsorbed it is very challenging to induce desorption. Here we use a gold
electrode as the solid substrate and modulate the surface potential to systematically
investigate adsorption as well as desorption, the latter being an essential but
troublesome step in protein recovery. We show through surface plasmon resonance,
atomic force microscopy, and electrowetting that biasing the electrode to more
negative potentials (by -0.4 V compared to the open circuit potential at pH 6) results
for the negatively charged protein p-lactoglobulin in an increase of the adsorption
barrier by 6 kJ-mol'. We clearly demonstrate that this applied potential results in an
increased double layer potential of -0.06 V and an increase in hydration repulsion. This
indicates that an electric potential can directly influence the adsorption free energy,
and it is even possible to use it to induce B-lactoglobulin desorption. These principles
can be used in innovative separation technology that uses only one trigger to steer

protein ad- and desorption.

This chapter has been submitted as:
P. A. Fritz, B. Bera, J. van den Berg, |. Visser, M. Kleijn, R. M. Boom, and K. Schroén.
Controlling electrostatic and hydration interactions electrochemically for protein

adsorption and desorption.



7.1. Introduction

Although protein adsorption to and desorption from solid interfaces is of great
importance in many application fields such as biotechnology, biophysics, medicine,
pharmaceutics, and food science, the underlying mechanisms are far from resolved,
due to their complexity. For this, multiple components (e.g. surface, protein, solvent),
that have different properties (e.g. polarity, charge) depending on the environment they
are exposed to (pH, isoelectric strength, temperature) and thus contribute in various
ways to system specific interactions would need to be considered. Further, these
effects occur dynamically: when a solid surface is brought into contact with a protein
solution, the surface will first be wetted by solvent molecules. Subsequently, proteins
diffuse into the near-surface fluid, replace solvent molecules and adsorb, leading to an
adsorbed layer where conformational rearrangements and replacements can still occur
(Nakanaishi et al., 2001; Norde, 1995; Rabe et al., 2011).

Since proteins can have multiple contact points with the surface, the Gibbs free
energy of adsorption is usually in the range of tens of RT per mole of protein, with R
the universal gas constant and T the temperature (Norde, 1995; Vogler, 2012). For
B-lactoglobulin values between -5 kJ:-mol! (-2RT) to -55 kJ:-mol! (-22RT) depending on
the surface (Bonomo et al., 2006; Fainerman et al., 2006; Omanovic and Roscoe,
2000), have been reported; the negative sign denotes attraction between proteins and
surface (Norde, 1995; Vogler, 2012). Electrostatic interactions as well as van der
Waals attraction, and hydration interaction are key factors defining the origin and
strength of the binding of proteins to surfaces (Israelachvili, 2011; Kleijn et al., 2004;
Lyklema, 2000; Mcumber et al., 2015). Once proteins adsorb, desorption is challenging
due to structural rearrangements and relaxation at the interface (Norde, 1995). E.g. for
B-lactoglobulin, maximum desorption upon rinsing with buffer could be achieved after
around 1500 s of adsorption (the critical surface coverage at a concentration of
5-10-® M); for shorter and longer adsorption times, the amount of protein that could be
removed was less (Rabe et al., 2007).

Although elution with buffer is widely used to achieve protein desorption, in
many cases this cannot be effective because of the high adsorption energy; in order
to influence that, we hypothesize, that electrochemical stimuli are more efficient, since

they directly affect the solid surface potential, and thus the binding strength by both
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electrostatic and hydration repulsion. To quantify these effects, AFM has been used to
study surface interactions and characterize the electric double layer (Butt, 2007; Butt
et al., 2005; Ricci et al., 2014); on a gold electrode the double layer potential could be
shifted between -30 mV and 20 mV when varying the applied potential form -0.3 to
0.5V versus a Ag/AgCl (3 M) reference electrode (Barten et al., 2003a; Hillier et al.,
1996).

Here we investigate for the first time to what extent the applied potential
influences protein adsorption (Barten et al., 2003b; Kleijn et al., 2004; Moulton et al.,
2003), and desorption when using electrodes directly, so without electrochemically
responsive surface coatings (Mu et al., 2007; Su et al., 2017a). The approach we take
revolves around a unique combination of atomic force microscopy, electrowetting
(Mugele and Baret, 2005) and surface plasmon resonance, which allows us to
systematically investigate and quantify the fundamental effect of the surface potential
on protein ad- and desorption, and the underlying interactions. The obtained findings
are directly linked to concrete applications in biosensors and separation (Maharjan et
al., 2008) (e.g. electrochemical separation (Su and Hatton, 2017b; Yoon et al., 2019)
and electrochemically modulated liquid chromatography (Collins and Arrigan, 2009;
Harnisch and Porter, 2001; Porter and Takano, 2000; Su and Hatton, 2017a; Yamini
et al., 2014)).

7.2. Materials and Methods

7.2.1. B-Lactoglobulin purification and characterization

B-lactoglobulin (M, 18.4 kDa) was purified from whey protein containing 72.4 %
protein following Mailliart and Ribadeau-Dumas (1988). Whey protein solution was
adjusted to pH 2 at 14 % sodium chloride concentration; after overnight stirring the
solution was diluted 2-fold and centrifuged (10 min at 10,000 g). The sodium chloride
concentration of the supernatant was subsequently adjusted to 23 % and again
centrifuged. The pellet was resuspended and the pH was adjusted to 7, and resulting
B-lactoglobulin solution was dialyzed against water and freeze dried for storage. The
purity of B-lactoglobulin in the final product was measured using HPLC and was at least
99.9 % (Figure S7.1 a). The isoelectric point was 4.6 (Zetasizer measurements in the
range of pH 3 to pH 8; Figure S7.1 b).

125



7.2.2. Surface plasmon resonance (SPR)

A SPR-device from Kinetic Evaluation Instruments (The Netherlands) was used
in combination with an electrochemical cell (Figure 7.1 a). For the baseline, 5 mM
sodium chloride solution at pH 6 was run through the cuvette and the SPR signal
recorded. Subsequently, a 10 mg/L B-lactoglobulin solution at 5 mM sodium chloride
(pH 6) was introduced in the cuvette. As blank, the same experiment was conducted
without protein; these values were subtracted from those obtained for the
B-lactoglobulin solution to identify the signal related to protein only.

For electrochemical measurements the gold surface of the SPR chip (SSENS,
The Netherlands) was the working electrode, a platinum wire the reference electrode,
and stainless steel the counter electrode. The reference electrode was calibrated using
an Ag/AgCl (3 M) reference electrode at 0.3 V vs Ag/AgCl at pH 6. The open circuit
potential (OCP) of the gold electrode at pH 6 and 5 mM NaCl was 0.1 V vs Ag/AgCl
(3M).

Adsorption (typically 3 hours) was measured for different constant applied
potentials to the gold electrode, or for alternating potentials. Typically, OCP would then
be applied for 10 to 1800 s, followed by -0.4 V for 1800 s, which was repeated four
times. All experiments where conducted in independent triplicates. Increase in energy
barrier for adsorption (AE) upon applying -0.4 V was determined using Equation 7.1
(Norde, 1995; Norde et al., 1991),

]TO.4‘V — e—AE/RT 7.1
Jocp

where j.o.4v and jocp represent the initial protein adsorption rate at an applied potential
of -0.4V vs OCP, and at the OCP, respectively.

7.2.3. Atomic force spectroscopy

A Bruker Nanoscope Multimode SPM was used in combination with an
electrochemical fluid cell (Figure 7.1 b). To obtain a truncated conical blunted tip, a
pointed silicon AFM probe (MikroMasch, NSC36) was scratched on a silicon oxide
surface for 1 h, using the AFM in contact mode at a deflection set point of 8 V

(Figure 7.1 c-e) (Ebeling et al., 2011). After scratching the probe radius R, was 70 nm.
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The cantilever spring constant was found to be around 0.6 N'm™' before and after each

measurement.
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Figure 7.1 Overview of experimental set-ups, and details of probes. a Electrochemical surface plasmon
resonance. b Electrochemical atomic force spectroscopy. ¢ Truncated cone shaped probe used for
atomic force spectroscopy with angle o and radius R, at the plane facing the gold substrate. d, e SEM
image of the pointed and blunted atomic force spectroscopy probe, respectively. f Electrowetting.

Gold electrodes were obtained by fixing a gold wire in a Teflon sample holder
and polishing the cross section (2 mm?) using a 40 nm silica suspension in water (OP-
U suspension, Struers bv, Denmark). This resulted in relatively flat gold surfaces
containing areas with a peak-to-valley distance of less than 5 nm over an area of
0.1 ym?, as determined by AFM imaging in the contact mode with a standard nitride tip
(Barten et al., 2003a). The cross section of the gold wire was used as working
electrode, while a platinum wire was the counter electrode, and a 3 M Ag/AgCl
electrode the reference electrode (Figure 7.1 b). As electrolyte, a 5 mM sodium
chloride solution at pH 6 was used. All solutions were degassed by sonication for
30 min prior to the experiment. With a syringe, 10 mL of solution was flushed through

the AFM cell, after which it was closed and the system left to equilibrate for 10 min,
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after which force curves were measured over 500 nm at a ramp rate of 1 Hz, biasing

the working electrode to 0, -0.1, -0.2, -0.3 and -0.4 V vs OCP, respectively.

7.2.4. Electrowetting

The dynamic contact angle was measured (Teclis, France) on the same gold
substrate used for the SPR experiments, and used as working electrode. As counter
and reference electrodes, Pt-wires were immersed into the drop (NaCl 5 mM) as
indicated in Figure 7.1 f. The drop was regulated using a 16G needle (Teclis, France)
at 1 mm3s™' and advancing and receding contact angles on the left and right side of
the drop were measured. After a period of 50 s, a potential ramp from 0 to -0.5 V vs
Ag/AgCl (3M) was applied to the working electrode, using 0.1 V intermediate steps.

All measurments have been performed at room temperature (25°C).

7.3. Results and discussion

A typical B-lactoglobulin adsorption curve measured using SPR is depicted in
Figure 7.2 a. Initially, B-lactoglobulin adsorbs quickly (after 60 seconds of baseline
measurement), but after around 3 minutes the surface becomes saturated and the
adsorption rate decreases (Figure 7.2 a inset). The maximum adsorbed amount when
no potential (NP) or the open circuit potential is applied is comparable with values
previously found using ellipsometry (2.7 mg:m2) (Elofsson et al., 1997; Marsh et al.,
2002; Rabe et al., 2007). Under a potential of -0.4 V proteins adsorb much slower,
indicating an increase in adsorption barrier by 6.3 kJ-mol-', and the maximum adsorbed
amount after 3 h is reduced to 1.0 mg'-m~ (Figure 7.2 a).

Activating the potential from open circuit conditions to -0.4 V after adsorbing for
1800 s, induces the desorption of some B-lactoglobulin (Figure 7.2 d); the amount of
surface bound proteins decreases by up to 15 %, which becomes slightly less upon
repeated operation (Figure 7.2 e). The actual amount that can be desorbed depends

on the adsorption time.
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Figure 7.2 Electrochemically modulated protein adsorption and desorption. a Adsorbed amount of
protein, and adsorption rate (inset) over time at different applied potentials leading to an extra adsorption
barrier of 6.3 kJ'mol! at -0.4 V relative to OCP (NP is no potential applied). b Protein adsorption to
surface with low coverage. ¢ Protein adsorption to surface with high coverage. d p-lactoglobulin
adsorption at 0 V and desorption at -0.1 V (orange), and -0.4 V vs OCP (purple). e Desorption efficiency
after repeated adsorption for 1800 s at 0 V vs. OCP, and subsequently desorption at -0.4 V vs. OCP.
f Desorption efficiency of first cycle when -0.4 V vs. OCP is applied, depending on different adsorption

times.

Three situations can be distinguished (i) at low surface coverage, B-lactoglobulin
adsorbs irreversibly (Figure 7.2 b), (ii) beyond a critical surface coverage the number
of contact points per protein decreases due to crowding, which increases the

desorption rate (Figure 7.2 c¢), and (iii) conformational rearrangements of the

129



molecules in the adsorption layer result in relaxation and a decreased desorption rate
constant (Rabe et al., 2007), as also illustrated in Figure 7.2 f. Which role the various
forces play is explained next.

The repulsive forces between the gold surface and silicon probe, measured with
AFM, increase upon applying a more negative potential (Figure 7.3 a). If we switch the
potential from 0 V to -0.4 V, repulsion increases from 0.2 mN-m-'to 9 mN-m" at 3 nm
from the surface, and the distance over which the repulsive forces decay to practically

zero (cutoff value: 0.01 mN'm") increases from around 5 nm to 26 nm.
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Figure 7.3 Surface interactions between gold electrode and silicon probe. a Measured energy-distance
curves between truncated silicon probe and gold electrode biased at potentials ranging from 0 to -0.4 V
vs OCP. b Double layer potential EepL, and ¢ Hydration repulsion amplitude A, obtained after fitting
interaction energy curves (Figure S7.4) either using constant potential (CP, blue) or constant charge
(CC, red) boundary conditions.

Fitting the energy distance curves with DLVO theory allows distinction between
electrostatic and van der Waals contributions, but also hydration interactions should
be considered. The change in electrostatic potential y in the diffuse double layer over

distance z follows from the nonlinear Poisson-Boltzmann equation (Equation 7.2).

d%y kT e
W = KZ ?smh (k_T lp) 7.2
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Here «'is the Debye screening length, e the elementary charge, ¢the relative
dielectric constant (78.54), & the permittivity of vacuum and k the Boltzmann constant.
The excess of ions near the electrode (Figure 7.4 b) compensating the surface charge,
lead to repulsion when a second negatively charged object approaches (Bard and
Faulkner, 1944). This repulsion was calculated using Equation 7.3 and 7.4 (results
shown in Figure 7.4 ¢ and d, are for constant potential and constant charge boundary

conditions, respectively).

B ey €€g (dl,b)z 73

g (D) = 2nogkT [cosh (kT) 1] RVE
®g = Mg (D)TR, + 2 foon <D+rp_Rp)d 7.4
el = Hp\W)TtRy 7TR El tana r .

Equation 7.3 gives the pressure in the gap (disjoining pressure 77k) between
two flat surfaces, with no the number of ions in the bulk (m3), and D the distance
between the two plates. For calculation of the electrostatic interaction energy (@g)
between the adsorbing surface and the probe (Equation 7.4), the shape of the probe
has been taken into account: R, and r, are radii at different locations on the cone as
indicated in Figure 7.1 ¢, and « is the cone angel. Since the silicon probe has an
oxidized surface layer, we used —-0.06 V for the surface potential of silica (Ebeling et
al., 2011) and used the surface potential of the gold electrode as fit parameter. At
constant potential boundary conditions, a maximum can be observed for the
electrostatic interaction, leading to attractive forces at distances below 8 nm
(Figure 7.4 c¢), this is due to charge reversal on the boundary (Figure $7.2 and S7.3)
(Hillier et al., 1996).

The gold-water-silica system has a rather high Hamaker constant (5.7-102° J
(Barten et al., 2003a)), which leads to strong attraction at distances shorter than
10-15 nm (see Figure 7.4 e, calculated using Equation 7.5 and 7.6 (Ebeling et al.,
2011; Israelachvili, 2011)).

Ay 7.5

Myaw(D) = — P
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R

This attraction is, however, rarely detected in energy-distance curves as
measured here (Figure 7.3 a) (Giesbers et al., 2002), which can be related to strong
hydration forces acting at close proximity to the surface. Thus the contribution of
hydration repulsion was calculated using Equation 7.7 (Kilpatrick et al., 2013) and 7.8,
and results for different hydration repulsion amplitudes A, at a decay length of 1.29 nm

are given in Figure 7.4 f.

(D) = A2 o2 7.7
=—e€

Hy D

&y = My, (D)R, + ZHL My, (D + pa— )dr

To fit the energy distance curves in Figure 7.3 a, the different interaction
contributions were added up. For a good fit we had to shift the data points by 5 nm to
the right (Figure S7.4). A physical justification for this is the surface roughness of both
the polished polycrystalline gold electrode and the blunted AFM probe, affecting the
precise onset of the interactions (Barten et al., 2003a). In addition, factors such as the
angle of the flattened cone surface with respect to the gold substrate and the exact
value of its radius add to the fitting uncertainties. The double layer potential derived
from the measured force curves (Figure 7.3 b) is more negative with increasing
negative applied potential (leading to more electrostatic repulsion). When applying
-0.4 V vs OCP a double layer potential of -0.06 V was achieved being a bit larger as
compared to what was determined by Barten et al. (2003a) using a colloidal silica probe
in a 1 mM KNOs electrolyte at pH4.7 when applying -0.3 V vs Ag/AgCl. Furthermore,
the hydration repulsion amplitude increases (Figure 7.3 c¢) indicating stronger

hydration repulsion at more negative potentials.
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Figure 7.4 a Double layer potential (E) profile from the electrode interface (Eo between -0.1 and -0.02 V)
to the electrolyte solution. Inset: Distance at which the potential drops to 0 V (cutoff: -5-10“ V).
b Schematic of ion distribution at electrode interface within the electric double layer and potential profile
at interface. ¢ Electrostatic interaction energy determined for constant potential boundary conditions,
gold electrode was held at 0, -0.2, -0.4, -0.6, -0.8 or -1.0 V and silica probe set at -0.06 V. d Constant
charge boundary conditions were determined using Graham’s equation for values between 0 and
0.041 V-nm™" for the gold electrode, and -0.0173 V-nm™" for the silica surface. e Van der Waals attraction
for a Hamaker constant of 5.7-102%° J, and f hydration repulsion for hydration repulsion amplitude
between 1 and 30 mJ-m2 with decay length of 1.29 nm.

The hydration repulsion effects relate to a change in surface wetting, which is
also determined experimentally at meso scale through contact angle measurements
(Figure 7.5 a, b and S7.5). The advancing contact angle decreased from 80 to 72°
when shifting from 0 to -0.5 V. This implies that the interaction between water and
surface becomes stronger, leading to increasing work of water adhesion (W,
Equation 7.9), and a more negative free energy of wetting per mole of surface sites
(AGE, Equation 7.10) (Vogler, 2012),

W =y, (1+ cosb,) 7.9
AG, = <R3_T> In [(1 — cos Ha)i(Z + cosf,) 210

where . is the surface tension of water and #&. the advancing contact angle

(Figure 7.5 b). Usually, 63° is assumed as threshold advancing contact angle between
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hydrophilic and hydrophobic, since then the water orientation correlates with the 70:30
hydrogen-bonding-to-dispersion-force contributions for self-association of water
(Vogler, 2012). For a gold substrate, the majority of water molecules lays flat or
perpendicular on the surface contributing with at least one H-atom to the hydrogen
bond network. Thus can be concluded that a gold surface has more H-donors than
H-acceptors and with an increasing negative potential this ratio is further distorted
leading to a smaller contact angle and more hydration repulsion (Besseling, 1997;
Velasco-Velez et al., 2014).
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Figure 7.5 Dynamic contact angle of water at the gold electrode as a function of applied potential.
a Average dynamic contact angle (top) depending on applied potential (middle) and current response
(bottom). b Advancing contact angle (top) and resulting work of water adhesion (middle) and free energy
of wetting a mole of surface sites (bottom).

All these findings together indicate that overlapping electric double layers and
the arrangement of water molecules near the surface both contribute to repulsive
forces at the interface. Furthermore, we conclude that both force contributions can be
influenced by an externally applied potential increasing the repulsive forces at
increasingly negative applied potential. This in turn influences the adsorption free
energy, and thus not only decreases protein adsorption but also induces protein
desorption especially when close to critical surface coverage. This effectively prevents
stronger adsorption at high surface coverage.

The latter, as reported and analyzed for the first time in this manuscript, and it
is essential when considering regeneration of electrode surfaces for adsorptive
separation processes or electrochemical sensor interfaces. The findings indicate that

in order to induce protein desorption by applying by an electric potential either an
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increase in the double layer potential can be used or an increase in hydration repulsion.
Both can be influenced by an increase in the applied potential but also by choosing
electrode materials with a low impedance, to increase the potential drop in the
electrolyte (double layer potential). Furthermore, electrode materials that show good

electrowetting properties should be favored.

7.4. Conclusion

We present a unique combination of techniques to study the influence of the surface
potential of a solid substrate on protein adsorption as well as desorption. Upon
changing the surface potential with a negative electric bias of -0.4 V with respect to
OCP the adsorption barrier increased by 6.3 kJ-mol! due to an increase in electrostatic
and hydration repulsion leading to reduced and slower protein adsorption.
Furthermore, the increase in the double layer potential, and work of water adhesion
also triggered protein desorption. These are crucial findings that help to elucidate the
complex mechanisms behind protein ad- and desorption, and how both can be
modulated by the surface potential, and thus applied in the design of innovative
biosensors as well as protein separation technologies that can be loaded and

regenerated by the ‘switch of a button’.
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Figure S7.1. a HPLC retention peaks of the original whey protein isolate, and the purified
B-lactoglobulin. b Zeta potential of B-lactoglobulin as function of pH.
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CHAPTER 8

SIMULTANEOUS SILICON OXIDE GROWTH
AND ELECTROPHORETIC DEPOSITION
OF GRAPHENE OXIDE

During electrophoretic deposition of graphene oxide (GO) sheets on silicon substrates,
not only deposition but also simultaneous anodic oxidation of the silicon substrate
takes place, leading to a three-layered material. SEM images reveal the presence of
GO sheets on the silicon substrate, and this is also confirmed by XPS, albeit that the
carbon portion increases with increasing emission angle, hinting at a thin carbon layer.
With increasing applied potential and increasing conductivity of the GO solution the
carbon signal decreases, while the overall thickness of the added layer formed on top
of the silicon substrate increases. Through XPS spectra in which the Si2p peaks shifted
under those conditions to 103 - 104 eV we were able to conclude that significant
amounts of oxygen are present, indicative of formation of an oxide layer. This leads us
to conclude that GO can be deposited using electrophoretic deposition, but that at the
same time silicon is oxidized, which may overshadow effects previously assigned to

GO deposition.

This chapter has been published as:

P. A. Fritz, S. C. Lange, M. Giesbers, H. Zuilhof, R. M. Boom, and K. Schroén.
Simultaneous silicon oxide growth and electrophoretic deposition of graphene oxide.
Langmuir 35, 3717-3723 (2019).



8.1. Introduction

Transparent electrodes are used in many electronic devices such as touch screens
(Wang et al., 2012), thin-film photovoltaics (Yin et al., 2014), and transistors (Huang et
al., 2012). Reduced graphene oxide (GO) thin films are promising cheaper alternatives
(Kumar et al., 2015; Wobkenberg et al., 2011) to the current standard indium-doped
tin oxide (ITO). Graphene oxide is a 2D material synthesized by chemical exfoliation
of graphite, (Dreyer et al., 2010) that in its original state shows low conductivity, but
when reduced by either thermal, (Yang et al., 2012) chemical (Park et al., 2011) or
electrochemical methods, (Shao et al., 2010; Yu et al., 2013; Zhang et al., 2012) the
conductivity can become as high as 100 S.cm™ (Gao, 2015). Further, their thermal
stability, flexibility, and light transmittance of 80-85 % at a wavelength of 550 nm make
reduced GO thin films interesting candidates for flexible transparent electrodes (Gao
et al., 2013; Karthick et al., 2013; Pham et al., 2010; Yin et al., 2010).

Many techniques to produce GO thin films have been proposed, amongst others
spray-coating, (Chan Lee et al., 2015; Pham et al., 2010) spin-coating, (Becerril et al.,
2008; Watcharotone et al., 2007) and electrophoretic deposition (An et al., 2010;
Chavez-Valdez et al., 2013; Ishikawa et al., 2012; Liang et al., 2013). When applying
the latter technique, GO sheets migrate along an electric field towards the anode due
to the negatively charged oxygen groups (typically carboxyl and hydroxyl groups)
present on the lateral plane and edges of the GO sheets. Once they reach the surface
of the anode, the charged sheets deposit and form a new layer on the electrode, and
further reduction can take place (Chavez-Valdez et al., 2013). This technique can be
applied to many conductive substrates such as copper, nickel, aluminum and stainless
steel, and is not limited to planar shapes (Chavez-Valdez et al., 2013; Hasan et al.,
2010; Lake et al., 2012; Park and Park, 2014; Vlachova et al., 2015). A significant
advantage of electrophoretic deposition is thus that the GO is directly reduced during
the deposition process (An et al., 2010).

Apart from the metallic substrates mentioned above, also silicon has been used
as substrate for electrophoretic deposition of GO, (An et al., 2010; Ishikawa et al.,
2012; Liang et al., 2013) with e.g. the aim to reduce wear and tear in micro- and nano-
electromechanical systems (MEMS/NEMS). This use of GO has led to an order of

magnitude reduction in both friction and wear volume, as compared to bare silicon,
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making GO a promising solid lubricant. For this purpose, layer thicknesses of up to
402 nm have been reported, (Liang et al., 2013) based primarily on ellipsometry and
cross-sectional SEM images. In these estimates, the deposited GO layer has,
however, to the best of our knowledge, never been distinguished from any anodically
oxidized silicon layer underneath. To properly evaluate and understand the
performance of the layer, a compositional analysis is, of course, required.

The anodic oxidation of silicon at the interface of an electrolyte has been

described with the following reactions (Zhang, 2001).

Si+ H0 + h-> SiOH + H* 8.1
2 SiOH - Si20 + H20 8.2
2 Si20 - SiO2 + 3 Si 8.3

The majority of the oxygen atoms in an anodically grown oxide layer originate from
water that is present at or is generated by redox reactions of salt or solvent molecules
at the electrode interface. Water only enters the most outer layer, where proton loss
occurs, which leads to hydroxyl or oxide ions traveling further into the silicon structure
along the electric field (Zhang, 2001). In this paper, we describe the influence of several
electrophoretic deposition parameters on the deposition of GO and growth of anodic

silicon oxide, using SEM, XPS, ellipsometry, and color analysis.

8.2. Materials and methods

8.2.1. Electrophoretic deposition of graphene oxide

Prior to the coating process, the GO solution (Sigma-Aldrich, 4mg-mL") with a
conductivity of 7 uSrcm™' was sonicated and depleted of oxygen using a N2 purge for
30 min. The silicon substrates (1 x 4 cm) were cleaned with piranha acid (3:1) for
15 min. Later, two silicon substrates were immersed into the deposition cell at a
distance of 10 mm, and a constant potential of 5, 20, 30 or 60 V was applied for 1 h
(Power supply EPS 1001, Amersham Pharmacia Biotech, USA). To increase the
conductivity of the GO solution, 10 or 1000 mM sodium sulfate was added to reach
conductivities of 16 and 485 uS-cm-', respectively. Next to 1 h, silicon substrates were

also coated for 0.5 and 2 h at 20 V. As blanks, a silicon substrate was immersed in the
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GO solution for 1 h without applying a potential, and another silicon substrate was
exposed to a sodium sulfate solution with a conductivity of 7 pS-cm-! but without any
GO present, while applying a potential of 20 V for 1 h.

Since GO solutions can vary in sheet size, oxidation degree and conductivity,
as comparison, another GO solution (GO(2)) was synthesized from graphite powder
(Sigma-Aldrich, <20 ym) by a modified Hummers method (Wang et al., 2017). The
resulting GO solution (1 mg-mL™") with a conductivity of 14 uS-cm' had a zeta potential
of -32.5 mV (Zetasizer Nano-ZS, Malvern instruments, UK) and the d-spacing of the
freeze-dried sample (FreeZone 2.5 Plus, Labconco, USA) was measured to be 8.62 A
using X-ray diffraction spectroscopy (D8 Advanced, Bruker, USA). Silicon substrates

were coated as described above at 30 V for 1 h. All samples were produced in triplicate.

8.2.2. Spin coating of Si substrates

GO(2) solution was sonicated for 30 min and the silicon substrate (1 x 4 cm)
was cleaned with piranha acid (3:1) for 15 min and etched with 3.5 % HF for 4 min.
Subsequently 750 yL GO solution was put onto the substrate for 1 min and spun at
600 rpm for 2 min and 2000 rpm for 1 min. As comparison the same procedure was

conducted without HF etching. All samples were produced in triplicate.

8.2.3. Preparation of reference silicon substrates

A silicon substrate (1 x 4 cm) was first cleaned for 15 min in piranha acid and
subsequently etched with 3.5 % HF for 4 min to remove oxygen. Another silicon wafer
was heated to 1000 °C for 1 h in a lab furnace (Thermo Fischer Scientific), to achieve
a thermally grown oxide layer at the outside of the substrate. All samples were

produced in triplicate.

8.2.4. Surface characterization.

The overall thickness of anodic silicon oxide and GO was characterized at three
different positions on each sample (triplicate) using static angle ellipsometry at a
wavelength of 632.8 nm and an incidence angle of 70° (SE400, Sentech, Germany).
Both the overall layer thickness and the refractive index were used as fitting

parameters and average values with according standard deviations were calculated.
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Static (80°) and angle-resolved (0 - 80° between sample and detector) X-ray
photoelectron spectra were measured (XPS, JPS-900 JEOL, Japan) to evaluate the
chemical composition of each surface. The element concentrations on the surfaces of
the individual sample sets were averaged and the according standard deviations were
calculated. Scanning electron microscopy (SEM) images of the top surface (2,000 and
10,000x) and the cross section (350,000 x) were taken using 2 kV acceleration voltage
(SEM, Magellan 400, FEI, USA). AFM surface topography images were acquired by
an Asylum Research MFP-3D SA AFM (Oxford Instruments, United Kingdom). A sharp

knife was used to scratch the surfaces. The scratched surfaces were rinsed with water.

8.3. Results and discussion

During electrophoretic deposition, GO sheets migrated towards the positively
charged electrode (anode) and deposited on the silicon substrate. After the coating
process, the resulting modified substrates had different colors depending on the
process potential, solution conductivity and coating time used, varying between
brownish, grey and blue (Figure 8.1, inserts).

In literature, these colors were directly related to the GO thickness, and were
implied to correlate with a deposition of hundreds of nanometers of GO (Liang et al.,
2013). The SEM images in Figure 8.1 and S8.1, however, reveal sharp contours of
individual GO sheets and the visibility of the underlying substrate is first decreasing
while going from 5 to 20 V and then increasing with further increasing coating potential
(Figure 8.1 a-e; see also Figure $8.1 a and b in the Supporting Information),
conductivity of the GO solution (Figure 8.1 f and g; see also Figure $8.1 ¢ and d) and
coating time (Figure 8.1 h and i; see also Figure S8.1 e and f). For example, on the
sample coated at 60 V only a few individual sheets can be found (Figure S8.1 b), thus
the blue color of the surface is most likely not caused by the deposited GO, but
expected to be related to an anodically grown silicon oxide layer (Henrie et al., 2004).

The presence of silicon oxide was confirmed using XPS analysis. In all samples
a silicon, oxygen and carbon peak can be detected (Figure 8.2 a and $8.2). While
native silicon has a Si2p peak at 99 eV (Figure 8.3 d and e, bottom), the silicon peaks
of the GO-coated silicon samples are between 103 and 104 eV (Figure 8.2 f and

Figure $8.5). This is comparable to the Si2p peak position of a thermally oxidized
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silicon substrate (Figure 8.3 d and e, top) and of a sample exposed to a sodium sulfate
solution for 1 h while applying 20 V (Figure S$8.9). As a reference, GO sheets can also
be spin coated onto an etched silicon substrate, but in this case the Si2p position stays

at 99 eV, because no silicon oxidation occurs during the process (Figure S8.8).

Figure 8.1. SEM images of samples coated for 60 min at 5 (a), 20 (b, ¢), 30 (d) and 60 V (e) with a
solution conductivity of 7 uS'cm™; 60 min at 20 V with a solution conductivity of 16 (f) and 485 pS:cm™
(g9); and 7uS+cm™ for 30 (h) and 120 (i) min (Magnification: 2000 x, except b, which is 10,000 x). Arrow
in ¢ indicates MnO: crystals.

The high O/C ratio of 1.6 in the XPS wide scan of the sample coated at 20 V for
1 h (Figure 8.2 a) reveals the presence of more oxygen-containing species on the
surface next to GO that has an O/C ratio of 0.4 (Figure 8.3 a). While the O1s narrow
scan of GO (Figure 8.3 c) can be fitted with two peaks related to carbonyl and carboxyl
groups on the GO sheets, the O1s narrow scans of the GO coated Si-substrates reflect
the additional presence of SiO> and MnO2 (Figure 8.2 e and Figure S8.4). The
appearance of the manganese peak can be traced back to the potassium
permanganate customarily used during liquid synthesis of graphene oxide. During the
electrophoretic coating process MnO2 can be formed, leading to the deposition of
MnO2 nanoparticles (arrow in Figure 8.1 ¢ and $8.1; see also the spikes in $8.11). A

similar process has been discussed by Yu et al. for the synthesis of graphene/MnO:
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nanostructured textiles for improved capacitance in large-scale energy storage

systems (Yu et al., 2011).
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Figure 8.2. a XPS wide scan of a sample coated at 20 V for 1 h at 7 uS'cm'. b Ratio of C/Si from XPS
wide scans of samples coated at various potentials, coating times, and solution conductivities (standard
deviations are < 10 %) ¢ C1s XPS narrow scan of a sample coated at 20 V for 1 h at 7 uStcm™'. d Ratio

of O-bound carbon atoms versus C-bound carbon atoms (standard deviations are <10 %). O1s (e) and
Si2p (f) XPS narrow scan of a sample coated at 20 V for 1 h at 7 pStcm-.

Looking at the XPS C1s narrow scans (Figure 8.2 ¢ and $8.3) of the coated Si

substrates the ratio of carbon atoms bound to oxygen atoms e.g. in carbonyl or
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carboxyl groups versus carbon atoms connected with only other carbon atoms
decreases by 12-60 % compared to the original ratio in GO, indicating the
electrochemical reduction of GO during the electrophoretic deposition process
(Figure 8.2d) (An et al, 2010). Although the detailed mechanism behind this
deoxygenation of carboxyl groups on the GO sheets is not the topic of our investigation,
two literature-based hypotheses deserve mentioning, namely a Kolbe-like release of
CO2 after contact with the electrode, leading to potential crosslinks between different
GO sheets, (Diba et al., 2016; Vijh and Conway, 1967) or crosslinking between protic
functional groups of GO and Si-containing molecules such as tetraethyl orthosilicates
(Kou and Gao, 2011; Liu et al., 2015).
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Figure 8.3. a XPS wide scan, b C1s narrow scan and ¢ O1s narrow scan of GO. d XPS wide scan and
e Narrow scan of HF-etched silicon substrate (bottom), silicon substrate exposed to Oz (middle), and
thermally oxidized silicon substrate (top).

The samples coated at 30 V with the alternatively prepared GO(2) solution show
similar results, the SEM image (Figure S8.7 a) reveals the presence of GO sheets on
the surface and an O/C ratio of 5.6, as well as the shift of the Si peak to 103 eV
(Figure S8.7 c) indicative of the presence of silicon oxide. The absence of the Mn peak

in the XPS spectra of GO(2) can be related to different ion residues in solution, similar
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to the samples coated with GO solution containing additional sodium sulfate
(Figure S8.2¢c, d and Figure S8.4c, d). This indicates that GO solution
characteristics, such as the solution conductivity, are of high importance for the coating

process and the resulting quality of the deposited layer.
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Figure 8.4. a Overall layer thickness (Si oxide and GO) and b Overall refractive index determined by
ellipsometry (standard deviation is <10 % and <2 %, respectively). ¢ Ratio of C versus Si signal over
XPS emission angle of samples coated at various potentials, coating times, and solution conductivities.
Black square: 20 V, 1 h, at 7 uS'cm™'. Red circle: 30 V, for 1 h, at 7 pS'cm™'. Purple star: 40 V, 1 h, at
7 uS'cm™'. Blue diamond: 60 V, 1 h, at 7 pS'cm-'. Pink downward triangle: 20 V, 1 h, at 16 uS:cm™.
Green upward triangle: 20 V, 1 h with, at 485 uS'cm™'. Cross: 20 V, 0.5 h, at 7 pS'cm™'. Star: 20 V, 2 h,
at 7 uScm™'. d XPS wide scans at different emission angles of a sample coated at 20 V for 1 h at a
solution conductivity of 7 uStcm-™.

While no GO deposition and no silicon oxidation can be detected on a silicon
substrate simply exposed to the GO solution without applying a potential
(Figure S8.10), the overall thickness (silicon oxide and GO) of the layers formed when
coated at 20 V for 1 h was 34 nm, and height differences measured by AFM after
applying a scratch in the GO layer (Figure $8.11), suggest the GO thickness to be
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around 15 nm. With increasing potential the overall thickness increased to 112 nm
(Figure 8.4 a), but the C/Si ratio decreased as depicted in Figure 8.2 b.

The angle-resolved XPS images show a steeper rise of the C/Si ratio over the
emission angles with higher coating potential (Figure 8.4 c) indicating that the carbon
layer gets thinner, whereas the position of the Si2p peak is not changing (Figure 8.4 d).
Furthermore, the refractive index shifts from 1.77 to 1.46 (Figure 8.4 b) at high coating
potential, and as such becomes equal to the value of thermally oxidized silicon (1.46).
This indicates that with increasing potential the amount of GO deposition is decreasing,
which can be related to an increase in electrolysis of water and bubble formation at the
interface, destroying the GO layer (Chavez-Valdez and Boccaccini, 2012; Diba et al.,
2014). Furthermore due to the increased current, anodic silicon oxidation is favored
(Zhang, 2001). This is supported by the cross sectional SEM images in Figure 8.5. On
the 20 V sample the porous GO layer is visible, whereas at 60 V the layer appears flat
and dense, similar to the sample coated with the reference GO(2) solution at 30 V
(Figure S8.7 b).

G, S N &

Figure 8.5. Cross sectional SEM images of samples coated at a 20 V and b 60 V for 1 h at a solution
conductivity of 7 uStcm-.

With increasing solution conductivity, both the C1s XPS peak and the overall
thickness of the layers are decreasing, and the refractive index approaches 1.46 (i.e.,
again reaches the reference value for silicon oxide). This can be related to a stronger
screening of the charges on the sheets and thus slower particle motion and less GO
deposition at higher ionic strength (Besra and Liu, 2007; Ferrari and Moreno, 1997).
At the same time as described before also a higher anion concentration leads to a
higher ionic current, which can be related to more extensive surface reactions such as

silicon oxidation (Zhang, 2001) and water electrolysis. The later causes bubble
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formation, and can thus lead to detachment of GO sheets (Chavez-Valdez and
Boccaccini, 2012). A study of the layer composition as function of time shows that the
C1s peak is first increasing (Figure S$8.2 f) as is the overall layer thickness
(Figure 8.4 a), which is then followed by a decrease in carbon signal (Figure $8.2 g)
at a continued increase in overall layer thickness. This together with the decrease in
refractive index towards that of silicon oxide (Figure 8.4 b), leads us to conclude that
first GO deposition takes place, while the GO thickness is later stagnating or even lost,
while Si oxidation becomes the main factor for increasing overall thickness of the
formed layer. This means that within one processing step a three-layered substrate
(silicon / silicon oxide / graphene oxide) can be produced, and that the thickness of the
different layers can be adjusted to some extent, depending on the coating time, coating

potential and the conductivity of the solution.

8.4. Conclusion

During electrophoretic deposition of GO, away from deposition and anodic reduction
of GO, also oxidation of the Si substrate takes place. This anodic oxidation of Si leads
to color changes, and changes in the overall layer thickness. In literature, these effects
were contributed to GO deposition, but here we show via SEM, XPS and AFM analyses
the complex composition of the formed adlayer, in which both GO and SiOx appear in
amounts and ratios dependent on deposition voltage, solution conductivity and
reaction times. The more detailed analysis of the origin of this adlayer allows a better

understanding of the use of GO layers in a wide variety of applications.
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8.5. Supporting information

Figure $8.1. High magnification SEM images (10000 x) of samples coated for 60 min at a 30 and b
60 V at a solution conductivity of 7 uS:cm™'. In image ¢ and d, samples coated for 60 min at 20 V with a
solution conductivity of 16 and 485 uS'cm™', respectively. SEM images of samples coated at 20 V and

7uS:cm for 30 (e) and 120 (f) min
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Figure $8.2. XPS wide scans of samples coated at 5, 30 and 60 V for 1 h, respectively (image a, b and
c) at a solution conductivity of 7 uS-cm™. XPS of samples coated at 20 V for 1 h with a solution
conductivity of 16 (d) and 485 uS:cm' (e) and samples coated at 20 V at a solution conductivity of
7 uStcm™ for f 30 min and g 120 min.
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Figure $8.3. XPS C1s narrow scan of samples coated at 5, 30 and 60 V for 1 h, respectively (image a,
b and c) at a solution conductivity of 7 uS:cm™'. XPS of samples coated at 20 V for 1 h with a solution
conductivity of 16 (d) and 485 uS:cm™ (e) and samples coated at 20 V at a solution conductivity of
7 uS:cm' for f 30 min and g 120 min.
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Figure $8.4. XPS O1s narrow scan of samples coated at 5, 30 and 60 V for 1 h, respectively (image a,
b and c) at a solution conductivity of 7 uS:cm™'. XPS of samples coated at 20 V for 1 h with a solution
conductivity of 16 (d) and 485 uS:cm™ (e) and samples coated at 20 V at a solution conductivity of
7 uStcm™ for f 30 min and g 120 min.
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Figure S8.5. XPS Si2p narrow scan of samples coated at 5, 30 and 60 V for 1 h, respectively (image a,
b and c) at a solution conductivity of 7 pS.cm™'. XPS of samples coated at 20 V for 1 h with a solution
conductivity of 16 (d) and 485 uS:cm™ (e) and samples coated at 20 V at a solution conductivity of
7 uStcm-* for f 30 min and g 120 min.
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Figure S8.6. Angle-resolved XPS results (a-c) of samples coated at 20, 30 and 60 V for 1 h respectively,
at a solution conductivity of 7 pStcm™ and samples coated at 20 V for 1 h with a solution conductivity of

d 16 and e 485 uS:cm-.
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Figure S8.7. SEM image of the top (a) and the cross section (b) of a silicon substrate coated with GO2
solution at 30 V for 1 h. XPS wide scan (c), C1s narrow scan (d) and angle resolved XPS spectra of the
sample described in a. f Change in atomic % of the C1s, O1s and Si2p peak with varying XPS emission

angle.
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Figure S8.8. Si substrates spin coated with GO2 solution. a XPS wide scan of Si substrate spin coated
with (red) and without (black) previous etching with HF. b SEM image of sample spin coated after etching
with HF.
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Figure S8.9. XPS spectra of Si substrates exposed to 20 V for 1 h in 7 uStcm* sodium sulfate. a Wide
scan, b C1s narrow scan, ¢ O1s narrow scan, d Si2p narrow scan.
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Figure S8.10. XPS spectra of Si substrates exposed to GO solution for 1 h without applied potential.
a wide scan, b C1s narrow scan, ¢ O1s narrow scan, d Si2p narrow scan.
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Figure $8.11. AFM image of Si substrate coated with GO at 20 V for 1 h and 7 pS*cm! indicating height
differences on the sample. a Top view b Texture.
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CHAPTER 9

GENERAL DISCUSSION



GENERAL DISCUSSION

The aim of this thesis was to explore and extend the use of electrochemical principles
that are currently mostly applied for salt removal, and selective isolation or fractionation
of proteins. This included the identification and quantification of the underlying
phenomena, and establishing design rules for innovative processes that make use of
these principles, ideally applied to practical situations. In doing so, the environmental
impact of the currently used chromatographic separation processes may be mitigated
by avoiding the extensive use of solvents or buffers. Furthermore, electrochemical
separation processes have the potential to switch very fast between different states
e.g. from negative to positive surface charge or high to low surface wetting, which will
allow size reduction of the current separation installations and thus process costs.
Electrochemical separation of macromolecules is still in its early stages of

development, and the thesis aims to bring this technology to a next level.

9.1. Main findings in perspective

As described in Chapter 2, electrochemical stimuli have been used mainly for
the separation of low molecular weight ions whereas for proteins and cells
electrochemical separation solutions are still scarce. A prominent process within the
class of electrochemical ion separation processes is capacitive deionization, which
stores ions in electric double layers by biasing the electrodes (Suss et al., 2015; Yoon
et al., 2019). Some strategies exist to render the process more selective towards a
specific type of ion by considering the difference in ion size and shape, resulting in
different adsorption rates (Seo et al., 2010; Zhao et al., 2012b); however, the selectivity
is rather low, and especially difficult to maintain when working with complex streams
that may result in separation loss for example due to fouling of the electrodes. This
becomes even more prominent when aiming at electrochemical protein separation and
selectively targeting one protein solely via an electric field. Inverted capacitive
deionization is considered a better starting point for electrochemical protein separation,
since the target molecules adsorb spontaneously due to specific interactions with the
electrode surface that even may be modified to prevent undesired interactions, and

desorb only due to an applied electric bias (Gao et al., 2015a).
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Chapters 3 and 4 focus on the separation of ions by inverted capacitive
deionization using conventional activated carbon electrodes and polyelectrolyte-
activated carbon composite electrodes. These studies show that this process can be
performed either by adding polyelectrolytes into the activated carbon electrode matrix
or by mounting ion exchange membranes in front of it. When polyelectrolyte-activated
carbon composite electrodes are used in combination with ion exchange membranes,
the performance is even competitive with conventional membrane capacitive
deionization using the same carbon material, and shows very low exergy losses. The
process may be further improved by the use of materials with more micropores to
increase the amount of stored ions (Suss et al., 2015); however, this would diverge
from the components of interest of this thesis, and thus this was no longer pursued.

When aiming at the electrochemical separation of proteins, protein migration to
and from the electrode interface needs to be controlled and irreversible adsorption
avoided. To approach this challenge we analyze in Chapter 5 to 8, as well as in some
additional data discussed below, how protein attraction and repulsion to and from the
electrode interface can be impacted by the surface chemistry, and most importantly
how this can be altered by the applied potential. For this we investigate salt and protein
ad- and desorption in electrochemical flow cells and analyze at fundamental level how
the applied potential influences electrostatic and hydration interactions, key players in
protein-surface interactions.

In Chapter 5 we show that a zwitterionic coating on a carbon electrode strongly
decreases irreversible protein adsorption. This is also illustrated in Figure 9.1, were
we study protein ad- and desorption to and from gold-chips that are modified with
zwitterionic coatings in a surface plasmon resonance (SPR) device. The SPR allows
to monitor the amount of protein directly at the interface and gives thus additional
information about the events occurring at the electrode. Figure 9.1 ¢ shows that for
thick and dense polymer layers (blue), hardly any B-lactoglobulin adsorption occurs
and that this is not influenced by the potential applied. This is useful if the aim is to
decrease electrode fouling and thus increase their life time in desalination processes
as discussed in Chapter 5.

If the zwitterionic layer is however only very thin up to 0.8 ng/mm?, protein
adsorbs on the coated gold electrodes and some desorption is detected at a positive
potential, because the protein is positively charged at pH4. This indicates that in

principle by varying the thickness and density of the anti-fouling coatings, suitable
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electrodes for controlled protein ad- and desorption can be made, although the protein

adsorption is in this case still below monolayer coverage, which is at 2-3 ng/mm?.
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Figure 9.1. B-lactoglobulin adsorption to zwitterionic coatings. a Reaction scheme of ATRP initiator
application (1zo-Br) on SPR-gold-chip and subsequent ATRP to grow zwitterionic brushes made of
sulfobetadine monomers. The reaction conditions can be found elsewhere (Lange et al., 2016). b X-ray
photoelectron spectroscopy wide scan of SPR-gold chip after ATRP and N1s narrow scan (insertion).
¢ B-lactoglobulin adsorption to SPR-gold chip with zwitterionic brush of different length and initiator
dilution (Izo-Br:Octanethiol). Blue: 10.1 nm and 1:10, Red: 2.7 nm and 1:10, Yellow: 3.4 nm and 1:20.
The brush length was measured with ellipsometry. The protein was dissolved in 10 mM phosphate buffer
at pH 6 and exposed to the surface after 300 s (arrow 1). After 900 s (arrow 2) the surface was rinsed
with buffer and exposed to a potential of 0.2 V.

By adding polyelectrolytes on the SPR-gold-chip surface, spontaneous protein
adsorption can be increased as shown in Figure 9.2 for an anionic polymer, while
protein desorption is still possible by applying a potential. This is in line with Chapter 6,
where polyelectrolyte-activated carbon composite electrodes were used (the same as
in Chapter 4), or alternatively dip coated activated carbon electrodes. When following
the concentration of proteins and ions in the outlet of the electrochemical flow cell in
Chapter 6, we see, that at 0 V applied, proteins adsorb and salt desorbs, whereas at

-1.2V, salt adsorbs and proteins desorb. This indicates an ion exchange process which
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is further supported by the capacitive ion storage and protein release. The dip coated
electrodes show the highest protein and salt adsorption per gram polymer used; their
salt yield being comparable to standard activated carbon electrodes. This makes these
electrodes interesting candidates for use in processes aimed at subsequent removal
of salt and protein, or for enrichment of specific proteins as measured for
B-lactoglobulin. Especially the latter is interesting for example for the dairy industry, to
prepare fractions rich in B-lactoglobulin that are known to be highly effective in foam

and emulsion formation.
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Figure 9.2. B-lactoglobulin adsorption on anionic coating. a X-ray photoelectron spectroscopy wide scan
and N1s narrow scan (insertion left) of SPR gold chip modified with 2-acrylamido-2-methyl-1-
propanesulfonate (insertion right) following the same reaction scheme as shown in Figure 1a.
b B-lactoglobulin adsorption to SPR gold chip with 2-acrylamido-2-methyl-1-propanesulfonate brush of
thickness 0.6 nm and initiator dilution (Izo-Br:Octanethiol) 1:100. B-lactoglobulin was dissolved in 5 mM
sodium chloride at pH 6 and exposed to the surface after 300 s (arrow 1). After 900 s (arrow 2) the
surface was rinsed with buffer and exposed to a potential of 0.6 V.

In Chapter 7, we describe in depth the underlying mechanisms as studied using
model surfaces. The applied potential to a gold electrode does not only influence the
electrostatic interactions but it also changes the wetting of the surface which is related
to the hydration repulsion. This indicates that the electrowetting properties of the
electrodes should be addressed by the design criterion for electrochemical protein
separation processes. Since these measurements could only be conducted on a gold
substrate, in Chapter 8 a method is proposed to coat silicon wafers with graphene

oxide sheets, which makes these surfaces suitable for reflectometric studies, allowing
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similar studies on carbon-based materials, which will support the design of novel

electrodes.

9.2. Process design and outlook

In comparison to chromatography and filtration, electrochemical separation has
the advantage that it can be used to target both protein and salt separation separately
or combined, depending on the electrode properties (Table 9.1). While reversed
osmosis filtration has developed into a mature process to desalinate water, even at
high salt concentration, it requires high energy inputs. For protein separation, filtration
can only be used for fractionation, resulting in products of relatively low purity, since
separation by size is not specific. Furthermore, membrane fouling is a major drawback
when filtering protein-rich streams. In contrast, chromatography is known for protein
products of very high purity, but due to the high costs, this process is rarely used for
desalination or to produce protein fractions. In addition to that, this method requires
large amounts of solvents or buffers.

With filtration and chromatography, separation of salt and protein within one
processing step is not possible, making this a unique feature of electrochemical
separation processes. At the same time, electrochemical separation can be used for
only salt separation (e.g. when coating the electrodes with zwitterionic electrodes
(Chapter 5)) or only protein separation (e.g. when adding a large amount of
polyelectrolytes into the matrix of the electrodes (Chapter 6)). Inherent to
electrochemical process is that solvent use is zero, while protein purities may be high
(although not demonstrated in this thesis), since the adsorption step still depends on
molecule specific surface interactions. This points out the versatility of this promising
and seminal technology.

Nevertheless, the advantages of electrochemical separation processes need to
be weighed against its resource efficiency, and have to be concretized into a full life
cycle analysis and compared to conventional adsorptive separation and filtration
processes. This should be combined with the separation performance and cost of the
electrodes, module and peripheral system, which allows further development of the
separation, therewith improving the competitiveness relative to current separation

technologies.
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Table 9.1. Comparing applications, energy and solvent use as well as processing cost for filtration,
chromatography and electrochemical separation. Note: the symbol + stands for high target suitability,
high energy and solvent use as well as high cost.

. Target Energy Solvent Cost

Separation - -

Protein Protein Salt + use use
method Salt . .

(pure) (fraction) Protein
Filtration ++ - ++ - ++ - +
Chromatography - ++ + - + ++ ++
Electrochemical ++ + ++ 4+ + _ +

separation

Key points that should be addressed to bring the technology further are the
design criteria for the electrodes and respective coatings depending on the target
molecule as summarized in Table 9.2, as well as for process upscaling (Table 9.3).
For salt removal, increasing the number of nanopores increases the ion separation
capacity, and should be strived for. However, protein separation has different
requirements due to the larger molecular size of the proteins and their tendency to clog
pores. Furthermore, the use of antifouling coatings is beneficial for adsorptive removal
of salt from complex mixtures. If for example protein contaminants are present in the
saline water, an antifouling coating prevents protein adsorption and thus increases the
lifetime of the electrodes, as shown in Chapter 5. Charged coatings may be used for
inverted or enhanced capacitive deionization although compared to nanopores the
effect that can be created is less relevant. However, when considering selective
electrochemical protein separation, the use of charged polymers is essential since this
largely increases the protein separation capacity and makes it selective, without
making the electrode preparation more complex. Also depending on the location of the

polymer simultaneous salt separation is possible as shown in Chapter 6.

Table 9.2. Design criteria for salt and protein separation

Target Complexity of

Design criteria .

Salt Protein Salt + protein preparation
Increased number 4 _ + 4+
of nanopores
Antifouling coatings ++ - - +
Charged + ++ ++ +
coatings
Responswe _ T + ++
coatings
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As a next step, electro-responsive materials/coatings such as mercapto-
hexadecanoic acid and ferrocene (as discussed in Chapter 2) are promising for protein
separation, in spite of their complexity of preparation. It is expected that both types of
coatings will allow protein separation at lower potentials, and imporve the surface
regeneration, leading to even more stable long-term operation.

The technology of electro-responsive coatings is however still in full
development and depending on the target molecule and aim of the separation, different
properties can be chosen. Potential developments for protein separation could be
using tailored block-copolymers that contain zwitterionic and cationic or anionic parts.
In Figure 9.3, examples of cationic-zwitterionic block-copolymer coatings and their
functioning are shown. When a positive potential is applied, the cationic polymer is
repelled from the electrode, and forms positively charged anchoring points within the
zwitterionic part of the layer. When exposed to a solution, negatively charged proteins
bind to the islands, while the rest of the electrode is protected by the antifouling
properties of the zwitterionic portion of the coating. If the potential is reversed, the
cationic polymer is attracted towards the electrode surface and is no longer reachable
for the protein — thus the repulsive properties of the zwitterionic blocks dominate,
leading to repellence of the previously bound proteins.

These coatings may be prepared using established polymerization techniques
such as addition-fragmentation chain transfer polymerization (RAFT) or initiated ATRP.
Furthermore, irreversible protein adsorption may be avoided and improved control over

ad- and desorption might be achieved.

Figure 9.3. Schematic of electro-responsive block-copolymers. a block copolymer with a zwitter ionic
and a cationic part attached with one end to the electrode surface. b multi block copolymer attached
with one end to the electrode surface and ¢ block co polymer attached with both ends to the electrode
surface.
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Next to that, in order to make electrochemical (protein) separation practically
relevant, the separation capacity needs to be increased. In capacitive deionization the
most conventional set up consists of two parallel electrodes with the target solution
flowing in between these two electrodes, although also column systems exist, such as
used in electrochemical modulated liquid chromatography (Harnisch and Porter, 2001).

In upscaling electrochemical reactors, it is very important to ensure
homogeneity in electric current or potential, just as homogeneity of geometry,
kinematics and thermal conditions are important in thermo-chemical reactors
(Sulaymon, A. H.Abbar, 2012). A homogeneous electric current and/or potential
throughout the system is ensured by a constant electrode gap. Scaling to larger
volumes and capacities van be achieved by englarging the surface area of the
individual electrodes while keeping the electrode gap constant (Walsh and Ponce de
Ledn, 2018). As mentioned before for salt separation, this can be achieved via three
dimensional electrodes such as made from porous carbon materials (Suss et al.,
2015). An additional approach often chosen for upscaling of flow-by capacitive
deionization, is stacking of electrode pairs (Welgemoed and Schutte, 2005) which is
possible in various ways (see also Table 9.3). For cost-effective, truly large scale
application for separations with intermediate added value as in the food sector, a plate
configuration may be too capital intensive, and spiral wound configurations should be
preferred, as customary in membrane separation, especially nanofiltration and reverse
osmosis (Table 9.3).

Table 9.3. Comparing stack, column and spiral wound configurations for up-scaling. Note: the symbol + stands for
large electrode size, good electrode packing as well as high flow rate and costs.

Configuration Electrode size Electrode packing Flow rate Cost
Stack ++ + ++ ++
Spiral wound ++ ++ ++ -
Column + - + T+

9.3. Conclusion

The work described in this thesis showed that ion as well as protein separation is
possible with porous carbon electrodes modified with polyelectrolytes while using
electrochemical stimuli. This is the first step towards a new generation of adsorptive
separation processes that are more resource efficient, have a strongly reduced

environmental impact and are economically feasible. To drive this ambition further
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research is required to build on our findings and optimize surface chemistry, electrode

composition, and process design.
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SUMMARY

Separation process are at the heart of many industries ranging from chemical to
medical and food. To create innovative products, first specific components need to be
purified or fractionated from the source of origin. Generally, this requires a large
amount of energy and chemicals; therefore, more sustainable processing options need
to be designed. Within this thesis, we investigate electrochemical separation
processes for ions and proteins. These processes bear great potential to reduce
energy and solvent use compared to membrane or chromatographic techniques, since
electric energy is directly used without further conversion, and fast and easy switching
between e.g. negative and positive surfaces makes it unnecessary to regenerate solid
supports with solvents or buffers. Nevertheless, to unfold the full potential of
electrochemical separation processes, development of electrodes for selective
separation, and the design of the overall process need to be taken to a next level. Both
issues are crucial when extending the principles about ion separation to other

molecules such as proteins that to date have been hardly explored in this context.

We first review in Chapter 2 the current state of the art of electrochemical separation
processes using capacitive or faradaic principles applied to small ions, proteins, and
cells. An important point that is reviewed is the difference between capacitive
deionization and inverted capacitive deionization. In the former process, ions are
stored capacitively in the electric double layer when a constant electrode potential or
current is applied. The release of the ions occurs when releasing the electric bias or
by reversing it. In contrast during the latter process, ions are stored due to chemical
surface charges and the additional electric potential is only applied during the
regeneration phase. Since in this option selective surface coatings may be used, it
allows for specifically targeting molecules within a mixture, and still operating without
solvents for regeneration. This is a major advantage for protein separation, and thus
used in the following chapters, starting from a system with salt that later becomes more
complex by the introduction of protein.

In Chapter 3 and 4 we investigate simple and modified activated carbon
electrodes in an inverted capacitive deionization process. We found that ion adsorption

at 0 V was possible for simple activated carbon electrodes when used with ion
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exchange membranes in front of the electrodes (inverted capacitive membrane
deionization). We also found a similar separation pattern for electrodes with
polyelectrolytes added to the matrix, which in combination with ion exchange
membranes resulted in a process that is competitive with conventional capacitive
deionization at very low exergy loss. When working with a solution that contains
proteins, electrode fouling is a challenge. In Chapter 5 we show that the application of
hierarchical carbon electrodes coated with a zwitterionic polymer brush avoids protein
adsorption and increases the life time of the electrodes during desalination. However,
when proteins need to be separated, they need to interact with the surface of the
electrode while still desorbing upon an electric trigger.

In Chapter 6 we show that activated carbon electrodes containing cationic and
anionic polyelectrolytes have the ability to reversibly adsorb and release protein by
applying an electric potential bias. While proteins were adsorbed, salt was desorbed
and vice versa, therewith also showing a potential for desalting protein solutions. In
Chapter 7 we investigated the forces acting on salt and proteins in detail, and
measured an increase in electric and hydration repulsion at the electrode interface due
to an externally applied electric potential which influenced surface wetting. Overall, we
concluded that the changes induced by the electric potential were sufficient to influence
protein ad- and desorption. Since in Chapter 7 the measurements were conducted on
gold substrates, we presented in Chapter 8 as a first step toward carbon based
electrodes reduced graphene oxide coated silicon substrates to study protein ad- and

desorption.

The findings described in this thesis are important for the development of novel
electrochemical separation processes for complex molecules, and they lay the ground
work for a next generation of sustainable separation technologies. Thus, in Chapter 9
our findings were put into perspective, and we highlighted research required to further
design electrochemical separation processes. We indicated that suitable (responsive)
surface coatings, and optimized process designs for large scale applications are key
to unlock the full potential of electrochemical separation processes and to guarantee

their successful implementation.
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