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  Propositions 
 
 

1. pH changes in membrane capacitive deionization are primarily caused by non-
faradaic processes rather than faradaic reactions. 
(this thesis) 

 
2. pH variations in electrochemical desalination promote ion-selective separation. 

(this thesis) 
 
3. The conclusions drawn from experiments conducted under ideal conditions have 

limited impact when solving problems in real-world situations. 
 

4. Artificial intelligence will enable researchers to model complex systems without 
being a master of programming or mathematics. 

 
5. Environmental activists lack awareness about technological possibilities. 

 
6. Political participation without political awareness is dangerous. 
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1.1. Water scarcity 

The 21st century has witnessed a great water scarcity problem.1–4 The 
diminishing availability of fresh water resources, coupled with the increasing 
demand for water across domestic, industrial, and agricultural sectors, has 
resulted in 4 billion people worldwide facing water shortages for at least one 
month a year.5 The migration of people and increased industrial activities 
have led urban areas to experiencing sustained water stress throughout the 
year.3,6 In addition, many countries are faced with severe droughts and 
irregular monsoon patterns in recent years, primarily attributed as the effects 
of climate change.7–11 Water stress, caused by different factors, is exerting 
significant pressure on public health, economic development, and ecological 
stability. 

Water treatment technologies have emerged as important and necessary tools 
in numerous regions around the world to address water scarcity.10 Water 
desalination and wastewater treatment serve the dual purpose of providing a 
clean and potable water supply for domestic, agricultural, and industrial use, 
and facilitate the purification and reclamation of wastewater for subsequent 
reuse.12  

1.2. Water demand in different sectors 

The demand for fresh water comes from domestic, industrial, and agricultural 
sectors. Domestic desalination plants are often employed to address drinking 
water scarcity issues in water stressed areas. In addition to the production of 
drinking water from sea water or brackish water, desalination technologies 
are also used for municipal wastewater treatment which includes the 
purification and recycling of wastewater to reduce water consumption and the 
environmental impact of wastewater discharge.13,14 The implementation of 
water treatment technologies in the domestic sector leads to sustainable 
management of domestic water resources. 

1
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In industries, water plays a crucial role in various processes, and the efficient 
management of this important resource is of primary importance.15,16 
Industrial water treatment is aimed at minimizing freshwater usage while 
reducing effluent discharge and it’s environmental impact. In industries, 
multiple water treatment technologies are used in combination to treat 
industrial wastewater to enable reuse of water and recovered resources from 
water such as minerals to reach circularity. In some industries, policies such 
as zero liquid discharge (ZLD) are adopted to treat wastewater and enable 
complete reuse of water.17  

In the agricultural sector, quality of water needs is depending on the specific 
farming practices, activities, and crop types. For livestock, clean and safe 
water is required. For irrigation purposes, water enriched with certain 
minerals is often required depending on the crop type. The implementation of 
water treatment techniques helps to meet the water requirements for 
agriculture in geological locations where freshwater availability is scarce. 

The availability and type of water source, the quality requirements of the 
treated water, and regulations on treating (waste) water are considered for the 
choice of the treatment technologies. 

1.3. The landscape of water treatment technologies 

Water treatment technologies function based on various fundamental 
principles, utilizing factors like temperature, pressure, and electric field to 
separate salts and impurities from water, ultimately desalinating the water. 
The selection of a particular technology is based on several considerations, 
including the initial concentration and quality of the feed water, desired 
quality standards for the treated water, energy efficiency, overall cost-
effectiveness, and the extent of chemical usage during the desalination 
process. Each desalination method possesses its unique strengths and 
weaknesses as shown in table 1, making it essential to match the technology 
with the specific requirements of the water treatment scenario. 
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Table 1. The strengths and weakness of different types of desalination 
technologies 

Technology Strength Weakness 

Temperature-
driven 
desalination 
technologies 

Suitable for brine 
treatment, zero liquid 
discharge treatment, and 
to produce high purity 
water 

Energy intensive, cost 
intensive, lack of ion-
selective separation, high 
operational cost, usage of 
cleaning chemicals 

Pressure-driven 
desalination 
technologies 

Suitable for sea water 
desalination, wastewater 
treatment, and to 
produce high purity 
water 

Lack of ion-selective 
separation, high 
operational costs, usage 
of cleaning chemicals, 
low water recovery (30-
60%) 

Electric field-
driven 
desalination 
technologies 

Suitable for brackish 
water desalination, 
potential for ion-
selective separation, 
potential for chemical 
free desalination, high 
water recovery (>90%) 

Energy intensive for high 
concentration water 
(>5g/l), high capital 
costs, membrane 
maintenance.  

The efficiency of each technology is depending upon factors such as feed 
water concentration, salt removal, water recovery, productivity etc. 
Therefore, it is hard to compare two different technologies straight away. 
However, energy consumption of a technology is considered an important 
criterion to choose suitable desalination technology as shown in figure 1.1. 
For seawater desalination, with its high salinity (approximately 35 g/L), 
thermal and pressure-driven technologies are well-suited. Thermal 
desalination offers effective treatment but demands a specific energy 

1
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consumption (SEC) between 13 and 22 kWh/m3, depending on the specific 
technology employed and operational conditions.18 Seawater reverse osmosis 
(SWRO) is the widely used desalination technology with a significantly lower 
SEC, typically ranging from 2 to 5 kWh/m3 while forward osmosis (FO) has 
a SEC between 4 to 11 kWh/m3 depending upon operational conditions18–20. 
In contrast, for brackish water with a lower salt concentration (typically less 
than 5 g/L), conventional thermal desalination becomes less efficient. Due to 
their higher energy requirements, thermal desalination technologies are not a 
preferred choice for brackish water desalination. Brackish water reverse 
osmosis (BWRO) has lower energy consumption typically requiring a SEC 
in the range of 0.3 to 0.7 kWh/m3 for 50-90% of salt reduction with 20 to 60 
l/h/m2 of water productivity. Whereas, electric field driven technologies are 
comparatively more suitable for brackish water desalination with SEC 

Figure 1.1. The landscape of desalination technologies suitable for sea water 
desalination and brackish water desalination with their SEC range. 
Brown circle represents temperature driven technologies, blue circles 
represent pressure driven technologies and green circle represents 
electric field driven technologies. 
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comparable to SWRO or even lower with SEC of between 0.2 to 1.1 kWh/m3 

depending upon technology and the operational conditions.21,22 

1.3.1. Temperature-driven desalination technologies 

Thermal desalination technologies utilize temperature as the principal force 
driving clean water production, with Multi-Effect Distillation (MED), Multi-
Stage Flash (MSF) distillation, and Vapor Compression (VC) techniques 
emerging as prominent methods. In MED, saline water is heated to generate 
water vapor in one chamber, which is then condensed in subsequent chambers 
to yield fresh water, utilizing recovered heat to fuel further evaporation.23,24 
MSF operates by heating water in a high temperature-high pressure chamber, 
rapidly evaporating a portion in the first stage through pressure reduction 
(flash evaporation), with subsequent stages repeating this process at 
decreasing pressures.23,25 In VC desalination, water is heated to produce 
vapor, mechanically compressed, and then introduced into chambers for 
evaporation and condensation, with the cyclic process repeating across 
multiple chambers. 23,26 

1.3.2. Pressure-driven desalination technologies 

Pressure-driven technologies rely on a pressure gradient across semi-
permeable membranes to separate salt and water. Reverse Osmosis (RO), 
Forward Osmosis (FO), and Nanofiltration (NF) are prominent pressure-
driven technologies with each offering distinct advantages for water 
treatment. In RO, feed water is subjected to pressures exceeding osmotic 
pressure, compelling water molecules to pass through the RO membrane 
while blocking salt ions, resulting in desalinated water on one side and a 
concentrated salt solution on the other side.26,27 The emerging method FO 
utilizes a semi-permeable membrane in contact with a highly concentrated 
draw solution on one side and lower-concentration feedwater on the other, 
creating an osmotic pressure that drives water passage from the feed to the 
draw solution which is subsequently diluted. Then a draw recovery step is 
used for fresh water recovery from diluted draw solution.28 In NF,   a porous 

1
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membrane is employed with a molecular weight cutoff (MWCO), selectively 
allowing smaller molecules such as water and monovalent salts to permeate 
under pressure while blocking larger molecules such as divalent ions/salt, 
yielding a desalinated water stream and a concentrated stream enriched in 
larger ions/salts, often utilized for removing hardness ions rather than fresh 
water production.29,30 

1.3.3. Electric field-driven desalination technologies 

In electric field-driven technologies, current or voltage is applied between 
two electrodes, resulting in positively and negatively charged electrodes. The 
charged electrodes remove salt ions from water either by capacitive processes 
i.e., electrostatic ion storage, or by faradaic reactions, to produce desalinated 
water. Electrodialysis (ED), bipolar membrane electrodialysis (BPED) and 
capacitive deionization (CDI) are well known and emerging electrochemical 
desalination technologies.  

1.3.3.1. Electrodialysis 

In conventional electrodialysis (ED), two electrodes are separated by 
alternatively arranged AEMs and CEMs. An electrolyte solution (for 
example, Na2SO4) is circulated through the electrode compartments. Feed 
water flows through the spacer channels placed between the IEMs. During 
ED operation, the electrodes are charged to drive faradaic reactions such as 
water splitting, resulting in the production/consumption of charged ions such 
as H+ and OH-, which require a counterion to maintain electroneutrality, and 
therefore salt ions migrate from one compartment to the other. Due the 
alternative arrangement of IEMs, and because anions are dominantly 
transported across the AEM and cations across the CEM, a separate 
desalinated stream and a concentrated stream are produced, as shown in figure 
1.2a.31–34 



9 
 

 

1.3.3.2. Bipolar membrane electrodialysis 

In bipolar membrane electrodialysis (BPED), bipolar membranes (BPM, a 
type of ion exchange membrane that contains both anion and cation exchange 
layers), are inserted in a conventional electrodialysis setup with AEMs and 

CEMs. As shown figure 1.2b, BPMs are positioned alongside the electrodes, 
with IEMs placed between BPMs and separated by spacer channels. An 
electrolyte solution is circulated through the electrode compartments, while 
spacer channels between membranes are for feed water flow. During charging 
of BPED, similar to ED, faradaic reactions at the electrodes generate ions. 
Additionally, the BPMs also split water into H+ and OH- inducing 
electromigration of salt ions to ensure charge neutrality. Electromigration of 
ions in this cell configuration leads to desalination in the flow channel 
between IEMs while producing an acid stream and a basic stream in the 
channels adjacent to the BPMs.16,35 
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1.3.3.3. Capacitive deionization 

In capacitive deionization, two porous carbon electrodes separated by a 
porous spacer channel are used as shown in figure 1.3a. The activated carbon 
electrodes have micropores (< 2 nm in diameter) and macropores (> 2 nm in 
diameter). When the electrodes are charged, electrical double layers are 
formed throughout the electrode. The electronic charge is balanced by 
electrostatic adsorption (i.e., electrosorption) of salt ions of opposite charge 
(i.e., counterions), which are transported from the spacer channel, via the 
macropores in the electrodes, to the micropores. Due to the smaller size of the 
micropores, the electrical double layers in the micropores overlap.36–38 

CDI is a cyclic process of charging and discharging, to produce, alternatingly, 
a desalinated water stream and a concentrated stream. When a CDI cell is 
charged, the cathode (i.e., negatively charged electrode) adsorbs cations while 
the anode (i.e., positively charged electrode) adsorbs anions, producing a 
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desalinated water stream. Once the electrodes reach their adsorption capacity, 
the cell is discharged by reversing the current/voltage or by short-circuiting 
the electrodes, resulting in the desorption of ions, and consequently in the 
production of a concentrated stream in the spacer channel. In CDI, the charge 
applied to the electrodes is not only utilized to adsorb counterions, but also to 
expel co-ions (i.e., ions of the same charge as the electrode) from the carbon 
electrodes to the flow which results in a reduced charge efficiency.36–38 

1.3.3.4. Membrane capacitive deionization 

Membrane capacitive deionization (MCDI) is a sub-class of CDI, where, in 
addition to carbon electrodes and a spacer, ion exchange membranes are also 
included. A cation exchange membrane (CEM) is placed in front of the 
cathode and an anion exchange membrane (AEM) in front of the anode, see 
figure 1.3b. The inclusion of ion exchange membranes increases the 
desalination efficiency by blocking co-ions from leaving the electrode 
compartment (i.e., the CEM blocks anions leaving the cathode compartment 
while the AEM blocks cations leaving the anode compartment). As the co-
ions are confined within the electrode compartments, more counterions are 
transported from the spacer channel to maintain the charge balance in the 
electrode compartments resulting in increased salt removal and an overall 
efficiency increase. 36–39 

1.4. Advantages of electrochemical desalination technologies 
- The case of MCDI 
 

Energy consumption 

Energy consumption in desalination is a crucial metric as it contributes 
significantly to operation costs, and therefore it is used to determine the 
feasibility of using a specific desalination technology.40,41 Comparative 
assessments of desalination technologies, particularly of membrane 
capacitive deionization (MCDI) and reverse osmosis (RO), rely on the 
existing data available on the literature that are obtained under diverse 

1
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experimental and operational conditions. As a result, there are significant 
variations in energy efficiency of these technologies for specific feedwater, 
such as brackish water.42,43 However, in recent studies better comparisons are 
made by aligning the desalination conditions such as the feed water salt 
concentration, concentration reduction (i.e., ∆c, 80%), and water recovery 
(WR 93%) for both MCDI and RO systems. The outcomes indicate that 
MCDI exhibits energy efficiency in brackish water desalination, boasting an 
energy consumption of approximately 0.38 kWh/m3, whereas RO 
necessitates around 0.53 kWh/m3 under analogous conditions.22  

Levelized cost of water 

The Levelized Cost of Water (LCOW) stands as a valuable and pragmatically 
significant metric for assessing the economic viability of contemporary 
deionization technologies.44 It encompasses various cost components, 
including capital outlays, energy consumption costs, chemical expenses, and 
maintenance costs associated with membrane and electrode replacements. 
This comprehensive approach ensures a more accurate calculation of the cost 
per litre of desalinated water. In the context of brackish water desalination, 
MCDI demonstrates a LCOW ranging from 0.74 to 1.74 $/m3 for brackish 
water desalination.45 In contrast, the reported LCOW for Brackish Water 
Reverse Osmosis (BWRO) falls between 0.18 and 0.33 $/m3.46 Though these 
findings are in favour of RO, the LCOW of MCDI mainly arise from the 
replacement of IEMs and electrodes. With increasing research and 
developments on IEMs, cell and electrode materials, the lifespan of IEMs and 
electrodes is expected to be increased which can make MCDI competitive for 
brackish water desalination compared to a much more mature technology, 
RO. 

Water recovery 

In the process of water desalination, a fraction of the water becomes 
desalinated, while the remaining fraction becomes concentrated with salts. 
The water recovery (WR) is defined as the ratio of desalinated water over the 
total volume of water treated. A higher WR signifies a more efficient 



13 
 

 

utilization of water, minimizing wastage of water in the form of a 
concentrated stream. MCDI achieves water recoveries exceeding 80%, while 
some existing brackish water reverse osmosis (BWRO) plants achieve a WR 
between 10% to 70% with a single module.47 Many existing RO plants for 
seawater desalination achieve consistently lower WR of 30-60%.48 Often, 
anti-scaling chemicals, multiple RO stages, and water softening techniques 
are used to reach WR >80% with BWRO which can significantly increase 
LCOW for brackish water desalination.49 Thermal desalination technologies 
can potentially achieve WR > 90% but their elevated energy requirements 
makes them less attractive. MCDI stands out by achieving high WR with 
lower/similar energy demands compared to conventional desalination 
technologies such as RO, positioning it as an alternative and sustainable 
desalination technology.22 

Ion-selective separation & resource recovery 

Thermal desalination technologies operate by separating clean water from 
water with dissolved salts, yielding a brine solution containing all the salts 
from the feedwater. While capable of producing ultrapure water, thermal 
desalination lacks the ability to selectively remove salts. Whereas, pressure-
driven technologies employing membranes offer a degree of selectivity based 
on membrane pore size and surface modifications. Nanofiltration (NF) 
membranes, for instance, can selectively remove CaSO4 while leaving NaCl 
in the treated water.29,50,51 Reverse osmosis (RO), however, blocks all ions, 
allowing only water molecules to permeate, limiting room for selective salt 
separation. Given that the membrane is the sole active component in pressure-
driven desalination technologies mentioned here, opportunities for inducing 
selectivity are confined to membrane properties.52,53 

Different from both thermal and pressure-driven methodologies, MCDI 
separates ions from water to produce freshwater. This inherent distinction in 
MCDI introduces the potential for selective ion removal through four 
important components: the two electrodes, the cation-exchange membrane 
(CEM), and anion-exchange membrane (AEM). Carbon electrodes can be 

1
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chemically modified to selectively adsorb certain ions in the electrodes.54,55 
Likewise, non-carbon materials can also be employed to achieve ion-selective 
desalination56,57 Beyond electrodes, both AEM and CEM can be fabricated or 
modified to selectively transport specific ions to the electrodes.58–60 This 
approach in MCDI stands in contrast to conventional desalination methods, 
offering a promising avenue for selective ion separation for desalination and 
resource recovery. 

Room for process developments 

Thermal and pressure-driven desalination methodologies have been 
commercially deployed for more than six decades, marked by sustained 
operational efficacy achieved through continuous research and development. 
The refinement and optimization of these technologies have notably 
advanced, with particular emphasis on the enhancement of reverse osmosis 
(RO) performance, as seen by progress in process optimization, pretreatment 
steps, and membrane cleaning techniques.61,62 In contrast, MCDI stands as a 
relatively recent addition into the technologies for desalination, initiating 
research and development activities ~15 years ago. The dynamic trajectory of 
MCDI research reflects its promising potential. 

1.5. Challenges for improved MCDI operation 

Mineral scaling 

Mineral scaling poses a current challenge to the efficacy of desalination 
processes, impacting not only MCDI but also other electrochemical 
technologies, conventional pressure and temperature-driven technologies.63–

66 In the MCDI process, multiple factors, including the solubility limits of 
salts, the presence of hardness ions, and solution pH, contribute to the 
precipitation of salts such as CaCO3 and CaSO4.65–67 This phenomenon leads 
to the deposition of mineral scaling on critical components such as spacers 
and membranes within the MCDI system. The consequences of mineral 
scaling include a decline in system efficiency, increased operational costs, 
diminished lifespan of MCDI systems, and the necessitated use of anti-scaling 
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chemicals 66,67 These anti-scalants, while effective in mitigating mineral 
scaling, introduce environmental concerns due to their inherent harmful 
properties. The interplay of these factors underscores the need for targeted 
research and innovative strategies to mitigate mineral scaling in MCDI, 
ensuring sustained operational efficiency and environmental sustainability. 

Insufficient ion-selectivity 

While MCDI holds promise for selective ion removal, the extent of its ion 
selectivity is constrained between certain important groups of ions such as 
Na+/K+, Cl-/NO3-.68 The factors determining ion selectivity in MCDI include 
the chemistry of surface groups on carbon electrodes, the chemical nature of 
non-carbon electrode materials, the selective transport of ions facilitated by 
membranes, and the valence of ions, which is, for some ions, pH 
dependent56,69–71 

Activated carbon in MCDI exhibits inadequate selectivity towards common 
ions of interest, including Na+, Ca2+, Cl-, and NO3-. To enhance ion 
selectivity, chemical modifications of carbon electrodes, involving the 
introduction of specific chemical groups such as amines, are implemented.69 
The ion adsorption mechanisms of certain chemical groups such as amines 
are based on the pH of the solution and the pKa values of the specific amine 
group. Apart from the selectivity induced by the nature of electrodes, the 
valence and the type of ions can also influence ion-selective removal. 
Amphoteric ions such as carbonate, phosphate, and borate exhibit pH-
dependent speciation, rendering their selective and efficient removal based on 
the pH of the solution.71 

Water productivity 

Productivity (P), denoted in L/h/m2, signifies the volume of treated water 
generated per unit time and unit area of the membrane/electrode.72 MCDI 
operates cyclically, producing desalinated water intermittently. In contrast, 
other desalination technologies such as RO and ED yield a continuous output, 
simultaneously generating desalinated and concentrated streams. This 

1
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distinction in operational dynamics implies that, for example, an ED cell can 
achieve up to a twofold in water production compared to an MCDI cell within 
the same operational timeframe, given that the desalination conditions such 
as feed water concentration and concentration reduction are identical. To 
produce the same amount of desalinated water as ED, the MCDI stack size 
has to be increased by increasing the number of MCDI cells. However, it is 
crucial to acknowledge that increasing MCDI stack size comes at the expense 
of increased capital costs, presenting a challenge in balancing productivity 
gains against economic considerations. 

1.6. pH changes in MCDI and its influence on mineral 
scaling and ion-selectivity 

pH changes in MCDI 

During the cyclic operation of MCDI, the effluent pH changes from feed 
water pH during charging and discharging, see figure 1.4. The effluent pH 
increases or decreases during charging or discharging and is also based on the 
water composition. In the literature, studies related to pH changes often 
identified faradaic reactions that are taking place at the electrodes as the 

Figure 1.4. Cyclic operation of MCDI (a) and effluent pH changes during operation (b) 
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cause.73,74 In MCDI, these faradaic reactions are undesired, resulting in a 
reduction of the efficiency. 

Influence of pH changes on mineral scaling 

Numerous factors contribute to mineral scaling in electrochemical 
desalination technologies; however, the concentration of hardness ions and 
solution pH stand out as primary factors in MCDI.75,76 In the context of 
MCDI, the discharge phase is particularly prone to mineral scaling, as the 
concentration of hardness ions in the concentrate increases especially at 
higher water recovery levels (>50%), where an associated increase in pH 
within the concentrate can trigger the precipitation of hardness ions, thereby 
causing mineral scaling. It is known that MCDI systems are prone to mineral 
scaling when treating real brackish water which contains many other salts in 
addition to NaCl. To mitigate and control mineral scaling in MCDI, better 
understanding about pH changes in the spacer and strategies to control the 
changes are important research directions. 

Influence of pH changes on ion-selectivity 

During MCDI operation, pH changes are observed at the boundaries of the 
electrodes and membranes. While pH changes in the spacer have a direct 
impact on mineral scaling, those occurring within the electrode compartments 
have an influence on ion adsorption. 

Chemical surface modification of carbon electrodes is a strategy to develop 
ion selectivity of the electrodes. The protonation or deprotonation of those 
groups is based upon both their pKa values and the localized pH environment. 
This protonation-deprotonation equilibrium defines the charge of these 
chemical groups. For instance, carboxylic acid groups, possessing a pKa 
value of ~3, exist in their deprotonated form (COO−) above their pKa making 
them capable of adsorbing cations.54 Similarly, amine-containing chemical 
groups often exhibit pKa values above 8, existing in a protonated form 
(example, NH4+) at pH levels below their respective pKa, facilitating the 
adsorption of anions.54 Thus, the local pH at the electrodes plays a crucial role 

1
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in influencing the chemical properties of surface groups, thereby impacting 
their adsorption capacity and selectivity towards ions. 

Furthermore, the local pH at the electrodes also impacts the speciation of 
amphoteric ions. For instance, the speciation of dissolved CO2 (i.e., H2CO3, 
HCO3-, CO32-) in water is affected by the local pH.77 These distinct valences 
play an important role during electrostatic adsorption processes. By 
leveraging the pH-specific speciation of dissolved CO2, electrochemical 
desalination technologies can capture CO2.78 Analogously, the design of 
MCDI cells is optimized to maintain an optimal pH at the cathode, facilitating 
the removal of boric acid in the form of borate ions.71 

1.7. Scope and thesis outline 

The demand for clean water and the need for recovery and reuse of valuable 
resources in (waste)water, essential for enabling a sustainable and circular 
society, underscores the need for technological advancements in water 
treatment. Electrochemical desalination technologies, particularly MCDI, 
exhibit significant potential in water treatment processes, manifesting a dual 
capability of generating fresh water and selectively extracting minerals from 
water. In order to utilise the full potential of MCDI, there is a need for 
dedicated research and development efforts targeting prevailing challenges, 
including mineral scaling, lower water productivity, and ion-selective salt 
removal. Given that pH changes in MCDI are a common factor influencing 
these challenges, this thesis focuses on developing pH changes during MCDI 
operation. The insights gained in pH changes are subsequently harnessed to 
effectively address the previously mentioned challenges of MCDI. 

Chapter 2 discusses the investigation of pH changes in MCDI during long-
term operation with aged electrodes using two different feed water solutions: 
a NaCl solution and tap water. The pH changes at the effluent during the 
cyclic charging and discharging of electrodes are investigated. To reveal the 
effect of long-term MCDI operation under practical operational voltages, pH 
studies are carried out with aged electrodes and lower operational voltages 
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(<1.2 V). Between faradaic processes and non-faradaic processes, the type of 
process that causes pH changes during long-term MCDI operation is 
identified. The pH changes between synthetic single salt water (NaCl feed 
water) and real water (tap water) are studied which shows the difference in 
behaviour between these different feed waters, and the factor causing the 
difference in pH changes is attributed to the presence of HCO3- and CO32- 
ions in tap water.  

Chapter 3 discusses how a change in dissolved inorganic carbon (H2CO3, 
HCO3-, CO32-) during MCDI operation results in pH changes at the effluent, 
specifically showing the adsorption and desorption of HCO3- ions and the 
distribution of other DIC species during charging and discharging. This 
chapter further discusses mineral scaling in MCDI systems which is a 
consequence of pH changes. It is revealed that the desalination of tap water 
or synthetic water with hardness ions under higher water recovery conditions 
increases mineral scaling. To mitigate mineral scaling, a strategy is developed 
which can reduce anti-scaling agent consumption and enhance system 
stability. 

Chapter 4 discusses a comprehensive examination of pH dynamics within 
different compartments of an MCDI cell, namely, at the effluent, in the 
cathode, and in the anode during NaCl desalination. An ultra-micro pH sensor 
with precise positioning capabilities near the electrodes is used to record pH 
changes under both non-faradaic and faradaic conditions. By comparing the 
results with existing theoretical and experimental studies, the chapter offers 
valuable insights into the observed pH variations across various 
compartments of the MCDI cell. The findings provide essential understanding 
for optimizing mineral scaling, facilitating the removal of pH-sensitive 
compounds such as boric acid, and to utilize the benefits of pH sensitive 
chemical groups to modify electrodes in MCDI applications. 

Chapter 5 discusses an innovative design of an (M)CDI cell, different from 
the conventional MCDI cell design. Building on the concept proposed by 
Smith and Dmello in 2016, wherein two cation-selective electrodes prepared 

1
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using chemical modification of carbon electrodes and a single AEM were 
employed, this chapter extends the idea by introducing anion-selective 
electrodes prepared by modifying carbon with pH sensitive amine groups and 
with a single CEM. The experimental data are verified with theoretical 
predictions, and the energy consumption of the new cell design is compared 
with a conventional MCDI system. The novel cell design also leads to a 
continuous CDI desalination system with a twofold increase in productivity 
compared to conventional MCDI. 

Chapter 6 discusses the understandings gained from this thesis on pH 
changes in MCDI systems, strategy for mitigating mineral scaling, possible 
new cell designs and their implications on improving the MCDI technology. 
It explores the advantages of understanding gained on the mechanisms of pH 
changes to limit mineral scaling and the volume of cleaning chemicals 
needed, aiming towards sustainable operation and enhanced efficiency during 
long-term desalination processes. It also discusses near-electrode pH changes 
and their potential utilization in targeted ion removal, continuous desalination 
system and its economic benefit. Finally, it highlights future perspectives, 
emphasizing the need to explore the role of amphoteric ions and AEMs in 
influencing effluent pH in order to develop more optimized strategies to limit 
mineral scaling, and to improve targeted removal of amphoteric ions.
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Chapter 2. Unravelling pH  changes during 
desalination with capacitive deionization 
  

This chapter was published as: 
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Changes in Electrochemical Desalination with Capacitive Deionization. 
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Abstract 

Membrane Capacitive Deionization (MCDI) is a water desalination 
technology employing porous electrodes and ion exchange 
membranes. The electrodes are cyclically charged to adsorb ions 
and discharged to desorb ions. During MCDI operation, a 
difference in pH between feed and effluent water is observed, 
changing over time, which can cause the precipitation of hardness 
ions, and consequently affect the long-term stability of electrodes 
and membranes. These changes can be attributed to different 
phenomena, which can be divided in two distinct categories: 
faradaic and non-faradaic. In the present work we show that, during 
long-term operation, as the electrodes age over time, the magnitude 
and direction of pH changes shifts. We studied these changes for 
two different feed water solutions: a NaCl solution, and a tap water 
solution. Whereas we observe a pH decrease during regeneration of 
experiments conducted with a NaCl solution, we observe an 
increase during regeneration with tap water, potentially resulting in 
the precipitation of hardness ions. We compare our experimental 
findings with theory, and conclude that, with aged electrodes, non-
faradaic processes are the prominent cause of pH changes. 
Furthermore, we find that, for desalination with tap water, the 
adsorption and desorption of HCO3-and CO32- ions affects the pH 
changes. 
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2.1. Introduction 

Increasing demand for surface water and ground water has resulted in water 
stress and scarcity in many countries.4 To overcome water scarcity, 
technologies can be employed to produce potable water from brackish or 
saline sources.79 Capacitive deionization (CDI) is one such technology for 
water desalination employing porous electrodes, which are cyclically charged 
and discharged. In conventional CDI, during charging, ions are adsorbed in 
electrical double layers (EDLs) in the micropores of the porous electrodes, 
and feed water is desalinated. During discharge, ions are desorbed, resulting 
in a concentrated effluent  stream.37,38 

Although CDI is a promising technology for brackish water desalination, 
stable long-term operation remains a challenge.37,80 In addition to capacitive 
ion storage in EDLs, undesirable faradaic  processes also occur.73,81 These 
faradaic processes are considered to be the main reason for a decrease in 
desalination performance over time. Furthermore, these processes can cause 
pH changes during desalination,66,82,83 which can result in the precipitation of 
salt when hardness ions (Mg2+, Ca2+, Fe2+/Fe3+) and carbonate ions (HCO3- 
and CO32-) are present in solution, and consequently affect the desalination 
performance and long-term stability of the CDI cell.66,82,83 Non-faradaic 
processes, including different ion mobilities, acid-base reactions between 
ionic species, and the protonation or deprotonation of chemical surface 
groups present on the electrode material, can also result in pH changes during 
CDI operation.84 

Several possible faradaic reactions that can occur, either at the anode or 
cathode, have been studied to identify the mechanisms resulting in pH 
changes and CDI performance stability issues. While at the anode, reactions 
such as carbon, chloride, and water oxidation are mostly considered, at the 
cathode, the reduction of dissolved oxygen and water are relevant.73,81,85,86 
Among these reactions, carbon oxidation and dissolved oxygen reduction 
have been shown to significantly destabilize the desalination performance. At 
the anode, carbon oxidation results in the formation of oxygen containing 
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chemical groups. The direct consequence of these oxygenated surface groups 
is the occurrence of “inversion peaks” during operation which lowers the 
desalination efficiency by enhanced co-ion expulsion from the electrodes.87 
At the cathode, oxygen reduction has experimentally been confirmed by 
measuring the dissolved oxygen and hydrogen peroxide concentration 
changes in the effluent water during CDI operation.88 Other faradaic 
processes that can occur during operation are chloride oxidation (formation 
of Cl2 gas) at the anode, and water reduction (formation of H2 gas) at the 
cathode. Formed Cl2 gas can immediately dissociate in water to form HOCl, 
resulting in a decreased effluent pH.73 Faradaic reactions related to carbon 
oxidation occur mainly on pristine electrodes, which are electrodes that have 
only been used for a limited number of cycles before the study was 
conducted.80  

In order to mitigate negative effects of faradaic processes in CDI, three main 
strategies have been proposed.  Firstly, different operational modes have been 
investigated to limit the cell voltage, to optimize the operational voltage 
window,89–91 or to invert the cell voltage applied during charging and 

Figure 2.1. MCDI (a-c) and i-MCDI (d-f) for cyclic water desalination. In MCDI, water
is desalinated during charging (b), and the electrodes are regenerated during
discharge (c). In i-MCDI, the electrodes are modified with ion-exchange 
polymers which are located in the carbon pores, resulting in high counterion 
concentrations in the electrodes in uncharged state (d). During charging, these
ions are expelled from the electrode compartments, and a concentrated salt
solution (concentrate) is produced (e). During discharge, water is desalinated 
(f). 
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discharge.92,93 Secondly, alternative CDI cell designs are considered, either 
by applying different flow patterns (i.e., flow by/flow through)90,91 or by 
placing ion exchange membranes between the spacer channels and the porous 
electrodes, a cell design we refer to as membrane capacitive deionization.94–

96 Thirdly, electrode modifications, such as titania deposition on carbon to 
prevent carbon oxidation, have been proposed.97,98  

One of the most effective strategies to keep a high desalination performance 
is the inclusion of ion-exchange membranes in the CDI cell, a cell design we 
refer to as membrane CDI (MCDI). These ion exchange membranes are 
placed in front of the electrodes, and contribute to maintaining the 
desalination performance in two ways: the membranes effectively slow down 
the transport of dissolved oxygen to the electrodes, and consequently limit the 
rate of carbon oxidation and the related pH changes.99,100  However, during 
long-term operation, dissolved oxygen will eventually oxidize the electrically 
positively polarized electrode (anode), and oxygen containing surface groups 
will form.95,101 Whereas these groups would have negatively affected the 
desalination performance in CDI (without membranes) due to enhanced co-
ion expulsion during desalination, in MCDI the desalination performance 
does not decline, because ion exchange membranes prevent co-ions from 
leaving the electrode region.95,101 Furthermore, faradaic reactions during 
MCDI operation were also confirmed in our previous work by microscopic 
physics-based modelling of pH changes.84 This study predicted only minor 
pH changes during desalination in MCDI when non-faradaic processes, 
including the effect of different mobilities of various ions on transport rates, 
combined with acid-base reactions, and the presence of chemical surface 
groups in the micropores are taken into account. In order to match theoretical 
predictions of pH changes with experimental data, this study concluded that 
faradaic reactions in the micropores must be considered.84 

MCDI has successfully been applied in industry and systems have been 
running for many consecutive cycles.102  In these systems, pH changes are 
still observed, and although these changes do not directly affect the salt 
adsorption performance, they can still be problematic. 
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Experimentally and theoretically, many studies have reported a pH decrease 
during desorption if the feed water only contains sodium chloride. However, 
present work shows that with real brackish water (tap water), which contains 
a mixture of different ions, a pH increase is observed during desorption. This 
pH increase during desorption is problematic, especially when we operate at 
high water recoveries, resulting in high salt concentrations in the spacer 
channel during desorption. These conditions, with high salt concentrations 
combined with high pH values, can lead to precipitation of salts like calcium 
carbonate (scaling) on membranes or other components of the CDI cell. 
Furthermore, if the aim is to remove amphoteric ions, which are ions that can 
protonate and deprotonate based on solution pH, such as phosphate, 
ammonium, carbonate and boron, the local pH affects the charge of the ion 
and thus the removal performance. 

To improve our understanding of these pH fluctuations, we conducted 
experiments with aged electrodes. These aged electrodes have been used in 
MCDI for more than 2000 desalination cycles, and are therefore (partly) 
oxidized. Furthermore, we conduct experiments both with a NaCl solution 
and with tap water, and we perform experiments with different water 
recoveries, to be close to practical desalination conditions. We study these 
fluctuations in conventional MCDI operation, and in inverted MCDI (i-
MCDI) operation. In i-MCDI, electrodes are chemically modified: we 
synthesized an electrode with positive chemical groups and an electrode with 
negative chemical groups. A cation exchange membrane (CEM) was placed 
in front of the electrode modified with negative chemical groups and an anion 
exchange membrane (AEM) was placed in front of the electrode modified 
with positive chemical groups.  Fritz et.al., (2019) demonstrated that this 
configuration can be successfully employed for water desalination, and that 
water is desalinated during discharge (adsorption), and that a concentrated 
effluent stream (desorption) is produced during charging.103  

This study reports pH fluctuations with aged electrodes in MCDI and i-MCDI 
operation, at different water recoveries. Furthermore, we compare our 
experimental findings of the NaCl experiments with theory that only includes 
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non-faradaic processes, and we find that the theory describes the trends of the 
experimental data well.  

2.2. Materials and Methods 
2.2.1. Electrode modification and desalination experiments 

Desalination experiments were conducted using an MCDI and an i-MCDI 
stack. The MCDI stack consisted of two cells, each with two activated carbon 
electrodes (PACMMTM 203,e ~ 250 m, Materials and Methods, Irvine, CA, 
USA) two ion exchange membranes (IEMs) and a nylon spacer for an evenly 
distributed water flow. A cation exchange membrane (CEM, Neosepta CMX, 
ASTOM Corporation, Tokyo, Japan) was placed in front of one electrode, 
and an anion exchange membrane (AEM, Neosepta AMX, ASTOM 
Corporation, Tokyo, Japan) was placed in front of the other, and a nylon 
spacer was placed between the membranes. The i-MCDI stack consisted of 
two cells with chemically modified electrodes, which were activated carbon 
electrodes modified with ion exchange polymers. Anion exchange polymer 
modified electrodes (AEPE) were prepared by immersing activated carbon 
electrodes in an ionomer solution (FAS solution, 24 wt% of polymer 
dissolved in N-Methyl-2-Pyrrolidone (NMP); Fumatech, Bietigheim-
Bissingen, Germany) that was diluted six times using NMP.  Immersed 
electrodes were then placed inside a vacuum chamber for 30 min and then 
dried for 24 hr at 100 °C. Similarly, the cation exchange polymer modified 
electrodes (CEPE) were prepared by immersing the activated carbon 
electrode in a six times diluted (using NMP) ionomer solution (FKS solution, 
16 wt% of polymer dissolved in NMP; Fumatech, Bietigheim-Bissingen, 
Germany). After modification, the electrodes were washed with ultrapure 
water before placement in the i-MCDI stack. The i-MCDI stack consisted of 
two cells, each with an AEPE and a CEPE. In front of each CEPE electrode 
a CEM was placed, and in front of each AEPE an AEM, and a nylon spacer 
was placed between the CEM and AEM. Graphite sheets were used as current 
collectors to electrically connect the porous carbon electrodes with the 
external electrical circuit, which connects the stack to a potentiostat 
(Iviumstat, Ivium Technologies, The Netherlands). 
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All desalination experiments were conducted using aged electrodes and NaCl 
solutions prepared using ultrapure water (resistivity of 18.2 Ω.cm at 25oC) or 
tap water. The electrodes were aged by charging and discharging the MCDI 
stack for more than 2000 and the i-MCDI stack for more than 3000 
desalination cycles using constant current operational mode with a fixed 
current density (11.1 A/m2), and a 5 mM NaCl solution, which was constantly 
purged with compressed air, was pumped through the MCDI or i-MCDI stack 
at 12.5 ml/min flow rate (effluent pH changes during aging processes of an 
MCDI stack are shown in figure S2.1. After the aging process, to compare 
experimental data with theoretical calculation, desalination experiments were 
conducted with 5 and 20 mM NaCl solutions which were purged with N2. 
Thereafter, further desalination experiments were conducted, either with a 5 
mM NaCl solution purged with air, or with tap water (not purged with air, 
neither with N2), for 80-100 desalination cycles. All desalination experiments 
were conducted in constant current operational mode with same current 
density and flow rate used during aging process. Desalination experiments 
were conducted for different values of water recovery. To increase water 
recovery, the flow rate during desorption was reduced. During desalination 
experiments with NaCl solution, the feed water was pumped from a 50 L tank 
which was purged with compressed air to the MCDI or i-MCDI stack and the 
effluent water was recycled to the same tank. In the tap water experiments, 
the feed water was pumped from a 20 L tank to the MCDI or i-MCDI stacks 
and the effluent water was not recycled. The tap water feed tank was 
constantly refilled to maintain the water level. During desalination 
experiments the feed water pH was continuously measured using a pH sensor 
connected to the stack inlet. Similarly, the effluent pH and conductivity were 
continuously measured.  

For the desalination experiments conducted with a NaCl solution, the salt 
concentration was calculated from the measured conductivity using a 
calibration curve. For the tap water experiments, in addition to the online 
conductivity and pH measurements, the effluent water during adsorption and 
desorption (from the last 3 cycles of each experiment) were collected 
separately and the pH was measured immediately after sampling. Also, the 
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concentrations of cations (Na+, K+, Ca2+ and Mg2+) and anions (Cl-, NO3-, 
PO43- and SO42-) present in the samples were analyzed using inductively 
coupled plasma-optical emission spectroscopy (ICP-OES, Optima 5300 DV, 
Perkin Elmer) and ion-chromatography (IC, Dionex Aquion, Thermo 
scientific) which are shown in Table S1.1 in the Annex A. The concentration 
of dissolved inorganic carbon (DIC) i.e., the total concentration of the ionic 
species H2CO3, HCO3- and CO32-, and the effluent pH (during adsorption and 
desorption) were calculated using Visual MINTEQ 3.1 software, as discussed 
in the next section.  

2.2.2. pH and ionic speciation calculations using Visual 
MINTEQ 

Visual MINTEQ 3.1 is a software tool that uses a chemical equilibrium model 
to calculate, in water, the ionic speciation, the solubility, and several 
parameters related to the water chemistry, including pH and DIC, which are 
calculated based on charge and mass balances of the different (ionic) species 
in solution. In our study, we used MINTEQ to calculate the pH and DIC of 
water samples by including the experimentally determined concentrations of 
all other ions from ICP-OES and IC analysis (Annex A, Table S2.1). 
Furthermore, we specify the partial CO2 gas pressure in air, which is in 
equilibrium with the aqueous phase. With these inputs, the pH, the total 
concentration of DIC, and the speciation thereof (concentrations of H2CO3, 
HCO3- and CO32-), were calculated by MINTEQ, for tap water, and for 
effluent water during adsorption and desorption. 

2.3. Results and discussion 
2.3.1. Comparing data and theory: desalinating a NaCl 

solution 

Desalination experiments were conducted using an MCDI stack with aged 
electrodes and a N2 purged NaCl solution for 100 desalination cycles. With 
aged electrodes, the average concentration reduction during a desalination 
step, Δc, and charge efficiency, were stable for all 100 cycles (see annex. 
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figure S2.2). During the adsorption step, the effluent pH is higher than the 
feed pH, whereas during desorption, the effluent pH is lower than the feed 
pH, see figure 2.2. We compare experimentally observed and theoretically 
predicted effluent pH changes by employing the theoretical framework as 
described in previous work,84 which considers the effect of non-faradaic 
phenomena, including the effect of different diffusion coefficients of the ions 
present in solution, and the presence of chemical surface groups.84 The 
theoretical pH changes are calculated for a feed solution with a NaCl 
concentration of 20 mM, whereas the experiments were performed with feed 
concentrations of 5 mM and 20 mM. Interestingly, we observe, considering 
the trend, a good description of the effluent pH changes by theory, i.e., we 
observe a pH increase during adsorption and a pH decrease during desorption. 
The dynamics of experimentally observed pH changes with a 5 mM NaCl 
solution, both for a solution purged with N2 (figure 2.2a) and with air 

(figure 2.3a), are similar to the theoretically calculated pH changes for a 20 
mM NaCl solution, but the magnitude of the experimentally observed pH 
changes is larger than predicted by theory. For the 20 mM NaCl feed solution, 
the magnitude of experimentally observed pH changes is similar to the 
theoretical predictions for the adsorption step, whereas, for desorption step, 
the magnitude is slightly larger than predicted by theory. But, the dynamics 
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are not similar to the predictions, which could possibly be explained by the 
limited sensitivity of the pH sensor (<0.1 pH unit). Clearly, the theory, which 
only includes non-faradaic phenomena, such as the effect of different 
diffusion coefficients of the ionic species present in solution, describes the 
data well compared to our previous study where the theory could not describe 
pH data well.84 In our previous study, we compared theory with experiments 
conducted with pristine electrodes, and we concluded that faradaic 
phenomena must be considered to explain the experimental data. In the 
present work, however, we used aged electrodes, and the agreement of theory 
with data indicates that, with aged electrodes, non-faradaic phenomena are 
the prominent cause of pH changes. 

2.3.2. Effluent pH changes  with MCDI and i-MCDI 

Furthermore, we studied pH changes with an air purged NaCl containing 
solution and with tap water (see Table S2.1 for exact composition of the tap 
water). The pH of the NaCl solution purged with air is reduced to 5.6 as CO2 
from air dissolves in water, resulting in the formation of carbonic acid 
(H2CO3) which then dissociates into protons, bicarbonate and carbonate ions. 
The pH of tap water is 7.72 due to the presence of carbonate and bicarbonate 
ions in the solution. The sum of the concentrations of hardness ions, i.e., 
calcium and magnesium, and of bicarbonate/carbonate ions present in the tap 
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effluent pH changes of MCDI experiments with a NaCl solution (a) and with
tap water (b), and i-MCDI experiments with tap water (c) after reaching
dynamic steady state.  
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water studied in this work, is in the range of moderately hard water. The 
desalination experiments were done for 80-100 cycles to reach dynamic 
steady state, which means that the cell voltage, salt adsorption and effluent 
pH of a particular cycle are the same as of the previous cycle (see figure S2.3 
for averaged pH and peak cell voltage for 80-100 cycles). These results are 
shown in figure 2.3a and 2.3b. Interestingly, for the MCDI experiments 
conducted with tap water, the pH changes are reversed compared to the case 
of NaCl, i.e., the pH value decreases during adsorption and increases during 
desorption (figure 2.3b). As the observed pH increase during desorption with 
tap water can result in scaling, strategies have to be developed and explored 
to invert these changes. To that end, tap water desalination experiments were 
conducted with an inverted-MCDI (i-MCDI) stack. Figure 2.3c, shows that 

the effluent pH changes observed in i-MCDI are, for tap water desalination, 
similar to that of MCDI: the effluent pH decreased during adsorption and 
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effluent pH changes in MCDI and i-MCDI during tap water desalination. 
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increased during desorption. This finding suggests that the pH changes in tap 
water are independent of cell operation during adsorption and desorption. s 

After steady state is reached in tap water desalination experiments, the 
effluent water during adsorption and desorption is collected (after 90 
desalination cycles) and the pH and ionic concentrations are measured 
(composition is reported in Table S2.3 and S2.4 in Annex A). Table S3 and 
S4 show that, during tap water desalination, the HCO3- ion is the dominantly 
adsorbed anion while Na+ is the dominantly adsorbed cation. Since the HCO3- 
ion is an amphoteric ion (i.e., an ion which can act both as acid and base), 
which is in local chemical equilibrium with dissolved CO2, any change in the 
concentration can result in a local shift of acid-base equilibria, which can 
affect the pH. This finding further supports the argument that, for tap water 
desalination, pH changes are mainly due to the adsorption and desorption of 
HCO3- ions during operation.  

In figure 2.4, we compare the experimentally measured relative effluent pH 
change for tap water desalination during adsorption and desorption with 
calculated pH values using Visual MINTEQ 3.1. The calculated pH follows 
a similar trend as the measured pH, i.e., the effluent pH decreases during 
adsorption and increases during desorption. The calculated values are based 
on the experimentally determined ionic composition of the water collected 
during adsorption and desorption, and MINTEQ adjusted the concentration 
of DIC to maintain the charge and mass balance. Though there is a difference 
between measured pH and calculated pH at different water recovery 
conditions, the direction of pH changes is in agreement. This shows that the 
pH changes observed during tap water desalination are due to a change in the 
concentration of DIC (mainly HCO3- ions, considering the pH and 
composition of the analyzed water) during adsorption and desorption. The 
preferential adsorption of HCO3- ions during tap water desalination could 
mainly be due its high concentration over other anions present in the tap 
water.  

2
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2.3.3. Effect of HCO3
- ion concentration on effluent pH 

changes 

In order to obtain more insight into the effect of DIC on the effluent pH, we 
have performed an analysis where we changed the concentration reduction of 
HCO3- (ΔcHCO3

-) during the desalination step, see figure 2.5a. For this 
analysis, we used the ionic composition of the water during adsorption and 
desorption of the 50% water recovery experiment (Annex A, Table S2.3). In 
order to maintain the charge balance, we adjusted the concentration of Na+ 
ions accordingly. Fig 2.5a shows that the pH changes are dependent on 
ΔcHCO3

-, and that an increased removal of HCO3- ions during the adsorption 
step results in more pronounced pH changes.  

Next, we predicted the scaling potential as function of the water recovery. To 
do this, we calculated the pH of the water collected during desorption using 
Visual Minteq software for the 50% water recovery experiment, based on the 
measured ionic composition. To calculate the pH of the effluent water during 
desorption at higher water recoveries, the ionic composition of the solution 
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was calculated by decreasing the volume during desorption, while 
maintaining the total amount of ions desorbed during discharge. Using these 
calculated ionic compositions, the pH of water during desorption is predicted 
using Minteq, as well as the Langelier Saturation Index (LSI). The LSI is a 
measure to express the scaling potential based on pH, total dissolved solids 
(TDS), alkalinity and the concentration of Ca2+ ions. Figure 2.5b shows that, 
for water recoveries higher than 70%, we observe a significant scaling 
potential (LSI > 0.5), and the scaling potential increases with water recovery.  

As shown in figure 2.5a, during tap water desalination, pH changes are 
mainly caused by the adsorption and desorption of carbonate species. If 
carbonate species are not present, however, pH changes are attributed to the 
effect of the difference in mobilities of Na+, Cl-, H+, and OH- ions on 
individual ion transport rates. These two different phenomena result in the 
inversion of the direction of pH changes experimentally observed (figure 2.3a 
and b). To get more insight, we have calculated the average effluent pH 
change for a 20 mM NaCl solution based on the theory as previously 
described, and also for an artificial water solution with a total concentration 
of salts equal of 20 mM, with equimolar concentrations of NaCl and NaHCO3, 

10 8 6 4 2 0

6.8

6.9

7.0

7.1

7.2

cCl- (mM)

Av
er

ag
ed

 e
ffl

ue
nt

 p
H

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
cHCO-

3, CO2-
3  (mM)

7.9

8.0

8.1

8.2

8.3

Av
er

ag
ed

 e
ffl

ue
nt

 p
H

(a) Na+, Cl-

Adsorption

Desorption

(b)Na+, Cl-, HCO3
-,CO3

2-

Figure 2.6. (a) Effluent pH calculated for different values of the concentration reduction 
of NaCl (i.e., ΔcCl-) (b) Prediction of the effluent pH at fixed concentration 
reduction (Δc = 3.45 mM) with different concentration reduction of carbonate 
species (ΔcHCO3

-,CO3
2-) over Cl-. 

2



38 
 

 

using Visual Minteq 3.1. Figure 2.6a shows the calculated pH changes for a 
NaCl solution as function of the concentration reduction of NaCl during 
desalination, ΔcCl, whereas in figure 2.6b we show pH changes for the case 
of overall c = 3.45 mM, but here the ratio between the adsorption of Cl- and 
HCO3-/CO32- is varied. Figure 2.6 clearly shows that the direction of the 
average pH changes during adsorption and regeneration are exactly opposite 
for these two cases. Increasing ΔcCl- results in more notable pH changes, with 
an average pH above the feed water pH during the adsorption step, and below 
during the desorption step. For the case of artificial tap water, pH changes 
become more notable with increasing adsorption of carbonate species (HCO3-

, CO32-), resulting in a pH decrease during adsorption and increase during 
desorption. This result highlights the importance to study pH changes in 
practical desalination conditions and the need control effluent pH changes, 
for example by reducing HCO3-  adsorption, in order to mitigate scaling 
problems.  

2.4. Conclusion 

In conclusion, we studied pH changes in MCDI and i-MCDI using aged 
electrodes, with a NaCl solution and with tap water. When dynamic steady 
state is reached, the observed effluent pH does not significantly change during 
desalination. The trend of these pH changes with a NaCl feed water purged 
with N2 is in agreement with our theory that only considers the differences in 
diffusion coefficients of the ions, which indicates that non-faradaic processes 
are the main cause of pH changes with aged electrodes in MCDI. This finding 
is significantly different from the existing understanding that faradaic 
processes are the major cause of pH changes in MCDI. In addition, we 
showed that pH changes observed for tap water desalination show different 
dynamics than for NaCl: the effluent pH increases during desorption. We 
explain this inversion of the direction by the adsorption of bicarbonate ions 
(HCO3-) during desalination, and by the desorption during regeneration. This 
study also shows that aged electrodes are preferable to be used to study pH 
changes in CDI. 
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Annex A 

Table S2.1. Concentrations of various ions in tap water and effluent water 
during adsorption and desorption of tap water desalination using MCDI and 
i-MCDI operation at 50% water recovery conditions. Cations were quantified 
using ICP-OES and anions were quantified using IC. The concentrations of 
ions in effluent water during adsorption and desorption are average of three 
measurements from three different samples collected from three adsorption 
and desorption steps. 

 

Table S2.2. Diffusion coefficients of ions used in theory to calculate effluent 
pH changes during desalination of NaCl solution purged with N2, using 
MCDI. Diffusion coefficients in 5 mM solution are increased 10 times to 
increase mixing of ions in the spacer channel during calculations. 

 

 

 

 

 

*All values are reported in mg/l  

Ions Tap 
water 
(Feed) 

MCDI (50% WR) i-MCDI (50% WR) 
Adsorption Desorption Adsorption Desorption 

Na+ 72.50 36.77 111.40 34.44 112.67 
K+ 2.46 0.82 3.68 0.89 3.92 
Ca2+ 25.80 7.48 45.65 8.40 48.07 
Mg2+ 8.94 2.53 14.69 2.84 15.40 
Cl- 35.60 8.87 60.80 8.60 59.40 
NO3- 11.00 2.73 18.13 2.90 18.80 

Ions Diffusion coefficient (Di) 
Na+ 1.33 ꞏ10-9 m2/s 
Cl- 2.02 ꞏ10-9 m2/s 
H+ 9.13 ꞏ10-9 m2/s 
OH- 5.16 ꞏ10-9 m2/s 
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Figure S2.1. Aging of MCDI electrodes in air purged 5 mM NaCl solution. Aging process 
is conducted until there is no change in the dynamics of pH changes observed 
(ca.  2500 desalination cycles). Early desalination cycles had significantly 
different pH changes (a) compared to desalination cycles after ̴~1800 cycles 
(b). 

 

Figure S2.2.  Concentration reduction and charge efficiency of aged electrodes in air 
purged NaCl solution and in nitrogen purged NaCl solution. In both cases, 
the charge efficiency and the concentration are in (dynamic) steady state. 
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Figure S2.3. Averaged effluent pH (i.e., integrated pH value of each adsorption or 
desorption step), and peak cell voltage for ~100 desalination cycles of MCDI 
experiments with an NaCl solution and with tap water, and of i-MCDI 
experiments with tap water purged with air. 

 

pH and ionic speciation calculations using Visual MINTEQ for tap water 
desalination 

The experimentally measured pH of freshly collected tap water was 7.72. 
However, when the collected water sample was allowed to equilibrate with 
atmospheric air for sufficient time (approximately 1 day), the pH increased to 
8.6. This pH increase is the result of a new equilibrium established between 
tap water and atmospheric air, of which the partial CO2 gas pressure is lower. 
In order to confirm this, we calculated the pH of tap water, of which we 
experimentally determined the ionic composition, in Visual MINTEQ 3.1 
using two different values for the partial pressure of CO2. The calculated pH 
of a solution of which the CO2 partial pressure is 0.289 mmHg (which is the 
partial pressure of CO2 in atmospheric air) was 8.7, which is the same as the 
experimentally measured pH value of tap water equilibrated with air. The 
calculated pH decreased to 7.72 (same value as experimentally measured for 
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fresh tap water) when the CO2 partial pressure was increased to 3.496 mmHg 
in the calculation. This observation confirmed that the partial pressure of CO2 
in fresh tap water is higher than the air equilibrated tap water. This increased 
value of the partial CO2 pressure is used to calculate the pH of tap water 
(feed), and effluent water collected during adsorption and desorption. 

 

Table S2.3. Ionic concentrations in feed water and effluent water during 
adsorption and desorption tap water desalination using MCDI at different 
water recovery conditions. The concentrations of bicarbonate and carbonate 
ions are calculated using VISUAL Minteq 3.1 software as mentioned above. 

*All values are reported in mg/l  

Ions Tap 
water 

50% WR 58% WR 72% WR 
Adsorpti
on 

Desorpti
on 

Adsorpti
on 

Desorpti
on 

Adsorpti
on 

Desorpti
on 

Na+ 72.50 36.77 111.40 36.50 124.20 36.50 164.40 

K+ 2.46 0.82 3.68 0.81 4.27 1.38 5.70 

Ca2+ 25.80 7.48 45.65 7.68 51.30 8.62 41.33 

Mg2+ 8.94 2.53 14.69 2.61 16.70 2.81 21.87 

Cl- 35.60 8.87 60.80 9.41 71.83 9.25 84.67 

NO3
- 11.00 2.73 18.13 2.75 20.25 3.10 27.97 

HCO3
- 
(calcu
lated) 

242.6 115.56 376.30 114.89 415.96 119.4 486.82 

CO3
2- 

(calcu
lated) 

0.75 

 

0.16 1.91 0.16 2.33 0.17 3.24 
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Table S2.4. Ionic concentrations in feed water and effluent water during 
adsorption and desorption of tap water desalination using i-MCDI at 
different water recovery conditions. The concentrations of bicarbonate and 
carbonate ions are calculated using VISUAL Minteq 3.1 software as 
mentioned in the methods section. 

*All values are reported in mg/l  

Ions Tap 
water 

50% WR 58% WR 72% WR 

Adsorpti
on 

Desorpti
on 

Adsorpti
on 

Desorptio
n 

Adsorpti
on 

Desorpti
on 

Na+ 72.50 34.44 112.6
7 

34.6 126.67 34.40 163.67 

K+ 2.46 0.89 3.92 0.85 4.58 0.89 6.16 

Ca2+ 25.80 8.40 48.07 8.88 54.30 9.68 54.80 

Mg2+ 8.94 2.84 15.40 2.98 17.57 3.15 22.73 

Cl- 35.60 8.60 59.40 9.10 65.30 10.9 96.30 

NO3
- 11.00 2.90 18.80 3.10 21.70 3.2 27.50 

HCO3
- 

(calcul
ated) 

242.6 114.00 393.2
7 

115.
55 

443.90 115.14 507.35 

CO3
2- 

(calcul
ated) 

0.75 

 

0.16 2.07 0.16 2.66 0.16 3.54 

2
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Calculation of Langelier saturation index 
LSI for 50% WR is calculated based on the difference between the measured 
pH during desorption (pH) and the saturation pH (pHs) of calcium carbonate 
saturation based on the concentration of Calcium ion and carbonate ion 
present in the solution. For other water recovery conditions, LSI is calculated 
as the difference between the predicted effluent pH during desorption and the 
saturation pHs. 

LSI = pH - pHs 

The saturation pHs is calculated based on following formula, 

pHs = (9.3 + A + B) - (C + D) 

where, 

A = (Log10 [TDS] - 1) / 10 

B = -13.12 x Log10 (Temperature in K) + 34.55 

C = Log10 [Ca2+ as CaCO3] - 0.4 

D = Log10 [alkalinity as CaCO3] 

In LSI calculation for 50% WR, TDS is calculated as the sum of all ionic 
concentrations measured (all cations and anions including calculated 
carbonate and bicarbonate ionic concentrations). Temperature is considered 
to be 296 K. Alkalinity of the effluent during desorption is calculated as the 
sum of the concentrations of bicarbonate and carbonate ions calculated for 
50% WR. For higher water recoveries, the TDS and alkalinity is calculated 
based on the predicted concentrations of ions. 
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Chapter 3. Mitigation of mineral scaling  in 
membrane  capacitive  deionization  – 
understanding the role of pH changes and 
carbonates 
 

This chapter was published as: 

Arulrajan, A. C. et al. Mitigation of mineral scaling in membrane capacitive 
deionization – Understanding the role of pH changes and carbonates. J. 
Water Process Eng. 6600, 105094 (2024). 
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Abstract 

Mineral scaling in water desalination is caused by the precipitation 
of salts, which is affected by various factors such as the presence of 
specific ions, solution pH, and temperature. While extensively 
researched in technologies like reverse osmosis (RO), 
understanding mineral scaling in membrane capacitive deionization 
(MCDI) remains limited. During MCDI operation, the pH of the 
effluent fluctuates, potentially triggering mineral scaling. The 
present study investigates how the adsorption and desorption of 
HCO3- ions and the distribution of dissolved inorganic carbon 
(DIC) species (H2CO3, HCO3-, and CO32-) drive pH changes. We 
examine mineral scaling formation at various water recoveries 
during MCDI operation using different thicknesses of the anion 
exchange membrane (AEM). Our findings indicate that pH changes 
increase with higher water recoveries and that increasing the AEM 
thickness provides a pathway to enhance MCDI stability, 
consequently lowering the need for anti-scaling agents. 
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3.1. Introduction 

The Desalination technologies play a vital role in addressing water scarcity 
issues by producing  fresh water, particularly in regions with limited access 
to natural freshwater sources.2,4,79 Desalination processes remove salt ions 
from the source water employing various driving forces such as temperature, 
pressure, or electrical potential differences.34,37,104–107. For instance, in 
thermal desalination methods like multi-effect distillation (MED), the feed 
water undergoes vaporization, and upon condensation, purified water is 
obtained, while the salt is left behind in the concentrate 107,108 Reverse 
osmosis (RO) and nanofiltration (NF) techniques involve the passage of water 
through semi-permeable membranes under pressure, separating desalinated 
water from a concentrated stream rich in salt ions.51,60,64,104,109,110 In 
membrane capacitive deionization (MCDI) and electrodialysis (ED), an 
electrical potential difference is applied to extract salt ions from saline water, 
generating desalinated water and concentrate.34,37,111 Despite their 
differences, all these technologies share a common challenge: the 
concentration of ions in the concentrate is higher than in the feed water, 
posing a potential risk of mineral scaling. 

In the context of MCDI, various factors influence mineral scaling, including 
salt solubility limits, ion types, and solution pH.83,105,108,112 Particularly 
noteworthy is the impact of hardness ions such as Ca2+ and Mg2+, as they tend 
to precipitate as carbonate, sulfate, or phosphate salts, resulting in mineral 

Figure 3.1.  (a) MCDI operation during the charging step and (b) the effluent pH during 
the desalination of a NaHCO3 solution, (c) the impact of pH changes in CDI 
and MCDI.. 

C
EM AE

M

po
ro

us
 e

le
ct

ro
de

Na+

Cl-

Na+
Cl-

Cl-

de
sa

lin
at

ed
 

w
at

er

Na+

e-

a) b)

 

  

 

ch
ar

gi
ng

di
sc

ha
rg

in
gpH

pH spikes

Time

MCDI effluent pH changes

-

- +

+

po
ro

us
 e

le
ct

ro
de

CDI
Mineral scaling on

electrodes and in flow 
channel

pH 
changes MCDI

Mineral scaling on
membranes and in 

flow channel

c)
mineral scaling

3



50 
 

 

scaling in MCDI systems. Mineral scaling in MCDI can impact long-term salt 
removal efficiency and energy consumption, leading to increased operational 
costs and greater reliance on anti-scaling agents.37,64,74,109,113 Despite 
numerous strategies proposed to mitigate scaling in conventional desalination 
methods such as RO and MED, understanding and controlling scaling in 
MCDI remain limited.51,112 

An MCDI cell consists of two porous carbon electrodes (an anode and a 
cathode), two ion-exchange membranes (IEMs) (an anion exchange 
membrane (AEM) positioned in front of the anode and a cation exchange 
membrane (CEM) in front of the cathode), and a porous spacer material used 
to separate the electrodes and facilitate water flow during operation. The 
MCDI cell is alternatingly charged to adsorb ions, resulting in the production 
of desalinated water, and discharged to desorb ions, resulting in the 
production of a concentrate solution (figure 3.1a). Throughout MCDI's cyclic 
operation, noticeable pH fluctuations are observed in the effluent, as shown 
figure 3.1b. Notably, the discharge phase yields a higher pH than the 
feedwater. This pH elevation during discharge triggers mineral scaling, 
underscoring the importance of understanding the underlying mechanisms 
behind these pH changes. Such insights are essential for improving the long-
term stability of MCDI systems. 

Earlier studies of pH fluctuations in MCDI systems postulated that such 
changes originated from faradaic processes like water splitting, carbon 
oxidation, and the generation of Cl2 gas. However, there are also studies 
indicating theoretically and experimentally that non-faradaic processes, such 
as water dissociation because of disparities in ion transport rates, can also 
contribute to pH alterations.38,84,88,99 As MCDI cells undergo numerous 
desalination cycles, the electrodes gradually age, diminishing the significance 
of faradaic reactions like carbon oxidation due to the depletion of available 
carbon groups for oxidation. Consequently, non-faradaic processes emerge as 
the primary cause of pH changes. 114 
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In the previous chapter, using aged electrodes, we have shown that pH 
fluctuations in brackish water desalination stem from the adsorption and 
desorption of bicarbonate ions (HCO3-). During charging, HCO3- ions are 
adsorbed, resulting in a decrease in effluent pH. Conversely, discharge results 
in the desorption of HCO3- ions, leading to a rise in effluent pH. When the 
concentrations of ions such as Ca2+ and HCO3- increase, mineral scaling may 
also exacerbate as these ions can precipitate as CaCO3 salt.114 

Previous studies on mineral scaling in MCDI have clarified that scaling 
primarily occurs on the membranes and the spacer channel, with minimal 
impact on the electrode surfaces compared to CDI, where scaling occurs in 
spacers and electrodes as depicted in figure 3.1c. This is attributed to the IEMs 
effectively hindering the movement of co-ions. Specifically, the AEM serves 
as a barrier to the transport of Ca2+ and Mg2+ ions towards the anode. 
Meanwhile, anions (HCO3-, PO43-, and SO42-) are hindered by the CEM from 
transporting towards the cathode, where Ca2+ and Mg2+ ions are 
electrosorbed.66,115 In addition to Ca2+ and Mg2+, other ions such as Fe2+/Fe3+ 
and Ba2+ can also precipitate, contingent on their concentrations, the presence 
of different counterions, and the pH of the feed water. Wang et al. examined 
Fe2+ scaling in MCDI, observing Fe2+ precipitation on both the AEM, CEM, 
and the spacer.115 Despite this advancement, a comprehensive understanding 
of how changes in pH affect mineral scaling remains an unresolved aspect.  

To address the challenges associated with mineral scaling in MCDI, this study 
systematically conducts desalination experiments using tap water and 
synthetic water. Effluent pH changes are recorded at various water recovery 
(WR) levels. These pH changes are elucidated by the removal of HCO3- ions 
and subsequent changes in the distribution of dissolved inorganic carbon 
(DIC) species. Furthermore, a mitigation strategy is devised to mitigate 
mineral scaling by adjusting the thickness of the AEM. 
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3.2. Materials and methods 
3.2.1. MCDI stack construction 

The MCDI stack consisted of three cells, each comprising two graphitic 
current collectors, two activated carbon electrodes (PACMM 203, δe ∼ 250 
μm, Material Methods, Irvine, CA, USA), a cation exchange membrane 
(CEM), an anion exchange membrane (AEM), and a porous spacer. The CEM 
(140 μm thick, Neosepta CMX, ASTOM Corporation, Tokyo, Japan) was 
positioned in front of the cathode, while the AEM (140 μm thick, Neosepta 
AMX, ASTOM Corporation, Tokyo, Japan) was in front of the anode. A 
nylon spacer (160 μm thick) was placed between the membranes. The 
graphite current collectors were situated behind each activated carbon 
electrode. To augment the thickness of the AEM within the stack, an extra 
AEM was placed in each cell. 

3.2.2. Desalination experiments  

Desalination experiments were conducted using three types of feed water: tap 
water (sourced from Wetsus, Leeuwarden, The Netherlands), synthetic water 
(prepared by dissolving NaCl, CaCl2, NaHCO3 and CaCO3 salts in deionized 
water), and a NaHCO3 salt solution (prepared by dissolving NaHCO3 salt in 
deionized water). Detailed ionic compositions are provided in Table S3.1. 
Water was circulated through the stack at a rate of 17 ml/min, achieving a 
productivity (P) of 55 L/h/m2 at 50% WR. To increase water recovery, the 
flow rate during discharge was reduced. Experiments were conducted in 
constant current (CC) mode using an Ivium-n-stat potentiostat (Ivium 
technologies, The Netherlands) with a current density of 11.1 A/m2 during 
charging and reversed current during discharging. The half cycle time was 
160 seconds, except for asymmetric experiments (See section 2.2.3). 
Desalination experiments were performed at various water recovery 
conditions (WR, the ratio of desalinated water over the total volume of water 
treated) in single-pass mode (i.e., effluent water was drained). The pressure 
difference (∆p) between the stack inlet and outlet was continuously monitored 
using a differential pressure meter (EJA110E, Yokogawa Electric 
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Corporation, Japan). Effluent pH and conductivity were also continuously 
recorded with 2-second data intervals using pH and conductivity sensors. 

3.2.3. Feed water pH adjustment 

In experiments involving tap water, the feed pH was measured at 7.73 ± 0.05. 
However, in the case of the NaHCO3 solution and synthetic tap water, the 
initial feed pH was higher than that of tap water and exhibited variability over 
time due to interactions with atmospheric CO2. To ensure a consistent 
comparison of pH changes during MCDI operation across different feed water 
compositions, we purged the NaHCO3 solution and synthetic water with CO2 
to establish and maintain a stable feedwater pH of 7.73. Once pH=7.73 was 
attained, it remained relatively stable (7.73 ± 0.03) throughout the 
experimental duration. 

3.2.4. Sample collection and ionic composition analysis  

In addition to continuous pH monitoring, we employed two methods for 
collecting desalinated water and concentrate samples. The first method 
involved sample collection throughout the entire charging or discharging step 
(i.e., 160 seconds), while the second method focused specifically on samples 
collected during the final 50 seconds of the charging or discharging step, 
representing the steady-state period. Following sample collection, we 
measured the pH and conductivity of each sample (within approximately 5 
minutes). For the determination of cationic and anionic concentrations, we 
used inductively coupled plasma-optical emission spectroscopy (ICP-OES, 
Optima 5300 DV, PerkinElmer) and ion chromatography (IC, Dionex 
Aquion, Thermo Scientific), respectively. The bicarbonate ion concentration 
was calculated using Aqion software, employing charge and mass balance 
calculations involving all other measured ions.  

3.2.5. Asymmetric desalination experiments  

Experiments involving asymmetric desalination conditions, where variations 
occur between the charging and discharging steps, are conducted. In each 
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experiment, parameters during the charging step, such as flow rate (17 ml/min 
for the stack), charging time (160 seconds), and current density (11.1 A/m2 
for the stack), remained constant. However, during the discharging step, only 
the flow rate remained constant, while the discharging time and current 
density were adjusted to ensure that the total charge transferred during the 
discharging step matched that of the charging step. Specific discharge 
conditions employed in asymmetric experiments are outlined in detail in 
Table S3.2. 

3.2.6. Mineral scaling experiments  

Mineral scaling experiments were conducted using two configurations of the 
MCDI stack: one with a single AEM (Single-AEM MCDI) and the other with 
double AEM (Double-AEM MCDI), as described in section 2.1. For tap 
water, scaling experiments were conducted continuously for over 100 hours 
of operation, while for synthetic water, they were carried out for a duration of 
17.8 hours (200 cycles). Throughout the scaling experiments, continuous 
measurement of the pressure difference (∆p) across the MCDI stack inlet and 
outlet was performed. Following each experiment, the stack underwent a 
cleaning process involving the circulation of a 0.1 M HCl solution through 
the stack until ∆p returned to its initial value (+/- 10 mbar). This cleaning 
procedure, typically lasting 2-4 hours, aimed to remove any scale formation 
and prepare the cell for subsequent experiments. After acid cleaning, the feed 
water was pumped through the cell until both the feed pH and effluent pH 
were equal. 

3.2.7. Calculation of ionic composition, saturation index, DIC, 
and titration 

Aqion Pro 8.1.5 software was used to compute the concentrations of the DIC 
species (H2CO3, HCO3-, and CO32-), as well as the Langelier saturation index 
(LSI) in both the feed water and the samples collected during charging and 
discharging. Additionally, titration curves for NaHCO3 titration with an acid 
were generated using the software. These calculations were performed by 
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taking into account charge and mass balance principles. The calculations were 
conducted within a closed CO2 system, meaning there was no interaction with 
the atmosphere.  

3.2.8. Ionic composition calculations for feed water 

In the feed water, all ions except for carbonates are experimentally measured, 
along with pH. These measured concentrations and pH values are then input 
into the software to calculate the DIC concentration, including HCO3- and 
CO32-. The calculations were performed using the software, employing charge 
and mass balance principles, while assuming a closed CO2 system.  

3.2.9. Ionic composition & LSI calculations for collected 
samples  

In analysing the ionic composition of collected samples, we used both the 
measured ionic concentrations and pH as fixed parameters to compute the 
concentrations of dissolved inorganic carbon (DIC). The pH measured 
experimentally in these collected samples represents the average pH of the 
total volume of desalinated or concentrate water collected during the entire 
step. Hence, the calculated DIC concentrations reflect the concentrations for 
the entire adsorption or desorption cycle, based on the measured pH. To 
account for varying pH values and their impact on ionic composition, 
different pH inputs were used, and a charge balance was conducted for each 
pH value to ascertain the corresponding ionic composition, including DIC 
concentrations. Additionally, these calculations facilitated the extraction of 
the Langelier Saturation Index (LSI) values for each sample from the 
software. The detailed calculation method of LSI is outlined in chapter 2. 

3.2.10. DIC calculation for NaHCO3 desalination  

The DIC concentration during NaHCO3 desalination was calculated by using 
the effluent Na+ concentration (calculated from effluent conductivity) and the 
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effluent pH as inputs. With these inputs, the DIC concentration is calculated 
through charge and mass balances considering a closed system.  

3.2.11. Titration calculations  

To predict the titration curves in Aqion Pro, we input the concentrations of 
NaHCO3, and the charge balance is adjusted based on the DIC concentration 
before titrating against HCl (50 mM). The titration predictions take into 
account a closed CO2 system, mirroring the conditions of the experimental 
titrations conducted in a closed vessel. 

3.3. Results and Discussion 
3.3.1. pH changes in MCDI 

We conducted desalination experiments using tap water, a synthetic solution 
containing a limited set of salts (consisting of Na+, Ca2+, Cl-, and HCO3-), and 
a single salt solution (only Na+ and HCO3-) to elucidate the underlying 
mechanisms for pH changes. As depicted figure 3.2(a-c), the charging step 
induces a decrease in pH, while discharging leads to an increase in pH across 
all feed waters. Notably, the effluent pH changes demonstrate consistent 
trends in terms of both direction and dynamics for both the NaHCO3 (single 
salt) solution and multi-ionic salt solutions (tap water, multi-ionic synthetic 
water). However, in chapter 1 we have demonstrated that for single salt 
solutions, when the anion present is Cl- instead of HCO3-, the resulting pH 
changes differ in terms of direction and dynamics, as demonstrated by the 
desalination of NaCl solution instead of NaHCO3, as shown figure 3.2d. 

This finding suggests that the presence of different anions in the water 
impacts the changes in effluent pH. The diverging trends in pH may stem 
from variations in anion compositions; specifically, the amphoteric nature of 
HCO3- allows it to function as both an acid and a base, influencing pH, 
whereas Cl- does not buffer the solution pH. Chapter 1 has shown that, under 
identical experimental conditions (11.1 A/m2 current density, feed water 
equilibrated with the atmosphere, and voltages below 0.95 V), faradaic 
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reactions occur solely at pristine electrodes, and as electrodes age, pH 
changes are predominantly attributed to non-faradaic processes.114 Hence, 
faradaic reactions can be discounted as a potential cause of pH changes, with 
focus instead on HCO3- ion adsorption and desorption as the primary driver 
in feed waters where these ions are present. 

To investigate the impact of effluent concentration on pH changes, we 
conducted additional desalination experiments using freshly prepared 
NaHCO3 with an initial feed pH of 8.35. By adjusting the applied current 

Figure 3.2.   Effluent pH changes observed during desalination of a) tap water, b)
synthetic water, c) a NaHCO3 solution and d) an NaCl solution (adapted from
our previous study, Arulrajan et al. (2021)). The feed pH of the NaCl solution
is 7, while for all other feed waters the pH is 7.72. 
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density to the MCDI stack, we adjusted the ion concentration in the effluent 
water (∆c). Figure 3.3a presents the mean effluent pH during adsorption and 
desorption steps relative to the applied current density. As the charging 
current density increases from 4.95 A/m2 to 8.9 A/m2, the effluent pH 
decreases from 8.31 to 8.26. Conversely, during discharge, the effluent pH 
rises from 8.41 to 8.46. This observation indicates that modifying the applied 
current density to alter ion concentrations in the effluent directly influences 
the magnitude of pH variations in tap water.  

To understand the effect of operational parameters such as current density, 
which can affect the effluent concentration and subsequently pH changes, 
particularly for concentrates, we conducted asymmetric desalination 
experiments using tap water. Throughout these experiments, the conditions 
(i.e., flow rate, current density, and charging time) during the charging step 
remained the same across all experiments, but the conditions during the 
discharging step were varied (maintaining a constant flow rate while altering 
the current density and discharging times). In these asymmetric experiments, 
the change in effluent concentration during charging remained consistent 
across all cycles due to the uniformity of experimental conditions, whereas 
the effluent concentration during discharging is affected by the applied 
current. The cell voltage during asymmetric experiments is presented in 
figure S3.1. When the current was increased during discharging, the 
discharging time was proportionally reduced to keep the total charge 

Figure 3.3.  (a) Averaged effluent pH of the experiment with the NaHCO3 solution during 
charging and discharging, (b) the effluent pH changes during asymmetric
desalination experiments, and (c) the magnitude of pH spikes at the
beginning of the charging step. 
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transferred during discharge the same for all applied currents. Figure 3.3b 
shows the effluent pH during asymmetric desalination. The pH changes 
observed in different asymmetric experiments overlapped during the charging 
step, while during the discharging step, the magnitude of effluent pH changes 
increases with increasing current density. A noteworthy aspect of pH changes 
is the distinct pH spike at the beginning of the charging step, followed by a 
smaller yet inverted pH spike at the beginning of the discharging step, as 
shown figure 3.2a-c. As illustrated figure 3.3b, the magnitude of the pH spike 
during the charging step was influenced by the current density applied during 
charging, with higher current densities resulting in larger pH spikes. These 
pH spikes can induce mineral scaling, particularly when hardness ions are 
present at elevated concentrations.  

3.3.2. pH changes with high DIC concentrations  

To investigate the mechanisms causing pH changes, we focussed on a simpler 
solution than tap water, i.e., a NaHCO3 solution. Despite the effluent pH 
fluctuations during charging and discharging, the effluent concentration 
stabilizes at a steady plateau value shortly after the start of a charging or 
discharging step (figure 3.4a), characteristic of constant current operation. 
The HCO3- ions, being amphoteric, participate in the carbonic acid 
equilibrium expressed as: H2O + CO2(g) ⇌ H2CO3* ⇌ HCO3- + H+ ⇌ CO32- 
+ 2H+ (apparent H2CO3* represents the combined concentrations of H2CO3 
and aqueous CO2). This equilibrium governs the concentration of each 
species involved, including CO2(g), DIC (H2CO3*, HCO3-, and CO32-), along 
with pH.116 Throughout charging and discharging, the adsorption and 
desorption of charged DIC species affect the carbonic acid equilibrium, 
leading to a shift in pH.114 

We used Aqion Pro software to compute the DIC concentration from the 
effluent pH and Na+ concentration, employing the methodology outlined in 
the materials and methods section. This analysis aims to elucidate changes in 
DIC species (CO2, H2CO3, HCO3-, and CO32-) concentrations. Notably, we 
calculated the concentrations of apparent H2CO3*, HCO3-, and CO32- while 
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treating the MCDI stack as a closed system (i.e., no CO2 exchange with 
atmospheric air). In the pH range between 7 and 8, H2CO3* and HCO3- 
emerge as the dominant DIC species, while the concentration of CO32-  is 
negligible, as shown in figure S3.2 and S3.3. 

Figure 3.4a displays the effluent pH and the NaHCO3 concentration, while 
figure 3.4b shows the concentrations of H2CO3* and HCO3- over time. 
Clearly, due to the adsorption and desorption of charged DIC in the porous 

carbon electrodes, the equilibrium between H2CO3* and HCO3- is shifted. 
This shift in chemical equilibrium impacts the solution pH, as shown in figure 
3.4a. Specifically, during charging, the H2CO3* concentration experiences a 
sharp initial decline from the feed concentration (~200 µM to ~60 µM), 
followed by gradual increase, ultimately returning to the initial feed water 
concentration (200 µM) by the end of the charging step. Similarly, during 
discharge, the H2CO3* concentration undergoes a sharp increase (from ~200 
µM to ~1 mM), followed by a gradual decline, once again reaching the initial 
feed concentration (200 µM) by the end of the discharging step. The sharp 
changes in H2CO3* concentration coincide with the pH spike at the onset of 
the charging step, while the sharp decrease aligns with the inverted pH spike 
at the beginning of the discharging step.  

 Figure 3.4. (a) The effluent NaHCO3 concentration and pH during charging and discharging
of MCDI. (b) The calculated concentrations of two primary DIC species, 
namely HCO3

- and H2CO3*, during charging and discharging. 
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Figure 3.4b shows that the rapid H2CO3* concentration change at the 
beginning of discharging (~0.75 mM) is approximately sixfold higher than 
the corresponding change during charging (~0.13 mM). However, this 
notable concentration increase does not translate into a proportionately 
amplified pH spike during discharge. As NaHCO3 solution is a buffered 
solution, it is important to consider the buffer range of this solution to evaluate 
the reason for the magnitude in pH changes. At the beginning of the 
discharging step, the effluent pH is 7.1, which is close to the pKa (6.37) of the 
carbonic acid-bicarbonate equilibrium,117 indicating that the pH is minimally 
impacted by changes in the concentration of DIC species.. At the beginning 
of the charging step, however, the effluent pH is 7.9, which is further away 
from the pKa of 6.37, and is therefore in the poorly buffered pH range. This 
lower buffer capacity could be the reason for the more pronounced pH spike 
at the beginning of the charging step. This argument is supported by the 
calculation conducted for the titration of NaHCO3 composition measured 
during discharge, see figure S3.7. 

3.3.3. Mineral scaling in MCDI  

The pH changes in MCDI can induce scaling, especially noticeable under 
high water recovery conditions (WR > 50%).67 During the investigation of 
mineral scaling, we examined various  water recovery conditions. Our focus 
was on assessing the impact of AEM thickness on mineral scaling, as 
membrane thickness can influence the flux ratio of different species.32 Two  
configurations of MCDI stacks were employed: one with a single-AEM 
MCDI cell and the other with a double-AEM MCDI cell setup. Desalination 
experiments were conducted for durations exceeding 100 hours for each water 
recovery condition. To enhance water recovery, the flow rate during 
discharge was reduced. Mineral scaling in the spacer channel was monitored 
by continuously measuring the pressure difference (∆p) across the spacer 
channel during experiments.67 

The ∆p measured between the inlet and outlet of the MCDI cell represents the 
pressure difference across the spacer channel connecting the inlet and outlet. 
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Mineral scaling occurs when minerals precipitate, blocking pores in the 
spacer. This blockage leads to an increase in ∆p. In MCDI systems, ∆p values 
often serve as indicators prompting cleaning cycles for mineral scale removal. 
Typically, cleaning cycles commence just before ∆p begins to rise 
exponentially; however, specifics vary between systems, lacking a 
standardized protocol for cleaning cycle initiation. In this study, a threshold 
of 100 mbar was set to compare mineral scaling across operational conditions. 

Figure 3.5 shows that, for tap water desalination, an increase in ∆p with time 
is observed, which is an indicator of mineral scaling. Notably, at 50% and 
75% WR conditions, ∆p remains relatively stable, with values below 20 mbar 
even after 110 hours of operation. At 85% WR, although scaling causes a 
more pronounced increase in ∆p, it does not reach the threshold of 100 mbar 
during the experiment. Only at WR of 90%, substantial ∆p changes occur 
over time in both MCDI configurations. For the single-AEM MCDI, 100 
mbar is reached in 35 hours; whereas, with double-AEM MCDI, it takes ~80 
hours. This observation gives experimental support that increasing AEM 
thickness reduces mineral scaling, and therefore the consumption of cleaning 
in place chemicals. Experiments with tap water were poorly reproducible. 
Subsequent examination upon MCDI stack disassembly revealed pronounced 
mineral scaling exclusively on the spacer as visibly depicted in figure S3.4, 
whereas IEMs remained largely unaffected. The precipitated salt in the spacer 
was subjected to Raman spectral analysis. The Raman analysis shows 4 
distinctive peaks at 153, 280, 712 and 1085 cm-1 which are in line with the 
peaks for calcite (CaCO3) revealing that the precipitated mineral is calcite, 
figure S3.5.118 Interestingly, the initially transparent AEMs exhibited a brown 
hue (as seen in figure S6), potentially attributable to organic adsorption (e.g., 
humic/fluvic acid substances).This membrane fouling could impair 
experimental reproducibility. Therefore, we studied scaling in synthetic water 
containing only Na+ and Ca2+ cations, and Cl- and HCO3-/ CO32- anions, with 
increased Ca2+ ion concentrations to accelerate mineral scaling (Table S3.1). 
These synthetic water scaling experiments were carried out for 200 
desalination cycles (equivalent to ~18 hours), repeated three times for 85% 
and 90% WR to ensure replicability. 
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figure 3.6 shows ∆p changes over operational time for synthetic water. 
Similar to the trends observed in tap water mineral scaling, experiments with 
synthetic water also demonstrate an increasee in scaling with rising WR. 
However, at 50% and 75% WR, though ∆p increases it does not reach the 100 
mbar threshold within the ~18-hour operational timeframe. At 85% WR, the 
single-AEM MCDI stack reaches 100 mbar ∆p in 14 hours, while the double-
AEM MCDI stack does not reach the 100 mbar threshold within the 
operational timeframe. Upon increasing the WR to 90%, the single-AEM 
MCDI achieves a 100 mbar ∆p in 10 hours, whereas the double-AEM MCDI 
stack takes 13.5 hours, displaying that scaling is approximately 1.35 times 
slower. In experiments with tap water and synthetic water, mineral scaling is 
primarily influenced by two factors: the hardness ion concentration (Ca2+, 

Figure 3.5.  Pressure difference, an indication for mineral scaling, across the MCDI 
cell against operational time during tap water desalination at water 
recoveries a) 50%, b) 75%, c) 85%, d) 90%. 
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Mg2+) and pH. Analysis of ionic composition in tap water experiments shows 
no significant difference between single AEM and double AEM 
configurations. Effluent pH data from tap water and synthetic water 
experiments alone cannot explain pH variations by the AEM thickness, as 
simultaneous scaling can impact the measured effluent pH. To address this, 
we conducted theoretical calculations of the Langelier Saturation Index (LSI). 
The LSI is an indicator that shows the extent of scaling potential of a solution 
based on pH, TDS (total dissolved solids), temperature, Ca2+ concentration 
and alkalinity. While desalinating tap water or artificial tap water, at higher 
WR, the concentration of Ca2+ ions (together with all other ions) and pH in 
the effluent increases. This results in the precipitation of CaCO3 (calcite) on 
the spacer. When the LSI values are above 0.5, the potential for scaling is 

Figure 3.6. Pressure difference across the MCDI cell against operational time as an
indication for mineral scaling during synthetic water desalination at 
water recoveries a) 50%, b) 75%, c) 85%, d) 90%. The dotted and solid 
lines of the same colour show data from replicate experiments.  
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significantly high. We calculated the LSI for the concentrate composition of 
90% water recovery under two conditions: firstly, varying the Ca2+ 
concentration (and Na+ concentration to maintain the charge balance) with 
constant pH, and secondly, varying pH and the total DIC concentration while 
the other ionic concentrations are constant, see figure S3.8. The initial LSI 
value for the concentrate is 1, and to raise the LSI to 1.2, the Ca2+ 
concentration must increase by 73% (i.e., from 3.42 mM to 5.92 mM) when 
pH is fixed, while a 2.9% increase in pH (i.e., from 8.02 to 8.25) results in the 
same LSI with fixed concentrations of Ca2+ and of the other ions except DIC. 
As the difference in the Ca2+ concentration between single AEM and CEM 
experiments is not significant (i.e., only 8.75%), the difference in effluent pH 
between single and double AEM is probably the most important cause of the 
observed differences in scaling, as shown in figure 3.5 and 3.6.  

3.4. Conclusion 

We conducted a series of experiments to understand the mechanisms driving 
pH changes during desalination processes, focusing on solutions containing 
HCO3- ions (such as tap water, synthetic water and NaHCO3). Our empirical 
findings demonstrate that pH changes observed in NaHCO3 experiments 
directly result from HCO3- removal, which we identify as a significant 
mechanism driving pH changes in tap water. Through systematic experiments 
and calculations, we determined that HCO3- removal, along with changes in 
concentrations of other dissolved inorganic carbon (DIC) species, can lead to 
pH changes by altering the carbonic acid equilibrium. Furthermore, we 
observed that desalination of tap water or synthetic water containing hardness 
ions at higher WR conditions results in elevated pH levels, contributing to 
increased mineral scaling. Raman spectral analysis revealed that during tap 
water desalination, scaling primarily occurs due to the precipitation of calcite 
mineral. Our findings also demonstrate that increasing the thickness of the 
AEM can reduce mineral scaling in MCDI, consequently decreasing the need 
for anti-scaling agents. 
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Annex B 

Table S3.1. Composition of different feed water solutions at pH 7.73 with 
experimentally measured ionic compositions. The concentrations of HCO3- 
and CO32- are calculated using Aqion Pro software as mentioned in the 
method section. 

Ion Concentration (mM) 
 Tap water (pH 

7.72) 
Synthetic water 
(pH 7.73) 

NaHCO3 water 
(pH 7.73) 

Cations    
Na+ 3.08 1.97 4.93 
Ca2+ 0.79 1.92 - 
K+ 0.08 - - 
Mg2+ 0.40 - - 
Anions    
HCO3- 4.43 (calculated) 4.63 (calculated) 4.89 (calculated) 
CO32- 0.014 

(calculated) 
0.015 
(calculated) 

0.015 
(calculated) 

Cl- 1.05 1.02 - 
NO32- 0.06 - - 
SO42- < detection limit - - 
PO43- < detection limit - - 
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Table S3.2. Current and discharging time during the discharging step in 
asymmetric desalination experiments. 

Current 
(A/m2) 

Discharging time (s) Equivalent WR % 

5.93 300 27 
7.41 240 33.5 
9.88 180 44.5 
11.11 160 50 
14.81 120 67 

 

Charge and Mass balance calculations 

The charge and mass balance calculations were carried out by Aqion Pro 
software as mentioned in the methods section. To calculate the concentration 
of each DIC species, the following equations are used by the software.  

For a closed DIC system,  

Mass balance: [DIC] = [H2CO3*] + [HCO3-] + [CO32-] = Constant 

Charge balance:  [H+] – [HCO3-] – 2 [CO32-] – [OH-] = 0  
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Figure S3.2.  The carbonic species distribution for desalinated water and for concentrate with 
pH calculated using Aqion Pro software.  
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Figure S3.1. The cell voltage profiles during asymmetric desalination experiments. 
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Figure S3.4. Unused and used spacer in tap water experiments; mineral scaling is observed
on the used spacer.  

Figure S3.3. The carbonate concentration and the effluent pH changes during a complete
desalination cycle.  

3
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Figure S3.6. (a) A picture of a pristine AEM and (b) a used AEM in tap water experiments; 
the colour change is clearly visible.   
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Figure S3.5. Raman spectra of precipitated salt collected from MCDI spacer 
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Figure S3.7. Predicted titration curve for the concentrate in NaHCO3 desalination at 
50% WR condition. The green highlighted area shows the buffer range
with limited pH changes when HCl is dosed. 
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Figure S3.8. LSI prediction for concentrate composition of 90% WR tap water experiments
as a function of (a) pH, and (b) of the Ca2+ concentration. 
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Chapter  4.  Understanding  pH  changes  in 
different compartments of the Membrane 
Capacitive Deionization cell 
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Abstract 

Membrane capacitive deionization (MCDI) has emerged as a 
promising electrochemical method for desalinating brackish water. 
Despite its potential, MCDI systems encounter challenges such as 
low ion-selectivity and mineral scaling, which are influenced by pH 
changes during operation. Effluent pH changes cause mineral 
scaling while pH changes near electrodes can affect the removal 
efficiency of ions like carbonates and borates. Previous studies have 
shown the effluent pH changes during desalination of various feed 
waters. However, understanding pH changes at specific cell 
locations, such as the anode and cathode, is crucial for effective pH 
control strategies. This chapter investigates pH changes in different 
MCDI cell compartments using ultra-micro pH sensors under both 
faradaic and non-faradaic conditions. By comparing our findings 
with existing theoretical and experimental data, we aim to elucidate 
the pH changes within MCDI cells that can help to enhance 
operational strategies to mitigate mineral scaling and to improve 
ion-selective adsorption of pH sensitive ions. 
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4.1. Introduction 

Increasing global demand for freshwater, coupled with diminishing natural 
water resources, necessitates water treatment. The need for water reuse in 
industries, environmental and health risks associated with effluents, and the 
need for potable water from brackish and seawater sources leads to the 
development of water treatment technologies.2,4,6,79 Membrane capacitive 
deionization (MCDI) is an electrochemical water treatment technology for 
brackish water desalination.37,119,120 Despite its potential, MCDI systems face 
challenges such as low selectivity towards the removal of specific ions and 
mineral scaling. In MCDI operation, pH is one of the factors that influences 
mineral scaling and ion-selectivity. A pH shift towards basic pH leads to 
hardness ion precipitation, causing mineral scaling especially in the spacer 
channel and on the membranes.67,82,99 Similarly, pH changes near electrodes 
affect the removal of ions like carbonates and borates, emphasizing the 
importance of understanding pH changes to enable effective  MCDI system 
development.71  

The cyclic operation of MCDI, involving alternating charging and 
discharging, induces pH fluctuations in the effluent. The specific direction of 
these pH changes depends on the ion composition of the feed water. This 
variability poses a challenge, significantly impacting the efficiency and long-
term stability of MCDI systems.67,121 Addressing this challenge becomes 
important, prompting the need for strategies to mitigate pH changes. A 
comprehensive understanding of pH dynamics during MCDI operation is 
essential for developing effective strategies to control or minimize pH 
changes. Previous research has extensively investigated pH changes in CDI 
and MCDI, focusing on effluent streams using pristine activated carbon 
electrodes and NaCl feed water. Various operational modes, including single 
pass or batch mode operation, and diverse experimental conditions such as 
constant current or constant voltage operation, have been explored to study 
the mechanisms causing pH changes and to minimize the loss in 
stability.73,74,88 

4



76 
 

 

Most existing studies have identified faradaic reactions as the predominant 
factor behind observed pH variations during (M)CDI operation. Under certain 
(M)CDI operational conditions, faradaic reactions (as listed in Table 4.1), 
including carbon oxidation, oxygen reduction, water splitting, and chlorine 
formation can be induced.73,84,88,99,122,123 These reactions exert a significant 
influence on pH changes in both CDI and MCDI. The incorporation of ion-
exchange membranes (IEMs) in MCDI is expected to suppress faradaic 
reactions related to dissolved O2 by limiting its transport into the electrode 
compartments.99,124  

Table 4.2 Overview of possible faradaic reactions that can take place in 
MCDI 

Reaction 
number 

Reaction Potential vs SHE 

 
Anode 

 

 
Oxygen evolution reaction88 

 

1 2H2O → O2 + 4H+ + 4e− 1.23 V 
 

Carbon oxidation reaction88 
 

2 C + H2O → C–Oads + 2H+ +2e− 0.21 V 

 Chlorine oxidation reaction88  

3 2Cl−  → Cl2 +2e− 

Cl2 + H2O → HClO + H+ + Cl− 

1.36 V 

 
Cathode 

 

 
Hydrogen evolution reaction 

 

4 2H+ + 2e− → H2 0 V 

 Oxygen reduction reaction88  
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In addition to faradaic reactions, non-faradaic processes, such as differences 
in ion mobilities and the protonation/deprotonation of surface chemical 
groups can also cause pH changes during MCDI operation as shown in figure 
4.1.38,84 Theoretical evaluation conducted by Dykstra et al. (2017) 
demonstrated that differences in ion mobilities contribute to effluent changes 
during NaCl desalination with a pH increase during the charging and a 
subsequent decrease during discharge.84 This theoretical framework is 
validated in chapter 2 of this thesis, where MCDI operation with aged 
electrodes revealed that pH changes during NaCl desalination  are 
predominantly caused by non-faradaic processes.114 This phenomenon 
becomes particularly pronounced when faradaic reactions, such as carbon 
oxidation, diminish as the electrodes age during long-term operation. 
Additionally, in tap water desalination, the presence of bicarbonate ions 
(HCO3-, an amphoteric ion) in the feedwater causes pH changes with inversed 
direction compared to NaCl due to the adsorption and desorption of HCO3-, 
representing another non-faradaic process.114 

In literature, investigations on pH changes in (M)CDI have predominantly 
focused on effluent water.99,114 While insights derived from studying effluent 
pH data contribute to addressing challenges like mineral scaling in the spacer 
channel, a comprehensive understanding of pH changes at specific locations 
within the MCDI cell, namely the anode, cathode, and ion-exchange 
membranes, is crucial to propose effective strategies for pH control. Despite 
the theoretical framework established by Dykstra et al. (2017)84 elucidating 
pH dynamics at the cathode and anode during MCDI operation, experimental 
studies targeting near-electrode pH changes are limited. A recent study by 
London et al. (2021)86 has undertaken an examination of pH changes in 
proximity to the electrode surfaces in CDI and MCDI cells under equilibrium 
desalination conditions. Their findings reveal that, with aged electrodes, CDI 
exhibits greater pH changes in comparison to MCDI. Notably, the pH near 

5 O2 + 2H+ + 2e− → H2O2 0.69 V 

4
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the anode tends to be acidic, while near the cathode, the pH tends to be basic 
during the charging phase for both CDI and MCDI. During discharge, the pH 
in the MCDI anode and cathode stays acidic and basic, respectively, while in 
CDI the pH in the anode and cathode gradually reaches feed pH.86 Further 
elucidation of near-electrode pH dynamics under conditions such as constant 
current operation holds significant promise for enhancing operational 
strategies aimed at controlling pH changes. 

In a recent study, Shocron et al. (2021)71 provided a comprehensive 
elucidation of how the pH close to the anode and cathode influences boric 
acid speciation and its subsequent efficient removal. In the context of a flow-
through electrode capacitive deionization (FTE-CDI) system, the cell design 
with an anode placed upstream and cathode downstream has been 
demonstrated to be particularly effective in removing boric acid, a different 
observation from the less efficient removal observed when the cathode was 

H+

OH-

½ O2

An
od

e

+

+

OH-

Cl-

Non-faradaic pH changes

+

Faradaic pH changes

(Electrochemical 
reactions cause pH 
changes)

(Difference in ion 
mobilities cause 
pH changes) 

e-

Figure 4.1.  Graphical representation of faradaic reactions and non-faradaic processes 
that cause pH changes in MCDI, presented for the anode as an example. 
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positioned upstream. Theoretical pH calculations conducted by Shocron et al. 
underscore that maintaining a higher pH in the anode, especially at the spacer 
channel interfaces, plays a crucial role in facilitating the effective removal of 
boric acid. This is achieved by promoting its speciation under basic 
conditions. Translating this understand the potential to elevate its capacity for 
removing amphoteric ions. 

In this chapter, we studied pH changes in different elements of an MCDI cell, 
namely at the effluent, near the cathode and the anode, to get better insights 
into pH dynamics during MCDI operation. By using an ultra-micro pH sensor 
which can be positioned with µm precision near the electrodes, we recorded 
pH changes under two different operational conditions, namely, a condition 
in which faradaic reactions are likely to run which we refer as faradaic 
condition, and a condition in which these are not likely to run, which we refer 
to as the non-faradaic condition. Finally, by comparing with existing 
theoretical and experimental studies, we explain the pH changes observed in 
the different compartments of the MCDI cell. 

4.2. Materials and methods 
4.2.1.  MCDI Stack construction 

The MCDI stack consisted of 3 cells. Each cell consisted of two graphitic 
carbon sheets, two activated carbon electrodes (PACMM 203, δe ∼ 250 μm, 
Material Methods, Irvine, CA, USA), two ion exchange membranes and a 
porous nylon spacer. In each cell, a cation exchange membrane (CEM; 
Neosepta CMX, ASTOM Corporation, Tokyo, Japan) was placed in front of 
an activated carbon while an anion exchange membrane (AEM; Neosepta 
AMX, ASTOM Corporation, Tokyo, Japan) was placed in front of the other 
activated carbon electrode. The nylon spacer (160 micrometer thick) was 
placed between the membranes. Each cell was placed between two graphite 
sheets that acted as current collectors. There was a hole at the top of the cell 
to place micro pH sensors to measure pH near the electrodes (Section 2.5). 

4
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4.2.2.  Aging of electrodes 

Before starting desalination experiments to measure pH changes, the 
electrodes were aged by operating the MCDI stack for more than 3000 
desalination cycles at constant current operational mode with a current 
density of 11.1 A/m2, flow rate of 18.75 ml and half-cycle time (HCT) of 160 
seconds. During aging, a 5 mM NaCl feed water purged with air was 
desalinated in order to have dissolved O2 and CO2 in the system. The 
electrodes are considered as aged once the effluent pH changes become 
minimal, the pH dynamics become consistent over cycles, the magnitude of 
pH changes for consecutive cycles are similar, and the overall pH changes 
fluctuate around the feed water pH. 

4.2.3.  Desalination experiment 

After the electrodes are aged, the desalination experiments to measure pH 
changes were performed with a 20 mM NaCl feed solution prepared using 

Figure 4.2.  Graphical representation of MCDI cell and near
electrode pH measurement using an ultra-micro pH 
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ultrapure water (resistivity of 18.2 Ω cm at 25 °C) and purged with nitrogen 
to eliminate dissolved O2 and CO2. The feedwater was pumped from a 50 L 
tank and the effluent was discharged. Constant current operational mode is 
used for desalination with an applied current density of 11.1 A/m2 and with a 
flow rate of 18.75 ml/min. Two different operational schemes were used, i.e., 
one scheme to operate the cell under non-faradaic condition, and a scheme 
for faradaic condition. For non-faradic condition, the MCDI stack is charged 
until 0.65 V with a positive current and discharged until 0 V with a negative 
current. Whereas for faradaic condition, the MCDI stack is charged until 1.6 
V and discharged until 0 V. All experiments were carried out for 40 to 100 
cycles to reach dynamic steady state where pH changes of consecutive 
desalination cycles overlap. 

4.2.4.  Conductivity and pH experiments at the effluent 

The pH and the conductivity of the effluent was measured continuously with 
a pH sensor and a conductivity sensor connected to the effluent. The pH and 
conductivity are recorded with a 2 second interval. 

4.2.5.  pH measurements near the electrode 

To measure the pH near the electrode, a hole through the MCDI cell wall and 
current collector was made as shown in figure 4.2, with a 4 mm diameter hole 
through the cell and a 8 mm hole through the current collector. An ultra-micro 
pH sensor (Orion™ 8103BNUWP ROSS Ultra™ pH Electrode) with a 3 mm 
tip width that was attached to a homemade micro-positioning system, as 
shown in figure 4.2, was used to measure the pH near the electrode surface. 
The micro-positioning system has a stepper motor controlled vertically 
moving platform (Thorlabs' MTS50-Z8 (MTS50/M-Z8) in which the pH 
probe is mounted and the stepper motor was controlled by Thorlabs’s APT 
software to make micro steps of 50 micrometers. Initially, the micro pH 
sensor was manually placed through the hole to touch the electrode surface, 
and thereafter the sensor was mounted to the vertically moving platform and 
lifted 100 micrometers above the electrode surface using two 50 micrometer 

4
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steps. The pH data were collected every 5 seconds. The provision for the near 
electrode pH measurement was only made on the top side of the MCDI stack. 
Therefore, two individual experiments, one with an anode at the top side of 
the stack and the other with a cathode at the top side, were carried out to 
measure cathode pH and anode pH individually. 

4.2.6.  pH measurements with pH indicators in CDI 
configuration 

To measure pH near the electrodes using pH sensitive color indicators, a 
conventional CDI configuration is used. Two carbon electrodes separated by 
a 9 mm channel gap were placed inside a transparent cell. A camera was used 
to continuously record solution color between electrodes. A universal pH 
indicator (Merck, pH range 4-11) was mixed with 100 mM NaCl solution 
before measurements. pH visualization experiments were performed by 
applying a constant voltage for 600 s during charging and 0 V for 600 s during 
discharging. While charging, color changes of the pH indicator are filmed in 
the spacer channel between the electrodes. To correlate color changes with 
pH values, calibration was conducted across a broad pH range, spanning from 
4 to 10.5. At each pH value a photograph is taken and processed using ImageJ 
software to determine the RGB (red, green, blue) color intensities. This 
calibration revealed that the red color can be used as an indicator of pH 
changes for the full pH range as shown in figure S4.3. After performing this 
calibration, a desalination experiment was conducted and photographs were 
taken during the charging step of the CDI cell. These photographs, taken at 
various times during the charging step, were processed and the red color 
intensity was used to determine the local pH inside the cell. 

4.3. Results and discussion 
4.3.1 Effluent pH changes: non-faradaic and faradaic 
conditions 

In the present investigation, we conducted a series of experiments to measure 
pH changes in the effluent, anode, and cathode of an MCDI cell operating 
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under non-faradaic and faradaic conditions. Figure 4.3a shows the cell voltage 
and the effluent pH for both conditions. Under non-faradaic condition, 
charging the MCDI cell to 0.65 V and discharging to 0 V resulted in an 
effluent pH increase during charging and a subsequent decrease during 
discharging, with pH changes oscillating around the initial feed pH. Effluent 
pH changes oscillating around feed pH indicates the absence of faradaic 
reactions as we showed in chapter 2 that the effluent pH changes oscillate 
away from the feed pH when faradaic reactions are present (i.e., at the 
beginning of electrode aging), and oscillate around the feed pH when faradaic 
reactions are absent (i.e., after aging of the electrode).114 Furthermore, our 
findings are also consistent with the theoretical predictions of Dykstra et al. 
(2017), where the predicted effluent pH changes during charging and 
discharging under non-faradaic condition oscillate around feed pH and  the 
direction of pH changes are the same as observed in this study.84 

In contrast, under faradaic condition, when the cell was charged to 1.6 V to 
induce faradaic reactions such as water splitting, and subsequently discharged 
to 0 V, the effluent pH changes deviated from the feed pH. The effluent pH 
changes oscillate around pH 5 after achieving dynamic equilibrium. Notably, 
the deviation in effluent pH from feed pH can be seen during the initial 
desalination cycles i.e., approximately the first 10 cycles, which then 
stabilizes around pH 5 during later desalination cycles, as shown in figure 
S4.1. In figure 4.3b, the pH sharply increases during charging, followed by a 
gradual decrease, while during discharge, the pH shows a gradual increase 
from the lower pH reached during charging. The observed pH decrease during 
charging signifies an elevated concentration of H+ ions in the spacer, 
indicative of occurrence of faradaic reactions at the electrodes. 

We conducted a qualitative comparison of our results with the theoretical 
predictions by Dykstra et al. (2017), who exclusively considered non-faradaic 
processes and faradaic reactions in their pH change assessments. Although a 
direct comparison is challenging due to the disparate experimental conditions 
employed in the two studies, a qualitative evaluation provides valuable 
insights. As depicted in figure 4.3c, the effluent pH under non-faradaic 
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condition in both cases consistently oscillates around the feed pH, displaying 
a pH increase during charging and a decrease during discharging. 

However, notable differences are observed when examining effluent pH 
changes under faradaic condition in the present study compared to the 
theoretical predictions by Dykstra et al (2017) as shown figure 4.3d. In their 
theoretical investigation, the effluent pH was shown to be basic during 
charging, whereas our experimental results indicate an acidic effluent pH. 
Additionally, the direction of pH changes during charging and discharging 
between these two studies are opposite to each other. 
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Figure 4.3.  Cell voltage and effluent pH experimentally measured during non-Faradaic 
condition (a) and Faradaic condition (b) compared with the cell voltage and
effluent pH predicted for non-faradaic condition (c) and faradaic condition
(d) by Dykstra et.al (2017). 
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The observed discrepancy between our experimental results and the 
predictions by Dykstra et al. (2017) may arise from their consideration of only 
the water reduction reaction (2 H2O + 2e- → H2(g) + 2 OH-) in the cathode as 
the sole faradaic reaction influencing effluent pH changes.  However, this 
theoretical finding may not be directly applicable when different faradaic 
reactions than water reduction occur, and when faradaic reactions occur both 
at the cathode and anode instead of only in the cathode. Therefore, the 
deviation of effluent pH changes in the current study could be due to the 
occurrence of different faradaic reactions at both electrodes. So, the measured 
effluent pH in the present study should not be directly compared with the 
predictions of Dykstra et al. (2017). 

The charge efficiency, a key metric in MCDI, reflects the ratio of ions 
adsorbed to the applied charge. Figure 4.4 shows the effluent concentration 
change during non-faradaic and faradaic condition. Under ideal situation 
without faradaic reactions and co-ion expulsion, the theoretical maximum 
charge efficiency is 1, indicating complete utilization of charge for ion 
adsorption. Experimental charge efficiency in MCDI closely aligns with the 

Figure 4.4.  Effluent concentration change during charging and discharging under non-
faradaic (a) and faradaic conditions (b), and the charge efficiency for both 
conditions (c). 
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theoretical maximum as co-ion expulsion is minimized by the IEMs. 
However, when faradaic reactions or co-ion expulsion occur, part of the 
charge applied is utilized to drive faradaic reactions, or to expel co-ions 
resulting in reduction in charge efficiency. In our study, the MCDI cell under 
non-faradaic condition yields a charge efficiency of 0.96, nearing the 
theoretical maximum. Introducing faradaic condition reduces charge 
efficiency to 0.88. As co-ion expulsion is not significant in MCDI, faradaic 
reactions could be the reason for decreased charge efficiency. The 
desalination time figure 4.4b is slightly different from that of figure 4.3b due 
to different cell resistance when the cell is rebuilt between experiments.  

4.3.2 Near electrode pH: non-faradaic condition 

Next, we examined pH changes near the electrodes under both non-faradaic 
and faradaic conditions, which are shown figure 4.5. The pH measurements, 
conducted 100 micrometers away from the electrode surface, provide a 
representation of pH changes in the macropores of the carbon electrode.  

We qualitatively compared our observations with the theoretical pH 
predictions by Dykstra et al. (2017) under non-faradaic condition, specifically 
comparing our experimentally measured pH with the pH predicted in the 
macropores of carbon electrodes by Dykstra et al. The comparison reveals 
that in the anode, the measured direction of pH changes aligns with the 
theoretical prediction for non-faradaic condition—indicating a pH increase 
during charging and a subsequent decrease during discharge (figure 4.5c). In 
contrast, in the cathode, the theoretical prediction shows a pH decrease during 
charging and an increase during discharge (figure 4.5d), exhibiting inverted 
behavior compared to the measured cathode pH in this study (figure 4.5b). 
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To confirm the accuracy of pH directions in cathode, we conducted an 
experiment in which the pH was measured a few millimeters above 
(approximately 4 mm) the cathode in a larger open cavity filled with NaCl 
solution (approximately 1.8 ml) as illustrated figure S4.1. The cavity was 
filled with an NaCl solution and purged with N2. Before starting the MCDI 
operation, the pH measured in the cavity is the same as the feed pH. The N2 
purging was stopped just before the pH was measured to avoid disturbance 
during the measurement. Remarkably, the observed direction of pH changes 
during charging and discharging remained consistent with the direction 
measured at a distance of 100 µm, despite the minimal magnitude of pH 
changes due to the increased volume of NaCl as shown figure S4.1. This 

Figure 4.5. Cell voltage and experimentally measured pH under non-faradaic condition 
in anode (a) and cathode (b) compared with theoretically predicted effluent
pH by Dykstra et.al (2017) for non-faradaic condition in anode (c) and in
cathode(d).  
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observation confirms the reliability of the direction of pH changes measured 
in the cathode. 

Additionally, we also carried out experiments with pH indicator using 
conventional CDI setup without membranes and using constant voltage mode 
to enable studying pH changes at electrode boundaries using color changes 
on the pH indicator containing feed water as mentioned in the methods 
section. The color change on the pH indicator at the electrode spacer 
boundaries can represent the pH changes in the electrode. Figure 4.6 shows 
the red color intensity and related pH from the anode boundary to the cathode 
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Figure 4.6. Red colour intensity from the captured pictures of pH indicating dye
experiments under non-faradaic condition (a&b) and under faradaic
condition (c&d) 
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boundary at various times during charging step. Multiple experiments were 
carried out with non-faradaic voltages (i.e., 0.8 and 1 V) and with faradaic 
voltages (1.2 and 1.4 V). The pH at t=0 is the feed pH which is around 7 in 
all cases. 

Figure 4.6a and b shows that, when the cell is charged with the non-faradaic 
condition (cell voltage of 0.8 V), the pH in the anode and the cathode pH 
slowly shifts towards basic pH over time. Interestingly, the direction of pH 
changes in the anode and cathode (i.e., shift towards basic pH) is in line with 
experiments carried out using micro pH sensors. The pH directions observed 
at cathode from the experiment with MCDI using ultra micro pH sensor and 
the experiment with CDI using pH indicator should not be compared directly. 
However, the observation from both of these experiments indicates that the 
direction of the pH changes at cathode is different from what was predicted 
theoretically. The reason behind the difference between experiments and 
theoretical prediction is still unclear. 

4.3.3 Near electrode pH: faradaic condition 

We also conducted pH measurements near the electrode surface under 
faradaic condition. When faradaic condition is applied, the pH in the electrode 
compartments shifts from feed pH to acidic or basic pH over successive 
desalination cycles as shown figure S4.2. Under faradaic condition, all 
possible anodic reactions will result in acidic pH due to production of H+ ion 
(or, consumption of OH- ion) as described in table 4.1.  Similarly, all cathodic 
reactions as described in table 4.1 will result in basic pH in the cathode due 
to consumption of H+ ion (or production of OH- ion). The H+ ions produced 
in anode are effectively blocked by AEM resulting in the buildup of H+ ion 
concentration in the anode making it acidic even during discharge. Similarly, 
the OH- ions are blocked in the cathode by CEM resulting in basic pH at the 
cathode.  

During faradaic condition, charging step has a non-faradaic regime i.e., cell 
voltage before the onset of faradaic reactions and a faradaic regime i.e., the 
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cell voltage after the onset of faradaic reactions. Discharging step also has 
both regimes. In the non-faradaic regime, the directions of the pH changes 
near the electrode should follow the trend observed for non-faradaic condition 
figure 4.5. In the faradaic regime, the pH behavior should deviate due to the 
faradaic reactions.  

Figure 4.7 shows pH changes in the anode and cathode under faradaic 
condition. As anticipated, the pH near the anode shifts to acidic pH while the 
pH near the cathode turns basic, confirming the presence of faradaic 
reactions. Figure 4.7a shows that, in the anode, while charging, the pH 
between points I and II (i.e., non-faradaic regime; < 1.2 V), follows the non-
faradaic trend, i.e., pH increase. However, between point II and III which 
includes rest of the charging step and initial discharging step, the pH starts to 
decrease indicating faradaic reactions. When the cell voltage again reaches 
the non-faradaic regime during the rest of the discharging step between III 
and V, the pH should decrease as seen in non-faradaic experiments. However, 
the pH decreases only between point III and IV before starting to increase 
between IV and V. Although the exact mechanism causing the pH increase 
between IV and V is unclear, the low cell voltage during pH increase indicates 
that the increase must be due to non-faradaic process(es).  

Figure 4.7. Cell voltage and experimentally measured pH changes near anode (a) and
cathode (b) under faradaic conditions 
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Meanwhile, in the cathode (figure 4.7b), the pH in the non-faradaic regime 
(i.e., between point I and II) increases in line with observations from non-
faradaic experiments. When the cell voltage reaches the faradaic regime 
(point between II and III) during charging step and the beginning of discharge 
step, the pH keeps increasing due to faradaic reactions. When the cell voltage 
falls in the non-faradaic regime again (between point III and IV), the pH 
decreases in line with previous observation from non-faradaic condition.  

The experiments with pH indicators also confirm that the anode reaches 
acidic pH and the cathode reaches basic pH when faradaic condition is 
applied, figure 4.6c and d. 

4.4. Conclusion 

In conclusion, our desalination experiments with NaCl feed water in MCDI 
revealed distinctive pH changes in various compartments, including the 
anode, cathode, and effluent. We studied pH changes under two experimental 
conditions: non-faradaic and faradaic. Under non-faradaic condition, both 
anode and cathode pH fluctuated around the feed pH, with a pH increase 
during charging and a pH decrease during discharging. Notably, the cathode 
pH exhibited the same pH direction as the anode pH. This observation is 
different from the theoretical predictions in the literature where anode and 
cathode pH changes are opposite in direction. Under faradaic condition, the 
anode pH became acidic, while the cathode pH turned basic due to H+ and 
OH- ions production by the faradaic reactions. When the cell is charged, until 
the onset of faradaic reactions the pH in the electrode compartment followed 
non-faradaic pH trends, but deviations occurred when faradaic reactions 
started to take place. This understanding about pH changes in MCDI 
compartments can help to reduce mineral scaling and to facilitate the removal 
of pH-sensitive compounds, such as boric acid. 
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Annex C 
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Figure S4.2. The pH changes at anode (a), cathode (b) and effluent (c) during initial
desalination cycles under Faradaic conditions.  

Figure S4.1. Schematic representation of pH measurements with larger cavity (a) and the
measured pH (b) 
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Figure S4.3. Calibration of Red, blue and green color intensities with respect to pH 
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Abstract 

Capacitive Deionization (CDI) typically uses one porous carbon 
electrode that is cation-adsorbing and one that is anion-adsorbing. 
In 2016, Smith and Dmello proposed an innovative CDI cell design 
based on two cation-selective electrodes and a single anion-
selective membrane, and thereafter this design was experimentally 
validated by various authors. In this design, anions pass the 
membrane once, and desalinated water is continuously produced. In 
the present work, this idea is extended, and it is experimentally 
shown that also a choice for anion-selective electrodes, in 
combination with a cation-selective membrane, leads to a 
functional cell design that continuously desalinates water. Anion-
selective electrodes are obtained by chemical modification of the 
carbon electrode with (3-aminopropyl)triethoxysilane. After 
chemical modification, the activated carbon electrode shows a 
substantial reduction of the total pore volume and BET surface area, 
but nevertheless maintains excellent CDI performance, which is the 
first time that a low porosity carbon electrode has been 
demonstrated as a promising material for CDI. 
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5.1. Introduction 

Capacitive Deionization (CDI) is a method of water desalination based on 
electrodes that adsorb ions and later release them again.36,125 Traditionally, 
CDI uses a cell design with one electrode that adsorbs and releases the cations 
(cathode), and another electrode that adsorbs the anions (anode). Unmodified 
carbons do not have a significant natural preference for the adsorption of 
either anions or cations, but instead can adsorb both, dependent on electrode 
potential.126,127 A design with two such unmodified carbons can be used to 
desalinate water. However, because of the large co-ion expulsion effect, the 
charge efficiency of such a cell is low, and thus much charge is needed to 
achieve a certain desalination performance.37  

 To enhance charge efficiency, and thus to reduce the energy input 
corresponding to a certain desalination performance, it is advantageous to 
make the electrodes ion selective, either for anions or cations. This can be 
done by chemically modifying the electrodes,55,93,128–133 or by placing ion-
exchange membranes (also called ion-selective membranes) in front of the 
electrodes: an anion-exchange membrane in front of the anode, and a cation-
exchange membrane in front of the cathode. In this way, one electrode 
becomes cation selective, the other anion selective. Another option is to use 
intercalation materials, for instance based sodium manganese oxide (NMO) 
or Prussian Blue analogues (PBA; e.g., nickelhexacyanoferrate).134 These 
materials are cation-selective, thus can be used as the cathode. In typical cell 
designs with such selective electrodes, a cell is built with one anion-selective, 
and one cation-selective electrode. Typically, we have a spacer channel 
between two electrodes, and during half of the cycle time we adsorb salt ions, 
and during the other half, salt ions are released. If membranes are used, an ion 
typically passes a certain membrane twice, once during adsorption, and once 
during desorption. 

In 2016, Smith and Dmello published their theoretical report that showed that 
a novel, and very different, CDI cell design is possible. In this design both 
electrodes are purely cation selective, and one anion-exchange membrane is 
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used, which is placed between two spacer channels.135 In 2017, this cell 
design was experimentally validated by various authors using electrodes 
based on intercalation materials,134,136,137 or using porous carbon electrodes 
coated with a cation-selective resin.138 In this design, only anions pass the 
membrane, and do so only once in a cycle, while at the same time cations are 
adsorbed in one electrode and simultaneously released in the other. Therefore, 
while a certain moment channel 1 is desalinating and channel 2 is producing 

a concentrated stream, when the current direction is reversed, channel 1 now 
produces brine and channel 2 produces water of a lower salinity. Thus, at all 
moments in time, desalinated water is produced. In this design, intercalation 
electrodes based on NMO and PBA are used that are cation selective, but as 
we argue below, this concept is more general and can be extended to other 
electrode types. 

Figure  5.1. A) Schematic overview of desalination with anion-selective electrodes 
with a single cation exchange membrane (CEM) and two identical activated
carbon fabric electrodes, either both modified or both unmodified. In this 
cell, water flows through the porous electrodes 162. When current runs in one 
direction, one channel produces desalinated water (freshwater), while the 
other produces concentrate (brine). When a certain voltage is reached, the 
direction of the current is reversed until a lower endpoint for voltage is 
reached, and now freshwater is produced in the channel that previously was 
producing concentrate, and vice-versa. (B) Schematic view of modified
carbon surface with silanes bearing terminal amines. 
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In the present work we extend the approach of Dmello and Smith, which is 
based on cation selective electrodes, and we show that also a reverse design 
is possible, using anion selective electrodes and a cation-exchange membrane 
(figure 1). We will show that desalination is possible with unmodified carbon 
electrodes (which have no significant natural preference for either anion- or 
cation-adsorption) and with carbon electrodes modified by silylation with an 
amino silane (covalent attachment of silane), which results in a positive 
chemical charge on the surface of the electrode material (neutral and acidic 
pH conditions) that makes the electrode anion-selective. 

5.2. Materials and methods 
5.2.1. Cell assembly and desalination experiments 

For the desalination experiments, we used either the unmodified (ACC 5092-
15, Kynol, Germany) or modified electrodes (chemical modification with 
silanes bearing a terminal amine group) in a symmetric cell where the same 
type of electrode was used both as anode and cathode. A cation exchange 
membrane (CEM, Neosepta CMX, ASTOM Corp., Japan) was placed 
between these two identical electrodes (See table 5.1 for details). Graphite 
sheets were used as current collectors to connect the electrodes with the 
external electrical circuit and a potentiostat (Ivium Technologies, The 
Netherlands). A salt solution was pumped through both electrodes, see figure 
1, by Stepdos 08 RC dosing pumps (KNF Neuberger) with a flow rate of 4 
mL/min per channel. The feed solution contains 20 mM of NaCl. The 
conductivity of the effluent of both channels was measured with an interval 
time of 1 s. We conducted constant current (CC) experiments139,140 by 
alternatingly applying a constant positive current until a pre-set upper cell 
voltage, Vcell = Vmax, was reached, and thereafter applying the reversed current 
until the cell voltage reached the same pre-set value but with opposite sign, 
Vcell = -Vmax. To analyze the desalination performance, we use the following 
metrics: average salt adsorption rate, ASAR; productivity, P; average current 
efficiency, ; and energy consumption, EC, with and without considering the 
potential for energy recovery.  
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5.2.2. Electrode modification 

   The electrodes were chemically modified by a silanization reaction between 
silylating agent and hydroxyl groups on the carbon surface.141 In the present 
work, we have used a non-aqueous solvent to attach silane groups onto the 
carbon surface, similar to previously reported procedures for surface 
modification of carbon material and inorganic nanoparticles with  
silanes.141–144 To prepare the modified electrode, the electrode material (12 g) 
reacted with 150 mL of amino-silylating agent, APTES, (3-
aminopropyl)triethoxysilane (99%, Sigma Aldrich, USA) in Toluene (99.8%, 
anhydrous, Sigma Aldrich, USA) solution (30% v/v in toluene solution) in an 
airtight container, which was stirred at 120 rpm for 24 h to ensure maximum 
chemical modification of the carbon surface. The modified electrode was 
washed multiple times with ultrapure water and thereafter dried at room 
temperature.  

5.2.3. Electrode characterization 

The electrode characterizations were done using a Fourier Transform Infrared 
Spectroscopy instrument (FTIR, Vertex 70 by B Bruker Optics), with a 
scanning rate of 100 scans/sample in ATR mode, ranging from 400 to 4000 
cm-1, with a 4 cm-1 resolution. To determine the mass fraction of N and H of 
the electrodes, an organic elemental analyzer (Flash 2000 Thermo Scientific, 
Germany) was applied. The sample mass of 2-3.5 mg was taken in tin 
capsules for organic elemental analysis (furnace temperature – 950 °C). An 
X-ray diffractometer (PANalytical-empyrean diffractometer) helped attain 
the diffraction patterns of the electrodes, where a Co K-α radiation source 
(λ = 1.78 Å) in the 2ϴ range of 5-120° was employed with a 0.01° step size. 
The obtained data was manually converted to the Cu K-α radiation 
(λ = 1.54 Å) to better match the data with literature reports. Brunauer–
Emmett–Teller (BET) surface area analyzer (Micromeritics Tristar® II plus) 
was used to measure the physical properties of the materials, i.e. surface area, 
pore size and volume. The N2 adsorption–desorption isotherms measurements 
were performed at a temperature of 77 K. The samples were degassed over a 
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period of 12 hours, at 60 °C in vacuum (VacPrep), before the BET analyses. 
The scanning electron microscope (SEM) imaging and energy dispersive X-
ray spectra (EDS) were obtained from JSM-6480 LV electron microscopy 
(JOEL, USA) equipped with X-act SSD-10 mm2 EDS detector (Oxford 
Instruments, UK). 

5.2.4. Boehm titration experiments 

To quantify the basic functional groups on the carbon surface, we titrated the 
modified and unmodified electrode material using the Boehm’s method. To 
that end, 0.5 g of the electrode material was submerged into 50 mL of HCl 
solution (0.1 M) for 24 hours, which was occasionally shaken to neutralize 
the basic surface groups on the carbon surface. Thereafter, 40 ml of solution 
was filtered, and the filtrate was titrated slowly by dosing 0.6 ml of 0.1 M 
NaOH solution every 3 to 5 minutes by an automatic titration station 
(Metrohm 888 Titrando). To eliminate the influence of atmospheric CO2 on 
the titration curves, experiments were conducted under gaseous N2 
atmosphere. After titrating the filtrate, a solution of 40 mL of 0.1 M HCl was 
titrated, following the same procedure as described for the sample. To 
calculate the amount of basic functional groups in the carbon sample, we 
determined the volume of titrant required to obtain the equivalence point, both 
for the sample and blank, and we subtracted the second from the first 
value.[3,4] The resulting value was then multiplied with the concentration of 
the titrant and thereafter divided by the mass of the sample to obtain a value 
for the concentration of the basic functional groups on the carbon surface. 

5.2.5. Analysis of the desalination performance 

To analyze the desalination performance, we calculate for each experiment 
the average salt adsorption rate, ASAR, the water productivity, P, and the 
energy consumption, both with and without considering energy recovery 
during discharge. To calculate ASAR, we integrate the difference between 
the inflow salt concentration, 𝑐𝑐������, and the effluent salt concentration, 𝑐𝑐���, 
over time, of the channel that is desalinating (𝑐𝑐��� � 𝑐𝑐������). The resulting 
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value is multiplied with the flow rate through the channel, 𝛷𝛷�, and divided by 
the duration of the period when 𝑐𝑐��� � 𝑐𝑐������ for this channel, and by the 
surface area of the cell, 𝐴𝐴����, to come to a value of ASAR in μmol/min/cm2. 
Values for current density are reported in A/m2, and are calculated by dividing 
the cell current by Faraday’s constant, 𝐹𝐹, and by 𝐴𝐴����. The water productivity 
is calculated by dividing the flow rate of one channel (during operation, one 
channel produces desalinated water), 𝛷𝛷�, by 𝐴𝐴����.  
The energy consumption with 100% energy recovery is calculated by 
multiplying the current and voltage signal, and integrating the resulting signal 
over time, for one full cycle, which includes a discharge step, when a negative 
current runs and 𝑉𝑉���� goes from 𝑉𝑉��� to �𝑉𝑉���, and a charging step, when a 
positive current runs and 𝑉𝑉���� goes from �𝑉𝑉��� to 𝑉𝑉���, where 𝑉𝑉��� is a pre-
set value for the maximum cell voltage. To calculate energy consumption 
without recovery, we only integrate the product of the current and voltage 
signal for the periods that current and voltage have the same sign. The values 
for energy consumption are reported in Wh/m3 water produced.  

5.3. Theory 

To describe the experimental results, we derive a dynamic model including 
transport of ions across the ion exchange membrane (IEM), and the 
adsorption of ions in the micropores of the carbon electrodes. We model two 
electrode compartments, separated by an IEM, see figure 1 (manuscript). We 
assume that the aqueous phase in the electrode compartments is well-mixed, 
thus, we do not consider concentration gradients across the electrode, both in 
the direction of the flow, or in the direction perpendicular to the flow. To 
model ion adsorption in the electrodes, we use the amphoteric Donnan (amph-
D) model, which has shown to describe experimental data well.55,84,140 The 
amph-D model considers two types of pores: the macropores, where 
electroneutrality holds for the electrolyte, and where the salt concentration is 
equal to the concentration in bulk solution (if the assumption is made that 
there are no concentration gradients across the electrode); the micropores, 
where electronic charge is stored in the carbon, and is compensated by 
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chemical charge on the surface of the electrode material, and by ionic charge 
stored in the electrical double layers.   

The amph-D model describes two types of micropore regions: the acidic 
region, 𝐴𝐴, which contains negative chemical surface charge, and the basic 
region, 𝐵𝐵, which considers positive chemical surface charge. We consider that 
the electrolyte contains only one monovalent salt.  

Firstly, for each electrode compartment, we set up an overall mass balance 
for one of the ions present in solution. The overall mass balance includes the 
ions present in the macropores and micropores of the electrode, and is given 
by 

𝑝𝑝�� ∙ ����
�� � 𝑝𝑝�� ∑ 𝛼𝛼� ∙ ����,�

��
⬚���,� �

��
����� ∙ �𝑐𝑐������ � 𝑐𝑐��� � 𝑧𝑧� ���������� ∙ 𝑗𝑗���. 

(5.1) 

where 𝑝𝑝�� is the porosity of the macropores, 𝑝𝑝�� of the micropores, 𝑐𝑐�� is 
the ion concentration in the macropores (note that 𝑐𝑐�� is the concentration of 
one ion, or the salt concentration, and not the total concentration of ions), and 
𝑐𝑐��,� is the ion concentration in region 𝑅𝑅 in the micropores, where 𝑅𝑅 can be 
𝐴𝐴 or 𝐵𝐵. Parameter 𝛷𝛷� is the volumetric flow of electrolyte through the 
electrode compartment, 𝑐𝑐������ is the salt concentration in the influent, 𝐴𝐴���� 
is the surface area of the electrode, 𝑗𝑗��� is the flux of the ionic species across 
the ion exchange membrane and 𝑉𝑉���� is the volume of the the electrode, given 
by 𝑉𝑉���� � 𝐴𝐴���� ∙ 𝐿𝐿����, where 𝐿𝐿���� is the thickness of the electrode. 
Parameter 𝑧𝑧� gives the sign of the last term in Eq. (5.1), which is 𝑧𝑧� � �1 for 
the anode, and 𝑧𝑧� � �1 for the cathode. 
The concentration of ions in the micropores is given by 

𝑐𝑐��,� � 𝑐𝑐�� ∙ exp ��𝑧𝑧� ∙ Δ𝜙𝜙�,�� . (5.2) 

where 𝑧𝑧� is the valence of an ion and Δ𝜙𝜙�,� is the dimensionless Donnan 
potential in region 𝑅𝑅. The ionic charge in the micropores, σ�����, is given by 
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σ�����,� � ∑ 𝑧𝑧� ∙ 𝑐𝑐��,�⬚� . (5.3) 

Furthermore, for each micropore region electroneutrality holds 

σ�����,� � σ����,� � σ����,� � 0. (5.4) 

where σ���� is the electronic charge density, and σ���� the chemical charge 
density. The average electronic charge density in the acidic and basic region 
is given by  

𝜎𝜎����,��=∑ 𝛼𝛼� ∙ 𝜎𝜎����,�⬚���,� . (5.5) 

We assume that no Faradaic reactions occur, and that the sum of σ����,�� in 
the anode and cathode is equal to zero, thus σ����,��,�� � σ����,��,��� � 0. 
The potential drop over the electrical double layer, Δ𝜙𝜙���, which is the sum 
of the Donnan and Stern potential, Δ𝜙𝜙���,� � Δ𝜙𝜙�,� � Δ𝜙𝜙��,�, is the same 
for the acidic and basic region, thus Δ𝜙𝜙���,� � Δ𝜙𝜙���,� . To calculate the 
potential drop over the Stern layer, we use 

Δ𝜙𝜙��,� ∙ 𝑉𝑉� ∙ 𝐶𝐶� � 𝜎𝜎����,� ∙ 𝐹𝐹. (5.6) 

where Δ𝜙𝜙��,� is the potential drop over the Stern layer in region 𝑅𝑅, 𝐶𝐶� the 
Stern layer capacity, and 𝑉𝑉� the thermal voltage, which is given by 𝑉𝑉� � ��

� , 
where 𝑅𝑅 is the gas constantand 𝐹𝐹 the Faraday constant (note that, only in the 
last equation for 𝑉𝑉�, we use symbol 𝑅𝑅 for the gas constant; in the other 
equations 𝑅𝑅 is used as an index for the micropore region). The evolution of 
the average electronic charge density is related to the ionic charge density 
across the IEM, j������, for one of the two electrodes; we give the relation for 
the anode (for the cathode, the right-hand side of Eq. (5.7) should be 
multiplied with factor “-1”)  
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𝑝𝑝�� ������,���� � �������
����� . (5.7) 

Variable j������ is related to the current density, 𝐼𝐼, in unit A/m2 by 𝐼𝐼 �
j������ ⋅ 𝐴𝐴���� ⋅ 𝐹𝐹.      

   To describe the ion transport across the IEM, j����,���, we assume that the 
IEMs are in steady-state, and we use 

𝑗𝑗����,��� � � �
����

�∆𝑐𝑐𝑐𝑐��� � 𝜔𝜔𝜔𝜔∆𝜙𝜙����. (5.8) 

where 𝐷𝐷 is the diffusion coefficient of the salt, 𝐿𝐿��� the thickness of the 
membrane, 𝜔𝜔𝜔𝜔 the background charge of the membrane, ∆𝑐𝑐𝑐𝑐��� the 
difference in the total ion concentration inside the membrane, between both 
sides of the membrane, and ∆𝜙𝜙��� the potential drop over the membrane. 
The ionic current across the IEM is given by 

𝑗𝑗������ � � �
����

�〈𝑐𝑐𝑐𝑐���〉 ∙ ∆𝜙𝜙����. (5.9) 

where 〈𝑐𝑐𝑐𝑐���〉 is the average of the total ion concentrations on both sides of 
the membrane. 

The flux of one ionic species, e.g. Na+ across the IEM, 𝑗𝑗���, as used in Eq. 
(5.1), can be related to the total flux of ions across the membrane, 𝑗𝑗����,���, 
using 𝑗𝑗��� � �

� �𝑗𝑗������ � 𝑗𝑗����,����. On both sides of the membrane, we 
relate the concentration just inside the membrane (at the membrane -electrode 
compartment interface), to the salt concentration in the electrode 
compartment, by 

𝑐𝑐𝑐𝑐���� � 𝜔𝜔𝜔𝜔� � �2 ∙ 𝑐𝑐����. (5.10) 
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Furthermore, at the membrane – electrode compartment interface, we have a 
Donnan potential, which is given by 

𝑐𝑐𝑐𝑐���� � 2 ∙ 𝑐𝑐�� ∙ cosh �∆𝜙𝜙�,����. (5.11) 

Lastly, the cell voltage is related to all potential drops, using 

�����
�� � ∆𝜙𝜙���,���� � ∆𝜙𝜙���,����� � ∆𝜙𝜙��� � ∆𝜙𝜙�,������ �
∆𝜙𝜙�,�������. 

(5.12) 

where subscript “an” refers to the anode, and “cat” to the cathode, and where 
𝑅𝑅 can be either 𝐴𝐴 or 𝐵𝐵. 

Table 5.1. Overview of parameters 

Experimental parameters 
𝐴𝐴���� Surface area of electrode and membrane 20 cm2 
𝐿𝐿���� Electrode thickness 0.53 mm 
𝐿𝐿��� Membrane thickness 140 m 
𝑐𝑐������ Inflow salt (NaCl) concentration 20 mM 

𝛷𝛷� 
Solution flow rate through each electrode 
compartment  4 mL/min 

𝜌𝜌���� 
Electrode mass density   
 Modified electrode 0.39 g/mL 
 Unmodified electrode 0.51 g/mL 

𝑅𝑅 Gas constant 8.314 J/mol/K 
𝐹𝐹 Faraday’s constant  96485 C/mol 
Theoretical parameters 

𝐷𝐷 Average diffusion coefficient of NaCl 1.68*10-

9 
m2/s 

𝜔𝜔𝜔𝜔 Background charge of the cation exchange 
membrane -4 M 
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𝐶𝐶��,��� Stern layer capacity 160 F/mL 
p�� Microporosity 0.19  
p�� Macroporosity 0.61  

σ���� 

Chemical surface charge unmodified 
electrodes  

mM 

 Acidic region -50 
 Basic region +450 
Chemical surface charge modified 
electrodes  

 Acidic region +450 
 Basic region +900 

5.4. Results and Discussion  
5.4.1. Electrode  material characteristics 

The electrode was subjected to various material characterization to 
understand material properties as shown in figure 5.2. The SEM image (figure 
5.2A) shows that the structure of the surface of the electrode did not change 
much after modification, and thus that the modification is uniform and thin. 
The SEM-EDS elemental mapping (figure S5.2) of Si and C gives evidence 
for the uniformity of chemical modification with silane. The N2 adsorption 
and desorption isotherms as function of relative pressure P/Po at 77 K are 
presented in figure 5.2b and the pore volume distributions are presented in 
figure 5.2C. The unmodified electrode shows the characteristics of 
microporous materials, exhibiting a Type I Langmuir monolayer isotherm 
(IUPAC classification). The unmodified electrode has a BET surface area of 
1100 m2/g and a pore volume of 0.55 mL/g. The surface area (~18 m2/g) and 
pore volume (7.0 L/g) of the modified electrode are significantly reduced as 
a consequence of surface functionalization, probably due to the blocking of 
micropores by the (3-aminopropyl)triethoxysilane, APTES, modification. 
This is the first time that a low porosity carbon electrode has shown such 
excellent performance for desalination in CDI.  
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The ATR-FTIR spectra (figure 5.2d) of the modified electrode has peaks that 
were not observed for the unmodified electrodes. The peak at 665 cm-1 is 

Figure 5.2.  (A) SEM image of the modified electrode. (B) N2 adsorption and desorption 
isotherms attained as function of relative pressure P/Po at 77 K. (C) Pore 
volume distribution in the microporous region of modified electrode (D) 
ATR-FTIR spectra obtained of unmodified and modified electrodes. (D)
XRD patterns of unmodified and modified electrodes. 
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related to Si-O-C bending vibration, and at 1012 cm-1 to Si-O-C stretching 
vibration.145 The peak at 1070 cm-1 is due to the Si-O-Si stretching 
vibration.146,147 Thus, these peaks confirm the presence of silane on the carbon 
surface. Furthermore, possible polymerization of APTES on the carbon 
surface is confirmed, as the presence of Si-O-Si bonds can be inferred from 
the spectra. In addition, there is a broad peak at 1350 cm-1 that is convoluted 
with the peak at 1550 cm-1, which is due to the C-N stretching vibration.146 

The XRD patterns (figure 5.2e) obtained for the modified and unmodified 
electrodes have the signature peaks of amorphous carbon (002) at 22.50 and 
graphitized carbon (101) at 440, and thus we can conclude that both electrodes 
contain a significant amount of graphitized carbon.148 In addition, there is a 
broad peak around 10o in the spectrum of the modified electrode that could 
be due to the silane modification of the carbon.  

The elemental composition of the modified electrode is given in Table S5.1. 
The amount of N was determined by CHNS analysis, and the amounts of C, 
Si and O were determined by EDS analysis. Furthermore, figure S5.3 shows 
the results of cyclic voltammetry scans for the modified and unmodified 
electrodes. 

5
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5.4.2. Desalination performance  

The new cell design with modified electrodes enables continuous desalination 
by producing desalinated water at one of the compartments at any given time 
(i.e., during charging as well as discharging) whereas with unmodified 
electrodes, though the desalination can take place, its efficiency is lower than 
the modified electrodes as shown in figure 5.3. During charging,  one channel 
(black lines in figure 5.3) produces desalinated water which can be seen from 
the reduction in the effluent concentration while the other channel (orange 
line in figure 5.3) produces concentrated water which can be seen by the 
concentration increase in the effluent from the feed concentration of 20 mM.  
When the cell is discharged, the previously desalinating side started to 
produce concentrated water and the other side started to produce desalinated 
water resulting in continuous desalination during the operation of the cell. 
The cell voltage during charging and discharging are shown in figure S5.1. 

Figure 5.3.  Continuous desalination using new cell design with modified electrodes (a)
and unmodified electrodes (b). The black lines represents the effluent
concentration from one side of the cell while the orange lines represents the
effluent from the other side of the cell.  
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To describe ion adsorption, the amphoteric Donnan model is used, which 
describes ion adsorption in electrical double layers located inside carbon 
micropores combined with the effect of chemical surface charge.55,84,140 
Figure 5.4 shows the dynamics of charging and discharge, experimentally and 
theoretically. We find that the time dependence of the effluent concentration 

of both channels are well reproduced by the dynamic model (which includes 
the amphoteric Donnan approach for ion adsorption in carbon pores), both for 
the modified and unmodified electrodes. The theory reproduces that after 
switching from the charging to the discharge mode, the effluent salt 
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Figure 5.4. Effluent concentration of both channels (Figure 5.3) as function of time for the 
modified (A, B) and unmodified electrodes (C, D). Experimental (A,C) and 
theoretical (B,D) data are shown. During charging, the current density, I, was 
3.75 A/m2, and the pre-set upper cell voltage during charging Vmax= 0.9 V. 
During discharge, both I and Vmax have the same pre-set value but with opposite 
sign. Other parameters are listed in Table 5.1.  
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concentration rapidly increases in the channel that starts to produce a 
concentrated stream, and slowly decreases in the channel that is desalinating. 

The desalination performance of the new cell design can be analyzed on the 
basis of the average salt adsorption rate (ASAR) and energy consumption 
(EC), which both depend on current density. We report results of ASAR in 
figure 5.5 and EC in figure 5.6, and we also plot the maximum theoretical 
current efficiency, =1, which is calculated by dividing ASAR by current 
density (after converting current to the unit μmol/min/cm2). For =1, each 
electron transferred between the electrodes results in the adsorption of one 
cation and one anion when we have a monovalent salt. If  has a value lower 
than unity, this must imply that undesired processes, such as co-ion 
desorption, also take place. We find, for unmodified electrodes, an average 
value (averaged over all experiments conducted with unmodified electrodes) 
of  ~ 0.80 which is significantly below the theoretical maximum of =1. For 
the modified electrodes we find a much higher value, close to the theoretical 
maximum, of  ~ 0.99.  
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Figure 5.5.  Average salt removal rate, ASAR, as function of current density for chemically
unmodified and modified activated carbon electrodes and for different
values of Vmax, (A) experimental and (B) theoretical results. Current
efficiency, , of unity is represented by the dashed line. Theoretical results
are calculated using the amphoteric Donnan model.  
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As shown in figure 5.5, theory describes experimental data well, both for the 
modified and unmodified electrodes. In order to fit the theory to the data, we 
assume that the electrodes, also without modification, have a moderate 
concentration of positive chemical surface charge (see Table 5.1). For the 
modified electrodes, this positive charge is significantly increased, in line 
with results of Boehm titration, which reveal that the concentration of basic 
groups on the surface of the modified electrodes, ~0.91 mmol/g, is about two 
times larger than on the unmodified electrodes, ~0.43 mmol/g). 

Figure 5.6 shows data for energy consumption (EC), both for modified and 
unmodified electrodes, with and without energy recovery (ER) during 
discharge. In figure 5.6 we show that EC for desalination with modified 
electrodes is lower, and we show that for Vmax = 0.6 V EC is lower than for 
Vmax = 0.9 V. Furthermore, we compare EC of our novel cell design with EC 
of a standard MCDI system.72 We find that EC of our design is significantly 
lower, especially with modified electrodes and for Vmax = 0.6 V. Compared 
to the standard MCDI system, we not only find lower EC, but also obtain a 
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Figure 5.6.    Energy consumption (EC) per m3 of desalinated water produced of CDI with 
modified (open symbols) and unmodified electrodes (closed symbols), (A) 
without energy recovery (ER) and (B) with 100% ER. Values of EC for 100% 
ER are benchmarked against a standard MCDI system,72 operated with a salt 
concentration reduction of c=2 mM and a lower water productivity of 
PMCDI=67 L/h/m2. 
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much higher water productivity, which is the flow rate of desalinated water 
per membrane area, P = 120 L/h/m2, instead of P = 67 L/h/m2.  

5.5. Conclusion  

In conclusion, we demonstrated that a choice for anion-selective electrodes, 
in combination with a cation-selective membrane, leads to a functional cell 
design that continuously desalinates water. We showed that theory describes 
experimental data well, and we find that with 100% energy recovery, energy 
consumption of the new cell design is much lower than a standard MCDI 
system. Furthermore, we show that, after chemical modification, the porosity 
is reduced from 0.55 mL/g to 7.0 L/g, and the BET-area of our electrodes is 
reduced from ~1100 m2/g to ~18 m2/g, while the desalination performance of 
the electrodes is increased. In conclusion, we demonstrated for the first time 
that a low porosity carbon electrode with additional surface charge as a 
promising material for CDI. 
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Annex D 
 

Table S5.1. Elemental composition of modified and unmodified electrode 

Element Method Unmodified 
electrode 
(wt%) 

Modified 
electrode 
(wt%) 

C  

EDS 

 

94.2 79.3 

Si 0 4.75 

O 4.5 8.36 

N Organic 
elemental 
analysis 

0.4 2.5 

H 0.8 2.45 

 

 

Figure S5.1. Cell voltage as function of time for desalination cycles using (A) modified 
and (B) unmodified activated carbon electrodes at a constant current of 3.75 
A/m2, and 5.0 A/m2 and 7.5 A/m2 in 20 mM NaCl.  
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Figure S5.2. SEM-EDS elemental mapping of C, O and Si on both the unmodified and 
modified electrode. 
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Figure S5.3. Cyclic voltammograms (CV) of the unmodified and modified electrode. 
Experiments were conducted in an electrochemical cell in a 3-electrode 
configuration. A porous separator was placed between the working and 
counter electrode. An Ag/AgCl reference electrode was used, and a platinum 
mesh counter electrode. The working electrode was either the unmodified or 
modified electrode (area 20 cm2). The electrolyte was a 1 M Na2SO4 solution 
and was continuously pumped through the cell at a constant flowrate of 20 
mL/min.   
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Chapter 6. General discussion and outlook 
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6.1. General discussion 

Membrane Capacitive Deionization (MCDI) is an emerging electrochemical 
desalination technology which has a potential to be an alternative to 
conventional desalination technologies. However, to establish itself as a 
potential and sustainable solution for diverse applications, MCDI must 
address several critical challenges that hinders its development as an 
alternative as mentioned in the introduction of this thesis. 

The challenges include scaling and fouling,67,149 chemical usage for cleaning,3 
lack of ion-selectivity,68 and the cost implications of scaling up.150 All of these 
challenges are connected to the pH changes that occur during MCDI 
operation. Most existing studies carried out with NaCl solutions have 
identified faradaic reactions as primary cause for pH changes. However, it 
was also shown that non-faradaic processes can cause pH changes. Mineral 
scaling and associated salt removal efficiency loss are direct impacts of these 
pH changes. In addition, pH changes can also impact ion-selective removal 
especially for the ions that are pH sensitive. Therefore, it is important 
understand the exact reasons behind pH changes to effectively develop 
suitable mitigation strategies to control and manipulate pH changes. Though 
there have been attempts made to understand pH changes, there are 
knowledge gaps that limit effective solutions to pH changes. An important 
knowledge gap is that the pH changes were studied in model feed water 
(NaCl), and the understanding about pH changes during real brackish water 
desalination are limited. 

Therefore, in this thesis, chapter 2 and 3 are focused on understanding pH 
changes during the desalination of real brackish water (i.e., tap water), aiming 
to identify the underlying mechanisms driving the pH changes, its 
consequences and potential solution. We showed the role of HCO3- ions on 
pH changes and the role of AEM thickness on reducing mineral scaling.  In 
chapter 4 and 5, we studied pH changes in electrode compartments of MCDI 
during desalination of NaCl solution using a micro-pH sensor. We showed 
that, near the electrodes, the pH fluctuates around feed pH under non-faradaic 
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conditions and deviates to acidic and basic pH under faradaic conditions. 
Finally, we also demonstrated that pH sensitive chemical groups can be 
attached to activated carbon electrodes to improve their selectivity towards 
anions and to enable new cell designs. 

In this chapter, we firstly discuss the findings of this thesis and its 
implications on the possible development of MCDI as a chemical-free 
desalination method for environmentally friendly and sustainable 
desalination, highlighting the importance of reducing chemical usage in water 
treatment. Secondly, we discuss the significance of the new insights gained 
on near electrode pH, the development of a new cell design, and the effect of 
these findings on the costs associated with water treatment using MCDI. 
Finally, we discuss avenues for advancement of MCDI technology in terms 
of scaling mitigation and ion-selectivity towards pH sensitive ions. 

6.2. New understanding on effluent pH changes in MCDI 
and mineral scaling 

Most existing studies on pH changes in MCDI are carried out in model feed 
water (i.e., NaCl) and concluded that faradaic reactions such as water splitting 
are the primary reason for pH changes in MCDI. Existing strategies proposed 
to limit pH changes were therefore focused to control the faradaic reactions. 
However, it is also possible that non-faradaic processes such as differences in 
ion mobilities can cause pH changes.  

In this thesis, a model feed water (i.e., NaCl) as well as real brackish water 
(i.e., tap water with multiple ions present) are desalinated to study pH 
changes. An important observation made is that the effluent pH changes 
between NaCl and tap water are different in terms of the direction of pH 
changes. We showed that pH changes during NaCl desalination are due to the 
differences in ion mobilities (which is a non-faradaic process) between H+, 
OH-, Na+ and Cl- ions leading to a pH increase during charging and a pH 
decrease during discharging. Whereas with tap water desalination, the 
removal of HCO3- ions from the spacer channel (spacer channel) during 
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charging decreases pH and the increased concentration of HCO3- ions in the 
spacer channel during discharge increases the pH. The removal of HCO3- ions 
is also a non-faradaic process. This finding is contrary to the previous 
understanding that faradaic reactions are the cause of pH changes in 
MCDI.88,114 Further investigation on pH changes revealed the role of HCO3- 
ions on pH changes during tap water desalination. The HCO3- ion is a 
constituent of DIC in tap water. The DIC concentration controlled by the 
chemcial equilibrium influences the tap water pH. The change in 
concentration of HCO3- ions resulting from its removal and up-concentration 
induces changes in the concentration of all other DIC species and thus results 
in pH changes. 

As mentioned previously, pH changes have a direct consequence on mineral 
scaling. The pH increases during discharge (i.e., when concentrate is 
produced) can cause mineral scaling in the spacer channel due to the high 
concentration of hardness ions. We studied mineral scaling at different WR 
conditions and showed that the scaling increases with increasing WR. An 
increase in the thickness of the AEM is demonstrated as a strategy to decrease  
mineral scaling. 

6.3. The implications of the understanding gained on effluent 
pH changes  
6.3.1. A path towards chemical free MCDI operation 

Mineral scaling poses a significant challenge in desalination technologies. 
This also applies to MCDI where salt removal efficiency is reduced and 
components such as electrodes and membranes degrade over time due to 
mineral scaling.115,149,151,152 In CDI, during long-term operation, when 
mineral scaling and fouling occur, the impact on salt removal efficiency is 
significantly higher, i.e., an efficiency reduction from ~88% on day 1 to about 
55% on day 15 of operation is found.153 Similarly, when MCDI is used to 
desalinate water containing hardness ions such as Ca2+ and organic foulants, 
about 35% loss on salt removal was experienced over 15 days of operation.149 
When the cleaning procedure is performed by using anti-scaling chemicals, 
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the salt removal efficiency increased, back to the original level of 88%.153 
These anti-scaling chemicals are often costly and may negatively impact the 
aquatic system.154  

In chapter 2 we showed that the mineral scaling can be minimised 1.35 times 
when two AEMs are placed on top of each other hence doubling the thickness. 
The reduction in mineral scaling indicates a proportional decrease in the 
frequency of cleaning cycles, subsequently reducing the amount of cleaning 
chemicals used and discharged into environment. This new approach paves 
the way for achieving chemical-free and sustainable desalination using 
MCDI.  

6.3.2. The mineral scaling mitigation strategy and its effect on 
desalination costs 

When comparing low pressure RO (LPRO) and MCDI for brackish water 
desalination, the sum of capital costs and operational costs (such as cleaning) 
for both the technologies are similar. However, the replacement costs of 
components (i.e., membranes) in MCDI is about 5 times higher than that of 
LPRO.155 This indicates that the IEMs’ replacement costs are significantly 
contributing to the overall water treatment costs. A model developed to 
calculate the technoeconomic feasibility of MCDI shows that when the IEMs’ 
lifetime can be increased from 2 to 5 years, the water treatment costs can be 
decreased by 50% from ~0.5 $/m3 to ~0.25 $/m3.150 

The mineral scaling mitigation strategy proposed in this thesis can help to 
reduce the costs of water treatment by MCDI systems by reducing the usage 
of cleaning chemicals and by increasing the lifetime of the electrodes and 
membranes. However, it is also important to understand that increasing the 
IEM thickness as a strategy to limit scaling can also increase the capital cost. 
Therefore, alternative cost-effective strategies as mentioned in 6.5.2 of this 
chapter have be developed to mitigate mineral scaling and reduce the costs of 
water treatment. 
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6.4. New understanding on near electrode pH changes 

In chapter 4, we studied the pH changes near the anode and cathode during 
charging and discharging steps under faradaic and non-faradaic conditions, 
using NaCl feed water. We showed that under non-faradaic conditions, pH 
changes near the electrode fluctuate around the feed water pH, whereas under 
faradaic conditions, pH changes deviate from the feed pH and the pH reaches 
acidic values near the anode and basic values near the cathode. These insights 
on near electrode pH changes in MCDI can be used to control the operational 
conditions in such a way that it is suitable for removing pH-sensitive ions 
such as borates and phosphates which can exist either as ions (for example, 
BO33- and PO43-) or neutral species (for example, H3BO3 and H3PO4) 
depending upon the pH. 

6.5. Implications of understanding gained on near electrode 
pH 
6.5.1. Near electrode pH and electrode modification for ion-
selective separation 

Chapter 5 shows that chemical modification of electrodes (i.e., electrodes 
chemically modified with pH sensitive amino silane groups) can enable a 
continuous desalination cell design with both electrodes being anion 
selective. The introduction of pH sensitive chemical groups results in a 
significant improvement, offering a means to enhance the capacity of the 
electrodes while simultaneously improving selectivity towards specific 
ions.156,157 In chapter 4, we showed that based on the applied voltage, faradaic 
or non-faradaic processes can be driven at the electrode, and that these 
processes can induce pH changes. By controlling the extent of these 
processes, one can manipulate the local pH and thus the adsorption and 
desorption of pH sensitive ions such as the group of phosphate ions, with 
species that are of different valency (i.e., PO43-, HPO42-, H2PO4-).158 
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6.5.2. Near electrode pH on enabling new cell designs and its 
effect on desalination cost 

When comparing desalination technologies in terms of economic feasibility 
and competitiveness, LCOW is used as a primary metric for technology 
comparison. The LCOW calculated for RO is 0.125 $/m3 whereas the LCOW 
calculated for MCDI is 0.30 $/m3.46 The breakdown of LCOW of RO and 
MCDI is shown in figure 6.1. The IEM’s capital expenditure (CapEx) and 
operational expenditure (OpEx) such as replacing the membranes are the 
primary factors behind the high LCOW of MCDI as they contribute to 65% 
of the LCOW. This implies that the further improvement of IEMs to reduce 
the costs and to increase its life span should be one of the primary focuses to 
improve the economic competitiveness of MCDI for brackish water 
desalination. 

In Chapter 5 of this thesis, we demonstrated a novel continuous desalination 
system featuring two chemically modified electrodes and one CEM (i.e., 
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single-IEM MCDI). This new design eliminates the need of an AEM from the 
conventional MCDI cell. Therefore, it is expected to have a proportional 
reduction in the cost contribution of IEMs to LCOW, decreasing from 65% 
to 32.5%.46 The cost savings from reducing the number of IEMs can result in 
a proportional LCOW reduction to bring down the LCOW from 0.3 to ~0.2 
$/m3 as shown in figure 6.2. Though the LCOW of RO is still lower than the 
demonstrated single IEM MCDI, the novel configuration boasts twice the 
productivity (P) compared to standard MCDI cells, thereby offering 
additional cost savings by lowering the MCDI stack size and associated 
capital and operational costs to be competitive with RO. 

However, as the water flows through the electrodes in this design, a notable 
challenge arises from the exposure of electrodes to dissolved oxygen in the 
water which can significantly impact the electrode degradation, thereby 
compromising the efficiency and lifetime of electrodes. A conventional CDI 
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cell operated at a charging voltage of 1.2 V and a discharging voltage of 0 V 
is shown to loose ~90 % of its initial salt adsorption capacity within 70 
desalination cycles. 159,160 Therefore, further research is needed to understand 
the electrode degradation in such designs and to develop mitigation strategies.  

6.6. Future perspectives 

We have discussed the implications of understanding gained on effluent pH 
changes and near the electrodes. Though the understandings gained on this 
thesis gives valuable information for the improvement of MCDI technology, 
there is still a need for focused research on specific directions for further 
improvements of MCDI to overcome process limitations such as a lack of 
cost-effective mineral scaling mitigation strategies and improved ion-
selectivity towards amphoteric ions. In this section, we discuss these focus 
points to set future research directions for further improvements on MCDI. 

6.6.1. Way towards cost effective mineral scaling mitigation 
strategies 

In this thesis, we showed that the increase on AEM thickness reduces mineral 
scaling. We also mentioned that increasing AEM thickness can increase the 
costs associated with IEMs. Therefore, in-depth research to understand the 
role of AEM on pH changes and associated mineral scaling in MCDI can lead 
to development of cost-effective mineral scaling mitigation strategies. 

To understand the role of AEMs on influencing the pH changes, we carried 
out simple acid-base titration experiments on AEMs. Two separate AEM 
pieces are titrated with one having Cl- as counterion while the other having 
HCO3- counterions (by equilibrating the membranes in NaCl or NaHCO3 
solution prior to titration experiments). The results revealed that the AEM 
loaded with Cl- counterions displayed no additional buffer capacity while the 
AEM loaded with HCO3- counterions exhibited extra buffer capacity as can 
be seen in figure 6.3. This indicates that AEMs together with specific 
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counterions (i.e., HCO3- and CO32-) possess buffer capacity in the spacer 
channel.  

An alternative cost-effective method to have buffer capacity at the spacer 
could be developed by modifying spacer material at the spacer channel with 
ion exchange groups (especially with positively charged chemical groups). 
Ion exchange resins or polyelectrolyte coatings can be used to modify spacer 
materials to increase the ion exchange capacity (IEC) of the spacer to develop 
alternative strategies to mitigate mineral scaling in MCDI.158 

6.6.2. Need for better understanding on pH changes during 
desalination of water with amphoteric ions  

In Chapter 2, we showed that the presence of bicarbonate ions (HCO3-), which 
are amphoteric ions, causes pH changes in MCDI. In natural water, often 
more than one type of amphoteric ion is present. The tap water used in chapter 
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2 and 3 predominantly contained bicarbonate ions. Natural brackish water can 
contain different amphoteric ions often together with other amphoteric ions. 
Therefore, it is important to improve the understanding on pH changes in 
MCDI with other amphoteric ions in order to understand the directions of pH 
changes and adjust the mineral scaling mitigation strategies accordingly. In 
addition, understanding gained on pH changes with different amphoteric ions 
in water can also help to improve targeted removal of specific amphoteric 
ions.  

To gain insights for future research, we theoretically calculated the effluent 
pH changes with sodium phosphate water with different feed pH.  Phosphate 
ions exists in multiple forms such as charged species H2PO4-, HPO42-, PO43- 
and neutral species H3PO4 based on the pH.161 The effluent pH changes were 
calculated (as described in the box) for three different feed pH values namely 
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5.0,7.2 and 9.4. While pH 7.2 is equal to the pKa2 value of phosphate, the 
other two pH values are 2.2 pH units away from the pKa value. Interestingly, 
with feed pH 5 and 7.2, the effluent pH increased during charging (i.e., 
adsorption of ions into the electrodes from spacer channel) and decreased 
during discharging (desorption of ions from the electrode to spacer channel) 
which is opposite to the observations reported in chapter 2 and 3 for carbonate 
containing water. However, when the feed pH is 9.4, the pH changes during 
charging and discharging are in the same direction as seen for carbonate 
containing water, i.e., a pH decrease during charging and pH increase during 
discharge, see figure 6.4. This also indicates, for phosphate containing water, 
that the scaling behaviour can be different from that of carbonate containing 
water. Therefore, the scaling mitigation strategies may also need to be 
adjusted accordingly. To gain further clarity on this, future research should 
focus on understanding pH changes containing multiple amphoteric ions. 

Effluent pH prediction for desalination of phosphate containing water 

The calculations were carried out similar to the pH calculations described 

in chapter 3 using Aqion Pro software. To calculate the feed water 

composition at given pH, the pH and Na+ ion concentration (5 mM) are 

used as fixed inputs and the concentration of P (in the form of PO4) was 

calculated based on charge and mass balances. Once the feed water 

composition is derived for the given pH, to mimic the adsorption, the 

concentration of Na+ was adjusted to 1.6 mM (i.e., 3.4 mM of ∆c) and the 

P concentration was adjusted proportionally. For this new composition, 

the pH is calculated by balancing charge and mass. Similarly, to calculate 

the pH of the concentrate, the concentration of Na+ is increased to 8.4 mM, 

the P concentration was adjusted proportionally, and the charge and mass 

balances were solved for the concentrate composition.  
6
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Summary 

MCDI is an emerging electrochemical desalination which has a potential for 
attractive technology for brackish water desalination and ion-selective 
separation. An MCDI cell is made up of activated carbon electrodes and ion-
exchange membranes. When the electrodes are electrically biased by applying 
a voltage or current, it adsorbs ions of opposite charge resulting in 
desalination of water. When the electrodes are saturated with ions, they are 
discharged to produce concentrated water. Thus, desalinated water and a 
concentrated stream are cyclically produced. MCDI faces certain challenges 
such as pH changes, mineral scaling, and poor ion-selectivity which has to be 
addressed to make it an efficient and economically competitive technology. 
As pH changes are one of the primary factors affecting mineral scaling and 
ion selectivity, many studies were carried out to study the mechanisms 
resulting in these changes. Previous studies attributed faradaic reactions as 
the primary cause. However, most of the existing studies were carried out in 
ideal conditions with pristine electrodes, NaCl solutions and limited 
operational time, i.e., only several cycles of desalination were studied.  

Chapter 2 of this thesis presents experiments conducted with aged 
electrodes, using tap water and NaCl over multiple operational cycles in 
MCDI and inverted-MCDI configuration. The study revealed a pH increase 
during charging and a decrease during discharging for NaCl whereas the pH 
directions during charging and discharging are reversed during tap water 
desalination. We showed that the reason for pH changes in NaCl is the 
difference in ion mobilities while the reason for pH changes during tap water 
desalination is the adsorption and desorption of HCO3- ions. Interestingly, 
both processes causing pH changes are non-faradaic. These findings 
underscore the complex interplay between solution composition and pH 
changes in real water systems.  

In chapter 3, the primary focus was to understand how the presence of HCO3- 
ions in tap water affects the pH dynamics, and the direction of pH changes in 
particular. Crucially, experiments carried out with NaCl and NaHCO3 feed 
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waters exhibited the inversion in the direction of pH changes between these 
two systems revealing that pH changes in HCO3- containing water are directly 
linked to HCO3- (which is part of the DIC) removal, establishing it as a key 
factor in causing pH changes during tap water desalination. Further 
investigations and calculations showed how HCO3- removal affects the 
concentrations of dissolved inorganic carbon (DIC) species, and consequently 
causes a shift in the carbonic acid equilibrium, inducing pH changes. 
Additionally, the research also showed that desalination of tap water or 
synthetic water with hardness ions under higher water recovery conditions 
resulted in mineral scaling. Increasing the thickness of the AEM resulted in 
minimized mineral scaling and is therefore suggested as a practical strategy 
to mitigate mineral scaling. 

After studying effluent pH changes with tap water and NaCl, we measured 
the local pH in the electrode compartments while desalinating NaCl feed 
water. Chapter 4 shows the experimentally measured pH near the anode, 
cathode and at the effluent. The pH changes were examined under two 
different experimental conditions namely, non-faradaic conditions and 
faradaic conditions. Under non-faradaic conditions, faradaic reactions such as 
water splitting were absent, whereas, under faradaic conditions, faradaic 
reactions are possible. We showed that both anode and cathode pH fluctuated 
around the feed pH (pH 7) under non-faradaic conditions, with a pH increase 
during charging and subsequent decrease during discharging. This 
observation is contradictory to theoretical expectations of cathode and anode 
showing opposite behaviour in terms of pH direction. Transitioning to 
faradaic conditions, the anode pH shifted to acidic, while the cathode pH 
became basic as expected.  

The insights gained on near electrode pH changes hold practical implications 
to prepare electrodes with pH sensitive chemical groups for ion-selective 
adsorption. In chapter 5, we demonstrated the effectiveness of a novel cell 
design combining anion-selective electrodes with a cation-selective 
membrane for continuous water desalination. The anion-selective electrodes 
are prepared using pH sensitive amino-silane chemical groups which exist in 
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protonated form under pH 10 and thus acts as an anion selective chemical 
group. The desalination performance observed was also theoretically 
validated. The new cell design achieved significantly lower energy 
consumption compared to standard MCDI systems while having increased 
water productivity.  

Chapter 6 discusses the relevance of the findings of this thesis to scientific 
advancement of MCDI research and to the possible technical improvements 
to make MCDI economically competitive. We discussed how the 
demonstrated mineral scaling mitigation strategy can pave the way to develop 
MCDI as an environmentally friendly technology by reducing the need for 
cleaning chemicals. We also showed how the new cell design used in this 
thesis can reduce the costs of water treatment by MCDI. This chapter also 
discusses the future research directions needed to improve mineral scaling 
mitigation strategies and selective separation of amphoteric ions.  
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