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Abstract

Municipal and industrial wastewater contains a significant amount of dissolved nitrogen. This is the
results of the organic protein degradation and of the large employment of nitrogen (𝑁), usually in
the form of ammonia (𝑁𝐻ኽ), in the industry. Currently, nitrogen is removed in wastewater treatment
plant (WWTP) by means of biological treatments. Globally, the most applied treatment consists in
the combination of nitrification and denitrification. This technique is characterized by a high energy-
demand (44.3 MJ per 𝐾𝑔ፍፇᎼᎶ removed [1]) which accounts for 70% of the total energy consumption in
the WWTP [2]. A less energetically intensive alternative treatment is the Anammox process. However,
this also presents significant limitations, especially when dealing with extremely polluted stream and
in the flexibility of operation [1].

An alternative to reduce the energy cost of nitrogen removal by valorizing the content of residual
streams is explored by the N2kWh project. The novel concept underlying the N2kWh project aims to use
𝑁𝐻ኽ from waste streams as a fuel source for a solid oxide fuel cell (SOFC). In this way, the energy cost
for biological N-removal processes is cut, and, ideally, energy can be even produced. WWTP digested
reject water was recognized as potential N-source for energy recovery as a result of its relatively high
total ammonia nitrogen (TAN) concentrations (up to 1.5 𝑔 − 𝑁 ⋅ 𝐿ዅኻ). A (selective) concentration step
and pH regulation are needed in order to convert the TAN in the reject water, mostly present in form
of ammonium bicarbonate (𝑁𝐻ኾ𝐻𝐶𝑂ኽ), into 𝑁𝐻ኽ gas which can be stripped and directly fed in the
SOFC. Previous studies proved electrodialysis (ED) to be the most energetically efficient technology
for the removal and concentration of ammonium bicarbonate. However, due to the high alkalinity in
the obtained concentrate, large amount of chemicals is required for the pH regulation. An interesting
opportunity to avoid this chemical addition is the employment of a bipolar membrane electrodialysis
(BPMED). Through this unique technology, it is possible to simultaneously achieve the concentration of
TAN, as well as the regulation of pH without chemicals.

The main objective of this work was to evaluate the potential of BPMED for the recovery of 𝑁𝐻ኽ
in the boundaries of the N2kWh project. The energy performance of BPMED was compared with the
alternative use of conventional ED plus sodium hydroxide for pH control. In order to obtain valuable
information on the operation, three setups were employed: regular ED, BPMED and BPMED coupled
with two membrane vacuum stripping devices (VMS). For this purpose, a synthetic solution obtained
by dissolving 6.6 𝑔 ⋅ 𝐿ዅኻ 𝑁𝐻ኾ𝐻𝐶𝑂ኽ salt in demiwater was used to simulate the digested reject water.
Experiments were designed to characterize the BPMED operation and clarify which processes influence
the performance.

Experimental laboratory results showed that, in terms of energy consumption for the 𝑁𝐻ዄኾ removal,
the BPMED used more energy compared to the ED. The removal of 90% of the initial 𝑁𝐻ዄኾ is achieved
by using an average of 13.2±0.1 𝑀𝐽 ⋅ 𝑘𝑔ዅኻፍፇᎼᎶ . This value was 3.3 times higher than that achieved
with regular ED. This discrepancy was explained by the extra-elements in the stack and the water
dissociation process, responsible for the higher voltage measured during BPMED operation. The energy
consumption was proven to be higher also as a consequence of the lower current efficiency for salt
transport (73% compared to 95% of conventional ED). This was due to the more severe undesired
diffusion processes, mainly gas diffusion and hydroxide leakage from the alkaline stream to the diluate,
taking place within the BPMED stack. However, the energy consumption for ammonium removal in
BPMED was still more than three times lower than the energy consumed by nitrification denitrification
and comparable to what used by anammox.

The implementation of the membrane vacuum stripping modules, in series with the BPMED, only
slightly increased the overall current efficiency (up to 3.4 % current efficiency gain). The benefit in
current efficiency was less significant for higher concentrations and pH in the alkaline stream. Besides
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that, the tested technology tandem (BPMED+VMSs) was capable of stripping 𝑁𝐻ኽ and, consequently,
reduce the gas diffusion over the stack.

The energy consumed for the production of 𝑁𝑎𝑂𝐻 and for the ED operation to reach a pre-defined
pH and TAN concentration was estimated to be equal to 82.55 𝑊ℎ per L of concentrate. This value
was substantially higher than what consumed by BPMED (48.7 𝑊ℎ) to achieve the same result in the
alkaline stream.

To conclude, the studied BPMED system was demonstrated to be superior in terms of energy con-
sumption for the recovery of 𝑁𝐻ኽ gas when compared to the combination of ED and chemical addition.
BPMED showed also crucial advantages for the environment, design and safety of the treatment facility.
The energy consumption for the removal of nitrogen with BPMED was proven to be lower than what
used in the competitive biological technology. Finally, neither the technology nor the operation meth-
ods employed were specifically designed/optimized for this application. This made the use of BPMED
for the N2kWh purpose even more interesting and promising.
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1
Introduction

1.1. Background: the unbalance of the nitrogen cycle
Since the start of the 20፭፡ century, with the development of the Haber-Bosch process, human activ-
ities resulted in a large release of nitrogen into the environment [3]. Nowadays mankind fixes more
atmospheric 𝑁ኼ into ammonia (𝑁𝐻ኽ) than all terrestrial natural processes combined [4]. This provoked
an unbalance in the nitrogen cycle which is related to several health and environmental issues [5].
Specifically, the overpresence of N-compounds in the aquatic ecosystem can lead to eutrophication,
and to the consequential loss of biodiversity in water bodies [3]. The urgency to reduce the unbalance
of the nitrogen cycle is emphasized also by Steffen et al. [5] who introduced the frame of planetary
boundaries to define the safe operating space for humanity. As shown in Figure 1.1, within the plane-
tary boundaries, the unbalance of nitrogen cycle exposes humankind to the highest risk, together with
the loss of genetic diversity.

Figure 1.1: Planetary boundaries scheme according to Steffen et al. [5]. The green areas represent human activities that are
within safe margins, the yellow areas represent human activities that may or may not have exceeded safe margins, the red areas
represent human activities that have exceeded safe margins, and the grey areas with question mark represent human activities
for which safe margins have not yet been determined. Retrieved from Steffen et al. [5, p.736].

Municipal and industrial wastewater usually contain high nitrogen concentrations. N-compounds
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2 1. Introduction

have to be removed before discharging the water into the environment.
Currently, this removal is achieved in wastewater treatment plan (WWTP) by means of biological

treatment. Globally, the most applied treatment is a combination of nitrification and denitrification.
This technology is characterized by a high energy-demand (44.3 MJ per 𝐾𝑔ፍፇᎼᎶ removed [1]) that is
mostly related to the aeration process required to promote nitrification. This can account for up to the
70% of the total energy spent in the WWTP [2].

A less energetically intensive alternative to the nitrification-denitrification treatment is the anam-
mox process. This newly developed biological technology is able to remove nitrogen with an energy
requirement of 14.9 MJ per 𝐾𝑔ፍፇᎼᎶ [1]. Nevertheless, as nitrification-denitrification, anammox limits
to degradate nitrogen-compounds into 𝑁ኼ gas. This is then released into the atmosphere without ac-
knowledging the valuable compounds (i.e. 𝑁𝐻ኽ) contained in the waste stream. Furthermore, as a
result of the particular structure and sensibility of the anammox bacteria, the process presents practical
difficulties in the starting up and for the long-term stability of operation [1].

1.2. N2kWh: from pollutant to power
A potential alternative treatment to reduce the energy cost of nitrogen removal by valorizing the content
of residual streams is explored by the N2kWh project. This project, a collaboration between TU Delft
and KU Leuven, aims to use 𝑁𝐻ኽ from waste streams as a fuel source for a solid oxide fuel cell (SOFC).
In this concept, the nitrogen is no longer regarded as a pollutant but as an energy source [6]. The
energy cost for biological N-removal processes is cut, and, ideally, energy can be produced.

A SOFC is a device that produces electricity directly from the electrochemical oxidation of a fuel. The
main advantages of this class of fuel cells include high efficiency, long-term stability, fuel flexibility, low
emissions, and relatively low-cost [7]. Although hydrogen (𝐻ኼ) is usually the preferred fuel of choice,
as high power densities can be obtained, 𝑁𝐻ኽ is an excellent substitute for 𝐻ኼ and hydrocarbons for
several reasons [7–9]:

• The price of 𝑁𝐻ኽ is as competitive to hydrocarbons.

• 𝑁𝐻ኽ can be easily liquefied and the volumetric energy density of liquefied 𝑁𝐻ኽ is higher than that
of liquid 𝐻ኼ, making it ideal for transportation and storage of energy.

• 𝑁𝐻ኽ is less flammable than other fuels and the leakage of 𝑁𝐻ኽ can easily be detected by the
human nose under 1 𝑝𝑝𝑚.

• Byproducts of cell reactions are merely 𝑁ኼ and 𝐻ኼ𝑂, no greenhouse gases are emitted.

In order to recover 𝑁𝐻ኽ to be fed in the SOFC, water containing high nitrogen concentration and
low carbon levels has been identified as a particularly suitable candidate. A practical example of water
with these properties is rejected water from dewatering of anaerobically digested sludge. This stream,
although representing a relatively small volume of the total treated water in WWTP, contributes for
15-20% to the total nitrogen load at WWTPs [10]. Its total ammonia nitrogen (TAN) concentration, up
to 1.5 𝑔 ⋅ 𝐿ዅኻ, originates from the organic nitrogen present in the biomass that has been converted to
𝑁𝐻ኽ and 𝑁𝐻ዄኾ during anaerobic digestion of the sludge. The required composition of fuel for the SOFC
does not directly match the matrix of this reject water. Moreover, the extraction of this gas is highly
influenced by the pH, temperature and 𝑁𝐻ዄኾ concentration in the fluid. For this reason, pretreatments,
a (selective) concentration step, and gas production/extraction step are needed [11]. A conceptual
scheme of this treatment chain is shown in Figure 1.2

The ultimate objective of this project is to produce enough energy and heat in the SOFC to, at least,
cover the energy consumed for the 𝑁𝐻ኽ fuel recovery.

1.3. Selective concentration of ammonium-nitrogen
The master thesis research presented in this report is part of the 𝑁2𝑘𝑊ℎ project, and it specifically
focuses on the step required for the concentration of 𝑁𝐻ኽ from the residual streams.

Over the last two years, reverse osmosis, electrodialysis and ion exchange were studied in order to
select the best method to achieve the highest TAN concentration in the liquid phase before stripping
the 𝑁𝐻ኽ [13]. A 6.6 𝑔ፍፇᎶፇፂፎᎵ ⋅𝐿ዅኻ solution (N-concentration comparable to the municipal reject water)
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Figure 1.2: Conceptual scheme of the needed treatment for the extraction and recovery of the ፍፇᎵ within the N2kWh project.
Retrieved and adapted from Martens [12, p.4].

was used as feed water for testing and comparing the different concentrating technologies. The results
showed that electrodialysis (ED) was the most suitable candidate because able to obtain a high TAN
concentration with a relatively low energy consumption [13].

Electrodialysis for TAN concentration
ED is a membrane separation technology where ions are transported through semi-permeable mem-
branes, under the influence of an electrical potential. The net results of this process are two separate
streams:

• A diluate stream, which has been depleted from the salts initially dissolved in it.

• A concentrate stream, where all the ions initially present in the diluate stream are collected and
concentrated.

ED is mainly used to desalinate brackish water for domestic and industrial use [14]. Recently,
emergent ED applications aiming to concentrate nutrients from waste streams are gaining more interest
[15, 16]. The scope of most of these applications is the synthesis of a concentrated nitrogen stream
that can be used as a valuable alternative to the chemically produced nitrogen fertilizer [17].

Pronk et al. [18] utilized laboratory scale ED to concentrate 𝑁𝐻ዄኾ and phosphate in urine by a factor
of 3.2 (reaching a final concentration > 18 𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ). Mondor et al. [17] and Ippersiel et al. [19]
used electrodialysis to concentrate 𝑁𝐻ዄኾ to respectively 18.3 𝑔 ⋅ 𝐿ዅኻ and 27.45 𝑔 ⋅ 𝐿ዅኻ from the liquid
fraction of swine manure. In both of these research, the maximum 𝑁𝐻ዄኾ concentration was limited by
the transport of water via osmosis and electro-osmosis [17, 19]. In this case, the migration of ions from
dilute to concentrate did no longer lead to an increase of concentration because water was transported
proportionally through the membranes [20].

A particularly relevant study for this application was conducted by Ward et al. [16], who investi-
gated the nutrients recovery performance of a pilot-scale electrodialysis utilizing domestic anaerobic
digester supernatant (initial 𝑁𝐻ዄኾ concentration 1.07±0.343 𝑔 ⋅ 𝐿ዅኻ ). A concentrated product with a
concentration of 7.1 𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ was obtained with a power consumption equal to 13.72 ± 4.2 MJ per
Kg of 𝑁𝐻ዄኾ removed. Although only the 23% of the initial 𝑁𝐻ዄኾ was removed from the fed water, the
energy consumption for 𝑁𝐻ዄኾ removal was substantially lower than in nitrification-denitrification and
competing with what used in anammox.

Finally, within the N2kWh project, Deckers [11] performed lab experiments aiming to design the
most energetically convenient operation strategy for the removal of 𝑁𝐻ዄኾ from anaerobic digester reject
water. The research was conducted utilizing the same synthetic wastewater (containing 6.6 𝑔ፍፇᎶፇፂፎᎵ ⋅
𝐿ዅኻ) considered for this work. A maximum 𝑁𝐻ዄኾ concentration of 7.3 𝑔𝑁𝐻ዄኾ ⋅𝐿ዅኻ was achieved. Besides
that, the 90% of the 𝑁𝐻ዄኾ contained in the feed water was removed with an energy consumption
between 2.9-5.1 𝑀𝐽 per kg of 𝑁𝐻ዄኾ . The ED installation was operated with a constant current density
of 1.56 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ. This favored the low energy consumption but, on the other hand, it extended the
required membrane surface for the removal process. Even higher concentration was obtained with a
staging scheme or lowering the volume ratio between the concentrate and the diluate. However, this
involved higher energy consumption for the some amount of N removed [11].
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1.4. Problem Definition
Before being fed to the SOFC, the 𝑁𝐻ዄኾ contained in the ED concentrate has to be converted and
stripped as 𝑁𝐻ኽ gas [12]. The conversion of 𝑁𝐻ዄኾ to 𝑁𝐻ኽ is achieved by increasing the pH and the
temperature of the solution. Because of the high buffering capacity of the electrodialysis concentrate,
a large quantity of alkali (e.g. caustic soda) is needed to reach a pH high enough to allow 𝑁𝐻ኽ stripping
(estimated about 10 by Martens [12]). This large use of chemicals diverges from the trend to reducing
the chemicals use in the water treatment sector [21] and introduces additional cost for the overall
process.

A valuable alternative to the use of ED and of chemicals for the generation of 𝑁𝐻ኽ is offered by bipo-
lar membranes electrodialysis (BPMED). Bipolar membranes (BPMs) consist of two oppositely charged
ion exchange membranes closely packed together, in such a way that one side of the BP membrane is
positively charged, and the opposite is negatively charged. Between these two membranes, a very thin
layer of pure water is present (intermediate layer). Applying an electrical potential to the membrane,
the water in the intermediate layer (or transition layer) dissociates into 𝐻ዄ and 𝑂𝐻ዅ [22]. Generally,
in the ED stack, bipolar membranes are separated by an anion and a cation exchange membrane. This
membrane arrangement results in a three-compartment configuration where two separate streams
collect the ions depleted from the diluate. One of these collects all the anions and 𝐻ዄ, and it is ad-
dressed as the acid stream (low pH). The other accumulates the cations (in this case 𝑁𝐻ዄኾ ) and 𝑂𝐻ዅ
and is named base or alkaline stream (high pH). In this way 𝑁𝐻ዄኾ , once accumulated in the high pH
solution, reacts with the produced 𝑂𝐻ዅ forming 𝑁𝐻ኽ gas. Hence, this technology potentially achieves
in one single step the concentration of the 𝑁𝐻ዄኾ (and thus its removal from the diluate) as well as its
conversion to dissolved 𝑁𝐻ኽ gas.

1.4.1. Electrodialysis with bipolar membrane for TAN recovery
The utilization of BPMED to produce acids and bases from the corresponding salts is economically very
attractive and has a multitude of interesting potential applications in the chemical industry as well
as in biotechnology and water treatment processes [23]. Nonetheless, only a few studies have been
conducted on the potential of BPMED as a technology for recovering 𝑁𝐻ኽ.

Graillon et al. [24] have been the first to see BPMED as an attractive way for the recovery 𝑁𝐻ኽ from
a nitrogen-rich effluent. Graillon et al. [24] concluded that the application of this concept is limited
because of 𝑁𝐻ኽ gas diffusion across the stack. Because of this limitation, the maximum concentration
achieved was 0.7 M of 𝑁𝐻ኽ in the base stream with a 70% of current efficiency.

To tackle this problem, Ali et al. [25] split ammonium nitrate to nitric acid and 𝑁𝐻ኽ by a coupled
process including BPMED and in-situ 𝑁𝐻ኽ stripping. This, and the application of a high current density
(50𝑚𝐴 ⋅ 𝑐𝑚ዅኼ), permitted to achieve better results in terms of 𝑁𝐻ኽ production efficiency and final
concentration in the base. Again, the main processes influencing the efficiency were acid concentration
and 𝑁𝐻ኽ concentrations which led to 𝐻ዄ leakage and gas diffusion, respectively.

Similar conclusions were drawn by Pronk et al. [26] who treated urine combining BPMED with
an additional mass transfer unit (bubble columns and gas-filled hydrophobic membrane) in order to
produce a solution containing 𝑁𝐻ዄኾ and phosphate at a low pH.

Finally, Li et al. [27] tested the bipolar membrane electrodialysis for generation of hydrochloric acid
and 𝑁𝐻ኽ from a synthetic ammonium chloride wastewater. The results showed that, at the current
density of 48 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ, the highest concentration of 𝑁𝐻ኽ, with initial concentration of 110 𝑔 ⋅ 𝐿ዅኻ
𝑁𝐻ኾ𝐶𝑙, was 45.85 𝑔 ⋅ 𝐿ዅኻ. The higher initial concentration of 𝑁𝐻ኾ𝐶𝑙 was favourable to reduce unit
energy consumption and increase current efficiency of the BPMED.

1.4.2. Knowledge gap
None of the above mentioned studies provided an exhaustive quantification of the energy required for
the removal of 𝑁𝐻ዄኾ . All the setups were run with a relatively high constant current density. This limited
the removal of salt from the feed water due to the quick approach to the LCD in the diluate. In all the
documented studies, the experiments were performed at a relatively high current density and using a
feed water with extremely high nitrogen concentrations, not comparable to reject water considered in
the N2kWh project. These conditions led to high degrees 𝑁𝐻ኽ gas diffusion through the cell.

According to the authors, as a consequence of this phenomenon, the efficiency of the process
dramatically dropped. It remains unclear whether, for the TAN concentration considered in the N2kWh
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project, the 𝑁𝐻ኽ gas diffusion will result in a significant decrease in the BPMED performance.
In addition to that, the introduction of bipolar membranes in the ED unit will increase the total

resistance of the membrane stack and thereby raise the energy consumed per kg of nitrogen removed
when compared to regular ED. Nevertheless, as previously mentioned, BPMEDs can avoid the use of
chemicals which would introduce great advantages in term of cost and operational complexity. Hence,
it would be interesting to investigate whether the expected higher energy consumption of BPMED in
concentrating 𝑁𝐻ዄኾ can be balanced by avoiding the use of chemicals.

1.5. Research Plan
1.5.1. Research objective
This MSc thesis focuses on assessing the potential of BPMED to concentrate 𝑁𝐻ኽ in a high pH stream
within the scope of the N2kWh project. One objective is to compare this solution with the alternative
combination of regular ED (for the removal/concentration of nitrogen) and chemicals addition (for the
pH regulation). Because of its large use in water treatments [28], sodium hydroxide (𝑁𝑎𝑂𝐻) is chosen
as the caustic base for the pH regulation. Particular attention is given to the energy consumption for the
removal of 𝑁𝐻ዄኾ as well as to the efficiency of pH change (or water dissociation) and 𝑁𝐻ዄኾ transport.
Moreover, a study of the side-processes in the BPMED and their effects on the its performance is
undertaken.

From these objectives the following research question is derived:
”Is electrodialysis with bipolar membranes an energetically valuable alternative to the combination

of regular electrodialysis and 𝑁𝑎𝑂𝐻 for the recovery of 𝑁𝐻ኽ from the reject water of digested sludges,
within the N2kWh project scope?”

This research is conducted by performing experiments on ED and BPMED lab-scale installations,
utilizing as baseline feed water a synthetic wastewater composed of demiwater with 6.6 𝑔 ⋅ 𝐿ዅኻ of
𝑁𝐻ኾ𝐻𝐶𝑂ኽ. This ammonium bicarbonate concentration is used because it is comparable with the reject
water from digested sludge from a conventional WWTP.

1.5.2. Research approach and sub-research questions
Through a literature study, the overall operation and the side-processes taking place in BPMED op-
eration are described and characterized (chapter 2). This permitted to draw hypotheses on the ex-
pected behaviour of the installation for the defined conditions. Based on these, specifically designed
experiments (described in chapter 3) on three different setups are performed. The results of these
experiments are then discussed (chapter 4) and the main conclusions are drawn in order to answer
the sub-research questions (chapter 5). Finally, in accordance with the study findings, recommenda-
tions on additional studies and potential improvements in the design of the installation are provided in
chapter 6.

Based on literature findings and on the above-defined main research question, five sub-research
questions are formulated. These create a structured investigation framework that enables an in-depth
study of the different aspects related to answering the main research question.

1. Which are the factors and the secondary processes that influence the pH regulation efficiency in
the BPMED system?

2. For which processes and to what extent energy is required in the BPMED operations?

3. How and to what extent gas diffusion affect the performance of BPMED?

4. Is it possible to limit gas diffusion by stripping dissolved gases from the concentrates of the
BPMED system?

5. Which configuration, chemicals coupled with ED or BPMED, is more energetically favorable for
the recovery of 𝑁𝐻ኽ in the considered stream?

The above-listed sub-research questions are ordered according to a logical sequence. In other
words, the answer to the second question is influenced by the outputs of the previous sub-research
question, and so on.





2
Theoretical background

2.1. Electrodialysis
Electrodialysis is a membrane separation technique where ion exchange membranes (IEXs) in combina-
tion with an electrical potential are used to remove ionic species from an aqueous solution. Differently,
from ion exchange columns, no ions on the membrane surface are exchanged with ions in solutions.
These membranes consist of highly swollen polymeric structures carrying positive or negative charges
[23]. Depending on the surface charge, the membranes are preferentially permeable for only certain
ions. This property is referred to as permselectivity [14]. Based on the permselectivity, it is possible
to identify different types of membranes. For instance, anion exchange membrane (AEM) and cation
exchange membrane (CEM) ideally allow respectively only negatively or positively charged ions to pass
the membrane.

In conventional ED, AEM and CEM are arranged in an alternating pattern between an anode and a
cathode and separated by flow-spacers to form individual cells. During operation, an electrical potential
is established between the membrane stack-ends by means of two electrodes. This potential provokes
the ions to move through the membranes. The cations migrate towards the cathode and the anions
towards the anode. Thanks to the particular sequence of the membranes, ions are transferred from one
solution to the other, leading to concentration of one stream and the dilution of the other. A schematic
overview of this process is shown in Figure 2.1. The stream depleted from the ions is named diluate
whereas the stream that is enriched is usually referred to as concentrate.

Figure 2.1: Schematic diagram illustrating the principle of ED. In the chamber next to the electrodes the ERS is internally
recirculated. Image retrieved from Strathmann [14, p.1708].

At both electrodes, an electrode rinse solution (ERS), generally characterized by a relative high
electrical conductivity (EC), allows the transfer of current from the electrodes to the stack. This solution
is separated from the rest of the stack by two CEMs addressed as cation exchange end membranes
(CEEMs). A scheme of the main elements of an ED cell and stack is depicted in Figure 2.2

7
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Figure 2.2: Scheme illustrating the main elements arrangement and the stack design in conventional ED. Retrieved and adapted
from Strathmann [23, p.270]

2.1.1. Current-voltage curve and electrical resistance
During ED operation an electrical potential (or voltage) is established between the two electrodes.
In any conductor, the electrical current 𝐼 (expressed in Ampere [𝐴]) is proportional to the electrical
potential driving force (𝑈) according to Ohm’s law, which relationship is given by:

𝑈[𝑉] = 𝑅 ⋅ 𝐼 (2.1)

𝑅 is the electrical resistance. Its value is a function of the specific resistance of the material, the
distance between the electron source (the electrodes in this case), and the cross-section area of the
material through which the electrical current passes.

From this definition, it is clear that every element, and stream that composes the ED installation,
has a certain Ohmic electrical resistance. The total resistance of the stack can be seen as the sum of
the resistances of the different ED-unit components. This is shown in Equation 2.2

𝑅ፄፃ፭፨፭ = 𝑅፞፥፞ + 𝑛 ⋅ 𝑅፝።፥ + 𝑛 ⋅ 𝑅፨፧ + (𝑛 − 1) ⋅ 𝑅ፂፄፌ + 𝑛 ⋅ 𝑅ፀፄፌ + 2 ⋅ 𝑅ፂፄፄፌ + 2𝑛𝑅፬፩ (2.2)

Where, 𝑅፞፥፞ is the resistance of the electrodes and electrode rinse solution, 𝑅፝።፥ is the resistance
of the diluate, 𝑅፨፧ is the resistance of the concentrate. 𝑅ፂፄፌ is the resistance of CEM, 𝑅ፀፄፌ፬ is the
resitance for an AEM and 𝑅ፂፄፄፌ is the resistance of the CEEM. 𝑛 is the number of cell pair, whereas
𝑅፬፩ is the ohmic term that accounts for the flow spacer resistances and for the additional resistance
brought by side-phenomena occurring in stack (e.g. concentration polarization).

The resistance of the streams in the ED can be calculated as in Equation 2.3.

𝑅፬[Ω] =
1
𝐸𝐶፬

⋅ 𝑊፬𝐴፦
(2.3)

Where, 𝐸𝐶፬ is the electroconductivity of the stream expressed in [𝑆 ⋅ 𝑚ዅኻ], 𝑊፬ is the width of the
chamber, that can be assumed equal to the thickness spacer, and 𝐴፦ is the membranes surface.

Both the current and the voltage (and thereby the stack resistance) are related to the energy
consumed in the ED cell. The energy consumed (𝐸) is a function of the applied power (𝑃) and time
(Δ𝑡), as shown in Equation 2.4

𝐸[𝑊ℎ] = 𝑃 ⋅ Δ𝑡 (2.4)

Since the power is the product between current and voltage, Equation 2.4 can be reformulated as
follow:
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𝐸[𝑊ℎ] = 𝑈 ⋅ 𝐼ኼ ⋅ Δ𝑡 (2.5)

Equation 2.5 emphasizes the crucial effect of applied current on energy consumption. The applied
current 𝐼 is directly related to the active surface of the used electrodes (𝑆፞፥፞). This makes more
complicated to compare different ED installations. For this reason, the concept of electrical current
density (𝑖), defined as in Equation 2.6, is generally prefered in literature.

𝑖[𝐴 ⋅ 𝑚ዅኼ] = 𝐼
𝑆፞፥፞

(2.6)

2.1.2. Concentration polarization and limiting current density
In conventional ED, concentration polarization (CP) occurs as a result of the different rate of ion trans-
port between the bulk solution and the membrane. When the ion transport rate is lower in the solution
than through the membrane, the ions concentration in the diluate drops at the surface of the IEX facing
the diluate solution. This results in a concentration gradient between the membrane surface and the
well-mixed bulk. This concentration gradient increases diffusive ion transports toward the membrane
interfaces in the diluate. A steady-state situation is obtained when the diffusive transport supplies
enough ions to balance those removed from the interface through the transport rate in the membrane
[23].

The rate of ions transported across the membranes depends on the 𝑖 applied to the cell. For this
reason, the development of CP in ED is strictly related to the current applied and, of course, to the
ions concentration in the streams (often expressed as electrical conductivity). In ED operation, it is
possible to define a limiting current density (LCD), which is reached when the ion concentration at
the membrane surface approaches 0 as a result of the ion depletion. When the LCD is reached a
further increase of the voltage does not produce an increase in the current. This situation is shown in
Figure 2.3.

Figure 2.3: Example of current-potential curve in ED operated at constant flow velocities and diluate concentrations. The y-axes
represents the applied current density ። [፦ፀ ⋅ ፦ᎽᎴ] and the x-axes is the potential ፔ [V]. After the LCD a further increase of
the voltage does not results in a rise of the current density. Retrieved from Strathmann [14, p.272].

The LCD is a function of the solution flow velocity, spacer configuration, solution conductivity,
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membrane properties, hydrodynamic conditions and other minor design parameters [11, 29]. Thus, it
is complicated to theoretically calculate the LCD. In practice, the LCD is determined empirically. The
LCD experimental determination has led to a widely accepted equation [29], where it is expressed as
a function of the flow velocity and solution concentration:

𝑖፥።፦ = 𝑎𝑢𝐶፝፬ (2.7)

𝐶፝፬ is the concentration of electrolyte in the diluate chamber, 𝑢 is the linear flow velocity in the
cells parallel to the membrane surface, 𝑎 and 𝑏 are coefficients that are determined by measuring the
limiting current density at various linear flow velocities [29].

2.2. Electrodialyisis with bipolar membranes
Conventional ED, when combined with particular membranes (named bipolar membrane), enables to
produce acid and base from the corresponding salt [23]. This solvent splitting technique is named
electrodialysis with bipolar membranes (BPMED or EDBPM) and it is widely recognized as an energy-
efficient means for converting salts to their corresponding acids and bases [22]. This section elaborates
on the characteristic of this particular membrane and on its arrangement within the ED cell.

2.2.1. The bipolar membrane
A bipolar membrane is a composed membrane consisting of a cation-selective membrane (with negative
fixed charges layer) and an anion-selective layer (with positive fixed charges) [30]. In between these
membranes an interface layer, generally referred to as transition layer, is present. This particular
configuration allows the membrane to carry out the dissociation of water in presence of an electrical
field [31]. When a direct current is applied toward the cathode, electrical conduction is achieved by
the transport of 𝐻ዄ and 𝑂𝐻ዅ ions, which are obtained from the dissociation of water [22, 32].

A schematic representation of BPM components and of the water dissociation process is shown in
Figure 2.4

Figure 2.4: Structure of bipolar membrane and its operation. Scheme retrieved from Haddad et al. [33, p.70].

Under an applied electrical current, electrolyte concentration in the transition layer decreases and
the electrical potential over the BPM increases. When the so-called water dissociation potential is
reached, the electric field at the contact of the two bipolar membrane layers is strong enough to
separate the 𝑂𝐻ዅ ions and the 𝐻ዄ [34].

According to Mani [32], in order to obtain a high energy-efficient operation, the membrane should
have:

• a good water permeability to provide water from the external solutions to the transition layer

• a very thin transition layer between anion and cation regions to allow efficient transport of 𝐻ዄ
and 𝑂𝐻ዅ. [32]

In literature often the limiting current density of a BPM refers to the 𝑖 that is needed to make the
flux of water leaving the transition layer as dissociated ions higher than the flux of water entering into
the same layer. This is independent of the diluate flow-rate because it is a result of the internal CP
within the membrane transition layer itself [34, 35]. To avoid confusion, in this document, this limiting
current density will be indicated as 𝑖ፁፏፌ፥።፦ . According to Pourcelly [35] 𝑖 applied in this study is several
order of magnitude lower than 𝑖ፁፏፌ፥።፦ for commercial BPMED. Hence, 𝑖ፁፏፌ፥።፦ will not be a concern in this
study.
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2.2.2. Streams configuration and operation
By changing the order and the type of membranes in the stack different stream configurations can be
obtained. Generally, it is possible to distinguish between two main types of membrane arrangements
[30]: two-compartments configuration and three-compartment configuration.

The two-compartment configuration consists of a BPMs operating in conjunction with only CEMs or
AEMs. According to which membrane is used, they are categorized in two-compartment cation cell or
anion cell , respectively.

The two-compartment arrangement has a simple structure and a lower resistance thanks to the
lower number of streams and membranes [22, 27, 32]. However, as a result of the membrane ar-
rangement, the two-compartment configuration allows the generated 𝐻ዄ to recombine with the gen-
erated 𝑂𝐻ዅ [36]. Thanks to its membrane sequence, shown for a general salt 𝑀ዄ𝑋ዅ in Figure 2.5, the
three-compartment stack is theoretically free from this problem. Furthermore, in literature is stated
that BPMED with this membrane arrangement, can achieve higher concentration for the acid and/or
base production [32, 36]. In the three-compartment BPMED, as shown in Figure 2.5, the salt 𝑀𝑋 is
fed to the chamber between the cation and AEMs. When an electrical current is passed across the
stack, the cations (𝑀ዄ) and anions (𝑋ዅ) move across the monopolar membranes to the acid and base
stream to balance the applied charge [23]. Differently from the regular ED, in the BPMED two different
concentrates are formed.

Figure 2.5: BPMED three-compartment essential membrane scheme. The ERS is internally recirculated through the cathode
anode chambers. Image retrieved and adapted from Tanaka [22, p.407].

For making possible the recovery of 𝑁𝐻ኽ, it is important to achieve a high concentration of 𝑁𝐻ዄኾ in
a high pH stream. For this reason, the three-compartment membrane configuration (Figure 2.5) was
preferred for this application.

2.3. Key performance parameters
In order to monitor the performance of the BPMED for 𝑁𝐻ኽ recovery, and to compare it to other studies
and competing technologies, three fundamental performance parameters are selected. These are:

• Current efficiency for salt transport

• Current efficiency for water dissociation

• Energy consumption for 𝑁𝐻ዄኾ removal

These parameters are described in the following sections.
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2.3.1. Current efficiency
When ions migrate through a membrane from one solution to another, the average current efficiency,
during an interval Δ𝑡, is the ratio of the equivalent number of the ions removed from the feed solution
during Δ𝑡 and the total amount of charge passed through the membrane.

The concept of current efficiency is used in order to describe the performance of the membranes
for a specific process during diverse operating conditions. In the following two subsections the cur-
rent efficiency for 𝑁𝐻ዄኾ transport and for water dissociation are described. Moreover, the factors that
influence their value are analyzed.

Current efficiency for salt transport
When current is applied to an ED stack the passage of current throughout a membrane is obtained by
the transport of ions across the membrane. The ratio between the amount of charge transported as
𝑁𝐻ዄኾ across the membrane and the total charge applied is referred to as the current efficiency for 𝑁𝐻ዄኾ
transport or removal (𝐶𝐸ፍፇᎼᎶ ).

𝐶𝐸ፍፇᎼᎶ [%] =
𝐹 ⋅ 𝑧 ⋅ (𝑀ፍፇ

Ꮌ
Ꮆ

ጂ፭ −𝑀ፍፇ
Ꮌ
Ꮆ፨ )

Δ𝑡 ⋅ 𝑛 ⋅ 𝐼 ⋅ 100 (2.8)

Where 𝑀ፍፇ
Ꮌ
Ꮆ

ጂ፭ is the number of transported moles of 𝑁𝐻ዄኾ after the period Δ𝑡; 𝑀
ፍፇᎼᎶ፨ is the initial

number of 𝑁𝐻ዄኾ moles in the solution; 𝐹 is the Faradays constant [𝑠 ⋅ 𝐴 ⋅ 𝑚𝑜𝑙ዅኻ]; 𝑧 is the charge of the
target ion (for 𝑁𝐻ዄኾ , z=1); 𝑛 is the number of membrane pairs (or triplets) considered; and 𝐼 is the
current applied to the stack. In other words, 𝐶𝐸ፍፇᎼᎶ determines the percentage of current that is used
specifically for the transport of 𝑁𝐻ዄኾ . The current efficiency for 𝑁𝐻ዄኾ transport is negatively influenced
by:

• the presence of other cations in the fed water.

• the ion (and gas) diffusion from the concentrates to the diluate as consequence of the no-perfect
permselectivity of the CEMs.

In this case, the current efficiency is expressed for 𝑁𝐻ዄኾ transport. Nonetheless, the presented
concept can be easily extended to every ion in the treated solution.

Current efficiency for water dissociation
Differently to what observed in regular ion exchange membranes (IEXMs), in an ideal BPM, the applied
current is mostly transported by ions resulting from the dissociation of water [37]. It is possible to
define a current efficiency for the water dissociation in BPM (Equation 2.9).

𝐶𝐸ፚ፭ፖፃ[%] =
𝐹 ⋅ (𝐻ዄጂ፭)
Δ𝑡 ⋅ 𝑛 ⋅ 𝐼 ⋅ 100 (2.9)

Where, 𝐻ዄጂ፭ is the number of 𝐻ዄ actually produced in Δ𝑡. This percentage represents the fraction
of the applied current that is actually carried by the ions generated in the BPMs.

In practice, 𝐶𝐸ፚ፭ፖፃ is generally lower than 100%. This is due to the undesired transport of co-ions
through the BPMs because of the incomplete permselectivities of the ion-exchange layers of the bipolar
membrane. This parasitic process has been proved to be more severe with the increase of acid and
base concentration [23].

Figure 2.6 shows a scheme of the co-ions leakage through the bipolar membrane as result of the
incomplete permselectivity of the BPM.

In the ”undesired” case that the current is transported by 𝑁𝐻ዄኾ and 𝐻𝐶𝑂ዅኽ , the 𝐻ዄ and 𝑂𝐻ዅ are
not produced in the transition layer. Co-ions diffusion also impacts the contamination of the products
(acid and base) which consequently also increases with the acid and base concentrations [23].

Not all the 𝐻ዄ and 𝑂𝐻ዅ produced in the bipolar membrane influence the pH in the acid and the
base stream. Part of them is neutralized by other processes occurring in the membrane stack (i.e. gas
diffusion and 𝐻ዄ or 𝑂𝐻ዅ leakages). It is then significant, to introduce a parameter that can express only
the part of the current that is actually contributing to pH changes in the cell streams. This document
will refer to this parameters as ”measured current efficiency for water dissociation” (𝐶𝐸፦፞ፚ፬ፖፃ ). For a
time period Δ𝑡, 𝐶𝐸፦፞ፚ፬ፖፃ can be calculated as in Equation 2.10 [24, 38].
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Figure 2.6: Mechanism of contamination of acid and base by salt due to the low permselectivity of the bipolarmembrane for salt
ions at high concentration. Retrieved and modified from Strathmann [23, p.279].

𝐶𝐸፦፞ፚ፬ፖፃ [%] = 𝐹 ⋅ 𝑧 ⋅ (𝑀ፇዄጂ፭ −𝑀ፇዄ፨ )
Δ𝑡 ⋅ 𝑛 ⋅ 𝐼 ⋅ 100 (2.10)

Where, 𝑀ፇዄ፨ is the initial number of 𝐻ዄ moles and 𝑀ፇዄጂ፭ is the number of moles after Δ𝑡, 𝑛 is the
number of membrane triplets and 𝐼 is the applied current.

In all the studies mentioned in chapter 1, subsection 1.4.1, it is argued that the use of a controlled
high 𝑖 brings important benefit to acid-base generation performance in BPMED. Indeed, it accelerates
the transmembrane migration of ions and the dissociation of 𝐻ኼ𝑂 in BPMs minimizing the effect of the
side diffusion processes on the operation efficiency.

2.3.2. Energy consumption for ammonium removal
Within the N2kWh project the energy use for the removal of 𝑁 is a fundamental parameter. In this
research, this parameter is expressed as energy consumed per kg of 𝑁𝐻ዄኾ removed [𝑀𝐽 ⋅ 𝐾𝑔ዅኻፍፇᎼᎶ ].

This parameter is calculated as in Equation 2.11:

𝐸ፍፇᎼᎶ =
∑።፧ኻ Δ𝑃። ⋅ Δ𝑡። ⋅ 3.6

Δ𝑀ፍፇᎼᎶ
(2.11)

Where 𝑃። is the electrical power applied to the ED in an interval Δ𝑡።, Δ𝑀ፍፇᎼᎶ is the variation in 𝑁𝐻
ዄ
ኾ

mass in the diluate (or feed) stream. The term 3.6 is a coefficient included in Equation 2.11 to convert
the energy consumption from 𝑘𝑊ℎ ⋅ 𝐾𝑔ዅኻፍፇᎼᎶ to 𝑀𝐽 ⋅ 𝐾𝑔

ዅኻ
ፍፇᎼᎶ

.
In this document, the energy consumption for operation only takes into account the power spent

in the ED process. Energy for pumping and for other supporting devices is not considered in the
calculation.

2.4. Processes in electrodialysis with bipolar membrane
BPMED is a complex system where several processes occur, influencing each other and playing a role
in the overall performance of the device. This section gives an introduction to these processes and
their influences on BPMED performance.

2.4.1. Ion electro-migration
To remove salt from a solution in IEX separation processes, ions need to be transported from a solution
(diluate or feed water) through a membrane into another solution (concentrate).

The transport rate of the ions is determined by kinetics as well as thermodynamic parameters. The
kinetic parameters are related to the mobility and diffusivity of the ions in the membrane matrix and
in the electrolyte solution. The thermodynamic parameters are expressed by the voltage (𝑈), which is
the driving force necessary to overcome the resistance offered by the membrane and the electrolyte.
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An important boundary condition in ED process is given by the electroneutrality requirement which
postulates that there is no excess in negative or positive charge in ED chambers. As a result of that,
although cations and anions can be considered as independent elements in an electrolyte solution,
their fluxes are related in such a way that there is no accumulation of charges on a macroscopic scale.

2.4.2. Water dissociation
One of most remarkable properties of pure water is that it dissociates to form hydrogen ions (𝐻ኽ𝑂ዄ,
or in the non-hydrated form 𝐻ዄ) and hydroxide (𝑂𝐻ዅ) ions. This reaction is shown in Equation 2.12.

2𝐻ኼ𝑂 ⇌ 𝐻ኽ𝑂ዄ + 𝑂𝐻ዅ (2.12)

When an electrical potential field is applied to the water, the water-dissociation reaction is expected
to arise. The reaction rate increases along with the rise in the electrical potential gradient (𝑈) [39].

Water dissociation in bipolar membrane
When an electrical current 𝐼 is applied to the BPM, initially, the ions concentration in the transition layer
of the BPM declines as a result of the migration of ions toward the pole with opposite charge. During
this phase, water dissociation does not occur until 𝑖 reaches the value of the LCD in the transition layer
[22, 32].

Once the LCD is exceeded in the transition layer (𝑖 > 𝐿𝐶𝐷), the transport of electrical charge
across the BPM cannot occur anymore via salt ions. In this situation, water dissociates and the current
transport is accomplished by 𝐻ዄ and 𝑂𝐻ዅ ions [30]. Due to the dissociation equilibrium, 𝐻ዄ and 𝑂𝐻ዅ
removal will continuously be replenished by water entering into the transition layer. The net result of
this process is that an alkaline solution is formed on the cathode side of the membrane and an acid
solution is created in on the anode side of the BPM.

The Gibbs free energy change that occurs from the internal part of the BPM to the outside during
the water dissociation process is given by Equation 2.13:

− Δ𝐺 = 𝑛𝐹𝑈፫ = 𝑅𝑇𝑙𝑛[(𝑎።ፇ + 𝑎።ፎፇ)/(𝑎ኺፇ + 𝑎ኺፎፇ)] (2.13)

Where 𝑎 is the activity of the 𝐻ዄ and 𝑂𝐻ዅ ions, the superscripts 𝑖 and 𝑜 refer to the interface and
the outer of the membrane respectively, 𝑈፫ is the reversible electromotive force [𝑉], 𝑅 is the ideal gas
constant, 𝑛, in this case, represents the number of 𝑒𝑞 ⋅ 𝑚𝑜𝑙ዅኻ of reactant and 𝑇 is the temperature
in Kelvin. Therefore, the potential necessary for water dissociation is a function of the pH gradient
between the transition layer and the acid and basic streams. This relationship is shown in Figure 2.7

Figure 2.7: Theoretical potential ፔᎲ for different pH gradient between acid and base stream.

For generating 1 M product solution, and assuming a concentration of approximately 10(ዅ)𝑀 of 𝐻ዄ
or 𝑂𝐻ዅ and a temperature of 25 ∘C in the BPM’s interface, Equation 2.13 reduces to Equation 2.14:
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Δ𝐺 = −𝐹𝐸 = −𝑅𝑇𝑙𝑛(𝑎።ፇ + 𝑎።ፎፇ) 𝑜𝑟 𝐸 = −𝑅𝑇
𝐹 𝑙𝑛𝐾፰ (2.14)

In this ideal condition, to overcome this chemical potential an electrical potential of 𝑈ኺ = 𝑈፫ has to
be applied across the membrane. Through the values of Gibbs free energy for dissociation of water,
the theoretical potential for generating acid and base for an ideal (i.e. perfectly permselective) BPM
can be calculated equal to 0.828 𝑉 [32].

The above calculated 𝑈ኺ is a theoretical value. In practice, the potential 𝑈፫ necessary for water
dissociation (considering the same pH difference) will be slightly higher, since the 𝐻ዄ and 𝑂𝐻ዅ ions
have to be transported through the cation and the anion side of the BPM, respectively [40].

2.4.3. Osmosis and electro-osmosis
The IEXMs used in ED are specifically designed to reject non-charged molecules, like water. However,
several studies and full-scale application showed that during ED process, via osmosis phenomena,
water is transported across the membranes [11, 29, 41]. Water transport was proved to limit the
applicability of the ED as a method of concentrating electrolyte solutions [11, 19, 20, 41].

The main mechanisms for water transport during ED are osmosis and electro-osmosis [29]. Osmosis
is caused by the electrolyte concentration difference between the diluate and concentrate chambers
(in case of BPMED between the diluate and base/acid). Galama et al. [20] calculated the amount of
water transported by osmosis ( in 𝑚𝑜𝑙) with the Equation 2.15:

Δ𝑀፰ = 𝐷፰
𝐴(𝐶 − 𝐶፝)

𝛿 ⋅ Δ𝑡 (2.15)

Where 𝐷፰ is the osmotic water transfer coefficient [𝑚ኼ ⋅ 𝑠ዅኻ], 𝐴 is the membrane area [𝑚ኼ], 𝐶
and 𝐶፝ are the concentrations of concentrate and dilute [𝑚𝑜𝑙 ⋅ 𝑚ዅኽ], respectively, 𝛿 is the membrane
thickness [𝑚] and Δ𝑡 is the considered time interval [𝑠].

Electro-osmosis accounts for the water bound to ions transported via ionic migration. It takes
place whenever ions are passing through the membrane and it has a minimum flux corresponding to
the water in the primary hydration sphere of the ions [20]. As a consequence, the amount of water
transported via electro-osmosis is proportional to the amount of transported ions and it is different for
each salt, as hydration numbers of salts are different [11, 29]

Water molecules in the first hydration are tetrahedrally coordinated to the 𝑁𝐻ዄኾ ion [42]. In other
words, for each mole of 𝑁𝐻ዄኾ passing the membrane, four moles of 𝐻ኼ𝑂 are also transported. For
bicarbonate, seven moles of water pass the membrane for each mole of 𝐻𝐶𝑂ዅኽ [43]. This means that
for each mole of transported 𝑁𝐻ኾ𝐻𝐶𝑂ኽ, eleven moles of water are transported.

2.4.4. Ion diffusion in ion exchange membranes
Diffusion is the movement of particles from an area of high concentration to an area of lower concen-
tration [44]. Due to the non-ideal selectivity of IEXMs, when a concentration gradient is established
between two adjacent chambers, ions tend to diffuse through IEXMs[45]. In BPM, this process gen-
erally results, not only in a loss of current efficiency for the 𝐻ዄ and 𝑂𝐻ዅ ion generation but also to a
lower degree of purity of the produced acid and base [20, 45]. In regular IEXMs, ions generally diffuse
from the concentrate to the diluate reducing the current efficiency of salt transport. Indeed, the ions
that diffused back to the diluate need to be transported again, and this requires extra-current. In this
report, this process is addressed to as ion back-diffusion, or more simply, back-diffusion.

Similarly to what observed for osmosis, there are two factors playing a role in ion diffusion:

• The ion concentration gradient across the membranes

• The available diffusion time

At a low 𝑖, the ion back-diffusion will be relevant compared to the migration of ions in the opposite
direction, because of the long runtime. This is a consequence of the competition between diffusion
phenomena, depending on residence time, and migration, depending on 𝑖 [25]. For this reason oper-
ating at a higher 𝑖 ( but below the LCD) leads to an increase of the current efficiency for ion migration
[20]. The ion back-diffusion rate varies for different ions and employed membranes [46].
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2.4.5. Co-ions leakages across the bipolar membranes
The leakage of ions through the BPM is usually addressed to as co-ions leakage. This process is
related to the imperfect permselectivity of the BPMs and it is responsible for the non-ideal behaviour
of the membranes. The main consequences of co-ions leakage are the reduction of 𝐶𝐸ፚ፭ፖፃ and the
limiting of the acid and base concentration [34, 37, 39]. The permselectivity of the ion-exchange
layers decreases with increasing acid and base concentration. Hence the co-ions diffusion rate increases
with the acid and base concentrations [14]. Strathmann [23] showed with an empirical example the
increase of salt concentration (which are considered impurities in the acid and base streams), in this
case 𝑁𝑎ኼ𝑆𝑂ኾ, as a function of the acid and base molarity(Figure 2.8).

Figure 2.8: Graph illustrating the experimentally determined salt concentration as a function of the acid and base concentration
during the acid and base recovery from a ፍፚᎴፒፎᎶ solution.Image retrieved from Strathmann [23, p.279].

When co-ions pass across the BPM, they carry current. Hence, water doesn’t need to be dissociated
in the BPM’s transition layer. For this reason, this mechanism limits the 𝐻ዄ and 𝑂𝐻ዅ electro-generation
and thereby the 𝐶𝐸ፚ፭ፖፃ [47]. This fact has been proven by Moussaoui et al. [38] who correlated the
reduction of 𝐶𝐸ፚ፭ፖፃ with the concentration of acid and base (in this case for a 𝑁𝑎𝐶𝑙 solution) for different
current densities (Figure 2.9)

Figure 2.9: Water dissociation current efficiency as a function of the acid and base concentration for 2 different current densities
during the acid and base recovery from a ፍፚፂ፥ solution. Line (ኻ) is drawn applying a current of 50 ፦ፀ ⋅ ፦ᎽᎴ, Line (ኼ) 100
፦ፀ ⋅ ፦ᎽᎴ. Image retrieved from Moussaoui et al. [38, p.286].

Figure 2.10 shows that for each 𝑁𝑎𝐶𝑙 concentration, the 𝑁𝑎ዄ flux throughout the BPM rises as the
𝑖 increases. The increase is not linear with 𝑖 but it flattens. Therefore, by increasing the 𝑖 the effect of
co-ions leakage on the 𝐶𝐸ፚ፭ፖፃ is expected to drop. This is also shown in Figure 2.9.
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Figure 2.10: Unidirectional flux of sodium ions through the bipolar membrane versus current density for different ፍፚፂ፥ concen-
tration. Image retrieved from Moussaoui et al. [38, p.288].

A similar study, conducted by Sun et al. [48], estimated that the water dissociation current efficiency
of a 1M solution ranges between 73% and 98.3% when the 𝑖 varies between 0.5 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ and 25
𝑚𝐴 ⋅ 𝑐𝑚ዅኼ. This result was obtained for a multi-salt solution. Vermaas et al. [49] showed that the
co-ion permeation through BPMs is different for different ions but similar in terms of magnitude. Thus,
the findings of Sun et al. [48] can be reasonably extended to the ions involved in this work.

2.4.6. Gas diffusion across ion exchange membranes
The diffusion flux of gases (𝐽) in liquid media (gas diffusion) is described by the first Fick’s law
(Equation 2.16) [50]:

𝐽 = −𝐷∇𝜑 (2.16)

Where, 𝐽 [𝑚𝑜𝑙 ⋅ 𝑚ዅኼ ⋅ 𝑠−1] is the amount of substance moving per unit of an area during a time
interval, 𝐷 [𝑚ኼ ⋅ 𝑠ዅኻ] is the gas diffusion coefficient and 𝜑 is the concentration (usually expressed in
𝑚𝑜𝑙 ⋅ 𝑚ዅኽ). D depends on the temperature, viscosity of the fluid and the size of the particles. This
means that each gas has its own diffusion capacity in water at a constant temperature.

Assuming a perfect mixing in each chamber of the stack, the concentration gradient ∇𝜑 is the
difference in concentration between two adjacent solutions. In the ED, the membrane active surface
represents the diffusion interface. Due to the configuration of the membrane stack the gas diffusion
flux develops along only one dimension. Equation 2.16 can be then simplified as follow:

𝐽 = −𝐷d𝜑
dx

(2.17)

Since in ED, membranes active surface represents the diffusion interface, the diffusion coefficient
𝐷 is also dependent on the properties of the membrane. An overall mass transfer coefficient (𝐾፦፫)
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(unit 𝑠 ⋅ 𝑚ዅኻ), which includes the resistance of the membrane to gas diffusion, can be introduced and
Equation 2.17 be rewritten as follow:

𝐽 = −𝐾፦፫Δ𝑃 (2.18)

Where Δ𝑃 is the difference in saturation vapour pressure (in 𝑃𝑎) for a certain gas between two
adjacent chambers of a membrane stack.

2.4.7. Proton and hydroxide leakage across ion exchange membranes
Besides the co-ions leakage across the BPMs described in subsection 2.3.1, the 𝐶𝐸፦፞ፚ፬ፖፌ (Equation 2.10)
is limited by the non-ideal permselectivity of the IEXMs, which separate the concentrate streams from
the diluate. Permeation of 𝐻ዄ through the AEMs, and of 𝑂𝐻ዅ through CEMs for extreme pH is recog-
nized to limit the 𝐶𝐸፦፞ፚ፬ፖፌ [51, 52]. A scheme of this process is depicted in Figure 2.11

Figure 2.11: Mechanism of ፇᎼ and ፎፇᎽ leakage through the IEXs. Retrieved and modified from Strathmann [23, p.279].

The transport rates of ions in a solution or across a membrane are proportional to their permeabilities
in the solution and in the membrane [14]. The permeability is the product of the ion concentration and
mobility. The mobility of different ions in aqueous solution does not differ very much from each other.
Exceptions are 𝐻ዄ and 𝑂𝐻ዅ. Their mobility is an order of magnitude higher than other ions. Although
the introduction of so-called acid and base membranes resulted in a substantial improvement [53], at
high acid and base concentration (low and high pH respectively), the retention of AEMs for 𝐻ዄ ions
and that of CEMs for 𝑂𝐻ዅ ions is usually poor [23]. This is because their transfer across IEXMs occurs
via two mechanisms:

• the regular ion diffusion

• the Grotthus mechanism, when the 𝐻ዄ and 𝑂𝐻ዅ are transported through the wet IEXMs by
migrating from one water molecule to another (so-called tunnel mechanism)

The net result is that 𝐻ዄ and 𝑂𝐻ዅ, generated in the bipolar membrane, leak to the diluate neu-
tralizing each other and reducing the measured water dissociation current efficiency [25]. Generally
this phenomenon is referred to as proton and hydroxide leakage and its mechanism is shown in
Figure 2.12.

When a 𝐻ዄ or a 𝑂𝐻ዅ pass the IEXs membrane from the concentrate to the diluate, it transports
charge throughout the stream. In other words, for every 𝐻ዄ or 𝑂𝐻ዅ leaking into the diluate one less
salt anion is transported in the concentrate, reducing the current efficiency for salt transport [52].
Moreover, once the 𝐻ዄ or 𝑂𝐻ዅ ended in the diluate, if they does not recombine, they will compete with
the salt cation to be transported into the base stream. This will further reduce the current efficiency
for the salt transport.

Besides concentration and membrane permeselectivity, 𝐻ዄ and 𝑂𝐻ዅ leakage is influenced by the
temperature of the solution. It is expected to be higher for higher temperature [54].
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(a) When current is applied across the membrane
triplets the bipolar membrane generate ions. At the
same time, the salt present in the diluate migrate
into the concentrate. The migration of salt ions is
balance by the production of ፇᎼ and ፎፇᎽ.

(b) Over the run, the ፇᎼ and ፎፇᎽ accumulate in
the acid and base stream. A concentration potential
establishes between the concentrate and the base.

(c) Thanks to their high mobility and to the Grotthus
mechanism, the ፇᎼ and ፎፇᎽ start leaking into the
concentrate. This provokes a drop in the current
efficiency for salt transport since charges are trans-
ported by the ions that migrate back to the diluate.

(d) In the diluate, the ፇᎼ and ፎፇᎽ generated by
the BPMs can combine again reducing the water dis-
sociation current efficiency. Alternatively, because
of the electrical potential in the cell, they can trans-
port current migrating from the diluate to the con-
centrates. This will further reduce the current ef-
ficiency for salt transport since the ፇᎼ and ፎፇᎽ
directly compete with the salt ions.

Figure 2.12: ፇᎼ and ፎፇᎽ leakages and their effect on current efficiency reduction.
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2.4.8. Processes overview
A schematic overview of the desired and undesired processes taking place in BPMED operation is
presented in Figure 2.13.

Figure 2.13: Schematic overview of the desired and undesired processes taking places in BPMED operation.

2.5. pH and pH regulation with sodium hydroxide
pH expresses the acidity of an aqueous solution. It is defined as the negative of the logarithm of the
concentration of hydrogen ions [55].

The equation to determine the pH of an aqueous solution is shown in Equation 2.19

𝑝𝐻 = −𝑙𝑜𝑔[𝐻ዄ] (2.19)

It is also possible to express the ratio of water self-ionization in terms of 𝑂𝐻ዅ concentration. In this
case, we generally refer to the pOH, which is complementary to pH and can be calculated as shown in
Equation 2.20

𝑝𝐻 = −𝑙𝑜𝑔[𝑂𝐻ዅ] (2.20)

The relationship between pH and pOH is reported in Equation 2.21

𝑝𝐾፰[𝑇 = 25 ∘ 𝐶] = 𝑝𝐻 + 𝑝𝑂𝐻 = 14 (2.21)

Where 𝑝𝐾፰ denotes the cologarithm of the self-ionization coefficient of water (𝐾፰). 𝑝𝑘፰ is not
constant but it depends on the solution temperature. Indeed, as mentioned before, the water self-
ionization (Equation 2.12) is endothermic. In other words, for higher solution temperature the auto-
dissociation of water is favoured, and more hydrogen ions and 𝑂𝐻ዅ ions are formed. The effect of
that is to increase the value of 𝐾፰ as temperature rises. This means that for a higher temperature the
pH will drop without an increase in the actual acidity of the solution. The value of 𝑝𝑘፰ expressed in
Equation 2.21 is, thus, also dependent from the temperature of the aqueous solution. This relationship
is shown in Figure 2.14:

The temperature effect on 𝑝𝐾፰ was considered when the 𝑂𝐻ዅ concentrate was computed from the
pH data.

pH regulation with sodium hydroxide
𝑁𝑎𝑂𝐻 is produced commercially in two forms: as 50 wt % water solution (the most common) and in
the solid state (caustic soda) [28]. 𝑁𝑎𝑂𝐻 production is mainly achieved via the electrolysis of sodium
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Figure 2.14: Ionization constant of water as a function of temperature Barclay et al. [56, p.55]

chloride solution (Chlor-alkali process) with mercury, diaphragms, or membrane cells [57]. The last
method is the most used thanks to its lower energy consumption and environmental impact [28, 58].
More explanation on this process are provided in Appendix, section C.2.

Hong et al. [57] performed a life cycle analysis (LCA) of the 50 wt% water solution 𝑁𝑎𝑂𝐻 produced
by the chlor-alakali membrane process in China, which is the largest producer and consumer worldwide
according to the Chemical Market Associates Inc. Hong et al. [57] estimated that about 2180 𝑊ℎ are
consumed for the production of one ton of 𝑁𝑎𝑂𝐻 solution. This electricity consumption for production
is consistent with the energy-use in European plant [28, 57]. The 𝑁𝑎𝑂𝐻 molecular weight is equal to
39.997 𝑔 ⋅ 𝑚𝑜𝑙ዅኻ. This means that one ton of 𝑁𝑎𝑂𝐻 50 wt% solution contains approximately 12000
moles of 𝑂𝐻ዅ. Based on this, and on the concentration of 𝑁𝐻ኾ𝐻𝐶𝑂ኽ in the ED concentrate, the amount
of 𝑁𝑎𝑂𝐻 solution needed to increase the pH until a certain value can be calculated. This can, then, be
related to the energy consumption for the production of the salt and, compared to what obtained by
means of the BPMED. Some assumptions needed to be formulated for the calculation of 𝑁𝑎𝑂𝐻 required
for 𝑁𝐻ዄኾ conversion. These are presented below:

• Only 𝑁𝐻ኾ𝐻𝐶𝑂ኽ is present in the solution and thereby 𝐻𝐶𝑂ዅኽ and 𝐶𝑂ኼዅኽ are the only buffers in the
solution.

• The same numbers of moles of 𝐻𝐶𝑂ዅኽ and 𝑁𝐻ዄኾ are present in the ED concentrate solution.

• Temperature in the solution is constant and equal to 25∘C

• The dilution effect due to the use of the 𝑁𝑎𝑂𝐻 solution is neglected.

With these assumptions, for a certain concentration of 𝑁𝐻ኾ𝐻𝐶𝑂ኽ, the necessary 𝑁𝑎𝑂𝐻 water so-
lution to achieve the desired pH in the concentrate can be calculated.





3
Materials and methods

This chapter describes the used setup and the single modules composing them. The parameters
monitored and the equipment employed for the acquisition and analysis of the data are also reported
here. Finally, a detailed explanation of the performed experiments is carried out.

3.1. Material
Three separate technologies were employed for the experiments. These were electrodialysis, electro-
dialysis bipolar and vacuum membrane stripping. In this section, the specifications for each of these
units are listed and the most relevant information on their components are provided. Additionally, the
installation’s features and design are described.

3.1.1. Regular Electrodialysis module
For the regular ED setup a PCCell 64002 unit, supplied by PCA, was used as casing for the ED stack.
Embedded in the ED cell, an anode made of Pt/Ir-coated Titanium, and a cathode made of V4A Steel,
transmitted current to the to stack enclosed between them. The two electrodes were specifically
designed to permit the reversion of the electric field poles. The current was transferred from the
electrodes to the stack by the means of an electrode rinse solution. For the ED experiments, standard
membrane stacks (STM), also supplied by PCA, were used. Each STM ED stack consisted of the following
elements:

• 9 CEMs

• 10 AEMs

• 2 Cation exchange end membranes

• 20 Flow-spacer

• 2 Electrode spacers

These components were organized in ten cell pairs over the ED stack. Each pair consisted of a
CEM, an AEM and two flow-spacer alternated with the membranes. At the extremes of the stack, two
CEEMs , and their associated spacers, separated the rest of the stack from the electrodes. The total
effective membrane area of the ten cell pairs was equal to 0.128 𝑚ኼ. The spacers had a thickness of
5⋅10(ዅኾ) 𝑚. All membranes in the stack had a total squared surface of 0.11⋅0.11 𝑚 with an active area
of 0.08⋅0.08 𝑚. More membrane’s properties are provided in Appendix, section D.3, Table D.1.

3.1.2. Electrodialysis with bipolar membranes module
The cell embedding the ED-BPM stack was a PCCell unit 64004. The main difference with the casing
used for the regular ED was that the last one only allowed three streams to enter the ED stack,
whereas the PCCell 64004 had two additional stream connections. This difference was fundamental
since four streams were involved in the three compartments ED-BPM operation. For the spacers, the
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specifications were the same provided for the ED case (subsection 3.1.1). The electrodes in the BPMED
had a different design, they did not permit the reversal of the electric field poles.

Differently from the one used in ED, the BPMED stack was organized in 10 membrane triplet,
therefore, it contained extra-elements. A list of the components of the BPMED stack is provided below:

• 9 CEMs

• 10 AEMs

• 10 Bipolar membranes

• 2 Cation exchange end membranes

• 30 Flow-spacers

• 2 Electrode spacers

Each triplet consisted of a CEM, an AEM with a BPM in between. The membranes were separated
from each others by flow-spacers. Also in this case, the membranes had a total squared surface of
0.11⋅0.11 𝑚 with an active area of 0.08⋅0.08 𝑚. More membrane’s properties are provided in Table D.1
in section D.3 in Appendix.

3.1.3. Vacuum Membrane stripping module
The vacuum membrane module used was a Sterlitech CF042 acrylic crossflow cell with a 42 𝑐𝑚ኼ active
membrane area. This unit and its components are shown in Figure 3.1. Sterlitech flat-sheet PTFE
membranes with polypropylene backing and 0.1 𝑚 pore size were placed in the membrane module.
This was confined by two Sterlitech CF042 polypropylene diamond-shaped 47 𝑚𝑚 spacers. The spacer
placed in the feed side cavity of the module had the function to increase feed flow turbulence, whereas,
the one installed in the permeate side cavity prevented the membrane to adhere on the membrane
casing.

Figure 3.1: CF042A-FO Cell: body assembly and components. Image retrieved from STERLITECH [59, p.2].

3.1.4. Experimental setup schemes
In all the different setups, a mixing table and magnetic stirrers were used to constantly mix the solutions
inside glass batches. This was done to ensure the uniformity of the solution. From the batches, a
Watson Marlow 520S pump and 4 associated 323 pump-heads, pumped the solutions into Watson
Malow Marprene tubes (with an internal diameter of 6.4 𝑚𝑚) to the electrodialysis cell. During all the
experiments performed in this thesis, the cross-flow velocity in each tube was equal to 0.116 𝑐𝑚 ⋅ 𝑠ዅኻ.
By considering the geometry of the chambers and the spacer encumbrance, the actual cross-flow
velocity in the acid, diluate and base chambers was estimated equal to 2 𝑐𝑚 ⋅ 𝑠ዅኻ. A TENMA 72-2535
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supplied current and voltage to the ED unit. This generator operated with a current range of 0.0–3.0
𝐴 and an electrical potential range of 0.0–30.0 𝑉.

In the paragraph below a scheme for each of the setup configuration is presented.

Regular electrodialysis
In the ED setup, three solutions were recirculated in the ED stack. Every solution was stored in
a separate batch. Mass-transfer processes could occur only within the ED-cell. Three pump-heads
supplied an equal and constant pressure to recirculate every solutions through the installation. The
ED-cell electrodes were directly connected to the power supply unit by means of copper cables.

Figure 3.2: Scheme of the regular ED installation setup.

Electrodialysis with bipolar membranes
The BPMED setup was basically identical to the one used for the ED. The only difference consisted of
an extra-solution that was recirculated through the installation. As already mentioned, in the BPMED
operation two separate concentrate streams (acid and base) were involved.

Figure 3.3: Scheme of the BPMED installation setup.
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Vacuum membrane stripping in series with BPMED
In this installation, two VMS units were installed in series to the concentrates, coming out from the
BPMED-cell. One side of the stripping membranes faced the BPMED concentrate streams. This flowed
along the membrane with a cross-flow velocity of 6𝑐𝑚⋅𝑠ዅኻ. On the other side, a constant vacuum pres-
sure of 15000𝑃𝑎 was applied by two KNF N816.3KT.45.18 vacuum pumps. This permitted to remove
dissolved gas from water flowing across the opposite membrane surface. The gas permeated from the
acid stream was passed through a liquid trap containing a high pH 𝑁𝑎𝑂𝐻 solution. Symmetrically, the
result of the base stripping was trapped in a 𝐻𝐶𝑙 acid solution.

The initial composition of the solution in the trap connected to the acid stream was 738.3 𝑚𝐿 of
demiwater blended with 4 𝑚𝐿 𝑁𝑎𝑂𝐻 (0.1M). The trap connected to the base contained a 745.2 𝑚𝐿 of
demiwater mixed with 2 𝑚𝐿 of 𝐻𝐶𝑙 (1M) acid solution.

Once the stripped gas was passed across the trap, it was released in atmosphere by the vacuum
pump.

Figure 3.4: Scheme of the BPMED installation combined with the VMS units and gas traps.

3.1.5. Analytic material and equipment
The measured parameters and equipment employed for acquiring data and in the laboratory analysis
are reported below.

• Electrical conductivity (EC), pH and temperature: EC, pH and temperature were measured si-
multaneously on a WTW digital precision meter Multi 3630 IDS connected to calibrated WTW
TetraCON 925 EC sensors and calibrated WTW IDS SenTix 940 pH sensors. Measurement data
was automatically registered in a Microsoft Excel document on an attached laptop or stored in
the multimeters. The recording interval varied for each experiment.

• Mass of solutions: The masses of the solutions were measured using a Kern PCB 6000-1 digital
precision balance. For every experiment, the mass was measured at the start and at the end
of every run. This was done to monitor the water transfer through the different chamber of the
membrane. The deviation in solutions volume was used to correct the salt mass balance.

• TAN Solution concentrations: solution TAN concentrations were measured using MACHEREY-
NAGEL NANOCOLOR Ammonium 200 and Ammonium 2000 tube tests. Samples were injected
into the test tubes using a Thermo Scientific 100–1000 µL Finnpipette F1 pipette and analyzed
with a spectrophotometer NANOCOLOR VIS II. The TAN concentration was then reported in g of
𝑁𝐻ዄኾ per L.
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• Total inorganic carbon (TIC) concentrations: TIC in the solution was measured with TOC-VCPH/TOC-
VCPN Total Organic Carbon Analyzer supplied by Shimadzu Corporation. More information on this
device and on its working principles are reported in Shimadzu Corp. [60].

• pH validation: a 702 SM Titrino by Metrohm was used to validate the pH data acquired by the pH
probes via an automatic titration.

3.2. Experimental Methods
In the following paragraphs, a description of the performed experiments is presented. All the exper-
iments were carried out in batch mode. The ERS, diluate, acid and base streams were continuously
recirculated through the installation. For every experiment, the temperature, pH, conductivity of each
stream were continuously monitored. Moreover, data on the applied current density, voltage and run-
ning time were also acquired continuously. Finally, the weight of each solution was determined at
the beginning and at the end of each run. In all experiments, the ERS consisted of a solution with a
concentration of 1 M 𝑁𝑎𝑁𝑂ኽ. This was done to be consistent with the previously performed research
with the regular ED setup by Deckers [11] and Hordijk [13].

In the experiments run for this thesis, the cross-flow velocity in the concentrate and diluate was
kept equal to 2𝑐𝑚 ⋅ 𝑠ዅኻ. This was based on the results presented by Deckers [11] who determined an
optimal velocity for the same ED setup used in this thesis. For a constant velocity, a linear relationship
exists between the LCD and the lowest-conductivity solution in the cell [11]. This relationship, shown
in Figure 3.5, was used to directly relate the LCD with the conductivity of the diluate which, in this
application, was the limiting stream. The same velocity was also applied for the experiments with
BPMED, assuming that the results from Deckers [11] were extendable to the BPM stack.

Figure 3.5: Empirical relationship between limiting current density (LCD) and conductivity of the limiting stream (EC diluate)
[11].

From now on, in this report, the ERS will be addressed as passive stream whereas the diluate, acid
and base (or the diluate and concentrate in case of the ED) will be identified as ”active streams”.

3.2.1. Sequencing batch experiment
A sequencing batch experiment (SBE) was performed for both ED and BPMED installations. At the
beginning of this experiment, all the 3 active streams had a volume of 1 𝐿 and an initial conductivity
of approximately 7.8 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ. The experiments were always operated using water with an average
temperature of about 24 ∘ C. The initial conductivity value was achieved dissolving 4.15 𝑔ፍፚፂ፥ ⋅ 𝐿ዅኻ
or 6.6 𝑔ፍፇᎶፇፂፎᎵ ⋅ 𝐿ዅኻ in demineralized water. By applying current to the device, the ions present in
the diluate migrated toward the concentrate streams. This caused a drop in the conductivity of the
diluate. Once the conductivity reached a value of 1000 𝜇𝑆 ⋅𝑐𝑚ዅኻ, which in standard conditions (neutral
pH and 25 ∘C) corresponded to approximately 90% of salt removal, the current supplying and the
solution recirculation were stopped. After that, the depleted diluate was replaced with a new solutions
with a conductivity of 7.8 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ, this concluded one run of the SBE. Before replacing the diluate,
the installation was drained and the solutions were weight and sampled. Then, the experiment was
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restarted and a new run was undertaken. This procedure was repeated 10 times (1 experiment = 10
runs or batches). The concentrate streams were never replaced in this experiment and thereby their
concentration was expected to be higher at the beginning of every new run.

The current applied to the cell (𝐼) was not constant during the run but it was continuously set equal
to the 63% of the LCD for the diluate ( ።

ፋፂፃ rate equal to 0.63). This means that over every run, as a
result of the reduction of the diluate EC, the 𝑖 applied to the cell gradually drop. The choice of 63% of
the LCD followed from a theoretical optimization between the energy consumption and the membrane
surface required [61]. Further explanation on this concept are provided in section A.1.

An example of the trend in applied 𝑖 during a run of the SBE is shown in Figure 3.6.

Figure 3.6: Current density trend in the first batch of the SBE with BPMED. The ። reduces during the run on account of the
decrease of the dilute conductivity.

Sequencing batch experiment with BPMED in series with VMS
The SBE was performed also with the setup obtained coupling two VMS devices with the BPMED
(scheme in Figure 3.4). Once passed through the BPMED cell, the acid and the base were directly
forced into the membrane stripping devices before being mixed again in batches. This permitted to
strip 𝑁𝐻ኽ and 𝐶𝑂ኼ from the two streams when the condition (in terms of pH and concentration) were
more favourable.

Four different experiments were performed with this installation:

• First batch of the SBE with only the acid stream connected in series to a VMS.

• First batch of the SBE with only the alkaline stream connected in series to a VMS.

• First batch of the SBE with both acid stream and alkaline stream connected in series to two VMSs.

• First 5፭፡ batches of the SBE with both acid stream and alkaline stream connected in series to two
VMSs.

The first three experiments (run in triplicate) were performed to better characterize the impact on
the operation parameters of the single stripping unit. The last experiment was undertaken to assess
the impact of the stripping devices for higher pH and TAN in the base streams, when gas diffusion is
expected to be more severe.

3.2.2. Fixed current test
This test, performed only with BPMED, aimed to determine the rate of 𝐻ዄ and 𝑂𝐻ዅ production for
different constant voltages (and current densities). The synthetic wastewater normally used contain
𝑁𝐻ኾ𝐻𝐶𝑂ኽ. This, when dissolved in water, dissociates into 𝑁𝐻ዄኾ and 𝐻𝐶𝑂3ዅ. Bicarbonate is well known
for its buffering capacity, that makes hard to relate the change in pH with the actual production of
𝐻ዄ and 𝑂𝐻ዅ by the bipolar membrane. Moreover, when the pH change toward extreme values, 𝑁𝐻ዄኾ
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and 𝐻𝐶𝑂3ዅ shift to their uncharged gas forms 𝑁𝐻ኽ and 𝐶𝑂ኼ, respectively. These dissolved gases can
easily diffuse over the stack (or being stripped in the atmosphere) influencing the pH and the charge
balance in the solutions [62]. For this reason, to perform this experiment an alternative salt had to be
chosen. Sodium chloride (𝑁𝑎𝐶𝑙) was identified as a suitable salt because dissolved in water it forms a
non-buffered solution [63]. On top of that, the large number of studies conducted with IEXMs for the
treatment of 𝑁𝑎𝐶𝑙 and its non-reactive properties, made this solution very convenient to use in this
specific application.

The 𝐻ዄ and 𝑂𝐻ዅ production rates were determined based on the change of pH in the streams.
Since the used solutions were not buffered, the production of 𝐻ዄ and 𝑂𝐻ዅ in the transition layer of
the BPMs, could be determined monitoring continuously the pH of the 4 streams in the system. This
test was performed applying 4 different voltages (6-12-18-23 V), which corresponded to 4 different
current densities because the conductivity conditions were analogues in every test. A small deflection
in the applied current for a fixed voltage was detected at the end of the run due to the reduction of
conductivity in the diluate. However, the deviation in current in the interval used to extrapolate the
results was negligible.

Similar experiments were performed by Simons [37] and Moussaoui et al. [38]. Nonetheless, in
both of these studies EDBPM were operated at relatively high current density and salt concentration
compared to the condition explored in the N2kWh project. Therefore, the results were not expected
to be reliable for this application.

3.2.3. Resistance test
The ”resistance test” was performed in order to estimate the voltage and the electrical resistance
related to a certain membrane stack or to a singular stack component. In this experiment, the active
streams were blended in a single batch in order to maintain constant the conductivity of the solution.
The conductivity of this solution was equal to 7.8 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ (6.6 𝑔ፍፇᎶፇፂፎᎵ ⋅ 𝐿ዅኻ in demineralized
water at 24∘C). In this condition, different current density inputs were given to the cell. For each
current density the corresponding voltage was recorded and a current-voltage curve was drawn. This
permitted to calculate the ohmic resistance (𝑅).

The resistance test was also performed without a membrane between the two electrodes, which
were then only separated by the associated flow spacers. This experiment is referred to as Blank
test and it was performed to assess the resistance associated with the electrodes. By introducing
a membrane between the two electrode spacers, the resistance of the single membrane could be
experimentally assessed.

3.2.4. Diffusion test
This test was carried out to assess the magnitude of gas diffusion in BPMED. The solutions were
recirculated through the cell without applying any current for 8 hours. It was assumed that gases
diffuse throughout the membranes independently of the current, as already verified by Ali et al. [25].
Therefore, the mass transfer across the stack chambers could only occur due to diffusion. The acid and
the diluate initially consisted of a solution with 4.15 𝑔ፍፚፂ፥ ⋅𝐿ዅኻ, whereas, in the base stream, ammonium
hydroxide was added to a base solution of 3.8 𝑔ፍፚፂ፥ ⋅ 𝐿ዅኻ. The resulting blend was an alkaline solution
(pH=11.6) with a concentration of 12.5 𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ and a conductivity of 7.8 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ. According to
the ammonium equilibrium explained in section A.2 in Appendix, for this conditions, almost all the TAN
contained in the base was in 𝑁𝐻ኽ gas form. This minimized the TAN transport via ions diffusion. During
the experiment, samples of the 4 streams were taken and their concentration of TAN was tested. In
order to prevent the volatilization of the 𝑁𝐻ኽ from the base, the system was almost completely sealed.

The diffusion test was performed also to assess the gas diffusion rate of the 𝐶𝑂ኼ produced in the
acid stream to the base and the diluate. In this case, the base and the diluate initially consisted of with
4.15 𝑔ፍፚፂ፥ ⋅ 𝐿ዅኻ dissolved in demi water. The acid was made by dissolving 2.87 g of 𝑁𝑎𝐻𝐶𝑂ኽ in 1 L of
demiwater. After that, 32.7 𝑚𝑙 of a solution 1 M 𝐻𝐶𝑙 was added to lower the pH to 4 and convert the
bicarbonate into 𝐶𝑂ኼ. Finally, 2.66 g of 𝑁𝑎𝐶𝑙 were added to equalize the conductivity with the other
two active streams. In the 𝐶𝑂ኼ diffusion test the solutions were recirculated in the installation for 6 ℎ
in total.
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Results and Discussion

4.1. Electrodialysis with ammonium bicarbonate
In order to compare the 𝐸ፍፇᎼᎶ of the BPMED to the energy used by regular ED, the SBE was firstly run
with the regular ED. The results of this experiment are presented in this section.

4.1.1. Energy consumption for ammonium removal in regular electrodialysis

90% of the 𝑁𝐻ዄኾ originally contained in the diluate was removed in all the 10 runs. This was achieved
with an average 𝐸ፍፇᎼᎶ of 4.27±0.27 𝑀𝐽⋅𝑘𝑔

ዅኻ
ፍፇᎼᎶ

for each batch, which was lower than the energy ideally
produced in the SOFC for the same quantity of N. Moreover, the 𝐸ፍፇᎼᎶ used in this lab test was almost
eight times lower than the energy used in nitrification denitrifiation, and about two times lower than
anammox.

The energy consumption in the 10 batches of the SBE is shown in Figure 4.1.

Figure 4.1: Energy consumption, in ፌፉ ⋅ ፊ፠ᎽᎳᑅᐿᎼᎶ , for the ten runs of SBE run with regular ED.

After the 10 batches, the 𝑁𝐻ዄኾ concentration in the concentrate was equal to 9.98 𝑔𝑁𝐻ዄኾ ⋅ 𝐿ዅኻ.
This was obtained with a total energy consumption of 16.8𝑊ℎ (with an average of 1.68±0.12𝑊ℎ per
batch-run). The TAN concentration obtained after every batch is shown in Figure 4.2.

Differently from what obtained by Deckers [11], who operated with a constant and lower average
𝑖, the trend in concentration did not show a maximum but it kept increasing almost linearly. This
suggests that, with the employed operation method, even higher concentration could be accomplished
for a similar 𝑁𝐻ዄኾ -removal energy cost.

31
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Figure 4.2: TAN concentration in the concentrate, diluate and ERS for the SBE with ED. The TAN concentration in the concentrate
stream increases almost linearly along the 10 runs.

As already observed in literature [11, 16, 41], also in this application, the ions back-diffusion caused
a decrease in the 𝐶𝐸ፍፇᎼᎶ over the experiment. This is shown in Figure 4.3, where the 𝐶𝐸ፍፇᎼᎶ for the
10 consecutive runs in the SBE are compared.

Figure 4.3: Current efficiency for ፍፇᎼᎶ removal (ፂፄᑅᐿᎼᎶ ) in the 10 runs of the SBE with ED. With the increase of the concentrate
concentration the efficiency drops.

The ion back-diffusion from the concentrate toward the diluate increases with the concentration
gradient between the two active streams [45]. This explains why the 𝐶𝐸ፍፇᎼᎶ dropped batch by batch.
As the ion accumulation increased in the concentrate, the chemical potential between diluate and
concentrate rose. However, Figure 4.1 shows that the value of the energy consumption didn’t increase
substancially. The impact of the decrease in 𝐶𝐸ፍፇᎼᎶ on the energy consumption was leveled by the
decrease of the stack electrical resistant (𝑅ፄፃ፭፨፭) thanks to the increasing 𝐸𝐶 in the concentrate over the
runs. Indeed, the lower is the potential drop over the cell the lower is the energy consumption (as
shown by Equation 2.5).

In a previous study on the quantification of ions back-diffusion in the regular ED stack, the influ-
ence of back-diffusion on 𝐶𝐸ፍፇᎼᎶ was calculated. The results of this study allowed to relate the salt
transported via back-diffusion to the difference in EC between concentrate and diluate (Δ𝐸𝐶) [61].
The Δ𝐸𝐶 is continuously measured over the SBE runs. Then, the total mass of salt transported by
ion back-diffusion could be calculated and an estimation of the back-diffusion impact on 𝐶𝐸ፍፇᎼᎶ was
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drawn. Back-diffusion could not totally explain the values of 𝐶𝐸ፍፇᎼᎶ . Indeed, two other processes were
recognized to be responsible for the non-optimal performance of the installation:

• Ionic short-circuits, which is mainly dependent from the system design [64].

• 𝑁𝐻ዄኾ leakage to the electrode rinse solution, which is caused by the membrane arrangement
in the stack that allows the exchange of cations between the electrode rinse solution and the
concentrate.

The sum of these accounted for less than 10% loss in 𝐶𝐸ፍፇኾᎼ [65]. Since the mitigation of these
effects directly involves the change of the stack design, the reduction of those are not tackled in this
thesis.

4.1.2. Voltage and electrical resistance composition in regular ED stack
The resistance test, explained in chapter 3, section 3.2, allowed to draw the voltage-current curve for
the studied ED-stack (Figure 4.4). This showed that, for the range of current in which ED was operated,
the total potential drop over the ED cell could be distributed into two components: an initial threshold,
and an ohmic-behaving part (voltage increase linearly with the applied 𝑖). Thus, the potential of the
entire stack can be expressed as in Equation 4.1

𝑈ፄፃ፭፨፭ = 𝑈፞፥፥ + 𝐼 ⋅ 𝑅ፄፃ፭፨፭ (4.1)

𝑅ፄፃ፭፨፭ is the sum of all the ohmic resistances of the single elements of the stack and it is graphically
represented by the slope of the green curve in Figure 4.4. The total resistance could be split over the
different stack components according to Equation 2.2 shown in chapter 2, subsection 2.1.1.

The ohmic resistances of the AEM, CEEM and CEM were individually determined experimentally. The
electrical resistance for all the membranes of the ED stack used in this work are reported in Table 4.1

Membrane type Resistance per single element [Ω ⋅ 𝑚ዅኼ]
CEM 37.5
AEM 25
CEEM 25

Table 4.1: Experimentally determined membrane resistances in the regular ED stack.

The resistance of the diluate and concentrate chambers were determined based on the conductivity
of the solutions and on the geometry of the chambers, reasonably assumed equal to the thickness
of the flow-spacers. The contributions to the total resistance of the stack of the electrodes, ERS and
associated spacers were determined by performing a blank test (as described in section 3.2) and they
were equal to 0.66 Ω in total.

Finally, based on Equation 2.2, 𝑅፬፩ could be easily calculated as the difference between 𝑅ፄፃ፭፨፭ and
the previously calculated contributions(Equation 4.2).

10 ⋅ 𝑅፬፩ = 𝑅ፄፃ፭፨፭ − 𝑅፞፥፞ − 10 ⋅ 𝑅፨፧ − 10 ⋅ 𝑅፝።፥ − 9 ⋅ 𝑅ፂፄፌ − 10 ⋅ 𝑅ፀፄፌ − 2 ⋅ 𝑅ፂፄፄፌ (4.2)

𝑅፬፩ was assessed equal to 0.23 Ω per membrane pair. The linear correlation between 𝑅፬𝑝 and the
number of cell pairs in the stack (𝑛) was verified repeating the experiment and the above-explained
calculation for different stack size. Also the salt transport rate was monitored to assess the effect of
𝑛 on the amount of salt transport over time. The Current-Voltage curves for different stack sizes are
shown in Figure 4.4

From Figure 4.4, it can be observed that all the three curves seem to converge in a single point
(indicated with a red circle on the y-axes) when 𝑖 → 0. By assuming a linear behavior of the Current-
Voltage curves between 1.5 and 0 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ, this voltage value was estimated equal to 2.03±0.12 V.
In Equation 4.1 this term is indicated with 𝑈፞፥፥ and it was assumed as constant for the cell.

This is a simplification. Indeed 𝑈፞፥፥ is actually the results of two separate contributions listed
below:
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Figure 4.4: Current-Voltage curve for regular ED stack with 5, 10 and 15 membrane pairs.

• Reversal equilibrium potential: this is the voltage necessary for the water electrolysis reaction
(theoretically 1.23 V) occurring at the electrodes. It is often called the Nernst potential, as it can
be calculated from the Nernst equation [66].

• Tafel Overpotential: this is a logarithmic function of the applied 𝑖 and depends on the operation
condition and on the electrodes material [67].

The determination of the actual behavior of the shown curve for very low 𝑖 level falls beyond the
scope of this research. Therefore, for this application, a simplification was introduced and 𝑈፞፥፥ was
considered constant in the considered range of 𝑖.

The presented voltage drop analysis allowed to draw an overview of contributions to the total
voltage drop over the ED cell (𝑈ፄፃ፭፨፭). This is shown in Figure 4.5

Figure 4.5: ED stack potential drop contributions for different elements. The following are considered: ። equal 15.625፦ፀ⋅፦ᎽᎴ

ፄፂᑕ  ፄፂᑔ  .ዂ፦ፒ ⋅ ፦ᎽᎳ

4.2. Electrodialysis with bipolar membranes with sodium chlo-
ride

As explained in section 2.5, pH is representative of the activity of 𝐻ዄ in a certain solution. By measuring
pH changes in the streams, the production of 𝐻ዄ and 𝑂𝐻ዅ by the BPMED could be estimated. Based on
the activity of 𝐻ዄ and on the current input, the current efficiency for the water dissociation (𝐶𝐸፦፞ፚ፬ፖፃ )



4.2. Electrodialysis with bipolar membranes with sodium chloride 35

was calculated as shown in chapter 2, subsection 2.3.1. This allowed to draw conclusions on how
efficiently the current supplied was used for the pH control in the base and in the acid stream.

Two types of experiments were carried out with 𝑁𝑎𝐶𝑙. In the first group of experiments, the
BPMED’s energy consumption and 𝐻ዄ and 𝑂𝐻ዅ generation were measured in triplicate at different fixed
voltages (6V, 12V, 18V and 23V). By the means of these experiments, the relationship between applied
current density (or voltage) and the 𝐻ዄ and 𝑂𝐻ዅ production rate in the BPMs could be interpolated. In
the second group of experiments the first run of SBE was performed with the BPMED. The concentration
of salt in the diluate was calculated based on the conductivity. An empirical function, which relates
the mass of 𝑁𝑎𝐶𝑙 dissolved in the water with the EC in the solution, was employed and it is shown in
Appendix, section B.1. This experiment permitted to observe the behavior of pH and current efficiency
(for salt transport and water dissociation) in absence of gas diffusion and buffering capacity. To better
compare the performance of the ED and BPMED, the second experiment was also performed with
regular ED.

4.2.1. Water dissociation rate
As expected from the theory, when a constant current was applied to the cell, ions were produced con-
stantly over time in the BPMs. An example of this is shown in Figure D.1 in Appendix. The accumulation
of 𝐻ዄ and 𝑂𝐻ዅ in the solutions over time is well approximated by a linear functions.

At the end of the fixed current experiments, the 𝐻ዄ (or 𝑂𝐻ዅ) runtime curves slightly flattened di-
verging from the observed linear trend. In other words, a reduction in the 𝐻ዄ (or 𝑂𝐻ዅ) accumulation
over time was observed. This behavior could not be explainded by the reduction in the water dissocia-
tion rate, which was expected to stay constant with the current, Indeed, it was most probably caused
by 𝐻ዄ and 𝑂𝐻ዅ leakage through the AEMs and CEMs. Due to the 𝐻ዄ and 𝑂𝐻ዅ leakage, a part of the
ions produced did not result in pH change. This means that the slope of the curve shown in Figure D.1
should be steeper. This discrepancy can be included in the curve considering the current efficiency for
water dissociation.

Besides the leakage of 𝐻ዄ and 𝑂𝐻ዅ, the current efficiency for water dissociation was also lowered
by the co-ions transport across the BPMs. However, as explained in section 2.4, this mechanism is
expected to be small compared to the 𝐶𝐸፦፞ፚ፬ፖፃ reduction owning to the 𝐻ዄ and 𝑂𝐻ዅ diffusion through
the IEXMs [23, 48].

For the four tested constant voltages, a linear trend in the 𝐻ዄ and 𝑂𝐻ዅ accumulation over time
was observed. The slopes of the obtained curves are representative of the water dissociation rate, this
increased linearly with the applied 𝑖. Figure 4.6 shows how, for the current interval considered in this
application, the trend could be well approximated (𝑅ኼ = 0.926) with a straight line that intersects the
origin. This allowed to link the ions generation to the applied 𝑖 and, consequentially, to the voltage.

Figure 4.6: Water dissociation rate for different ። in BPMED.

4.2.2. Current efficiency for water dissociation
The first batch of the SBE was performed in triplet using 𝑁𝑎𝐶𝑙 as salt in the active streams.
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The slope of the curve that represents the 𝐻ዄ accumulated in the solutions (shown in Figure D.2 in
Appendix) decreased over the runtime. In subsection 4.2.1, it was demostrated that the ions production
in the BPMs increased almost linearly with the applied 𝑖. As shown in Figure 3.6 in section 3.2, 𝑖
decreased during the experiment as a result of the salt depletion in the diluate stream. For this
reason, a reduction in the ions electro-generation was expected over the run. However, by plotting the
measured water dissociation current efficiency (Figure 4.7), it was clear that the reduction in 𝐶𝐸፦፞ፚ፬ፖፃ
also influenced the flattening of the 𝐻ዄ and 𝑂𝐻ዅ accumulation trend.

Figure 4.7: Measured water dissociation current efficiency ፂፄᑞᑖᑒᑤᑎᑄ for the 1ᑤᑥ batch of the SBE with ፍፚፂ፥. Only the first 50
minutes of the run are shown in this graph.

Without any buffering involved in the process, the decrease of 𝐶𝐸፦፞ፚ፬ፖፃ has to be associated to three
diffusion processes occurring in the BPMED operation:

• Gas diffusion

• 𝐻ዄ and 𝑂𝐻ዅ leakage through the IEXMs

• Co-ions leakage across BPMs

The composition of the solutions in this experiment excluded the gas diffusion to play a role. There-
fore, the drop in water dissociation rate was most probably related to the undesired diffusion of ions
through the membranes (co-ions, 𝐻ዄ and 𝑂𝐻ዅ leakages). In other words, the non-perfect permselec-
tivity of the membranes for ion diffusion was the limiting factor for electrical ion-generation [32].

𝑁𝑎𝐶𝑙 has a molar weight of 58.44 𝑔⋅𝑚𝑜𝑙ዅኻ. Initially, the acid and base have a concentration of 4.15
𝑔ፍፚፂ፥ ⋅𝐿ዅኻ that is 0,07𝑀. By assuming that all the 90% of the electrolyte originally present in the diluate
move to the concentrate stream (this means 90% of salt removal), the concentration gradient between
the concentrate compartment and the BPM’s transition layer ranges between 0,07𝑀 and 0,13𝑀 in the
experiment. Sun et al. [48] showed that the effect of co-ions leakage on the water dissociation current
efficiency increases with the reduction of the applied current. This can partially justify the reduction of
𝐶𝐸፦፞ፚ፬ፖፃ within the experiment. However, based on the value reported by Sun et al. [48], the expected
maximum reduction (for the considered concentration gradient and 𝑖) should be approximately 25%,
whereas, in the last part of the experiment, no-increase in 𝐻ዄ and 𝑂𝐻ዅ concentration was detected
anymore. As a consequence of that, the reduction in 𝐶𝐸፦፞ፚ፬ፖፃ has to be explained also with another
process that occurs in the stack: 𝐻ዄ and 𝑂𝐻ዅ leakage through the IEXMs.

Differently to the co-ions leakage in BPMs, this process provokes a reduction also in the current
efficiency for salt transport. The trend of the salt transport current efficiency over the experiment is
shown in Figure 4.8.

It was possible to identify two groups of ions that could diffuse: 𝐻ዄ/𝑂𝐻ዅ and salt ions. Both of
them were more concentrated in the acid and base, hence, they tended to diffuse into the diluate
stream reducing the current efficiency of the process. Experiments on ion back-diffusion in IEXMs have
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Figure 4.8: Current efficiency for salt transport in the first batch of the SBE run with ፍፚፂ፥ with BPMED. The current efficiency
is based on the depletion of the EC in the diluate stream. The average current efficiency over the run is 68.23%.

been carried out by the N2KWh research team [61]. These aimed to express the back-diffusion as
a function of the gradient in concentration between the concentrates and the diluate. The results of
these experiments, shown in Appendix (section D.2), suggested that the relatively low concentration
difference during the first batch caused a drop in the salt transport current efficiency lower than 1.5 %
in the first run of the SBE.

Consequentially, ion back-diffusion, in this case, played a minor role in the reduction of the current
efficiency for BPMED.

To further support this conclusion the first batch of the SBE with 𝑁𝑎𝐶𝑙 was run (not in triplet) with
regular ED. In this last experiment the efficiency was only affected by the back-diffusion since 𝐻ዄ and
𝑂𝐻ዅ are not generated. In this way, it was possible to partially quantify the role of 𝑁𝑎ዄ and 𝐶𝑙ዅ in
reducing the current efficiency. The current efficiency of the first batch for the ED was significantly
higher 89.7 % against the 68.2 % obtained for the BPMED. The role of the ions leakage was made
even more evident via a comparison of the current efficiency evolution over the run(Figure 4.9)

Figure 4.9: Comparison of the salt transport current efficiency between ED and BPMED for the 1st batch of the SBE with ፍፚፂ፥.
The current efficiency is plot for the first 500 ፂ used during the experiments.

Initially, the two efficiency trends were comparable. During the run, with the rise of the pH in the
concentrate streams, 𝐻ዄ and 𝑂𝐻ዅ leakages start taking place and the curves in Figure 4.9 diverged.
It is, thus, evident that the 𝐻ዄ and 𝑂𝐻ዅ leakage across the IEXMs severely influenced the BPMED
performance in terms of water dissociation, as well as salt transport. This, obtained with 𝑁𝑎𝐶𝑙, can
be extended to 𝑁𝐻ኾ𝐻𝐶𝑂ኽ for which, however, less extreme pH are expected because of the buffering
capacity of the solution.
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To summarize, three different diffusion phenomena were identified to reduce 𝐶𝐸፦፞ፚ፬ፖፃ and the current
efficiency for salt transport:

• The co-ions leakage through the BPMs impacted 𝐶𝐸ፚ፭ፖፃ reducing the actual 𝐻ዄ and 𝑂𝐻ዅ electro-
generation rate.

• The ion back-diffusion through the IEXMs reduced the current efficiency for salt transport.

• 𝑂𝐻ዅ and𝐻ዄ leakages, which occurred mainly for extreme pH difference between the concentrates
and the diluate, affect both 𝐶𝐸፦፞ፚ፬ፖፃ and the current efficiency for salt transport.

It is important to note that the severity of all the above-listed processes were strongly influenced
by the applied 𝑖. Indeed the higher is the 𝑖, the higher is the current efficiency. This is due to the
competition between diffusion phenomena, depending on residence time, and ion electrical migration,
depending on 𝑖. Diffusion phenomena, which are undesirable, is less important when 𝑖 increases [25].
For this reason the two curves in Figure 4.9 are initially comparable. With the depletion of the diluate
stream, the applied 𝑖 was lowered. This amplified the effect of the diffusion phenomena which were
more severe in BPMED than in the regular ED. For this reason, in the second half of the run, the
BPMED installation worked at very low current and consequently at very low salt transport and water
dissociation current efficiency. This extended the runtime, which ended to be almost double for BPMED
than for ED. To conclude, the more severe diffusion processes and the relatively low current applied in
the second half of the run were responsible for the poorer performance of the BPMED.

4.3. Electrodialysis bipolar with ammonium bicarbonate
In this section, the results of the SBE for 𝑁𝐻ኾ𝐻𝐶𝑂ኽ are presented. The process efficiency for N-removal
and the voltage drop over the BPMED stack are investigated.

4.3.1. Sequencing batch experiment with BPMED with ammonium bicarbon-
ate

In terms of 𝐸ፍፇᎼᎶ the BPMED used more energy compared to the ED. The removal of the 90% of the
initial 𝑁𝐻ዄኾ in the diluate was achieved using a total of 48.7𝑊ℎ for the ten batches (with an average
of 4.87±0.33 𝑊ℎ per batch). The 𝑁𝐻ዄኾ was removed over the ten batches with an average energy
requirement of 13.2±0.1 𝑀𝐽 ⋅ 𝑘𝑔ዅኻፍፇᎼᎶ . This value was 3.3 times higher than that achieved with regular
ED. The higher 𝐸ፍፇᎼᎶ was related to two factors:

• The higher voltage in the BPMED stack, on account of the presence of extra elements and because
of the occurrence of water dissociation process.

• The lower 𝐶𝐸ፍፇᎼᎶ .

The energy consumption for the ten batches of the SBE with BPMED are shown in Figure 4.10.
The values for 𝐸ፍፇᎼᎶ also in this case did not vary substancially over the runs. In this case the energy
consumption was three times lower than the energy consumed by nitrification denitrification and com-
parable to what used by anammox. However, it has to be noted that this installation not only removed
nitrogen, but it also produced an 𝑁𝐻ኽ stream, which can be stripped and ideally fed to the SOFC. This
could potentially produce 9.6 𝑀𝐽 ⋅ 𝐾𝑔ዅኻፍፇᎼᎶ reducing the overall energy need of the treatment[65].

Figure 4.11 shows the TAN concentration in the acid, base and ERS during this experiment.
Based on Figure 4.11 conclusions on the different behaviors of ED and BPMED in the SBE can be

drawn.

• The TAN concentration achieved in the alkaline stream after ten batches was lower than that
achieved in the concentrate of regular ED.

• As expected, also for this stack TAN accumulated in the electrode rinse solution but with a slightly
lower concentration. This was probably related to the lower concentration in the concentrate
streams.
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Figure 4.10: Energy consumption, in ፌፉ ⋅ ፊ፠ᎽᎳᑅᐿᎼᎶ , for the ten runs of SBE with BPMED with ፍፇᎶፇፂፎᎵ.

Figure 4.11: TAN concentration in the base, acid and electrode rinse during the SBE with BPMED with ፍፇᎶፇፂፎᎵ.

• Differently from what observed in ED, where the TAN concentration in the concentrate streams
increased almost linearly, for BPMED, the concentration trend of the base streams flattened more
rapidly.

• The concentration in the acid, on the other hand, rose more rapidly batch by batch.

• The average voltage in the first batch of BPMED run with 𝑁𝐻ኾ𝐻𝐶𝑂ኽ was 15% of the voltage
measured when the installation treated 𝑁𝑎𝐶𝑙

The trends of the concentrates can be related to the occurrence of 𝑁𝐻ኽ diffusion, which was ex-
pected to be more severe for the latest batches being TAN concentration and pH in the base higher.
Also, the co-ions leakage through the BPM could play a role. However, based on literature data, this was
not expected to be so severe to individually explain the observed increase of acid TAN concentration.

It is also interesting to examine the pH trend for the acid and base streams (Figure 4.12). Fig-
ure 4.12a shows the pH of the concentrates whereas Figure 4.12b shows the 𝑂𝐻ዅ accumulation in the
base.

As depicted in Figure 4.12, the pH of the acid concentrate initially dropped, then stabilized and
increased afterwards. This increase can be attributed to gas diffusion from the concentrate streams.
As a result of the extreme pH in the acid and in the base chambers, 𝑁𝐻ዄኾ and 𝐻𝐶𝑂ዅኽ convert to their
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(a) (b)

Figure 4.12: (ፚ): pH in the acid and alkaline stream during the SBE run with ፍፇᎶፇፂፎᎵ. (): ፎፇᎽ concentration in the alkaline
stream during the SBE run with ፍፇᎶፇፂፎᎵ. The concentration of ፎፇᎽ is expressed in ፦ፄ፪ ⋅ ፋᎽᎳ.

non-ionized forms (𝑁𝐻ኽ and 𝐶𝑂ኼ, respectively). The formed 𝑁𝐻ኽ gas could diffuse from the base into
the acid resulting in 𝐻ዄ uptake in the acid. At the same time, the low pH in acid promoted the uptake of
𝐻ዄ with the conversion of 𝐻𝐶𝑂ዅኽ into 𝐶𝑂ኼ gas. The last could diffuse toward the diluate or in the base
where the pH was far above the pK of the 𝐶𝑂ኼ − 𝐻𝐶𝑂ኼ equilibrium [26]. This led to the re-ionization
of 𝐶𝑂ኼ gas and to the uptake of 𝑂𝐻ዅ in the alkaline stream.

𝐶𝐸ፍፇᎼᎶ over the ten batches is shown in Figure 4.13. The 𝐶𝐸ፍፇᎼᎶ losses could be partially explained
by the diffusion of 𝑁𝐻ኽ. Indeed, 𝑁𝐻ኽ gas, which was formed in the base after 𝑁𝐻ዄኾ was transported in
the alkaline stream, diffused back to the diluate. There, because of the lower pH, it was re-converted
to its ionized form (𝑁𝐻ዄኾ ). This needed to be transported one more time into the base. As a result of
that, extra-energy was used. The negative effect of this process on 𝐶𝐸ፍፇᎼᎶ is expected to be particularly
severe at the end of the run, when the 𝑖 is lower and the 𝑁𝐻ኽ partial pressure difference among the
chambers is higher.

Figure 4.13: Current efficiency for ፍፇᎼᎶ removal in the ten runs of the SBE with BPMED with ፍፇᎶፇፂፎᎵ.

Moreover, during operation, a chemical gradient in salt ions is created between the concentrate
streams and the diluate. This, as also observed in the regular ED (section 4.1), led to back-diffusion
of salt ions. However, in this case, thanks to the lower concentration and to the conversion of the ions
into uncharged gases, this process was responsible only for 1% loss in the 𝐶𝐸ፍፇᎼᎶ .
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Besides the salt ions and gas diffusion, the 𝐻ዄ leakage through the AEMs and the 𝑂𝐻ዅ ion leakage
through the CEMs were proven to also have an influence on the 𝐶𝐸ፍፇᎼᎶ . These parasitic ion transports,
besides contributing to the loss of current efficiency of water dissociation, limits the upper concentration
of 𝐻ዄ and 𝑂𝐻ዅ in the acid and base solution [24]. An explanation of this mechanism was given in
subsection 2.4.7 in chapter 2. This process has alredy been proven to be severe in subsection 4.2.2
and, with gas diffusion, is thought to mostly contribute to the low 𝐶𝐸ፍፇᎼᎶ .

An additional interesting observation can be done by comparing the current efficiency of the first
batch in the SBE (run with 𝑁𝐻ኾ𝐻𝐶𝑂ኽ solution) and the current efficiency for the same test performed
with 𝑁𝑎𝐶𝑙. The buffering capacity of 𝑁𝐻ኾ𝐻𝐶𝑂ኽ was expected to reduce the pH increase in the concen-
trate streams and thereby to limit the 𝑂𝐻ዅ and 𝐻ዄ leakage. For this reason, despite the gas diffusion,
the current efficiency in the first batch with 𝑁𝐻ኾ𝐻𝐶𝑂ኽ was higher (73% against 68%). This can be also
observed in Figure 4.14

Figure 4.14: Comparison of the salt transport current efficiency trend for BPMED run with ፍፚፂ፥ and ፍፇᎶፇፂፎᎵ. The current
efficiency trend was calculated based on the depletion of the diluate.

Initially, the current efficiency for the 𝑁𝑎𝐶𝑙 was higher, probably on account of the absence of 𝐶𝑂ኼ
and 𝑁𝐻ኽ diffusion. Along the experiment, with the more extreme pHs and the lower 𝑖 applied, the
current efficiency of 𝑁𝑎𝐶𝑙 transport dropped steeply. With 𝑁𝐻ኾ𝐻𝐶𝑂ኽ, 𝐶𝐸ፍፇᎼᎶ decreased less sharply.
The lower activity of the 𝑂𝐻ዅ and 𝐻ዄ, resulting from the combination of 𝐶𝑂ኼ spontaneous stripping
and bicarbonate buffering, helped to control the 𝐻ዄ and 𝑂𝐻ዅ leakage across the IEXMs leading to a
higher current efficiency for the overall process. From this observation, it can be concluded that 𝑂𝐻ዅ
and 𝐻ዄ leakages played a principal role in the salt transport current efficiency reduction for the first
batch, particularly for 𝑁𝑎𝐶𝑙.

To summarize, three different processes affected 𝐶𝐸ፍፇᎼᎶ in BPMED:

• The salt ions leakage through the IEXMs (or back-diffusion), which, however, have been proven
to be marginal (especially in the first batch).

• The gas diffusion from the base toward the diluate, which directly reduced the current efficiency
for salt transport.

• The 𝐻ዄ and 𝑂𝐻ዅ leakage, which occurred at extreme pH difference between the concentrates
and the diluate and affected both 𝐶𝐸፦፞ፚ፬ፖፃ and 𝐶𝐸ፍፇᎼᎶ .

The last two seemed to be more relevant. Further considerations on the effect of these diffusion
processes are done later in the report via the quantification of 𝑁𝐻ኽ diffusion across the stack.
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4.3.2. Voltage and electrical resistance in BPMED
Based on the resistance test undertaken on the BPMED cell, the results are shown in Figure 4.15, the
total voltage across the BPMED stack was modeled as in Equation 4.3:

Figure 4.15: BPMED current-voltage curve for initial standard condition :ፄፂᑕ  ፄፂᑒ  ፄፂᑓ  , ዂ፦ፒ ⋅ ፦ᎽᎳ

𝑈ፄፁፏፌ፭፨፭ = 𝑈፞፥፥ + 𝑈፨፯፞፫ + 𝑖 ⋅ 𝑅ፁፏፌፄፃ፭፨፭ + 𝑛 ⋅ 𝑉ፁፏፌ (4.3)

𝑅ፁፏፌፄፃ፭፨፭ is the ohmic resistance of the BPMED cell and it is composed by electrical resistances of
the different elements that compose the cell as shown by Equation 4.4

𝑅ፁፏፌፄፃ፭፨፭ = 𝑅፞፥፞+𝑛⋅𝑅፝።፥+𝑛⋅𝑅ፚ።፝+𝑛⋅𝑅ፚ፬፞+(𝑛−1)⋅𝑅ፂፄፌ+𝑛⋅𝑅ፀፄፌ+2⋅𝑅ፂፄፄፌ+𝑛⋅𝑅ፁፏፌ+3𝑛⋅𝑅፬፩ (4.4)

Where, 𝑅፞፥፞ is the combined electrical resistance of the electrodes and the electrode rinse cham-
bers, 𝑅፝።፥ is the resistance of the diluate stream, 𝑅ፚ።፝ is the resistance of the acid, 𝑅ፚ፬፞ is the
resistance of the base, 𝑅ፂፄፌ, 𝑅ፂፄፄፌ and 𝑅ፀፄፌ are the resistance of the CEM, CEEMs and AEMs, re-
spectively. 𝑅ፁፏፌ is the ohmic resistance of the BPM whereas 𝑅፬፩ is the contribution to 𝑅፭፨፭ given by
the spacer and ohmic losses.

The resistances of the three streams were calculated based on the conductivity, as done in the
regular ED. 𝑅፞፥፞ and the membrane resistances were separately assessed with blank tests, whereas
the resistance of the spacers was assumed equal to the one calculated for the regular ED (see subsec-
tion 4.1.2). The electrical resistances of the membrane are reported in Appendix, Table D.1, section D.3.
From Table D.1, it is evident that the AEMs in the BPMED stack had a higher resistance compared to the
one used in ED. Due to the presence of sorbed water in the membrane, regular AEMs are 𝐻ዄ conduc-
tors [68]. In ED operation this is not a concern since, generally, there is not a significant [𝐻ዄ] gradient
between the stream. However, in BPMED, 𝐻ዄ can easily diffuse to the diluate affecting the process
performance, as explained in chapter 2, subsection 2.4.7. This phenomenon was studied by several
authors and new AEMs having a reduced 𝐻ዄ leakage were specially designed [47]. These membranes
are designed to absorb less water and, consequentially, are less permeable to 𝐻ዄ. However, for the
same reason, their electrical resistance (𝑅ፀፄፌ) is usually higher.

Regarding the non-ohmic part of Equation 4.5, 𝑈፞፥፥ was found equal to the one calculated for the
ED and independent of the number of triplets in the stack. Contrarily, the term 𝑈፨፯፞፫ seemed to linearly
increase with the number of BPMs in the cells (𝑛) and with the applied current. This term was further
split as in Equation 4.5.

𝑈፨፯፞፫ = 𝑛 ⋅ (𝑈ኺ + 𝑈።፫፫) (4.5)

Where 𝑈ኺ is the theoretical potential for water dissociation. This is always lower than the measured
one. For this reason, a term that accounts for the voltage drop associated with the dissipative processes
(𝑈።፫፫) is also included in Equation 4.5 [22].

𝑈ኺ is generally referred to as reversible potential in literature and is logarithmically dependent on the
pH difference between the two layers of the BPMs. The pH gradient through the BPM, which is higher
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than the pH gradient measured in the batch, results from the water dissociation rate in the membrane.
This depends on the applied 𝑖 (Figure 4.6). Therefore, also 𝑈ኺ can be seen as function of the applied
𝑖. Thus, 𝑈ኺ (and 𝑈፨፯፞፫) increases logarithmically with the applied current. For this reason, it would be
theoretically incorrect to consider 𝑈፨፯፞፫ linear over the current. However, because the 𝑖 range, in which
the BPMED was operated (between 15-160 𝐴 ⋅ 𝑐𝑚ዅኼ), was relatively small, the current-voltage curve
results almost perfectly linear as shown in Figure 4.15. This permitted to reformulate Equation 4.5 as
follow:

𝑈፨፯፞፫ = 𝑛 ⋅ (𝑈ፁፚ፭፡ኺ + 𝑈።፫፫) + 𝑖 ⋅ 𝑛 ⋅ 𝑅ፁፏፌ፨፯፞፫ (4.6)

Where 𝑈ፁፚ፭፡ኺ is the theoretical potential for water dissociation based on the pH measured in the
batches, 𝑈።፫፫ is the voltage drop owning to dissipative processes and 𝑅ፁፏፌ፨፯፞፫ is an artificial ohmic resis-
tance introduced in the equation to consider the linear increase of the potential with the current. The
last value was assessed equal to 0.65 Ω for the used stack.

Based on the Equation 4.4 and on the data obtained in the current-resistance tests, the ohmic
resistance at standard initial condition (𝐸𝐶 = 7.8𝑚𝑠 ⋅ 𝑐𝑚ዅኻ for all diluate, acid and base) and for a 𝑖
of 15.6 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ was estimated 25.2 Ω. This value is more than double the resistance measured for
regular ED. The higher resistance was a combination of the extra elements present in the BPMED-stack
and of the additional voltage drop required for the water dissociation process.

In conclusion, it could be deduced that only a part of this extra-energy was actually used for the
water dissociation (𝑈ኺ), whereas the rest was dissipated due to the additional electrical resistance
(related to extra-elements in the BPMED stack) and to irreversible processes occurring in the bipolar
membranes (𝑈።፫፫) [34, 39].

An overview of the contributions to the stack electrical resistance of each element is given in Fig-
ure 4.16.

Figure 4.16: BPMED stack potential contributions for different elements at initial standard condition :ፄፂᑕ  ፄፂᑒ  ፄፂᑓ 
.ዂ፦ፒ ⋅ ፦ᎽᎳ and for a ። of 15.6፦ፀ ⋅ ፦ᎽᎴ. The contributions are split for the two process: water dissociation (bluish shares)
and salt transport (red shares).

In Figure 4.16, an attempt is done to discriminate the voltage drops contributions for the two main
processes occurring in the BPMED cell, namely, water dissociation (bluish shares) and salt transport
(red shares).

It is important to note that the BPMED is a complex system where these two processes are extremely
interrelated and occur in a complementary way. Indeed, most of the elements in the stack play a role
in both the processes. However, it is still extremely interesting, to explore the potential drop brought
by those extra elements. From this analysis, it can be deduced that, for the considered condition, half
of the voltage drop could be attributed to elements and processes that were present exclusively in the
BPMED stack. In other words, the water dissociation process for a certain current input doubled the
potential drop across the cell. This extra required potential definitely impacted the 𝐸ፍፇᎼᎶ of the process
(as shown in Equation 2.5).

It must be noted that the rise of the potential cannot be directly related to the increase of the 𝐸ፍፇᎼᎶ
observed in BPMED. Indeed, other parameters, as the current efficiency for salt transport, played a
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fundamental role for energy utilization in both, ED and BPMED.

4.4. Gas diffusion in electrodialysis with bipolare membranes
Literature addresses diffusion of 𝑁𝐻ኽ gas as the limiting phenomena in the application of BPMED for the
concentration of 𝑁𝐻ኽ from 𝑁𝐻ኾ𝐻𝐶𝑂ኽ solutions [11, 25]. The empirical results of the SBE run with this
salt solution, discussed in section 4.3, showed that the diffusion of 𝑁𝐻ኽ contributed to the accumulation
of 𝑁𝐻ዄኾ into the acid stream. Gas diffusion from the concentrate stream to the diluate (and the resulting
re-ionization of the 𝑁𝐻ኽ) reduced 𝐶𝐸ፍፇᎼᎶ and lowered the TAN concentration in the base. For these
reasons, a better comprehension of this phenomena and of its magnitude is fundamental to assess the
potentiality of BPMED for the recovery of 𝑁𝐻ኽ.

Due to the complexity of the BPMED and the several processes simultaneously occurring during
operation, it is difficult to extrapolate and quantify the contribution of gas diffusion to the reduction of
the 𝐶𝐸ፍፇᎼᎶ from the result of the SBE. For this reason, a specifically customized experiment, described
in section 3.2, was performed to calculate the gases diffusion rate. The results of the diffusion tests
with 𝑁𝐻ኽ and 𝐶𝑂ኼ are presented in the following sub-section.

4.4.1. Ammonia diffusion from the alkaline compartment
Figure 4.17 shows the TAN concentrations evolution over the diffusion experiment. As expected, the
concentration of the total 𝑁𝐻ኽ nitrogen decreased over time as result of gas diffusion. Moreover, during
the experiment, the slope of the concentration curve decreased. Indeed, 𝑁𝐻ኽ gas diffused toward
the acid and diluate depleting the TAN concentration in the base while increasing the concentration
in the other compartment. This decreased the gas partial pressure difference between the stack’s
compartments (gas diffusion driving force) slowing the gas diffusion process. This trend is consistent
with the theory presented in chapter 2 in subsection 2.4.6.

Figure 4.17: TAN concentration in the base, acid, diluate and ERS during the ፍፇᎵ diffusion test.

An opposite trend in concentration was observed in the other streams. Also in this case, the slope
of the curves decreases along the runtime due to the reduction of the driving force. The concentration
in the acid was higher than in the diluate. Therefore, 𝑁𝐻ኽ diffused preferentially through the BPM.
Since the initial driving forces were equal, it can be stated that the 𝐾ፁፏፌ was higher than 𝐾ፂፄፌ in
the employed stack. A relatively small amount of 𝑁𝐻ኽ was transferred into the ERS by gas diffusion.
The observed rate of 𝑁𝐻ዄኾ accumulation in the ERS observed in section 4.3 was thus mainly resulting
from the ion diffusion across the CEEM. In full-scale installations, a much larger number of membrane
triplets is used (50–100 triplets), which will decrease the relative loss of ions into the electrode rinse
solution proportionally [26].

By summing the total mass of TAN salt accumulated in the different compartments, a really small
reduction in the mass was measured over the experiment. This suggested that, although the installation
was almost sealed, 𝑁𝐻ኽ volatilization could still occur. However, the losses were relatively small (only
5.6% of the initial mass after 8 hours) and they could be caused by measurement errors.
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Diffusion of 𝑁𝐻ኽ also impacted the pH of the different solutions. The pH decreased over time in
the base stream while it increased in the other streams.

An 𝑁𝐻ኽ diffusion coefficient (𝐾፬፭፫፦) can be defined for each stream compartment. This coefficient
expresses the tendency of each chamber to diffuse 𝑁𝐻ኽ gas. The higher is the 𝐾፬፭፫፦ the faster is the
diffusion of 𝑁𝐻ኽ from or toward the adjacent compartment. This parameter could be calculated plotting
the gas diffusion rate in 𝑔ፍፇᎼᎶ ⋅𝑚

ዅኼ ⋅𝑚𝑖𝑛ዅኻ against the average 𝑁𝐻ኽ partial pressure difference between
the stream and the adjacent chambers. This was done for the three active streams and it is shown in
Figure 4.18. The 𝑁𝐻ኽ partial pressure difference (Δ𝑝ፍፇᎵ) needed to be calculated by considering the
pH of each stream because not all the measured TAN was in the gas phase. The calculation of the 𝑁𝐻ኽ
partial pressure based on TAN concentration and pH was performed using PHREEQC. The employed
script is reported in Appendix, section C.1.

(a) ፍፇᎵ diffusion flux in the acid stream (ፉᐸ). The
slope of the curve represent the ፍፇᎵ diffusion co-
efficient of the acid chamber ፊᑒᑔᑚᑕ.

(b) ፍፇᎵ diffusion flux in the base stream (ፉᐹ). The
slope of the curve represent the ፍፇᎵ diffusion co-
efficient of the base chamber ፊᑓᑒᑤᑖ. In this case,
since the driving force (ጂ፩ᑅᐿᎵ) is negative also the
flux (ፉᐹ) is negative.

(c) ፍፇᎵ diffusion flux in the diluate stream (ፉᐻ).
The slope of the curve represent the ፍፇᎵ diffusion
coefficient of the diluate chamber ፊᑕᑚᑝ.

Figure 4.18: ፍፇᎵ diffusion flux for the three considered BPMED chambers. For the calculation of the partial pressure the effect
of the ፍፇᎵ diffusion toward the electrode rinse solution have been neglected.

The measured values for 𝐽 in Figure 4.18 were distributed along a straight line that crosses the
origin. For every chamber the slope of the line in Figure 4.18 was the value of the stream 𝑁𝐻ኽ
diffusion coefficient 𝐾፬፭፫፦ in [𝑠 ⋅𝑚ዅኻ]. As expected, the slope of the curve in Figure 4.18a was steeper
than the one in Figure 4.18c. Table 4.2 shows the 𝐾፬፭፫፦ for the different BPMED chambers.

The value of the 𝐾፬፭፫፦ is the combination of the two membrane coefficients (𝐾፦፫) delimiting the
chamber. By the means of only the results of the diffusion test, it was not mathematically possible to
calculate the 𝑁𝐻ኽ diffusion coefficient for the employed membranes (𝐾፦፫). Additional experiments
involving stack re-arrangement are needed to assess this value. Since the numerical determination of
this value for the employed membrane falls outside the scope of this research, a specific experiment
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𝐾፬፭፫፦ 𝑁𝐻ኽ diffusion coefficient [𝑠 ⋅ 𝑚ዅኻ]
𝐾ፚ፬፞ 1.6 ⋅ 10ዅዃ
𝐾ፚ።፝ 1.2 ⋅ 10ዅዃ
𝐾፝።፥፮ፚ፭፞ 1.7 ⋅ 10ዅዃ

Table 4.2: ፊᑤᑥᑣᑞ [፬ ⋅ ፦ᎽᎳ] for ፍፇᎵ in the 3 active streams according to the performed diffusion test.

to determine those values was not carried out. However, in the design of a BPM for this specific
application, the 𝐾፦፫𝑠 should be considered as a fundamental parameter in the membrane selection.
A similar conclusion was also reported by Ali et al. [25], who showed that the current efficiency for
𝑁𝐻ኽ production varies from 84% to 57% for two different CEMs tested. However, it was not very clear
whether this gain was only associated to a better blocking of 𝑁𝐻ኽ gas or to a higher permselectivity
with respect to 𝑂𝐻ዅ leakage.

The curve of 𝐽ፃ expresses the severity of 𝑁𝐻ኽ diffusion from the base and acid toward the dilu-
ate. This value was not big enough to completely explain the relatively low 𝐶𝐸ፍፇᎼᎶ observed in the
experiment with 𝑁𝐻ኾ𝐻𝐶𝑂ኽ. Assuming that 𝑁𝐻ኽ diffusion takes place with the 𝑁𝐻ኽ diffusion flux asso-
ciated with the maximum partial pressure potential observed during the SBE (last batch run), only 0.21
𝑔ፍፇᎼᎶ ⋅ ℎ

ዅኻ would be transported into diluate. This corresponds to a reduction of about 11.3% in the
current efficiency of salt transport. During the SBE, the average current efficiency was between 73 to
60.3%. Considering a 10% loss due to ionic short-circuits and 𝑁𝐻ዄኾ leakage into the ERS compartment,
𝑁𝐻ኽ diffusion was still not severe enough to completely explain the observed 𝐶𝐸ፍፇᎼᎶ even in the first
batch of the SBE. This finding points out the crucial role of 𝐻ዄ and 𝑂𝐻ዅ leakage in lowering 𝐶𝐸ፍፇᎼᎶ .

4.4.2. Carbon dioxide diffusion from the acid compartment
For the 𝐶𝑂ኼ diffusion test, the acid stream was saturated with 𝐶𝑂ኼ. The 𝐶𝑂ኼ concentration during
the experiment was measured by testing the TIC. Based on the composition of the water used in the
test and on the theory about TIC equilibrium (section A.2 in Appendix), the concentration of TIC was
assumed equal to the concentration of 𝐶𝑂ኼ.

The evolution of the TIC concentration in the acid over the experiment is shown in Figure 4.19.
The 𝐶𝑂ኼ concentration in the acid confirms what was observed in the base during the 𝑁𝐻ኽ diffusion
test: an initial high 𝐶𝑂ኼ diffusion rate that gradually flattened over time. However, by plotting the TIC
concentration in the other streams, only slight changes in concentration were observed (Figure 4.19).

Figure 4.19: TIC concentration in the acid, base, diluate and ERS during the ፂፎᎴ diffusion test.

The fate of the 𝐶𝑂ኼ initially dissolved in the acid is clear when the cumulative concentration in the
streams is plotted (Figure 4.20).

The low solubility of 𝐶𝑂ኼ and the pressure drop over the distribution system promoted the stripping
of the 𝐶𝑂ኼ gas. For this reason, the gas did not accumulate in the other streams but it was stripped
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Figure 4.20: TIC total mass in the streams during the ፂፎᎴ diffusion test. The reduction in mass could be assigned to the
volatilizing of ፂፎᎴ from the system.

and released to the atmosphere. This explains why the concentration of TIC in the other stream did
not increase substantially.

For this reason, the data acquired during this experiment could not be used to draw conclusions on
the diffusion coefficients for 𝐶𝑂ኼ. However, the experiment showed how easily 𝐶𝑂ኼ was stripped from
the streams. Thus, the accumulation of dissolved 𝐶𝑂ኼ gas in the streams over the SBE experiment is
not a concern. This has two main implications for operation:

• The 𝐶𝑂ኼ diffusion driving force (Δ𝑝ፂፎᎴ) developed principally when the water flows along the
stack and ,as a consequence of that , it is mostly influenced by the applied current.

• Due to the low solubility and to the turbulence in the distribution spacer, 𝐶𝑂ኼ could form gas
bubbles within the stack. This and the higher EC of the concentrate streams could partially
explain the discrepancy in voltage (about 15%) observed when the BPMED is operated with 𝑁𝑎𝐶𝑙
and 𝑁𝐻ኾ𝐻𝐶𝑂ኽ.

4.5. BPMED coupled with vacuum membrane stripping
With the purpose of limiting the diffusion of 𝐶𝑂ኼ and 𝑁𝐻ኽ within the stack, two VMSs were installed
in series with the concentrate streams of BPMED, as shown in Figure 3.4. This section describes the
result of the tests run with this set-up.

4.5.1. Effect of vacuum membrane stripping on current efficiency
The first batch of the SBE was run with BPMED in combination with two VMS devices. The experiment
was performed to assess whether the gas diffusion can be significantly reduced by coupling the EBBPM
cell with a membrane vacuum stripping device. Initially, the stripping was applied alternately only to
the base or only to the acid. After that, both the concentrate streams were connected to a different
VMSs.

The resulting current efficiencies for salt transport are shown in Figure 4.21
Although less than expected, the implementation of the gas stripper in the system slightly increased

the overall 𝐶𝐸ፍፇᎼᎶ . This could be observed in both the cases: when the VMS was applied only to one
stream, and when it was applied to the two concentrates on the same run. The gain in 𝐶𝐸ፍፇᎼᎶ with
the base stripping was moderately higher than with the acid. When the two strippers were employed
simultaneously a further increase in 𝐶𝐸ፍፇᎼᎶ was obtained. Moreover, when the base stream was stripped
a lower 𝑁𝐻ዄኾ concentration was observed in the acid (1.46±0.05 against 1.57 ±0.05 𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ). This
proved that the tested configuration was actually capable of reducing the gas diffusion over the stack.

A similar evolution of the 𝐶𝐸ፍፇᎼᎶ over the experiment was observed for the four configurations as
is shown in Figure 4.22.
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Figure 4.21: Current efficiency for ፍፇᎶ transport in the first batch of the SBE. Different combination of BPMED and membrane
vacuum stripping are compared.

Figure 4.22: Current efficiency for ፍፇᎶ transport. Different combinations of BPMED and membrane vacuum stripping are
compared. The ፂፄᑅᐿᎼᎶ trend is based on the diluate salt depletion.

The curve representing the 𝐶𝐸ፍፇᎼᎶ without stripping is the lower for the whole run. On the other
hand, as expected, when both the stripping devices were included in the installation the 𝐶𝐸ፍፇᎼᎶ was
always the highest. Particularly interesting was the behavior of the 𝐶𝐸ፍፇᎼᎶ for the two single stream
stripping unit configurations. When the stripping device was applied only to the base, the 𝐶𝐸ፍፇᎼᎶ was
initially higher than when 𝐶𝑂ኼ was stripped from the acid. This lasted only for the first section of the
experiment. Indeed, after about 1700 seconds, the 𝐶𝐸ፍፇᎼᎶ obtained with the only stripping of the
acid resulted higher than the 𝐶𝐸ፍፇᎼᎶ achieved with the only stripping of the base stream. The cause
behind this behavior is complex because it was the result of multiple operation factors (i.e. applied
current over the run, the solubility of the gases involved and system properties). Further customized
experiments are need to justify these trends in 𝐶𝐸ፍፇᎼᎶ .

4.5.2. Sequencing batch experiment with BPMED coupled with VMS
In order to evaluate the effect of stripping for higher pH and 𝑁𝐻ኽ concentration in the base, the first
five batches of the SBE were run coupling the BPMED with two VMSs in series to the concentrates
streams.

The obtained 𝐶𝐸ፍፇᎼᎶ over the five runs are compared in Figure 4.23. The high 𝐶𝐸ፍፇᎼᎶ obtained for
the first batch was because of the relatively high initial concentration in the first run. This, in general,
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promotes the 𝐶𝐸ፍፇᎼᎶ [27]. A similar explanation can be given for the high value recorded in the 5
፭፡

batch when the strippers were not applied.

Figure 4.23: Current efficiency for ፍፇᎼᎶ transport in the first five batches of the SBE. The bar-chart shows the gain in ፂፄᑅᐿᎼᎶ
with the implementation of the membrane stripping devices.

As expected, the 𝐶𝐸ፍፇᎼᎶ benefited from the implementation of the membrane stripping. However,
the gains seemed to be less substantial for the latest batches. When the strippers were added to the
installation, a slight increase in base pH was observed. This is shown in Figure 4.24.

Figure 4.24: ፎፇᎽ concentration in the alkaline stream during the SBE. The ፎፇᎽ concentration is based on the measured pH.

The increment of the base pH can be assigned to the combination of 𝐶𝑂ኼ diffusion reduction across
BPMs, and to the initial stripping of 𝐶𝑂ኼ from the base stream. With the rising of the pH in the base
over the experiment, the 𝑂𝐻ዅ leakage increased. This could be observed monitoring the pH of the
diluate which presented a steeper increase over the experiment runs, as depicted in Figure 4.25.

In Figure 4.24, it is shown that the rate in the accumulation of 𝑂𝐻ዅ in the alkaline stream decreased
over the batches in the SBE. As argued in subsection 4.4.2, the severity of 𝐶𝑂ኼ diffusion was expected
to be almost the same in every batch, because there was almost no accumulation of dissolved 𝐶𝑂ኼ
along the SBE. Therefore, the reduction in 𝑂𝐻ዅ accumulation rate in the base was probably caused
by the 𝑂𝐻ዅ leakage toward the diluate. By comparing the rate of 𝑂𝐻ዅ accumulation in the first batch
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with the later runs, the amounts of missing 𝑂𝐻ዅ can be roughly estimated. These were in the right
order of magnitude to explain the observed increases in diluate pH over the 5 batches, Figure 4.25.

The leakage of 𝑂𝐻ዅ toward the diluate was expected to be higher than what measured by consid-
ering the increase of 𝑂𝐻ዅ accumulation in the diluate. However, the buffering capacity of the diluate,
due to its 𝐻𝐶𝑂ዅኽ initial concentration and to the 𝐶𝑂ኼ gas diffusion, probably masked the pH change
caused by this leakage.

Figure 4.25: Diluate pH evolution in the 5 batches tested with membrane stripping combined with BPMED.

The TAN concentration in the base and acid streams did not seem to be significantly affected by the
presence of the strippers. As currently designed and operated, the used installation was only partially
able to limit 𝑁𝐻ኽ diffusion in the BPMED cell. However, the combination of BPMED and VMS was
capable of stripping 𝑁𝐻ኽ also without any optimization of the two technologies. Indeed, at high pH
and concentration in the base, the device stripped the dissolved 𝑁𝐻ኽ. This was proven by the rising
𝑁𝐻ዄኾ concentration in the acid trap connected to the stripping device of the base stream (Figure 4.26).

Figure 4.26: TAN concentration in the acid trap connected to the stripping device of the base stream.

With the presented configuration, the stripped 𝑁𝐻ኽ mass was low and thereby also the gain in
𝐶𝐸ፍፇᎼᎶ . However, by optimizing this combination of technologies, the performance could be highly
improved. This will lead to a more substantial gain in the 𝐶𝐸ፍፇᎼᎶ and to a consequential reduction of
the energy cost in operation.

Another probable reason why the gas stripper was not so effective in reducing 𝑁𝐻ኽ diffusion is that
VMS reduces the 𝑁𝐻ኽ concentration of the water that was fed to the BPMED base chamber. However,
when the alkaline stream passes along the cell its 𝑁𝐻ዄኾ concentration and pH suddenly increased. The
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𝑁𝐻ዄኾ conversion to 𝑁𝐻ኽ within the cell and gas diffusion occurred before the water could passed by
the stripper. This was confirmed by the observation that gas diffusion was experienced also in the first
batch, when base concentration and pH were relatively low in the alkaline batch.

To conclude, 𝑂𝐻ዅ leakage and gas diffusion, combined to the low current applied at the end of
the SBE’s runs, are thought to be the main causes of the 𝐶𝐸ፍፇᎼᎶ drop in single batch runs, as well as
during the whole experiment. The VMS in series with the BPMED was not able to properly limit 𝑁𝐻ኽ
diffusion. This was because the stripping unit was not optimized and because the gas, formed in the
cell, had enough time to diffuses before being stripped in the VMS. Ideally, a direct stripping from the
cell could potentially tackle the last issue. However, a technology able to directly strip gas from an ED
cell has never been designed.

4.6. Energy use: BPMED compared with ED-Sodium hydroxide
Electrodialysis with the bipolar membrane was able to reach a concentration of 6.635 𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ using
in total 48.7 𝑊ℎ. To achieve the same concentration in the concentrate stream, the regular ED spent
only 10.2 𝑊ℎ. The extra energy necessary for operation in BPMED was mostly related to the water
dissociation process, as discussed and proven in subsection 4.3.2. This process indeed permitted to
obtain a high pH in the base, which promotes the stripping of 𝑁𝐻ኽ [12]. This high pH can also be
achieved with the use of chemicals.

The 𝑁𝑎𝑂𝐻 needed to reach a pH of 9.8 in a 1-litre solution containing 0.388𝑀 of 𝑁𝐻ኾ𝐻𝐶𝑂ኽ was
calculated. The considered pH and concentration were comparable to the maximum pH and TAN
concentration obtained in the SBE with BPMED. This reaction was simulated with the software PHREEQC
Interactive. The designed script is shown in Appendix, section C.1. The final pH of the ED concentrate
solution was equal to 7.85, based on empirical data.

To raise the pH till 9.8, 0.415 moles of 𝑁𝑎𝑂𝐻 are consumed. This is equal to 33.19 g of a 50%wt
𝑁𝑎𝑂𝐻 solution. According to the data for the energy consumed in the production of this solution pro-
vided by Hong et al. [57], a total of 72.35 𝑊ℎ per litre of solution treated are required. By considering
the energy spent in the ED for concentrating 𝑁𝐻ኾ𝐻𝐶𝑂ኽ, the required energy reaches 82.55 𝑊ℎ. This
is higher than what consumed by BPMED.

It can be argued that during the production of sodium bicarbonate also chlorine or chlorine-based
compounds are produced (i.e. sodium hypochlorite, hydrochloric acid). These compounds have also a
value on the market and thereby it could partially compensate the energy cost for the lye production.
However, pH control with BPMED offers several other practical advantages over the dosing of caustic
soda. The most relevant are listed below:

• BPMED when coupled with VMSs was able to produce 𝐶𝑂ኼ gas, which also is a valuable resource
in industry.

• With BPMED, no extraction of salt and transport of chemicals are involved. These according to
Hong et al. [57] account for an extra 109.7 𝑘𝑊ℎ ⋅ 𝑡ዅኻፍፚፎፇ.

• The storing and dosing of caustic soda increase the complexity of the treatment facility and
require the installation of storage tanks and dosing devices. This implies a higher footprint of the
treatment installation.

• The exposition to caustic soda is dangerous for humans. General precautions and prevention
measures have to be taken in processes involving this compound. Moreover, the treatment of
empty containers and storage is necessary before the disposal. This involves additional cost.

• A residual liquid stream containing a high concentration of sodium bicarbonate is obtained, which
has a market value but it hardly has a direct on-site application.

Besides the previously listed considerations, also a reflection on the environmental issues linked
to the production of 𝑁𝑎𝑂𝐻 solution should be done. In addition to the significant contribution to
carbon emissions as a result of the energetically intensive production process, the caustic soda industry
also emits numerous compounds into the local environment (i.e. heavy metals and organochlorine
compounds) [57]. Many of these compounds (especially those associated with chlorine) are toxic and
cannot be completely eliminated by the means of conventional treatments [69].



52 4. Results and Discussion

To conclude, the studied BPMED system was proven to be superior in terms of energy consumption
when compared to the combination of ED and chemical addition. On top of that, this concept showed
crucial advantages for the environment, plant design and safety issues. Finally, it is relevant to mention
that, neither the technology nor the operation method used, were specifically designed/optimized for
this application. This makes even more interesting and promising the use of BPMED for the N2kWh
purpose.



5
Conclusions

The main goal of this work was to evaluate the potential of BPMED for the recovery of 𝑁𝐻ኽ within
the scope of the N2kWh project. The energy performance of this technology was compared with the
alternative use of regular electrodialysis plus 𝑁𝑎𝑂𝐻 for pH regulation.

In order to obtain valuable information on the process taking place in operation, three different se-
tups were used: regular ED, BPMED and BPMED coupled with two VMS devices. Three main parameters
were defined and employed to monitor and analyze the performance of the setups. These parameters
were: current efficiency for 𝑁𝐻ዄኾ transport (𝐶𝐸ፍፇᎼᎶ ), current efficiency for water dissociation (𝐶𝐸

፦፞ፚ፬
ፖፃ ),

and energy use for 𝑁𝐻ኽ removal (expressed in 𝑀𝐽 ⋅𝐾𝑔ዅኻፍፇᎼᎶ ). Experiments were specifically designed to
assess the impact of the various occurring processes on the BPMED performance. The main conclusions
drawn from the obtained experimental results are reported in this chapter.

Water dissociation current efficiency
Results on water dissociation current efficiency showed that three processes reduced 𝐶𝐸፦፞ፚ፬ፖፃ by influ-
encing the pH trend in the concentrate streams:

• The co-ions leakage through the BPMs impacted the actual electro-generation of ions in the BPMs
transition layer, reducing the pH in the concentrate streams.

• The diffusion of 𝑁𝐻ኽ and 𝐶𝑂ኼ gases also affected the pH adjustment in the concentrate due to
the re-ionization of the diffused gases.

• 𝐻ዄ and 𝑂𝐻ዅ leakages across IEXMs, which occurred as a consequence of a pH difference between
the concentrates and the diluate, was also proven to reduce 𝐶𝐸፦፞ፚ፬ፖፃ .

The negative impact on 𝐶𝐸፦፞ፚ፬ፖፃ of the above-listed processes were more severe when the applied
current density (𝑖) was lower.

Energy consumption and salt transport current efficiency
In terms of energy consumption for the 𝑁𝐻ዄኾ removal (𝐸ፍፇᎼᎶ ) the BPMED used more energy compared
to the ED. The removal of the 90% of the initial 𝑁𝐻ዄኾ was achieved using an average of 4.87±0.33𝑊ℎ
per litre, or, 13.2±0.1 𝑀𝐽 ⋅ 𝑘𝑔ዅኻፍፇᎼᎶ . This value was 3.3 times higher than that achieved with regular
ED. However, the 𝐸ፍፇᎼᎶ in BPMED was still about three times lower than the energy consumed by
nitrification denitrification and comparable to what used by anammox.On top of that, it has to be noted
that this installation not only removed nitrogen, but it also produced an 𝑁𝐻ኽ stream, which can be
stripped and ideally fed to the SOFC. This could potentially produce 9.6 𝑀𝐽⋅𝐾𝑔ዅኻፍፇᎼᎶ reducing the overall
energy need in the treatment [65].

The discrepancy in 𝐸ፍፇᎼᎶ between regular ED and BPMED was explained via an analysis of the
electrical potential drop over the ED and BPMED cell. This suggested that the extra elements in the
stack and the water dissociation process are responsible for the additional voltage measured in BPMED.
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Moreover, the 𝐸ፍፇᎼᎶ was proven to be higher also due to the lower 𝐶𝐸ፍፇᎼᎶ in BPMED (73% against 95%
in conventional ED).

Regarding the 𝐶𝐸ፍፇᎼᎶ , three different processes reduced it in BPMED operation:

• The salt ions leakage through the IEXMs (or back-diffusion), which, however, have been proven
to be marginal.

• The gas diffusion from the base toward the diluate, which directly reduces the 𝐶𝐸ፍፇᎼᎶ for 𝑁𝐻
ዄ
ኾ

transport.

• The 𝑂𝐻ዅ leakage from the base toward the diluate, that seemed played a crucial role in the
𝐶𝐸ፍፇᎼᎶ reduction.

All these diffusion phenomena more severely affected the 𝐶𝐸ፍፇᎼᎶ when the applied 𝑖 was lower.
This is due to the competition between diffusion phenomena depending on residence time and salt
migration depending on 𝑖.

Ammonia and carbon dioxide diffusion over the BPMED stack
A study focused on 𝑁𝐻ኽ and 𝐶𝑂ኼ diffusion was performed. This showed that 𝑁𝐻ኽ diffusion was 25%
more severe across the BPMs than to CEM. 𝑁𝐻ኽ diffusion increased the TAN concentration in the acid
stream over the experiment and reduced the maximum concentration in the base chamber. The 𝑁𝐻ኽ
diffusion toward the diluate was not severe enough to individually explain the low 𝐶𝐸ፍፇᎼᎶ . This finding
validated the crucial role of 𝑂𝐻ዅ and 𝐻ዄ leakages for the 𝐶𝐸ፍፇᎼᎶ reduction.

Thanks to the low solubility of 𝐶𝑂ኼ, the accumulation of dissolved gas in the stream over the
experiment was not a concern in the case of 𝐶𝑂ኼ. This had two main implications for operation:

• The 𝐶𝑂ኼ diffusion driving force developed principally when the water flowed along the stack.
Therefore 𝐶𝑂ኼ diffusion could be probably directly related to the applied current.

• Due to the low solubility and to the turbulence in the distribution spacer, 𝐶𝑂ኼ could form gas
bubbles within the stack. This and the higher EC in the concentrate streams obtained with
𝑁𝑎𝐶𝑙 could explain the discrepancy in voltage (15% difference) observed when the EDBPM was
operated with 𝑁𝑎𝐶𝑙 and 𝑁𝐻ኾ𝐻𝐶𝑂ኽ.

Electrodialysis bipolar coupled with membrane vacuum stripper in series
In order to control gas diffusion and raise the energy efficiency, two membrane vacuum stripping
modules (VMS) were placed in series with the concentrate streams from BPMED. The gases stripped
by the VMSs were passed through acid and base traps to capture the stripped 𝐶𝑂ኼ and 𝑁𝐻ኽ. The
implementation of the VMS slightly increased the overall 𝐶𝐸ፍፇᎼᎶ in both cases: when the VMS step was
applied only to one of the two concentrate streams, and when it was applied to both simultaneously.
The gain in 𝐶𝐸ፍፇᎼᎶ with the base stripping was moderately higher than with the acid (1% increase
against 0.5% respectively). When the two strippers were employed simultaneously a further increase
in 𝐶𝐸ፍፇᎼᎶ was obtained (up to 3.4% 𝐶𝐸ፍፇᎼᎶ gain). This increase seemed to be significant only for the
first batches of the SBE.

When the base stream was stripped a lower 𝑁𝐻ዄኾ concentration was observed in the acid (1.46±0.05
𝑔ፍፇᎼᎶ ⋅ 𝐿

ዅኻ against 1.57 ±0.05 𝑔ፍፇᎼᎶ ⋅ 𝐿
ዅኻ). Besides that, a rise in the TAN concentration of the acid

trap connected to the strippind device of the base stream was observed. This proved that the tested
concept was capable of stripping 𝑁𝐻ኽ and, consequently, reducing the gas diffusion over the stack.

Electrodialysis plus chemicals against BPMED
To raise the pH till 9.8 in a 6.6 𝑔 ⋅ 𝐿ዅኻ 𝑁𝐻ኾ𝐻𝐶𝑂ኽ solution, which were the maximum pH and 𝑁𝐻ዄኾ
concentration achieved in the base during the SBE with BPMED, 0.415 moles of𝑁𝑎𝑂𝐻 per litre of treated
𝑁𝐻ኾ𝐻𝐶𝑂ኽ solution were necessary. According to literature, the energy consumed for the production of
this amount of 𝑁𝑎𝑂𝐻 is 72.35 𝑊ℎ. By adding the energy spent in the ED for concentrating 𝑁𝐻ኾ𝐻𝐶𝑂ኽ,
the energy used in the overall process increased to 82.55𝑊ℎ. This was higher than what was consumed
by BPMED (48.7 𝑊ℎ) to achieve the same conditions in the base concentrate. Thus, the studied
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BPMED installation was shown to be superior in terms of energy consumption when compared to the
combination of ED and chemical addition. Additionally, this concept showed crucial advantages for the
environment, design and safety of the treatment facility.

Finally, it must be mentioned that, neither the technology nor the operation method employed, were
specifically designed/optimized for this application. This made even more interesting and promising
the employment of BPMED for the purpose of the N2kWh project.





6
Recommendations

The scarce literature present on the use of BPMED for recovery of 𝑁𝐻ኽ, emphasizes the innovative
concept investigated in this work. On the other hand, it arises several sparks for further related studies
and design improvements. The most relevant are collected in this chapter.

Fouling prevention in BPMED
A major problem affecting the efficiency of almost all membrane separation processes in long-term
operation is fouling [35, 70]. In ED, suspended solids that carry positive or negative electrical charges
can deposit on the membrane surface. These will increase the resistance of the membrane dramatically
[23]. In ED, the problem has been eliminated to a large extent by temporarily reversing the polarity of
the electrodes. Unfortunately, due to its particular membrane arrangement, this technique cannot be
applied to BPMED. The fouling type and severity results from the membrane system design, operation
strategy and from the composition of the feed water. A characterization of the fouling in BPMED
operated with the water considered in the N2kWh project should be performed. Based on this, suitable
pretreatment strategies could be designed in order to guarantee a smooth operation of the BPMED.

Reduction of the energy consumption in regular ED
In subsection 4.1.2, the contributions of the elements composing the ED to the total voltage drop over
the cell were analyzed. Based on this, it was immediately clear that the most substantial contribution
to the total potential drop over the stack was due to 𝑅፬፩. A more accurate characterization of this term
would be a good starting point for the reduction of voltage drops in ED.

Another consideration has to be done on the contribution to the potential drop brought by the two
terms: 𝑈፞፥፥ and 𝑅፞፥፞. These accounted for the 20% of the total potential drop in the considered
condition. Differently from the other terms in Equation 4.1, 𝑈፞፥፥ and 𝑅፞፥፞ are independent of the
number of membrane pairs in the stack. In an industrial size ED plant, where 100 to 200 cell pairs are
arranged between the electrodes [23], their relative contribution to the total voltage drop decreases.
Because of that, the total voltage drop will not increase linearly with the stack size. This will potentially
lead to a cut in the OPEX, since the 𝑁𝐻ዄኾ mass transport rate increases with a one-to-one relationship
with the stack size. The decrease of the relative contribution of 𝑈፞፥፥ and 𝑅፞፥፞ over the stack size can
be seen in Figure 6.1.

Nevertheless, by increasing stack size, a small but tangible reduction in 𝐶𝐸ፍፇᎼᎶ transport was ob-
served. This will significantly reduce the energetic gain of the scaling-up. The drop in 𝐶𝐸ፍፇᎼᎶ is prob-
ably caused by ionic short-circuits [20, 64]. A study of this phenomenon for this particular application
should be undertaken to assess whether the benefits brought by a system scaling-up will overcome
the observed reduction in 𝐶𝐸ፍፇᎼᎶ .

For BPMED the voltage drop associated with the electrodes and with the cell account only for a
small part of the total voltage. For this reason, the scaling-up of the BPMED installation is not expected
to decrease significantly the 𝐸ፍፇᎼᎶ .
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Figure 6.1: Evolution of electrical potential distribution over ED stack size for ። equal 15.625 ፦ፀ ⋅ ፦ᎽᎴ at initial standard
condition :ፄፂᑕ  ፄፂᑔ  .ዂ፦ፒ ⋅ ፦ᎽᎳ. The y-axes addresses the relative contribution (in %) for each elements in in %.

Gas diffusion in BPMED and operation optimization
In this research, the stripping devices were connected to the outputs of the BPMED concentrate and
a constant vacuum pressure was applied. No optimization of the vacuum pressure neither of the
membrane surfaces was performed. For instance, the cross-flow velocity of the water in the VMS
was fixed to 6 𝑐𝑚 ⋅ 𝑠ዅኻ. According to Mojab et al. [71], under this conditions the flow was laminar
and, therefore, the stripping process not optimized. Nevertheless, the 𝐶𝐸ፍፇᎼᎶ still benefits from the
implementation of the membrane stripping. However, the response of the 𝐶𝐸ፍፇᎼᎶ for different conditions
and stripping setups showed two peculiar trends:

• The gains seem to be less significant for the last batches.

• The increase of 𝐶𝐸ፍፇᎼᎶ at the beginning of the runs seems to be attributed mostly to the base
stripping. Contrarily, the stripping of 𝐶𝑂ኼ in the acid seems to mostly benefit the final part of the
SBE run.

This behaviour is related to the mechanisms of gas diffusion inside the membrane and their inter-
action with the membrane stripping unitis. A better understanding of the gas diffusion phenomena
within the stack will lead to a clarification of the observed trends. Further investigations on this are
suggested for future studies. This will allow the optimization of this technologies combination and to
fully exploit the benefits brought by the VMSs.

The applied 𝑖 has a crucial influence on the performance of the device. It is well-known that the
proper increase of 𝑖 is helpful to improve the performance of BPMED [24–27]. The current distribution
over the run used for the SBE was based on a theoretical optimization validated with empirical data for
regular ED operation. A customized way of 𝑖 supplying for BPMED should be developed. For instance,
by reducing the 𝑁𝐻ዄኾ removal-rate or increasing the

።
ፋፂፃ rate properly during the run, the BPMED could

be operated at higher average 𝑖. Another possibility is to increase the cross-flow velocity in the stack to
rise the LCD. These solutions will lead to an improvement in performance and to the potential reduction
of 𝐸ፍፇᎼᎶ .

Improvement of cation exchange membrane properties
The 𝑂𝐻ዅ leakage through the CEM membrane affected the performance of the BPMED in term of
maximum ammonia concentration and pH in the base. The implementation of a CEM with a higher
perm-selectivity for 𝑂𝐻ዅ (as already done for the AEM with respect of 𝐻ዄ) is expected to significantly
improve the BPMED performance.

Besides that, the gas diffusion coefficient for BPMEDs and CEMs were found to be fundamental
parameters for limiting gas diffusion. They were directly related to the installation performance in
terms of base concentration and current efficiency. For this specific application, besides the electrical
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resistance and the permselectivity, also the resistance of the membrane to gas diffusion should be
considered during the membrane choice for the stack design.

Alternative methods for the pH regulation of the alkaline stream
The combination of ED and 𝑁𝑎𝑂𝐻 required almost double of the energy used by BPMED for achieving
the same result. However, most of this energy requirement (87%) is related to the production of the
𝑁𝑎𝑂𝐻 solution. A different way to increase the pH, or an alternative method for the production of
𝑁𝑎𝑂𝐻, could bring an important reduction of the energy consumed. This would make the ED com-
petitive again with the BPMED for the considered purposes. The combination of ED for ammonium
concentration and BPMED for pH regulation is an interesting solution to investigate. Using the concen-
trate of ED as feed water for the BPMED would permit to operate the BPMED with higher 𝑖 and thus
with higher efficiency. Moreover, in this way, only a small fraction of the reject water would be treated
by the BPMED. This could reduce the overall energy consumption.

pH and TAN concentration in the alkaline stream
Martens [12] identified a minimum pH and TAN concentration (pH of 10 and 10 𝑔 ⋅ 𝐿ዅኻ) in the to-
strip solution in order to obtain an 𝑁𝐻ኽ stream good enough to be fed into the SOFC. During, the
experiments performed in this study none of the two requirements were achieved. It is important to
note that the experiments were not designed to specifically reach these values, but to characterize the
behaviour of the BPMED for the production of an enriched 𝑁𝐻ኽ stream. Indeed, although a flattening
in the base concentration occurred after the 9፭፡ batch of the SBE, the trend in concentration was still
increasing.

It is, thus, still interesting to investigate whether this installation is able to provide a concentrate
that fulfills the requirements defined by Martens [12]. In case it is not, or if the required energy exceeds
the one of the combination of ED and chemicals, the previously mentioned recommendations for the
optimization of the process should be taken as starting points for optimizing the concept and making
this goal achievable.
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A
A.1. Current density optimization based on LCD
In the study by Deckers [11], who focused on obtaining the minimum energy consumption for ammo-
nium removal, a constant 𝑖 equal to 1.6 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ was applied. On one hand, this led to a very low
energy consumption, on the other, it resulted in a very long operation time, indicating the inefficient
membrane usage [61].

To decrease the runtime, the applied 𝑖 needs to be increased. However, when a constant 𝑖 is used
over a batch run, the applied current is limited by the low EC of the diluate at the end of the process.
A solution is to regulate the 𝑖 according to the EC in the diluate. In this way, a relatively higher current
can be applied along the run without never exceeding the LCD. This reduces the runtime optimizing
the usage of the membrane.

From this reasoning followed the decision to operate the ED system with a 𝑖 equal to a certain
percentage of the LCD. To select the right fraction of the LCD, a relative optimization between the
energy consumption and the membrane usage was performed.

Theoretically, the energy consumption in the ED is directly related to the applied 𝑖 by a linear
function (𝑦 = 𝑥) [61]. When the ED is operated at 100% LCD the energy consumption is maximum.
Runtime and 𝑖 are related according 𝑦 = ኻ

፱ −1 [61]. The runtime (and therefore the membrane usage)
is minimum when the 𝑖 is equal to the 100% of the LCD. In Figure A.1 the two function that relates the
applied 𝑖 to the relative change in energy consumption and membrane usage are plotted.

Figure A.1: Optimization of applied ። in ED operation. The blue curve represents the function that relates the applied ። (in % of
LCD) to the relative change in energy consumption. Whereas, the red curve relates the applied ። (in % of LCD) to the relative
change in run time or membrane usage. Image retrieved by van Linden [61, p.7]

The two curves in Figure A.1, have an intersection when I is equal to the 62% LCD. This is the
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relative optimum operation 𝑖 for the ED. The empirical data (big dots in Figure A.1) indicated that the
optimum is obntained for the 63% LCD. This was adopted as operational 𝑖 for ED and EDBPM.

A.2. Chemical equilibria
When 𝑁𝐻ኾ𝐻𝐶𝑂ኽ is dissolved in water, it dissociates in 𝑁𝐻ዄኾ and 𝐻𝐶𝑂ዅኽ ions [12] (Equation A.1):

𝑁𝐻ኾ𝐻𝐶𝑂ኽ(፬)
ፇᎴፎ−−−→ 𝑁𝐻ዄኾ + 𝐻𝐶𝑂ዅኽ (A.1)

The reaction in Equation A.1 is related to two equilibria of main importance in the feed solution

• the TAN equilibrium

• the TIC equilibrium

A.2.1. Total ammonia nitrogen equilibrium
Ammonia nitrogen exists in aqueous solutions as 𝑁𝐻ዄኾ and 𝑁𝐻ኽ in equlibrium:

𝑁𝐻ዄኾ(ፚ፪)
ፍ−→ 𝐻ኽ(ፚ፪) + 𝐻ዄ (A.2)

This equilibrium is a function of the solution temperature and pH, and it is described by the ther-
modynamic constant in Equation A.3.

𝐾፞፪,ፍፇᎼᎶ =
[𝑁𝐻ኽ][𝐻ዄ]
𝑁𝐻ዄኾ

(A.3)

In Equation A.3, [𝑁𝐻ኽ], [𝐻ዄ] and [𝑁𝐻ዄኾ ] represent the activities of 𝑁𝐻ኽ(ፚ፪), 𝐻ዄ(ፚ፪) and 𝑁𝐻ዄኾ(ፚ፪),
respectively.

When ammonium is dissolved in alkaline solutions, 𝑁𝐻ዄኾ reacts wiht 𝑂𝐻ዅ to form 𝑁𝐻ኽ and water.
The TAN equilibrium expressed in Equation A.4 shift to the right.

𝑁𝐻ዄኾ(ፚ፪) + 𝑂𝐻ዅ(ፚ፪) ↔ 𝑁𝐻ኽ(ፚ፪) + 𝐻ኼ𝑂(፥) (A.4)

Besides pH, also increase in temperature shifts the equilibrium to the right side, favoring the for-
mation of 𝑁𝐻ኽ [12]. The TAN equilibrium as the molar ratio of 𝑁𝐻ኽ over TAN, is shown in Figure A.2.

Figure A.2: Molar ration between ፍፇᎵ in ፍፇᎶፇፂፎᎵ solutions ([TAN]=1,5 and 6 ፠ ⋅ ፋᎽᎳ) for different pH and temperature.
Retrieved by Martens [12]

It can be observed that the 𝑁𝐻ኽ/TAN ratio is higher than 0.5 for pH values above 9.5 and that it
approaches the unit for pH values above 11, independently from the temperatures.
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A.2.2. Total inorganic carbon equilibrium
The TIC equilibrium consisting of multiple equilibria between 𝐻ኼ𝑂 and the species 𝐶𝑂ኼ, carbonic acid
(𝐻ኼ𝐶𝑂ኽ), 𝐻𝐶𝑂ዅኽ and carbonate (𝐶𝑂ኼዅኽ ). The formulation of the equilibrium is shown in Equation A.5

𝐶𝑂ዄኼ(ፚ፪) + 𝐻ኼ𝑂(፥) ↔ 𝐻ኼ𝐶𝑂ኽ(ፚ፪) ↔ 𝐻ዄ(ፚ፪) + 𝐻𝐶𝑂ዅኽ(ፚ፪) ↔ 2𝐻ዄ(ፚ፪) + 𝐶𝑂ኼዅኽ(ፚ፪) (A.5)

’
Compared to the 𝐶𝑂ኼ, at every pH, the concentration of 𝐻ኼ𝐶𝑂ኽ can be neglected [63].
The TIC equilibrium is mainly dependent on the the pH and temperature of the aqueous solution.

For a temperature of 25 ∘C, which is approximately the temperature of the solutions in the performed
experiments, the rate among the different species is shown in Figure A.3. This graph is usually referred
to as Bjerrum plot.

Figure A.3: Bjerrum plot for carbonate system at 25 ∘C. Retrieved by Martens [12]

The concentration of the different species can be described by the following equations:

𝐶ፂፎᎴ =
[𝐻ዄ]ኼ

[𝐻ዄ]ኼ + 𝐾ኻ[𝐻ዄ] + 𝐾ኻ𝐾ኼ
⋅ [𝑇𝐼𝐶] (A.6)

𝐶ፇፂፎᎵ =
𝐾ኻ[𝐻ዄ]

[𝐻ዄ]ኼ + 𝐾ኻ[𝐻ዄ] + 𝐾ኻ𝐾ኼ
⋅ [𝑇𝐼𝐶] (A.7)

𝐶ፂፎᎴᎽᎵ = 𝐾ኻ𝐾ኼ
[𝐻ዄ]ኼ + 𝐾ኻ[𝐻ዄ] + 𝐾ኻ𝐾ኼ

⋅ [𝑇𝐼𝐶] (A.8)

Where, 𝐾ኻ is the equilibrium constant for the reaction in Equation A.9, 𝐾ኼis the equilibrium constant
for Equation A.10 and [TIC] the concentration of the dissolved inorganic carbon in the considered
system (𝑚𝑜𝑙 ⋅ 𝐿ዅኻ).

𝐶𝑂ኼ(ፚ፪) + 𝐻ኼ𝑂(፥) ↔ 𝐻ዄ(ፚ፪) + 𝐻𝐶𝑂ዅኽ(ፚ፪) (A.9)

𝐻𝐶𝑂ዅኽ(ፚ፪) ↔ 𝐻ዄ(ፚ፪) + 𝐶𝑂ኼ(ፚ፪) (A.10)

The presence of two pairs of a weak acid and a conjugated base makes the solution a buffer system.
In a buffer solution, pH changes slightly when a strong base or strong acid is added. If a strong base
is added to the solution, the weak acid (𝐻ኼ𝐶𝑂ኽ or 𝐻𝐶𝑂ዅኽ ) will give up an 𝐻ዄ in order to transform 𝑂𝐻–
originating from the base into water and the conjugate base. Similarly when a strong acid is added,
the weak base (𝐻𝐶𝑂ዅኽ or 𝐶𝑂ኼዅኽ ) will react with 𝐻ዄ originating from the acid to form the weak acid.





B
B.1. Electrical conductivity for dissolved salts
Empirical relationships are established and used to calculate the concentration of dissolved salt accord-
ing to the electrical conductivity (EC) and vice versa.

B.1.1. Electrical conductivity and TAN concentration
Based on data collected in the experiments run for this research and for previous work within the N2kWh
project, an empirical relationship between the TAN concentration (measured via the MACHEREY-NAGEL
NANOCOLOR Ammonium 200 and Ammonium 2000 tube tests) and the electrical conductivity (assessed
through WTW digital precision meter Multi 3630 IDS connected to WTW TetraCON 925 EC) was defined.
This is shown in Figure B.1.

Figure B.1: Correlation between TAN concentration and electrical conductivity. The red dots represents the empirical data
whereas the dotted line is function that approximate the trend. The found function has a correlation factor (ፑᎴ) equal to 0.9932.

The function that relates EC and TAN concentration is shown inEquation B.1

[𝑇𝐴𝑁] = 1.0132 ⋅ 𝐸𝐶ኼ + 183.43 ⋅ 𝐸𝐶 (B.1)

where the TAN concentration is expressed in 𝑚𝑔 ⋅ 𝐿ዅኻ and the EC in 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ.

B.1.2. Electrical conductivity and sodium chloride concentration
An empirical relationship between the concentration of dissolved 𝑁𝑎𝐶𝑙 in the diluate and the elec-
trical conductivity was formulated.This relationship was calculated dosing known quantities of salt in
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demiwater and measuring the corresponding EC through WTW digital precision meter Multi 3630 IDS
connected to WTW TetraCON 925 EC (the same sensor used in the eperiment).

The curve that relates EC to 𝑁𝑎𝐶𝑙 concentration is shown in Figure B.2.

Figure B.2: Correlation between ፍፚፂ፥ concentration and electrical conductivity. The red dots represents the empirical data
whereas the dotted blue line is trend line. The found function has a correlation factor (ፑᎴ) equal to 0.9991.

The function that relates EC and 𝑁𝑎𝐶𝑙 concentration is shown inEquation B.2

[𝑁𝑎𝐶𝑙] = 0.054 ⋅ 𝐸𝐶 + 0.028 (B.2)

where the sodium chloride concentration is expressed in 𝑔 ⋅ 𝐿ዅኻ and the EC in 𝑚𝑆 ⋅ 𝑐𝑚ዅኻ.



C
C.1. Phreeqc script for the ammonia partial pressure calculation
In Figure C.1 the PHREEQC script used for the calculation of the needed 𝑁𝑎𝑂𝐻 moles to increase the
pH of the ED concentrate from 7.8 to 9.8 is shown.

Figure C.1: PHREEQC script used to calculate the necessary moles of NaOH for the pH regulation in the regular ED concentrate.

In Figure C.2, an example of the PHREEQC script used for the calculation of the partial 𝑁𝐻ኽ partial
pressure in the various EDBPM’s chambers during the 𝑁𝐻ኽ diffusion experiment is shown.
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Figure C.2: PHREEQC script used for the calculation of the partial ፍፇᎵ partial pressure in the acid chamber.

C.2. The Chloralkali membrane cell process
The chloralkali membrane cell process involves the electrolysis of sodium chloride solution producing
chlorine at the anode and sodium hydroxide (𝑁𝑎𝑂𝐻) at the cathode, via the overall reaction shown in
Equation C.1[28]:

2𝑁𝑎𝐶𝑙 + 2𝐻ኼ𝑂 −→ 2𝑁𝑎𝑂𝐻 + 𝐶𝑙ኼ + 𝐻ኼ (C.1)

The key principle of the membrane process is the selective permeability of the membrane. The
membrane allows only specific ions to permeate through it. The actual processes occurring within the
membrane are yet to be understood fully [72]. The ion exchange membrane separates the cathode
side from the anode side as shown in Figure C.3.

Figure C.3 shows a scheme of the membrane cell process. A saturated brine solution is fed to
the anodic side while demineralized water is channelled to the cathodic compartment. During the
electrolysis, sodium ions and water permeates through the membrane and enters the cathode side. In
the anode compartment chlorine gas is formed. Simultaneously, in the cathode compartment, water
molecules are electrolyzed, generating hydrogen gas. The formed hydroxyl ions combine with the
sodium that permeates through the membrane, to form sodium hydroxide. The depleted brine that
leaves the anodic compartment is sent for processing and re-concentration before being fed back to
the anodic compartment. In the cathodic compartment, only a portion of the sodium hydroxide of 32%
concentration is taken out for further processing, while demineralized water is continuously fed to the
compartment to maintain the sodium hydroxide concentration in the compartment at around 30% [72].
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Figure C.3: Process flow scheme of the membrane cell process. Image retrieved by Lakshmanan and Murugesan [72].





D
D.1. Accumulation of Protons during EDBPM operation
The trend in the accumulation of 𝐻ዄ over time, for a constant applied current of 5.76 𝑚𝐴 ⋅ 𝑐𝑚ዅኼ, is
shown in Figure D.1.

Figure D.1: ፇᎼ production for a fixed voltage of 18V, which corresponded to a ። of 5.76 ፦ፀ ⋅ ፦ᎽᎴ. The y-axis expresses the
sum of ፇᎼ moles in the four different solution involved in operation. The ፇᎼ accumulation is expressed in equivalent.

A clarification on Figure D.1 is necessary. The first 150 seconds of the experiment were not plotted
in the graph. This was done to exclude the errors at the starting-up of the experiment related to the
delay between the production of 𝐻ዄ and 𝑂𝐻ዅ and pH change in the batches.

Figure D.2 shows the measured 𝐻ዄ in the streams during the first 50 minutes of the SBE run on
𝑁𝑎𝐶𝑙 (usually lasting about 60 to 65 minutes).
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Figure D.2: Total amount of ፇᎼ moles in the streams over the runtime for the SBE first run with ፍፚፂ፥.

D.2. Ion diffusion through ion-exchange membranes
In a previous study carried out by the𝑁2𝑘𝑊ℎ team, the ions back-diffusion was related to the difference
in EC between the two streams in this ED stack (Δ𝐸𝐶). This relationship is shown by the red line in
Figure D.3.

Figure D.3: The red line shows the relationship between the (ጂፄፂ) and the salt tranport in regular ED. The blue line shows the
relationship between the (ጂፄፂ) and the water transport due to osmosis processes in regular ED

Based on Figure D.3, the current efficiency loss due to back-diffusion of ions can be estimated. The
moles of the salt transported by back-diffusion can be related to the associated carried charges (in 𝐶)
by the Faraday constant. These, when divided by the total number of used charge in the run, give the
effect of the back-diffusion on the current efficiency for salt transport.

D.3. Membrane characteristics
Table D.1 reports the main characteristic of the membranes used in the regular ED stack and in the
BPMED stack. The values in Table D.1 are based on the producer specifications reported in PCA [73].
Only the membrane’s resistances were assessed experimentally.
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Membranes characteristics
Model
acronym

Type Resistance
[Ω ⋅ 𝑚ዅኼ]

Active surface
[𝑚 ⋅ 𝑚]

Functional
group and ionic
form

Thickness [m] Stack

PC SK AEM 37.5 0.08⋅0.08 Sulphonic acid -
𝑁𝑎ዄ

160-200⋅10ዅዀ STM

PC SA CEM 25.5 0.08⋅0.08 Ammonium –
𝐶𝑙ዅ

180-220⋅10ዅዀ STM

PC SC CEEM 25.5 0.08⋅0.08 Sulphonic acid -
𝑁𝑎ዄ

400⋅10ዅዀ STM

PC SA CEM 25.5 0.08⋅0.08 Ammonium -
𝐶𝑙ዅ

180-220⋅10ዅዀ BPMED

PC Acid60 AEM 52 0.08⋅0.08 Sulphonic acid -
𝐶𝑙ዅ

160-200⋅10ዅዀ BPMED

PC SC CEEM 25 0.08⋅0.08 Sulphonic acid -
𝑁𝑎ዄ

400⋅10ዅዀ BPMED

Not speci-
fied

BPM 45 0.08⋅0.08 Not specified Not specified BPMED

Table D.1: Membrane properties and characteristics for the ED and BPMED stacks.
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