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Summary

The use of fossil fuels and its impact on the environment, together with the increasing
energy demand and the difficulty to find energy sources that can supply energy
continuously in a sustainable way all around the world, drives the need for a mix of
renewable and sustainable energy. A few renewable sources are already exploited at scale,
such as wind and solar energy, but there is a need for the development of other sources
that can supply energy more constantly.

Salinity Gradient Energy (SGE), also popularly known as “Blue Energy,” uses the controlled
mixing of the salinity gradient between fresh and sea water to produce electrical energy
and is a promising energy source that can be considered for exploitation at large scale at
river deltas and shoreline regions. Reverse Electrodialysis (RED) is the technological process
that allows the harvest of this energy, by using a series of alternating anion (AEM) and cation
(CEM) exchange membranes. The alternating membranes are stacked into an
electrochemical cell, creating compartments for fresh and sea water, and due to the natural
movement of ions from the more concentrated solution to the less concentrated solution
and the presence of electrodes and electrolyte solution, energy from the mixing can be
harvested in the form of electrical energy.

Fouling, the attachment of unwanted compounds to ion-exchange membranes and spacers,
is a severe problem within RED applications under natural conditions. Fouling can
significantly decrease the power output and decrease the lifetime of the ion exchange
membranes. The compounds causing fouling can have different nature, such as organic
matter, particulate, biofouling, and scaling. These diverse types of foulants have different
impacts on the membrane process and the knowledge on fouling behaviour within RED
applications is scarce. In this thesis, first steps were taken to identify the different foulants
from these different water sources and relate them to the performance of the RED process
(Chapters 2 and 3). For that, a fouling fractionation setup was used, where foulants from
natural feed waters were treated at various levels. The presence of the different sizes in
foulants was related to the performance of stacks and to the remaining foulants on
membrane surface. After two months of operation, the presence of particulate matter after
dual media filtration was related to an increase of pressure drop when treating both fresh
(~100 mbar) and sea (~500 mbar) water but could help limit biofouling development on the
membrane surface. The presence of biofouling did not seem to impact electrical
performance of the stacks. Due to the high pumping power losses in seawater treatment at
the end of the designated operation time, a simple and chemical free cleaning procedure
was performed and showed that 90% of the fouling build-up was reversible, recovering the
pumping losses accumulated over 2 months of operation in a few minutes.



This knowledge built the base for the development and optimization of a suitable and cost-
effective pre-treatment for RED, a dual media filtration system (Chapter 4). The use of
activated filter media (AFM), sand and anthracite were coupled with a high flow velocity of
filtration that led to a decrease of the area needed for filtration and still allowed for an
adequate pre-treatment. Also, the use of profiled membranes in combination with dual
media filtration, showed that is possible to limit the pumping power losses related to fouling
in RED, using realistic operation conditions with natural feed waters.

After the improvement of the pre-treatment, a more energy efficient way of connecting
stacks, called multi-stage, was studied and analysed in the view of fouling (Chapter 5).
Multistage enables the use of salinity gradient further than a single pass, which implies that
the treated water is used more efficiently, reducing the treatment need. The behaviour of
multivalent ions in this configuration showed that in the second stage uphill transport did
not occur, limiting the performance loss associated with these ions. The stack autopsy
revealed microorganisms with sizes ten times larger than the cartridge filter nominal pore
size (5 um) and biofilm covering part of the spacer open area, contributing to the increasing
pressure drop in the stacks.

Lastly, in Chapter 6, due to pressure drop caused by particles after dual media pre-
treatment still leading to pumping power losses, studying simple and chemical free cleaning
regimes became of importance for RED application. Cleaning with air sparging and a
technique called reverse flow and feed switch yield the best results, keeping pressure drop
over the stacks below 100 mbar over more than 2 months continuous operation of the
stacks.

Finally, a discussion of the relevance of the findings of this thesis to prospects of RED and
SGE is presented. Considerations about the pre-treatment energy requirement are
discussed, and the impact of the feedwater quality on the feasibility of the process is
extrapolated to distinct locations. The energy requirement to run the pre-treatment with
dual media filter accounts for around 20% of the energy production with stacks, even when
using a low power density of 0.3 W/m?. In addition, an overview of points of attention for
future development of the technology and its sustainability and ecological impact are
discussed.









Chapter 1

Introduction




Introduction

1.1 Background information

The growth of world population, together with the development of new technologies and
needs associated with a modern life has led to a constant increase in energy demand over
the past decades. Currently, most energy production derives from fossil fuels. The
generation of energy occurs through combustion of these carbon-based fuels, found in
deposits from a deep layer of the Earth. Besides releasing energy, the combustion process
also emits carbon to the atmosphere, mostly in the form of carbon dioxide (CO2). These
emissions are directly associated with worldwide issues, namely greenhouse effect, climate
change and air pollution [1,2] and are being enhanced by the higher demand and use of
energy from fossil fuels.

These negative impacts have been addressed in scientific and political discussion
for several years and yet, no clear solution has been widely implemented. It is evident that
addressing these challenges requires a societal response and can only be achieved with an
integrated approach. The shift from fossil fuels to renewable energy sources has not been
completely successful yet. The establishment of new policies is a promising approach to
promote changes in the energy sector, for example with the so-called world goals or
sustainable development goals by the United Nations (UN). Some of the goals are related
to energy production and pollution by energy sources, for instance, goals 7 (Affordable and
Clean energy) and 13 (Climate Action) [3].

The European Union (EU) faces a major challenge to achieve these UN goals related
to energy. Even though energy is available for almost the entire population (one of the
targets of goal 7), a large portion still comes from non-renewable sources, representing
78% in 2020 of the total energy consumption of the EU [4]. One of the goals in the EU is that
COz emissions must drop 45% by 2030 and reach a net zero by 2050 [2,5]. Only 37.5% of the
gross electricity consumption is coming from renewable sources, namely hydropower,
wind, solar, thermal and biofuels [4]. In the Netherlands, this share is only 12.3% and leaves
the country in the third last position among European countries [4].

Wind and solar energy have developed immensely in the last decades, and are the
ones leading the increase of the share of the renewable energy sources worldwide [2,3].
Wind and solar energy are known for their availability all around the world, large exploitable
power output and being modular. They can be used in power plants to produce large
amounts of energy or more locally producing energy for small scale business or even
households [1]. The arising of these energy sources created a new market on the energy
sector, called green energy, and it has been constantly growing in the last years [6]. Their
development as energy sources in Europe has been expanding and there is still room for
further improvement. However, their dependency on weather conditions and the lack of a
stable energy production is a problem without a direct solution at the time. Concerns about
the life cycle of the materials involved in their operation also need to be considered. They
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include separation of the components, energy costs and lack of policies for recycling solar
panels and wind turbines, which have an average life cycle of 25 years [7-9]. On top of that,
citizens are often disturbed by the visual and sound pollution of wind turbines in certain
environments and some communities are now organized against the installation of the
turbines in their areas. Similarly, large areas with solar panels are increasingly getting
opposition from social movements that claim that the land area could have a more
beneficial use than energy production, such as food production or biodiversity goals. All in
all, these issues, especially the high variability of energy production from solar and wind
sources, drastically prevent the expansion of these well-established renewable energy
sources. This reinforces the need for alternative renewable and sustainable energy sources,
so that the goals set for the years to come can be accomplished.

A promising alternative energy source is Salinity Gradient Energy (SGE), popularly
known as Blue Energy, which exploits the salinity gradient energy from the controlled
mixing of fresh water and seawater [10]. Blue energy relies on the Reverse electrodialysis
(RED) technology to produce energy sustainably; the principle is that by using a stack of
alternatingly anion exchange and cation exchange membranes, with alternating high and
low concentration solutions compartments, it is possible to harvest the mixing energy
emerging from this configuration (Fig. 1.1).
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Figure 1.1 Scheme representing the reverse electrodialysis principle.
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Blue energy has the advantage of being an energy production technology with low
dependence on weather conditions. It is to be noted that the process is affected by
temperature and salinity gradient, which changes with the seasons and precipitation.
However, the impact is to a lower extent than wind and solar energy sources [11]. Wind
and solar are known to be able to significatively generate energy under limited weather
conditions and for their variability in the available power due to the day-night cycle and
seasons. Blue Energy offers the possibility of a continuous operation, since the salinity
gradient is always present and the impact of rainfall and other weather and seasonal
variations is of less relevance [12]. In addition, Blue Energy can be considered a sustainable
energy source due to the use of only sea and fresh water, or other waste solutions from
industrial processes. The main by-product of the process is brackish water, and in the case
that the location of the power plant is in river deltas, the mixing of sea and fresh water
would already occur naturally.

1.2 Characterization of Reverse electrodialysis

The theoretical energy that can be harvested from the mixing of two solutions with different
concentrations is given by the Gibbs energy of mixing (J):

AGpix = Gp — (Gsw + Gry) (Eq. 1.1.)

where Gpis the Gibbs free energy (J) of the brackish solution after the mixing of the previous
two solutions, Gsw is the Gibbs free energy of the concentrated solution, in this case
seawater, and Gsw is the Gibbs free energy of low concentration solution, which in this case
is fresh water from a lake.

The alternating high and low salinity compartments result in a difference of potential over
each membrane, and the sum of all the voltages differences of each pair of compartments
that are stacked between an anode and cathode gives the voltage of the cell [10,13]. Due
to the potential, ions move from the high salinity compartment to the low salinity
compartment by selectively permeating through cation and anion exchange membranes
[10]. By redox reactions on the electrode compartments an electrical current occurs and,
by closing the circuit, electrical power can be harvested by an external load [10,14,15].

By measuring the stack voltage, V (V) and current, | (A), the gross power (Pgross, W) that can
be generated by a stack is defined as:

Byross =V -1 (Eq. 1.2)

The pumping losses related to the stack operation are calculated as the energy needed to
pump both sea and fresh water, Ppump (W) to the stack, as:

Ppump = ¢fwAwa + PPy, (Eq. 1.3)
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With AP (Pa) being the difference of pressure drop between inlet and outlet of the stack
for each feed water compartment and ¢ (m3/s) is the flow rate of the feed water being
pumped.

The net power density (Pnet, W) is obtained by subtracting the power consumed for
pumping the feed water from the gross power, as:

Pret = Fyross = Bpump (Eq. 1.4)

1.3 Technological challenge

One of the challenges for RED to be a feasible energy source is the limitation in net energy
output due to fouling. Fouling occurs due to interaction of the membrane and compounds
found in the feed waters, known as foulants, that may cause deterioration of the membrane
properties and reduce the efficacy of the process [16]. As all membrane processes, RED is
susceptible to fouling when using natural water sources, which comprises a large range of
possible foulants. RED makes use of two different water sources (low and high salinity) and
in this thesis, the low salinity solution is fresh water from the lJsselmeer (the Netherlands),
and the high salinity water source is seawater from the Wadden Sea (the Netherlands). RED
uses two types of membranes, anion exchange membrane (AEM) and cation exchange
membranes (CEM), with opposite charge on the membrane surface, which can have a great
influence on how foulants will interact with the membrane. This means that there are four
possible fouling interactions in RED, which makes fouling prevention more complex than
many other processes previously studied [17]. Figure 1.2 shows the possible fouling
interactions in RED and other process.

One type feed water

Pressure driven Electrodialysis
(MF, UF, RO) (ED)
CEM with Fw
AEM with FW
One fouling Two fouling AEM with SW
One type of interaction interactions Two types of CEM with SW
membrane membrane
Pressure-retarded Reverse
osmosis (PRO) | electrodialysis (RED) Fresh water,
Seawatel
Two fouling Four fouling
interactions interactions

Two types feed waters

Figure 1.2. Possible interactions causing fouling on various membranes processes based on the
characteristics of different types of membranes and feed waters, together with the specification of
the four possible fouling interactions in RED. Adapted from [17].
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1.4 Fouling definition

Fouling in RED is caused by the attraction/attachment/adsorption of substances present in
the feed water source to an ion-exchange membrane or spacer, resulting in a lower
performance of the process. Process deterioration occurs due to a decreased selectivity of
the membrane towards the ions of interest, or to an increased resistance to exchange of
ions, which impacts the gross power that can be obtained. In addition, fouling may cause
an increase of pressure drop over the inlet and outlet of the feed compartments. This
translates into an increase of pumping power required for the process, reducing the
available net power output [11,18]. Foulants can also interact with the surface of spacers,
when present, to form a fouling layer. The main categories of foulants that are relevant for
this process are described below:

a. Particulate matter: Comprises inorganic and organic particles and aggregates with
sizes usually in the range of micrometres (> 1 um). The most common compounds
forming this type of fouling are silt, clay, aluminium precipitates and high
molecular weight organic substances and their aggregates, which can present
similar behaviour to inorganic colloids [19].

b. Organic fouling: Usually refers to organic foulants that are dissolved or in the liquid
phase of the feed stream, also known as natural organic matter (NOM). It is mostly
originated from the decomposition of organic materials. In terms of composition,
more than half of organic foulants are humic substances [20]. Proteins and
carbohydrates are also present, and the main mechanism for fouling formation is
by adsorption [21].

c. Inorganic fouling: accounts for deposition of inorganic salts due to precipitation
on the membrane surface. Calcium, sulphate, and magnesium ions are known to
lead to inorganic fouling. pH and concentration are some of the conditions that
[22] affect the solubility of inorganic salts and, as a result, are directly associated
with this type of fouling [16].

d. Microorganisms and related fouling: living microorganisms can adhere and grow
on the membrane surface, forming a biofilm. The mechanisms responsible for this
attachment are called bioadhesion and bioadsorption. Their occurrence depends
on characteristics of the stream, surface and microorganisms [23]. The biofilm is
an aggregate of living and dead cells, surrounded and entangled by extracellular
polymeric substances (EPS) [24]. More than half of the organic matter in a biofilm
comes from EPS, which are polymeric substances excreted by active
microorganism. EPS is also present in aquatic systems in the form of mucus, slimes
and lysis products [24,25]. Transparent exopolymer particles (TEPs) are another
category of foulants produced by phytoplankton and bacteria [26]. They are acidic
polysaccharides excreted by these microorganisms that are sticky and exist as

10
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filtrable particles (0.2 um). They are found in high concentrations in coastal areas
and can be visualize by microscopy with the use of alcian blue [26].

The experiments carried in this thesis delt with natural water sources, so weather and
seasonal variations are expected. Such variations can impact the RED process and fouling
formation. For instance, wind and rain affect the availability of particulate matter in the
feed water, due to resuspension of the particles in the waters. Similarly, warmer months
and with more light result in a higher incidence of algae and living microorganisms in the
feed, while the opposite is true for the colder and darker months, especially in northern
Europe. In the specific case of this thesis, the water sources are located near areas with
human activities as well, resulting in unexpected variations due to opening of sluices,
passage of ships or dredging activities.

In this study, we focused on developing the RED technology using natural water with the
least intervention as possible, so the results can be used for decision making in real
conditions of operation. The operation time of the experiments are kept as long as possible
for a good representation of the changing weather and seasonal conditions and to allow
fouling build-up in a natural way (without high concentrations of most known foulants or
supplying nutrients for bacterial growth, for example).

1.5 Feedwater pre-treatment for RED

Considering all types of foulants listed above, several pre-treatments of feed waters have
been proposed to limit fouling. The costs and energy consumption of the pre-treatment are
of crucial importance for design of RED process. Ideally, the pre-treatment process is robust,
with simple operation and maintenance, sustainable and uses mainly natural resources
[27,28]. It is also important that the treated water is used in the most efficient way,
maximizing the energy yield per volume of treated water, making the best use of the costs
associated with the pre-treatment [29].

The use of cartridge filters was adopted since the first pilot applications of RED, as it is an
easy and efficient way to remove most of the particulate matter coming from the feed
waters [30]. However, they are not feasible for use in large-scale applications, due to high
costs and the necessity of disposal of the filters when they are saturated. Other membrane
process, such as ultrafiltration and nanofiltration modules were studied to remove the
particulates as well, but due to their high energy consumption, they are also not a viable
alternative [11,28].

The use of a drum filter was also studied, both technically and economically for RED
applications by Post and colleagues [31]. In their study, special attention was given to the
water fluxes and head losses, and due to its capability of treating large volumes of water at
a low cost per m3, the drum filter was chosen for installation in the RED Pilot Plant at the
Afsluitdijk, the Netherlands. However, long term experiments showed that the cut-off
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screen of 40 um was not able to avoid substantial pressure drop losses over the inlet and
outlet of the stacks [32].

Media filtration might be a better alternative for RED pre-treatment due to its low energy
consumption, easy regeneration (backwash), large-scale application and low environmental
impact (i.e. no use of chemicals) [33] . The use of different media types is possible, with
sand and anthracite as the most commons materials used in rapid filtration [34]. Other
media recently investigated in RED were granulated activated carbon (GAC) and activated
filter media (AFM), both showing good results in short term laboratory tests [28]. The
combination of medias, known as dual media filter (DMF) is widely applied in other water
treatment process, such as drinking water treatment, with the use of an anthracite layer
with larger grains acting as a buffer for larger foulants and a second layer of fine sand to
remove smaller suspended solids [35]. Due to the few studies available, more knowledge
on the design and operation of the media filter for application for RED is needed. The most
important factors to consider in the media filtration are the definition of the media
(chemical-physical characteristics) and the flow velocity applied during the pre-treatment.

1.6 Cleaning techniques for RED stacks

To avoid a loss of performance when operating RED stacks for long periods, the combination
of a robust pre-treatment and tailored cleaning strategies is required [27,36,37].

Most studied cleaning techniques for IEM processes had application in the food industry
and rely on the use of chemical agents to restore the membrane performance, as the
processes are heavily impacted by fouling [37—39]. For RED applications, it is to note that
the cleaning technique needs to clean the membranes while maintaining a sustainable
process by not forming toxic by-products. Therefore, chemical cleanings, using agents such
as acids and bases, are not desired and different cleaning strategies are needed.

The most common techniques investigated previously that do not use chemicals are
mechanical cleanings. These can comprise the use of gases in the form of bubbles to
disturb/detach the fouling layer [40,41] or changing operational configuration of the stack
(such as the flow, and compartment switch) that could have an effect on the fouling layer
[40].

A combination of techniques can be considered to tackle different types of fouling without
the use of chemical agents, maintaining the concept of sustainability and low energy
requirements that are important for RED. For example, combining a mechanical strategy
that can be carried out with almost no energy expenditure, with a regular frequency and a
more intensive cleaning in longer periods of operation, would be the optimal approach to
address the fouling issues in RED.

12
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1.7 Role of RED in a renewable energy system

It is relevant to consider how RED is placed in a context of other renewable energy
producing technologies, including well-established and emerging ones. The main benefit of
RED, when compared to wind and solar energy, is having a more constant energy output
and being relatively independent on weather conditions, since the driving force is more
stable and reliable than sun and wind. Also, when comparing the available power output in
the Netherlands, RED can reach between 7 to 21 PJ per year, which is similar to energy
produced with wind offshore currently in the Netherlands (17 PJ), even though many
uncertainties are still present for RED [42].

Dynamic Tidal Power (DTP) is another energy source that has been getting some attention
in the Dutch context and has similar characteristics to RED [42]. This energy source is based
on harvesting the energy from ocean currents, that occur naturally and in cycles, with the
use of dams. Blue Energy and DTP share some features, as using the energy present in
seawater and being more stable and predictive energy output than the current applied
renewable energies. Blue Energy is still more advantageous because of its higher technical
readiness level, lower impact on the ecology as well higher synergy with other technologies
[42].

Among all renewable energies, hydropower is the source with the highest energy density
considering the required land, with solar being the second [43]. Both are highly variable and
dependant on location characteristics, for example topography for hydro and sun incidence
for solar.

A simple comparison between RED and hydropower in terms of energy density can be done
for the use of the potential of the Parana River in Brazil. There, one of the biggest
hydropower plants in the world is installed, named Itaipu. Due to the regularization of the
flow of the river caused by the construction of the dam, flows of 8,000 m3/s is achieved
more than 90% of the time [44]. This results in a production of more than 10,000 MW per
year, achieving an energy efficiency of 1.25 MW/m?3/s. In the same river, the potential
energy efficiency estimated for RED, already accounting for stratification and other losses,
is of 1.5 MW/m?3/s [45]. It is to be noted that the environmental impact caused by such a
large plant for RED is impossible to be estimated at the moment. However, RED would
potentially cause less environmental impact than Itaipu hydropower plant, as it would
preserve the flooded area that was required for the construction of the dam (>1,350 Km?).

On the prospects for 2050 from IEA, hydro and solar energies sources, together with wind
are going to take over the lead of energy production worldwide and overcome oil and coal
[46]. This scenario, with a strong share of renewables in the energy matrix, shows that RED
has the potential to become an important key stone for a stable renewable energy supply
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since it can stabilize electricity production in a system based on wind and solar and
potentially cause less environmental impact than hydropower [47].

The estimates of the potential energy that can be harvested with RED varied in many
previous studies, from 3 % to 74% of global electricity demand [45]. However, even
considering the lower estimation, the prospections for RED are still highly promising. It
represents a relatively clean energy source, which may be readily implemented due the
potential transfer of knowledge and personnel from Oil and Gas industry. In addition, the
increased demand in coastal areas aligned with the constructions of more dikes due to sea
level rise also support the further development and use of Blue Energy [48,49].

The main disadvantage of Blue energy remains the price per Kwh produced, when
compared with wind offshore for example [42]. That is mainly due to the high prices of the
ion exchange membranes. These high costs can be mitigated in the future, by increasing the
demand for these membranes. Additionally, other electrochemical process that use ion-
exchange membranes can also contribute to lower membrane prices. Other crucial aspects
were evaluated, such as ecological impact, synergy and potential available (in the
Netherlands) and RED still competes well with offshore wind. For estimation of the cost of
the technologies by 2050, RED reaches similar levels, even though this technology still faces
many uncertainties.

1.8 Aim of the research

The aim of this research is to understand how the different classes of foulants, often present
in the natural water sources used to feed RED stacks, can interact and affect the process of
harvesting energy from mixing fresh and sea water. Gaining knowledge on the behaviour of
foulants in RED stacks allowed us proposing enhanced strategies for fouling control (i.e.,
pre-treatment and cleaning procedures) and incorporating them in the process design. This
research was performed with natural water under real live conditions over longer periods
of time, making it a one of kind study.

1.9 Outline of this thesis

This thesis is divided into two main sections. The first one (chapters 2 and 3) evaluates the
impact of different foulants in RED, found in both fresh and sea water sources, and how
different types of pre-treatments influence the fouling layers formed on the IEMs surface.
In the second section, (chapters 4, 5 and 6), the process design parameters for RED are
studied in more detail. It covers the assessment on the effect of new configurations for pre-
treatment, cleaning strategies, and staging of stacks.

Chapter 2 investigates how foulants in the freshwater feed source are affected by two
different types of pre-treatments, namely dual media filtration and microfiltration. This
chapter focuses on how these foulants impact on the RED process performance.

14
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In Chapter 3, a similar approach as in Chapter 2 was applied to investigate specifically the
impact of the fouling from seawater feed on RED process. It also includes strategies on
reversing the fouling after long-term operation with a series of simple cleaning procedures.

Chapter 4 studies how different configurations of media and flow velocity affect the pre-
treatment with dual media filtration for RED process. Profiled membranes are used for the
first time in combination with a dual media filter.

Chapter 5 describes an advantageous staging configuration for RED, tested with natural
waters for the first time. The investigations zoomed-in on how staging of stacks affects the
formation of fouling layer, and again simple cleaning procedures are tested for their
efficiency.

In Chapter 6, simple cleaning procedures are tested and compared for their feasibility and
efficiency on long-term operation in RED. Special attention is given to how the different
cleaning strategies affect the main categories of foulants present in the fouling layer.

Finally, in Chapter 7, an outlook of how this thesis contributes to expanding the knowledge
for process design of RED is given.
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Fouling fractionation in reverse electrodialysis with

natural fresh water




Fouling from fresh water

Abstract:

Reverse electrodialysis (RED) is a process to harvest renewable energy from the salinity
gradient obtained by the controlled mixing of fresh and seawater. When using natural
waters, (bio)fouling is an inevitable process which has a negative impact on the obtained
power density. Specific characteristics of RED do not allow the direct transfer of knowledge
from previous fouling studies in other membranes process. More insight on how fouling is
impacting RED is needed to design effective pre-treatment solutions. In this study, fresh
water was fractionated based on particle size for 54 days, revealing the impact that specific
foulants have on the RED process. A combination of turbidity and particle size
measurements coupled with stack performance throughout the experiment showed that
particles with an average diameter of 10 um are responsible for a reduction in obtained
stack power density of around 25%. Visualization of extracellular microbial polymers by
confocal laser scanning microscopy confirmed that the role of biofouling only was of lesser
concern compared to the impact of these suspended particles. According to these results,
the removal of suspended particles >10 um using a dual media filter has shown to be a
simple and effective pre-treatment for fresh water in RED applications.

This chapter has been published as:

B. Vital, E.V. Torres, T. Sleutels, M.C. Gagliano, M. Saakes, H.V. Hamelers. Fouling fractionation in
reverse electrodialysis with natural feed waters demonstrates dual media rapid filtration as an
effective pre-treatment for fresh water, Desalination, 518 (2021) 115277.
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2.1 Introduction

In the last decades, Salinity Gradient Energy (SGE) — also called Blue Energy — has been
receiving substantial attention as an alternative renewable energy source. Reverse
electrodialysis (RED) is a technology that can harvest the potential of SGE in river estuaries
and turn it into electrical energy [1]. In RED a fresh and a saltwater stream are separated by
ion-exchange membranes, and the concentration difference between the two water
streams results in an electrochemical potential difference over the membranes[1-4]. This
potential difference can be harvested when the ions selectively move through ion-exchange
membranes, i.e., anions through anion exchange membrane (AEM) and cations through
cation exchange membranes (CEM). The ionic current can be converted into an electrical
current via redox reactions, and harvested if an external load is connected [1,5].

Since 1954, RED has been studied with model synthetic solutions with promising results
[6,7]. However, there is a lack of studies focussing on fouling issues when using natural
waters in RED systems [3,4]. Membrane fouling is a phenomenon resulting from the joint
action of foulants depositing on the membrane surface [8,9], lowering the power
generation [4,5]. Natural waters contain a variety of compounds that can cause fouling,
namely fine particles, colloids, microorganisms and (in)organic compounds [4,8]. One of
the main effects of fouling is an increase of pressure drop over a stack’s feed compartment,
resulting in a higher energy consumption to pump the feed waters through the stacks. This
increased energy consumption leads to a reduction of the overall net power density
produced by the RED process [2,5,10,11]. Fouling can also include the clogging of the inlets’
feed compartments, which affects flow distribution inside the stack and can reduce the
obtained power density [10]. Finally, fouling of the ion-exchange membranes can hinder ion
transport and thereby increases the internal resistance of the stack, reducing the power
density that can be harvested [2].

Substantial knowledge about fouling is available for pressure driven membranes
processes like e.g. ultrafiltration or reverse osmosis [12]. As RED is not a pressure driven
process, the mass transport phenomena are different and different fouling processes and
effects can be expected. Electrodialysis (ED) is a process that shares more similar
characteristics with RED and its fouling has been studied in more detail; however there are
still substantial differences in configuration between the two processes, such as larger
intermembrane distance, opposite current direction and higher current densities for ED
[13,14]. These differences do not allow for a direct transfer of fouling knowledge from ED
to RED applications. Furthermore, in RED two types of ion exchange membranes are in
contact with the two different water streams, resulting in four different combinations of
natural water and ion exchange membranes and therefore four different types of fouling
interactions need to be understood. Figure 2.1 outlines the possible fouling interactions of
membranes process including RED and highlights the complexity for describing and
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understanding the fouling in RED and the need to distinguish the different fouling
interactions.

ONE FEED WATER

Pressure driven | Electrodialysis
(MF, UF, RO) (ED)
One fouling Two fouling
ONE TYPE OF interaction interactions TWO TYPES OF
MEMBRANE MEMBRANE Froah
Pressure-retarded Reverse ..
- electrodialysis
osmosis (PRO) RED y = AEM + seawater
( ) |~ AEM + fresh water
Two fouling Fourfoulng "= ===hos . CEM + fresh water
interactions interactions Seawater CEM + seawater

TWO FEED WATERS

Figure 2.1. Possible fouling interactions on various membranes process based on the different types
of membranes and feed waters, and specification of possible fouling interactions on RED.

Overall RED performance is usually characterized using two types of measurements:
pressure drop over inlet and outlet of each water compartment and electrochemical
measurements derived from stack voltage and current. The first measurement gives an
indication of fouling from each specific water stream, as it is measured for every
compartment separately. The second measurement only gives an overall indication of the
electrical performance as it can only be measured for the full stack and therefore does not
allow separating the source of the fouling. For a full evaluation of the four possible
interactions of fouling, a membrane autopsy is needed.

Fouling in RED applications using natural waters depends on intricate physical and
chemical interactions between diverse compounds in the waters and the chemical groups
on membrane and spacer surfaces [8,9]. Previous studies have shown that the possible four
interactions can result in distinctive types of fouling. For example, the combination of
seawater and CEM can possibly lead to scaling, due to higher concentration of multivalent
ions in the seawater compartments that can precipitate on the membrane surface [2]. The
combination of fresh water and AEM is known for the incidence of organic and colloidal
fouling, since these compounds are present in relevant concentrations in fresh water and
are mostly negatively charged [2,9,15]. Clay particles are also negatively charged and thus
more prone to cause fouling in AEMs than in CEMs [2,3]. The four possible interactions in
RED should be studied separately to propose adequate measures for fouling control.

Feed water composition is a key factor determining fouling and therefore impacting the
power output of the RED process [16]. Previous studies on water composition and fouling
with synthetic solutions showed to which extend certain foulants would impact RED
performance, mostly investigating the effect of multivalent ions and model organic
compounds, such as humic acids (HA) and sodium dodecyl benzene sulfonate (SDBS)
[17,18]. These compounds caused fouling and uphill transport of ions, increasing
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membrane resistance and significantly impacting the obtained power density [4,17,18]. In
the work of Post et al. [19], the effect of biofouling and mitigation measures to prevent
biofouling were studied. They used sodium chloride and nutrient rich solutions inoculated
with natural waters as feed and results showed a steep increase of pressure drop, resulting
in a loss of performance, even after applying measures to mitigate biofouling.
Unfortunately, these findings can hardly be translated into the real world, as natural waters
entering the RED stacks are a mixture of potential foulants (ranging from soluble
compounds to particulate matter) that can interact in unpredictable ways. The main
foulants usually found in surface waters (both fresh and sea) are the following [8]:

®  Particulate matter: inorganic or organic suspended particles and aggregates
usually in the size range of micrometres that can block membrane surface. The
most common found in surface water are silt, clay, precipitated iron and aluminium
oxides and silicates, organics aggregates and cellular debris. Suspended particulate
matter size in fresh water bodies usually varies between 1-100um, with peak
concentrations around 30 um [20,21].

e Organic: dissolved components and colloids, such as humic and fulvic acids, or
extracellular polymers produced by algae or microorganisms, that can attach to
the membrane surface by sorption interactions. Colloids are usually classified in
the size range below 1 um until 0.001 um, and dissolved organic matter with
molecular weight (MW) of 300-100,000 Da. These compounds originate of residues
from decomposition of animal and plants and form a complex heterogeneous
mixture. Humic substances usually account for more than 50% of this fraction in
surface water, while proteins, amino acids and carbohydrates vary from 20-40%.

e Inorganic: mostly insoluble compounds, such as calcium carbonate (CaCOs),
calcium phosphate (Ca3(PO)4) and silica (SiO2) or as well cations Mg?*, Ca®*that can
precipitate on the membrane surface, usually due to pH change or by
concentrations exceeding their solubility.

e Micro-organisms and EPS (extracellular polymeric substances): mainly algae and
microorganisms that can adhere to membranes and grow on top of these in the
form of a biofilm. Biofilm is an aggregate of living and dead cells, embedded in EPS,
which are polymeric substances excreted by active microorganism or present in
aquatic systems in the form of mucus, slimes and lysis products [22]. EPS is rich in
polysaccharides and proteins, forming the larger fraction of biofilms (50-80% of
organic matter). In membrane processes, EPS from water can accumulate causing
fouling phenomena, because of their ability to bind water, molecules and ions and
thus alter the membrane functions.

Based on the above-mentioned classes of foulants found in natural waters, the goal of
this work was to fractionate these and associate each fraction with variations in the
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performance of the RED process. For this purpose, a pilot-scale dual media rapid filter was
used as pre-treatment for the influent natural water and then further fractionated with a
micro cartridge filter. A dual media filter is considered environmental friendly and low
energy-intensive, which are key characteristics for a pre-treatment on a RED system [23,24].
Analytical techniques were used to determine feed water quality and study the fractionated
foulants. Foulants on the membrane surface were studied using microscopic techniques in
membrane autopsies after the experiment was finished. The impact of the specific foulants
was linked to the RED stack performance. This combination of performance measurements
and water and membrane analysis aims to detect and understand and to possibly predict
fouling in its distinctive and interrelated dimensions.

To the best of our knowledge, this is the first study addressing foulants phenomena in
a RED process via natural foulants fractionation while a pilot scale dual media rapid filter is
used as pre-treatment for RED. This approach gives insights in which components, among
the whole spectrum found in feed waters, are the ones that affect the performance the
most and in which way. This study is a fundamental approach and provides a knowledge
base for designing future effective pre-treatments methods for RED processes.

2.2 Materials and methods

The experiment was performed in the Afsluitdijk Pilot Plant of REDstack BV (The
Netherlands). Seawater (SW) was supplied from the Wadden Sea (Breezanddijk, The
Netherlands) and fresh water (FW) from the lJsselmeer (The Netherlands) and the intake
points are shown in Figure S2.1.

2.2.1  Foulant fractionation setup

Feed waters pre-treatment: Figure 2.2 displays a schematic representation of the set-
up used in this study. Both fresh and seawater first went through a drum filter with a 20 um
pore size mesh, and then to a 30m?3 storage tank that was refilled continuously. After, the
feed water passes through a dual media rapid filter pre-treatment, ending in the setup
buffer tanks. Dual media rapid filters were composed of a 50 cm layer of anthracite (1.2 —
2.0 mm @) on top of a 50 cm layer of sand (0.5 — 1.0 mm @), placed into 11 cm @ PVC pipe.
Sand and anthracite were supplied by Filcom (SCR-Sibelco N.V., Belgium). The filters were
individually backwashed twice a week by flushing with compressed air and processed water,
for a minimum of 10 minutes or until no colour was seen in the effluent.

After the dual media filters, the two feed waters were further treated differently. The
treatment of seawater aimed to remove as many foulants as possible, so the fouling
incidences on the RED stack performances can only be associated to foulants coming from
fresh water.
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Figure 2.2. Schematic representation of the experimental set-up in the Afsluitdijk pilot REDStack
facility at Breezanddijk in the Netherlands. Fresh water passes a dual media rapid filter (stacks DM |
and II) and a micro-filtration unit (1 um) (stack Micro I and Il). Sampling points A represent the effluent
of the drum filters of the pilot plant, sampling points B the effluent of the dual media filtration, point
C the effluent of microfiltration and point D the effluent of ultrafiltration.

The freshwater pre-treatments aim to remove certain types of foulants in each
fractionation step, so the performance of each stack can be attributed to the remaining
foulants in their feed water. For this reason, stacks DM | and Il (after dual media filtration -
Fig. 2.2) received fresh water directly after the dual media rapid filter pre-treatment, while
Stacks Micro | and Il received fresh water after a step of micro-filtration with cut-off pore
size of 1 um (gradient cartridge filter DGD.2501.20, Pentair, The Netherlands). For seawater,
the stream feeding all the stacks was pre-treated with the same micro-filtration cartridge, a
granular activated carbon filter (GAC-10”, Pentair, The Netherlands) and finally an ultra-
filtration module of 0.02 um pore size (R-21 module, Pentair, The Netherlands). All stacks
received their feed waters after their pre-treatment by using adjustable peristaltic pumps
(Cole-Parmer, Masterflex L/S Digital drive, USA).

Feed waters were characterized at six different sampling points every 3 days (detailed
in section 2.2.2.). Three sampling points were established for each water stream (Fig. 2.2),
where points A represent the feed waters in the beginning of the process, points B represent
the waters treated after the dual media filter, point C represents the fresh water after
microfiltration, and point D2 represents seawater after full treatment (last treatment is
ultrafiltration). Point D2 was used as control for seawater that actually fed the stacks, but
due to its extensive treatment, the detection limit of equipment and methods used to detect
physicochemical characteristics was not reached, thus results are not shown. The
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experiment lasted for 54 days, and membrane autopsy was performed afterwards (detailed
in section 2.2.3).

Stack configuration: Four 10 cm x 10 cm REDstack X-flow stacks were built in the lab with
housing supplied by REDstack BV (Sneek, Netherlands). Stacks contained 10 cell pairs of flat
CEM and AEM of the Fuji BE series (non-commercial membranes, Fujifilm Manufacturing
Europe B.V., Netherlands), which membrane specifications are listed in Table 2.1.

Table 2.1. Membrane properties of cation and anion exchange membranes of Fujifilm BE series.

. Permselectivity Electrical resistance (0.5
Membrane Dry thickness [um]
(0.05 — 0.5M NacCl) M NaCl) [Q.cm2]
CEM BE 45 96 % 1.42
AEM BE 53 94 % 0.70

Within each stack, membranes were separated by 480 um woven netting spacers (PES
740/53, Saati S.p.A. Italy) and integrated silicon rubber (Deukum GmbH, Germany) acting
as a sealer. Stacks were operated at 0.5 cm/s flow velocity and pressure drop over the outlet
and inlet of the stacks was continuously measured by a pressure difference transmitter
(EJA110E, Yokogawa, Japan). The electrolyte solution was composed of 0.05 M KsFe(CN)s,
0.05 M KsFe(CN)s and 0.25 M NaCl (VWR, USA) dissolved in Milli-Q water. The electrolyte
compartments were shielded with an additional CEM and kept at an over pressure of 0.3
bar. At both sides of this membrane pile, titanium electrodes (mesh 1.7 m?/m?) with a
galvanic platinum coating of 2.5 pm and with an active area of 10 cm x 10 cm were used as
the anode and cathode (Magneto Special Anodes B.V., Netherlands). Temperature and
conductivity of the feed waters after the buffer tank were measured using a sensor and
recorded every 60 seconds using a data logger (GX10, Yokogawa, Japan).

Electrochemical measurements: Chronopotentiometric series were applied using a
potentiostat (lviumstat, Ivium Technologies, Netherlands) connected to a peripheral
differential amplifier to measure voltage and calculate the open circuit voltage, stack
resistance and gross power density, using the same well established method as described
in [2,9]. The chronopotentiometry series consisted of constant current density steps of 4
A/m?, 5 A/m?, 6 A/m?and 7 A/m? applied for 60 s each —to reach a constant voltage value
— which were separated by steps of 20 s with no current when the OCV was measured. The
rest of the time, the stacks were operated at constant current density of 5 A/m? to simulate
a RED process.
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2.2.2 Feed waters characterization

Feed waters were sampled at the sampling points (Fig. 2.2) and were subjected to
diverse physicochemical analysis:

lon concentration: relevant anion (CI, Br, S0s* and NOs’) and cation (Na*, Ca?*, K* and Mg?**)
concentrations were measured by ion chromatography (Metrohm Compact IC Flex 930,
Schiedam, Netherlands).

Organic carbon concentration was calculated by measuring total carbon (TC) and its
fractions of total organic carbon (TOC) and inorganic carbon (IC) via a total organic carbon
analyser (TOC-L, Shimadzu, Japan).

Concentration of particulate matter: total suspended solids (TSS) and volatile suspended
solids (VSS) were determined using a standard protocol [25].

Particle size distribution: analysis performed using a particle size analyser DIPA-2000
(Donner Technologies, Netherlands).

Turbidity: analysis performed using the turbidimeter 2100N IS (Hach, USA).

pH and conductivity: These parameters were monitored by using a calibrated bench top
multi-parameter quantifier (Mettler Toledo, USA).

2.2.3 Membrane autopsy

Autopsy of the membranes was performed at the end of the experiment by opening the
stacks and observation of samples was made using different microscopic approaches to
visualize existing fouling. The cell pairs located in the centre of the membrane pile were
sectioned in its central area for microscopic analyses (Fig. S 2.5), described next.

Optical microscopy and EPS staining

To visualize if extracellular polymeric substances (EPS) were causing biofouling, the cut
sections of each membrane were placed on a clean microscopy glass slide and stained with
crystal violet 0.1% solution (Crystal Violet / ammonium oxalate solution, Boom B.V.,
Netherlands). Crystal violet was applied to visualize the organics (protein and
carbohydrates) of EPS [26]. After 30 minutes of staining, samples were washed with Milli-Q
and then observed with phase contrast microscopy (Leica DM750, Leica, Switzerland) at 10,
20 and 40X magnification. Images were taken using the software LAS 4.12 (Leica,
Switzerland).
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Fluorescent staining and Confocal scanning laser microscopy (CSLM)

A further characterization of the EPS fraction of fouling layers was carried out by
applying fluorescent staining of proteins and carbohydrates. Sections of the membranes
were placed on a 6-well plate and first treated with calcofluor white (CW) (Sigma-Aldrich
Chemie B.V., Netherlands) for visualization of B-polysaccharides, and subsequently with
Sypro™ Red (Molecular Probes, Thermo Fisher Scientific, USA) for visualization of proteins.
Both staining’s procedures were carried out for 60 minutes in the dark and after membrane
sections were washed with PBS to remove excess dye. Finally, the membrane samples were
observed with Confocal Laser Scanning microscopy (CSLM) via a Zeiss LSM 880 (Zeiss,
Germany). Images were acquired through the software ZEN black (ZEISS, Germany).

Before the CLSM analysis, clean membrane supports were tested for fluorescence
emission with the staining. Due to the slight negative charge of the dyes used in this study,
they were interacting with the clean AEM membranes (Fig. S 2.6), making impossible to
apply this analysis on them.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

Sections of the membranes were placed on a 6-well plate and fixed in 2.5%
glutaraldehyde overnight at 42C. After, they were rinsed twice with Milli-Q and dehydrated
in graded ethanol solutions (30, 50, 70 and 90%) for 20 minutes each, and finally 99.6%
ethanol was applied twice for 30 minutes. The samples were dried for 30 minutes at 552C
before SEM analysis with a JEOL JSM-6480LV (JEOL, Japan) at an acceleration voltage of 6
kV and maghnifications up to 30,000X. Identification and quantification of relevant chemical
elements was carried out with energy dispersive X-ray detector (x-act SSD-EDX, Oxford
Instruments, UK) coupled with the SEM imaging. The images were processed using JEOL
SEM Control User Interface software (version 7.07).

2.3 Results and discussion

Fouling in the RED process using natural feed waters was studied by analysing the
fractionated feed waters, looking at stack performance and membrane autopsy after the
54-day experiment.

23.1 Fractionation of feed water and their characteristics

The fractionation of fresh feed water and the sampling points are shown in Fig. 2.2. Each
sample was characterized by its turbidity, Total Suspended Solids (TSS), average particles
size, ion composition, and total carbon, inorganic carbon, and total organic carbon (TOC)
and the results are presented in Tables 2.2 and 2.3.
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Table 2.2. Physicochemical characteristics of fresh (1) and sea (2) feed water samples from the
Afsluitdijk Pilot Plant. Sampling point A is the effluent of the drum filter and influent of the dual media
filter, sampling point B is the effluent of the dual media filter and influent of microfiltration, and
sampling point C is the effluent of microfiltration. * Values below detection range

Fresh water Seawater
Parameter Influent dual  Effluent dual Effluent Micro Influent dual Effluent dual
media Al media B1 filter C1 media A2 media B2
Turbidity (NTU) 12.2+5.5 6.8+3.6 2.5+0.6 22.1+13.2 5.0%3.1
TSS (mg/L) 349+21.3 146+4.4 & 78.4+19.3 31.3+8.6
Average particle size 18.2+4.5 104+2.4 * 21.9+5.0 6.4+25

(um)

Table 2.3. Chemical characteristics of fractionation of fresh (1) and sea (2) water from the Afsluitdijk
Pilot Plant. Sampling point A is the effluent of the drum filter and influent of the dual media filter,
sampling point B is the effluent of the dual media filters and influent of microfiltration, and sampling
point C is the effluent of microfiltration.

Fresh water Seawater
Parameter
(mg/L) Influent dual Effluent dual Effluent Micro Influent dual Effluent dual
media Al media B1 filter C1 media A2 media B2

Sodium 86.0+8.1 100.8 +9.3 119.3+18.9 6,534 + 332 6,485 + 352
Calcium 448 +3.4 46.3+3.0 43.4+4.9 271.7+11.1 273.6+14.1
Magnesium 14.2+0.7 16.0+1.1 22.1+13.3 779.3+38.8 777.3+42.4
Potassium 6.4+0.4 7.0+0.4 14.1+10.8 241.2+32.3 234.5 +28.0
Chloride 146.5 +13.7 172.8 +16.5 187.5+40.0 11,826 + 604 11,768 + 622
Sulphate 63.2+3.4 67.9+3.6 57.8+8.9 1,695+ 78 1,685 + 85
Total Carbon (TC) 31.1+0.9 32.1+0.9 30.2+0.8 38.6+4.0 39.2+6.4
Inorganic carbon 21.5+3.0 235+1.0 22.5+1.0 27.5+4.2 27.1+4.0
(1c)
Total Organic 7.7+0.6 7.9+0.7 7.7+0.5 8.4+3.2 7.8+3.7

Carbon (TOC)

Turbidity, TSS and particle size, (Table 2.2) all show a reduction of suspended solids after
each fractionation step for both fresh and seawater. From the turbidity values and average
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particle size, it is clear that dual media rapid filtration removes bigger particles (up to
approximately 10 um in fresh water and up to 6 um in seawater) and microfiltration
removes smaller suspended particles between 10 um and 1 um in diameter, as expected
and based on the potential of removal of the selected filters. The dual media filter allows
for a more constant number of suspended particles in the effluent when compared to the
drum filter, as seen in lower standard deviation in the measurement related to the dual
media filter (Table 2.2).

Over the 54 days of experiment, among the 15 samples of fresh water taken after the
dual media filter, just two of them had a turbidity exceeding 10 NTU. This shows that dual
media rapid filter treatment is a reliable method even considering natural variations in
water turbidity. For comparison, a pressurized full-scale sand/dual media rapid filter with
coagulation pre-treatment can deliver an effluent with turbidity lower than 1 NTU [23]. This
shows that it is possible to achieve even better results with an automated full-scale filter in
the future. Reduction in turbidity after microfiltration is also relevant, as most values are
below 3 NTU, with only two samples being around 5 NTU. These turbidity values support
that the suspended particles are removed in the fractionation steps.

Also, for seawater, dual media filtration shows promising results as pre-treatment,
reaching an average effluent quality of 5 NTU with turbidity removal of 71%).

The two consecutive fractionation steps applied on the freshwater stream did not
remove ions and organic/inorganic carbon, as shown by similar values for ions (sodium,
calcium, magnesium, potassium, chloride, and sulphate) and TC, IC, and TOC (Table 2.3).
Notably, both dual media and microfiltration were not able to remove the organic carbon
from the influent water, which can be related to the subsequent bio- and organic fouling of
the membranes.

2.3.2  Stack performance is mostly impacted by suspended particles

Stack performance is evaluated by pressure drop over the inlet and outlet of feed waters
in the stack, internal stack resistance and gross power density obtained from the process.
These measurements allow the assessment of eventual fouling and enable comparison with
previous studies.

Pressure drop

The pressure drop between inlet and outlet of fresh water during the 54 days of
experiment is presented in Figure 2.3. An increase in pressure drop was observed
approximately one month after the start of the experiment. By the end of the experiment
(day 54), a clear difference in pressure drop can be seen for the stacks after the dual media
filter (80 mbar) when compared to the stacks after microfiltration (20 mbar) (Fig.2.3). This
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shows that the microfiltration pre-treatment can lead to a lower build-up of fouling in long
term operation. This comes with the expense of additional treatment procedure.

As all chemical parameters do not significantly change in the fractionation steps (Table
2.3), the differences in stack performance can relate to the fouling due to particles with
average diameter of 10 um or lower, which are passing through the dual media rapid filter.
Therefore, the highest impact on performance is caused by suspended particles. This is also
the case for other parameters that determine the stack performance (internal resistance
and gross power density) presented in the next section. Even though the rapid filter reduces
fouling significantly when compared to the 20 um mesh drum filters, the dual media filter
effluent still contains a relevant amount of foulants, which still impacts the performance in
the long term.
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Figure 2.3. Pressure drop measurements for freshwater flow through stacks after dual media filtration
(in black) and microfiltration (in blue). Duplicate measurements are shown as markers and the trend

of the average of the two measurements are represented as lines.

The values of pressure drop in stacks DM | and II, without applying any cleaning strategy,
are very low when compared to other pre-treatment methods used before. For example,
Vermaas et al. 2013 reached around 1.5 bar with fresh water after 25 days of operation
when using only a drum filter of 20 um mesh as pre-treatment and stacks with
intermembrane distance of 240 um. Moreno et al. (2017), using the same pre-treatment,
reported a total pressure drop increase, accounting for both fresh and sea water, of around
900 mbar and the stack had to be stopped after 45 days of operations, due to this high
pressure drop. In the present study the contribution of seawater to the pressure drop is low
(<10 mbar), since this stream is fully treated, resulting in a total pressure drop of 90 mbar
(considering fresh and seawater streams).

Internal stack resistance and gross power density
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The initial and final internal stack resistance and gross power density for the two
fractionation steps of fresh water are presented in Figure 2.4 and the extended data over
time is presented in Figure S 2.3. This stack resistance was corrected for the resistance
associated with the conductivities of waters and therefore only represents the resistance of
the membranes and associated fouling in the stack.

The internal resistance of all stacks in the beginning of the experiment was comparable,
around 8 Q (Fig. 2.4). By the end of the experiment, the stacks after the dual media filtration
step reached an average of 10.8 Q, an increase of about one third of the initial value. For
the stacks after the microfiltration step, the average resistance was 9.3 Q, representing an
increase of around 15% of the initial value. This increase in resistance can be attributed to
fouling of the spacers and membranes, as other conditions were unchanged. The increase
in resistance of the stack after the microfiltration is around half of the increase of stacks
receiving fresh water pre-treated with dual media filtration, and according to water samples
and membrane autopsy the fouling in those stacks is mostly from organic soluble colloids
and EPS. Thus, these compounds influence the performance of the stacks to a lower extent
than particulate matter.
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Figure 2.4. Internal resistance of the stacks and gross power density at the initial and final stage of the
experiment after dual media and micro fractionation step. Duplicate measurements are shown as dots
and the average of the two measurements is represented as bars.

The gross power density and the internal resistance are inversely related, thus an
increase of internal resistance corresponds to a decrease in gross power density, [5]. In the
initial stage of the experiment, the power density of the stacks fed with dual media filtered
and micro filtered freshwater was comparable (0.20 — 0.21 W/m?). The exception was one
of the stacks after dual media filter fractionation (stack DM Il), which after the first day of
the experiment had a lower OCV (resulting in 0.16 W/m? after applying a load), probably
due to an internal leakage. During the experiment, performance stabilized with a slightly
lower value of OCV and gross power density than the other stacks (DM I, Micro | and Il).
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As observed in the previous sections, stacks DM | and Il suffered a higher impact in
performance due to fouling compared to the ones after microfiltration. This translated in a
reduction of 25% of gross power density in these stacks, while only a small reduction of 3%
was registered after the microfiltration step. Of course, this comes with the investment of
an additional treatment.

Still, the performance of the stacks receiving the water treated with dual media filtration
is promising. The increase in resistance (~35%) is lower compared to previous studies. For
example, Vermaas et. al. 2013 reported an increase in resistance of 70% in 25 days when
using a drum filter as pre-treatment and stacks with spacers (240 um), while stacks with
profiled membranes showed an increase of 40% in 25 days. The power density in the same
study varied between 0.05 and 0.14 W/m?, with the best results for stacks with profiled
membranes. Moreno et. al. (2017) compared cleaning strategies for fouling removal and
performance recovery and the best results were achieved with flushing CO», which reached
a power density of 0.17 W/m? after 55 days of operations.

When dual media filtration is applied as pre-treatment, a similar performance (power
density of 0.16 W/m?) could be achieved as with profiled membranes or cleaning with CO».
This shows the robustness of this pre-treatment and the potential it has to put Blue Energy
in a better competing position with other sustainable energy sources.

2.3.3 Membrane autopsy reveals particulate fouling after dual media filtration and
biofouling after microfiltration

At the end of the experiment (day 54) membrane samples were taken from the stacks
and were prepared for visual analyses, and representative pictures are shown in Figure 2.5.
AEMs were covered by a brown coloured layer (Fig. 2.5 B and D), which was not observed
for the CEMs (Fig. 2.5 C and E) and can be attributed to the presence of humic acids. The
negative charge of humic acids favours its attachment to AEMs which are positively charged,
as reported before [2,3].

Particulate fouling was observed on both membrane types on stacks DM | and Il (Fig. 2.5
B and D) but not after the microfiltration step (Fig. 2.5 C and E). The same can be seen for
the spacers, where more particulate fouling accumulated after dual media filtration than
after microfiltration (Fig. S 2.7).
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Figure 2.5. Visual analysis of membranes (B to E) in contact with fresh water after 54 days experiment.
For comparison, a clean membrane is shown (A), with no visual distinction between a clean AEM and
CEM.

To identify organic components in the fouling layers, first crystal violet was used as a
fast method to stain the EPS present on the membrane (Fig. S 2.8). Floccular EPS
accumulated in some spots on the AEM and CEM of stacks DM | and Il (Fig. S 2.8 A and B)
and Micro | and Il (Fig. S 2.8 C and D). This EPS could have originated either from
accumulation from the feed waters, where it can be present as excretion or mucus or from
microbial secretion, after cells attachment and growth on the membranes [22]. The amount
and morphology of EPS fouling looked similar for both the membranes after the two
different treatments (Fig. S 2.8), as expected since organic polymers and cells were present
in the feed water even after 1 um filtration. EPS presence was further evaluated by the
application of two fluorescent dyes targeting EPS main components, namely proteins (with
SyproRed, in red) and polysaccharides (with CW, in blue). These dyes were applied on CEM
membrane sections, and stained sections were analysed using confocal microscopy (Fig
2.6).

CLSM images of CEM membranes showed the presence of EPS after both fractionation
steps although with a different structural pattern (Fig. 2.6 A to D). After the dual media
filtration step, most of the EPS and cell structures detected were rich in proteins (red signal,
Fig. 2.6 A and B). The most common pattern detected were coccoid cells clustered to form
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aggregates near the membrane support fibres (Fig. 2.6 A and B). Majority of the detected
cells were positive to SyproRed, while polysaccharides were rarely detected, and always in
combination with proteins (purple signal, Fig. 2.6 B) mostly surrounding biological
structures resembling nematodes and fungi (Fig. 2.6 Band S 2.9 A). On the other hand, EPS
in stacks Micro | and Il seems to be connected with the formation of a lattice rich in
polysaccharides (Fig. 2.6 C and D, purple signal) with a linear pattern, which was not
observed on the membranes of stacks DM. The presence of a polysaccharides lattice,
forming a network of linear junctions, could be related to the attachment and growth of
different sort of cells [27] in comparison to the ones observed in stacks DM | and Il (Fig. 2.6
A and B). Since it was not possible to analyse AEM membranes via CLSM, these were
analysed via SEM, and similarities could be observed with the respective CEM counterpart.
Indeed, AEMs from DM stacks presented EPS/biofouling as little coccoid cells (Fig. 2.6 E),
and EPS aggregates. (Fig. 2.6 F). This EPS aggregates often contained diatomic reminiscent
and other particles (Fig. S 2.9 B). Interestingly, a likely polysaccharides lattice pattern was
visualized also in AEM after microfiltration (Fig. 2.6 G) together with grouped cells (Fig. 2.6
H).
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Figure 2.6. Microscopic images of the biofouling developed on CEM and AEM analysed via CLSM and
SEM, respectively. From A to D, CLSM dataset showing the combination of SyproRed (proteins, in red),
and Calcofluor White (polysaccharides, blue). Purple indicates co-localization of the two staining
signals, while white arrows indicate details. Stacks DM showed aggregate cells with a proteic outer
layer adhering on the CEM membranes (A, B). In stacks Micro, biofouling was visualized as a lattice
rich in polysaccharides, surrounding (C) and in within the membrane fibres, together with cells (D).
From E to H, SEM images of AEM after fixation and dehydration. Yellow arrows indicate details. In
stacks DM, cells (E) and EPS aggregates (F) were visualized. In stacks Micro, a lattice of EPS (G) and
many cells (H) were present. Scale bar is 10 um.

Combined CLSM and SEM results thus, unlike crystal violet staining (Fig. S 2.8), highlighted
a different shape of fouling after dual media and microfiltration treatments (Fig. 2.6).
Different kind of cells were attaching and growing on top of CEM and AEM after the two
pre-treatment steps, likely the result of a selection of certain types of microorganisms by
the microfiltration step [28]. It is possible that the microorganisms that are able to pass the
microfiltration step find less competition and more space to grow on the available
membrane surface [29]. Another reason why we do not observe the same pattern observed
in Micro stacks as in DM stacks could be related to the presence of particulate fouling (as
clearly observed in Fig. 2.5) on the membrane surface. The adhesion of particles to the
membrane surface form a sort of protective layer to bacterial adhesion, since it creates a
less ideal surface for microbial growth [30]. Most probably the difference in EPS and
biofouling is a combination of these two factors.

The water analysis presented in section 2.3.2 showed that there were no consistent
differences in TOC levels in the feed waters entering the stacks and after the different
fractionation steps. However, the results from the membrane autopsy and microscopic
analysis showed that there were substantial differences in the structure of biofouling due
to the fractionation process and therefore fractionation can have an impact on fouling
characteristics, in turn affecting stack performance.

Although there is this indication of a microbial/EPS fouling on the membrane surface
after the microfiltration step, process performance in terms of pressure drop, internal
resistance and gross power density, indicates that the impact in the RED process is small in
comparison to particulate fouling. Future studies with an even longer duration to allow
more development of biofouling might unravel in detail the effective role of such foulants
on RED performance.

2.4 Conclusions and implications

The fractionation of foulants from natural waters leads to a better understanding how
each type of foulant can affect the RED process. Suspended particles with average diameter
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of 10 um are responsible for a reduction in stack performance of around 25% in gross power
density after operation of 54 days without cleaning measures.

Membrane autopsy of the stacks shows the presence of a polysaccharidic lattice of EPS
formed after microfiltration treatment with potential development of more complex
biofouling on the membrane surface. However, their impact in performance as a foulant is
of lesser concern than the suspended particles found after the dual media rapid filtration
step.

More studies are needed to investigate the effect of specific foulants on RED
performance, such as studying a fractionation step for removal of organics and testing
fractionation of seawater, to understand if the similar dynamics apply to this type of water.

It was shown that the use of a dual media filter is a simple yet effective pre-treatment
method for RED applications, considering freshwater feed, when compared to the use of a
20 um drum filter. The possibility of backwashing this type of filter with only air and water
is an ecological acceptable cleaning tool for blue energy since no aggressive chemical
cleaning agents are needed. Also, the media material (sand and anthracite) are durable
materials that do not need to be replaced often.
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Supporting Information
Feed waters

Figure S 2.1 shows the intake points of the feed waters, in the Wadden sea and IJsselmeer
lake. The pilot plant is located at Breezanddijk area in the Afsluitdijk in the Netherlands.

Figure S 2.2 shows the daily average of water temperature of the two waters used in the
experiment.
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Figure S 2.1. Digital satellite photo of the pilot plant in the Afsluitdijk, the Netherlands. Intake points
of seawater and fresh water are marked in the picture [31].
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Figure S 2.2. Daily average water temperature measurements for fresh and seawater during the time
of experiment

Internal resistance and gross power density data of stacks

Figure S 2.3. shows the extended data of internal resistance and gross power density of the
four stacks operated in the experiment. The fluctuation of the data can be partially
attributed to the natural conditions, such as waters temperature and conductivity, and to
stagnant bubbles and issues with flow distributions in the stacks. On day 35 an intervention
was made to prevent the issues with bubbles in the setup and even though stacks were kept
running no measurements were made. After the intervention the behaviour of stacks is
more stable and a clear distinction on performance can be seen when comparing stacks
receiving the water after treatment with dual media filtration and microfiltration.

Figure S 2.4 shows -V curve of the four stacks on the initial and final stage of operation.
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Figure S 2.3. (A) Internal resistance and (B) gross power density of the four stacks over the time of
operation. Points are daily average of measurements.
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Figure S 2.4. I-V curves of start (A) and end (B) of the experiment of the four stacks. Lines were added
to guide the eye. These are examples of I-V curves, representing one single measurement, while
internal resistance and gross power density reported before were calculated with the daily average
of at least 10 measurements.

Membrane autopsy

Figure S 2.5 shows how the membranes were sectioned for the membrane autopsy. Figure
S 2.6 shows how a clean AEM membrane reacted with the stains used in the autopsy,
emitting signal, and not allowing its use for identification of foulants in the membrane
surface. Figure S 2.7 presents a comparison of fouled spacers from the stacks fed with dual
media filter or with microfiltration, both spacers were from freshwater compartments.
Finally, figures S 2.8 and S 2.9 present additional images from the membrane autopsy,
highlighting the identified structures and patterns.
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Figure S 2.5 Scheme showing how membranes were sectioned for membrane autopsy. Membranes
from the centre of the membrane pile, which consisted of 10 cell pairs, were chosen, and cut in a
central area for representative pieces for microscopy analysis.
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Figure S 2.6 Clean AEM membrane stained with SyproRed and Calcofluor white (CW). Purple colour
correspond to the signal from both dyes (red and blue).
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e

Figure S 2.7 Visual analysis of spacers after dual media filtration (A) and microfiltration (B) treatments,

in contact with fresh water after 54 days experiment.
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Figure S 2.8 Optical microscopy pictures of CEM (A, C) and AEM (B, D) after dual media and
microfiltration, stained with crystal violet, to detect extracellular polymeric substance (EPS). No clear
difference in EPS fouling was observed on the membrane surface after the different fractionation
steps. Scale bars represent 50 um.
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Figure S 2.9 - Microscopy images of the biofouling developed on CEM (A) and AEM (B) after dual media
rapid filtration analysed via CLSM and SEM, respectively. The CLSM image is showing the combination
of SyproRed (proteins, red), and Calcofluor White (polysaccharides, blue). Purple indicates co-
localization of the two staining signals. On the CEM, different kind of protein-rich, EPS aggregate were
visible (in red), and bigger structures, likely fungi (A). On the AEM, with SEM it was possible to visualize
several diatoms reminiscent (B).
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Reverse Electrodialysis with natural feed waters

Abstract:

Reverse Electrodialysis (RED) has shown to be a promising technology for electricity
production, but membrane fouling can influence the energy vyield, thus, it is crucial to gain
knowledge on the impact and prevention of fouling. We used a sequence of pre-treatments
(dual media filter, microfilter and activated carbon filter) to fractionate foulants in seawater
based on size and investigated its effect on RED. Fouling reversibility was studied by
applying a cleaning procedure with reversal and increased flow and air sparging at the end
of the experiment. After 63 days of operation, when using only the dual media filter as pre-
treatment, the pressure drop increased by 520 mbar in the seawater compartments without
affecting the electrochemical measurements. The application of the cleaning procedure
allowed to recover 90% of the pumping power losses. A membrane autopsy showed the
development of a biofilm layer on the membrane of the stacks receiving the most treated
water while it was not detected when only the dual media filter was used, which showed
that the presence of particulate matter could help limit biofouling development. Together
with the performance recovery, we concluded that the application of the dual media
filtration system is a suitable and cost-effective pre-treatment for RED.

This chapter has been published as:

B. Vital, T. Sleutels, M.C. Gagliano, H.V.M. Hamelers. Reversible fouling by particulate matter from
natural seawater reduces RED performance while limiting biofouling. Desalination, 548 (2023)
p.116262
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3.1 Introduction

Blue Energy, also known as Salinity Gradient Energy (SGE), is a promising renewable source
to complement the renewable energy matrix. Reverse electrodialysis (RED) is one of the
technologies that can be used to harvest the salinity gradient that naturally occurs when
fresh water reaches the sea [1,2]. RED makes use of a low and high salinity stream separated
by ion-exchange membranes, namely anion exchange membrane (AEM) and cation
exchange membranes (CEM), which are alternatingly stacked, creating an electrochemical
potential difference [2,3]. This series of alternated membranes allows anions to be directed
to the cathode and cations to the anode of a cell or stack, where electrodes are located and
electrical energy can be harvested through redox reactions [2].

One of the main challenges to make this technology viable is the prevention of fouling of
spacers and membranes, as fouling leads to reduction of the available power density and
possibly a lower life-span of membranes [4,5]. Most common foulants found in seawater
are particulates, colloids, organic and inorganic foulants, and microorganisms. Particulates
and colloids can be distinguished based on their size, with the first considered solids with
dimension > 1um and the latter solids and dissolved compounds that are smaller than 1 um,
and both can have an organic and inorganic fraction [6,7]. Microorganisms can adhere and
grow on the membrane and spacers surface and excrete an extracellular polymeric
substances (EPS) matrix, forming a biofilm, which is known as biofouling [6].

When using natural waters, RED is subject to feed waters containing a variety of foulants
that interact in unpredictable ways. Research in RED with natural waters is still new and the
effect of foulants from each water stream is not fully understood [5]. Vital and colleagues
[8] showed how RED has four possible different interactions of foulants from water streams
and types of membrane, highlighting the importance to study them separately and
understand the effect of each of these combinations in the overall performance. A foulant
fractionation study in RED for fresh water was performed, where results showed that
particulate fouling was the main cause for a decrease in performance over long-term
operation.

Fouling is considered irreversible or permanent when even with the use of extensive
cleaning techniques it cannot be removed from the membranes [5,9]. Irreversible fouling
layers are mostly caused by natural organic matter (NOM) depositing or biofilms forming
on the membrane surface, and this depends mostly by the physiochemical characteristics
and interactions of the soluble organic compounds and membrane charged groups [9-11].

Cleaning procedures to remove fouling can vary greatly, from simple techniques such as
backwashing as to more aggressive cleaning, such as chemical treatment with basic and
acidic solutions [12]. The utilization of mechanical cleaning by changing the operational
parameters (flow direction, velocity, etc.), can be seen as a sustainable and good
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operational practice in contrast to the addition of chemicals as cleaning agent. Chemical
cleaning has been used as the preferred method to restore performance of ion-exchange
membrane processes in previous studies, even though the addition of a cleaning agent can
lead to production of toxic by-products/waste and damage the membranes structure [12].
To keep RED sustainable and membrane lifespan as long as possible, an environmentally
friendly procedure without the use of chemicals and with low energy consumption is
required [12—-14]. Some procedures that have been studied before include alternating
seawater and fresh water compartments to create an osmotic shock [15,16], reversing inlet
and outlet to push out accumulated foulants in the inlet [15], and more widely used
membrane cleaning procedures, such as chemical cleaning with acid and base, air sparging
and two-phase cleaning with CO;[12,14,16]. Combinations of these techniques have not
been tested for use in RED so far.

The reversibility of fouling in RED has previously been studied using natural waters, with
application of different cleaning techniques. Vermaas et al. (2014) [16] studied the
performance of RED stacks fed with natural waters when applying two anti-fouling
strategies: periodic switching of feed waters compartment to create an osmotic shock and
periodic air sparging, to disturb flow channels with pressurized air. When compared to a
control stack that was not subjected to any cleaning procedure, both techniques were
beneficial to delay fouling impact and recover stack performance, by reversing fouling
partially. Periodic air sparging presented superior performance, but at the cost of being a
more energy intensive process. Moreno and colleagues [14] extended the work of Vermaas
and compared the use of short pulses (2 s and 6 s) of air and CO2, which consumed less
energy than the air sparging previously studied. The use of short pulses of CO:
demonstrated to be more beneficial to recover stack performance, since when using only
air, stagnant bubbles were trapped in the spacer’s mesh, while CO; could dissolve better in
the feed water and not cause this issue [14].

The goal of the present study was to fractionate seawater foulants and associate each
fraction with variations in the performance of the RED process. The fractionation was
performed by using different types of filters (dual media filter, microfilter and activated
carbon filter) that focused on removing the most relevant foulants found in seawater in a
series of treatments. In addition, the reversibility of fouling after 2 months of operation was
assessed by performing simple and environmentally friendly cleaning strategies. Finally,
membrane autopsies gave insight on the type of fouling forming and persisting with and
without cleaning from each feed water and membrane combination. All results combined
allow for an evaluation of preferred pre-treatment and cleaning strategy and set the base
knowledge for further developments in this field.
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3.2 Materials and Methods
3.2.1 Foulant fractionation setup

Figure 3.1 displays a schematic representation of the set-up used in this study, which was
built in the Pilot Plant installation of REDstack B.V. in the Afsluitdijk (the Netherlands).
Untreated feed waters first went through a drum filter and then a rapid dual media filter,
consisting of two distinct layers: first, an anthracite buffer for bigger particles followed by a
sand layer (0.5 mm — 1.0 mm). After this treatment, the feed waters were stored in 30 m3
tanks, which were continuously refilled to keep waters representative and avoid particles
settlement.

--- Drum filter

r-Micro-fiItration (1 um) . Activated carbon

o

Stack Stack Stack Stack Stack Stack
DM I DM Il Micro Il || Micro | ACI ACIl

Rapid dual
media filter

Ultra-filtration (0.02 pm)
Activated carbon
Micro-filtration (1 pm)

Figure 3.1. Schematic representation of the experimental set-up used in this study for the foulant-
fractionation experiment of seawater. Stacks DM | and Il received seawater after pre-treatment with
a rapid dual media filter, for stacks Micro | and Il this water is further treated with a micro filter and
for stacks AC | and Il seawater is further treated with an activated carbon filter. For fresh water all
stacks received the water with same pre-treatment, with a final ultra-filtration to avoid fouling as
much as possible.

The first two stacks (DM | and Il) received the seawater treated only by the dual media filter,
while the water fed to the two next stacks (Micro | and II) went through an additional
microfiltration step (DGD - 2501.20, Pentair, The Netherlands) with 1 um pore size (Fig. 3.1).
Finally, the seawater fed to the last two stacks (AC | and II) went through a third step of
treatment, which was done with an activated carbon cartridge filter (NCP-20BB, Pentair, the
Netherlands). The three pre-treatment steps had the objective to make a fractionation of
the foulants in the fed seawater, and each pair of stacks represented duplicates of feed
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water conditions. The fresh water was treated equally for all the 6 stacks, receiving the
strictest pre-treatment available for this experiment. This aimed at reducing fouling as much
as possible on the river water compartments so that the findings could be attributed to
seawater fouling effects only. Thus, fresh water passed through all the above-mentioned
pre-treatments and additionally through an ultra-filtration module of 0.02 um pore size (R-
21 module, Pentair, The Netherlands). All feed waters were pumped through the stacks
using adjustable peristaltic pumps (Cole-Parmer, Masterflex L/S Digital drive, USA).

The experiment lasted for 63 days, and performance of stacks was monitored in terms of
pressure drop and electrical parameters, as described in the following paragraphs.

Stack configuration

Six 100 mm x 100 mm REDstack X-flow stacks were built with housing supplied by REDstack
B.V. (Sneek, The Netherlands). Stacks contained 10 cell pairs (0.2 m? membrane area) of flat
CEM and AEM of the Fuji Type 10 membranes (Fujifiim Manufacturing Europe B.V., The
Netherlands) and membrane characteristics can be found in [17]. The membranes were
separated by 480 um woven netting spacers (Saati PES 740/53 S.p.A., Italy) to allow for long
term operation of stacks and with integrated silicon rubber (DEUKUM GmbH, Germany)
acting as a sealer, with stacks operating at 0.5 cm/s flow velocity. Pressure drop over the
outlet and inlet of the stacks was continuously measured by a pressure difference
transmitter (EJA110E, Yokogawa, Japan). The electrolyte solution was composed of 0.05 M
KsFe(CN)s, 0.05 M KsFe(CN)s and 0.25 M NaCl (VWR, USA). The electrolyte compartments
were shielded with an additional CEM and kept at an overpressure of 0.3 bar. At both sides
of this membrane pile, titanium electrodes (mesh 1.7 m?/m?) with a galvanic platinum
coating of 2.5 pm and with an active area of 10 cm x 10 cm were used as the anode and
cathode (Magneto Special Anodes B.V., The Netherlands). Temperature and conductivity of
the feed waters after the buffer tank were measured using a sensor and recorded every 60
seconds using a data logger (GX10, Yokogawa, Japan).

Electrochemical measurements

Chronopotentiometric series were applied to the stacks using a potentiostat (lviumstat,
Ivium Technologies, The Netherlands) connected to a peripheral differential amplifier to
measure voltage, including open circuit voltage (OCV) and calculate the stack internal
resistance and gross power density [4,18]. The chronopotentiometry series consisted of
constant current density steps of 4 A/m?, 5.5 A/m?, 7 A/m?, 8.5 A/m? and 10 A/m? applied
for 60 s each — to reach a constant voltage value — which were separated by steps of 60 s
with no current [19,20]. The rest of the time, the stacks were operated at constant current
density of 5 A/m? to simulate a RED process. The net power density was calculated using
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the same method as in [14], accounting for the pumping power losses due to the increasing
pressure drop caused by fouling.

3.2.2  Reversible fouling assessment with cleaning

A cleaning procedure was performed in stacks DM | and AC | one day before stopping the
experiment, to assess if the fouling accumulated during 62 days of the experiment was
reversible. By day 62, the stacks Micro | and Il were not comparable in performance, so it
was decided not to clean either of them, to avoid compromising the membrane autopsy
and to compare the difference in fouling. Thus, the cleaning procedure was performed only
in stack DM | and AC |, and stacks DM Il and AC Il were kept as reference for the fouling
accumulated during the whole experiment.

The cleaning procedure consisted of three steps. The first step was flow reversal, done by
switching the inlet with the outlet of the stack, based on the fact that fouling starts to
accumulate in the entrance of the stack [14], and by switching the inlet with the outlet, part
of the foulants can be pushed out of the stack. The next step was triplicating the original
flow of the feed waters (maintaining the configuration from step 1), by enhancing the flow
velocity part of the loosely deposited foulants were pushed out of the stack. The
combination of flow reversal and increase can be seen as a backwashing procedure for RED.
The final step was performing an air sparging, with a short, controlled introduction of
pressurized air along with the feed water to disturb the fouling layer and flush foulants
away. The air sparging was done twice for each stack with a regime of introducing air 3x for
2 sec at 2 bar, following the best results achieved with this approach in [14].

The outlet water after each cleaning step was collected and analysed with the procedure
described in 3.2.3. Analysis of the effluent water from cleaning gave insight into which type
of foulants could be removed in each step. All stacks were kept running for at least one
more day before their removal for the membrane autopsy, to stabilize and allow for proper
measurements before the autopsies were performed.

3.2.3 Feed waters analyses and membrane autopsy

Feed waters for each stack and inlet untreated waters were characterized at 7 different
sampling points twice a week by various methods already described in [8]. In summary, the
characterization was carried out for concentration of ions, inf/organic carbon, suspended
solids concentration, particle size distribution (PSD) and turbidity, pH, and conductivity.

After removing the stacks from the experimental setup, membrane autopsy was carried out
in all stacks. Camera pictures were taken from cell pairs located in the centre of the
membrane pile to visualize fouling appearance by naked eye. Membrane pieces were cut
from an inlet central of the membrane in duplicate for observation under optical
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microscope and scanning electron microscopy (SEM) together with energy-dispersive X-ray
spectroscopy (SEM-EDX) as described in [8]. For optical microscopy, the membrane pieces
were stained with crystal violet 0.1% solution (Crystal Violet/ammonium oxalate solution,
Boom B.V., Netherlands) and Alcian Blue 8 GX 0.1% solution (Sigma Aldrich, the
Netherlands) for visualization of organic fraction and the acidic polysaccharides within the
EPS biofilm matrix, respectively [21,22]. For SEM-EDX, membrane samples were fixed with
2.5% glutaraldehyde solution and dried with ethanol in steps of increasing concentration

[8].

To study particulate fouling in more detail, membrane pieces of 5x5 cm were cut and placed
in 30 ml of 60 g/L NaCl brine to extract as much foulants as possible from the membrane
surface to a draw solution. The samples were placed for 15 min on a shaker, followed by 30
min on the ultrasonic bath and lastly for 15 min on the shaker again. With the particulate
matter in the brine solution, particle size analysis could be carried out with the same
procedure used on the feed water analysis, described earlier in this section.

3.3 Results and discussion

Aiming at building a complete picture of fouling types and its effects, the fractions of
foulants from seawater on RED stacks were studied in three different aspects: 1) evaluating
stack performance, 2) the reversibility of foulants by subjecting the stacks to a cleaning
procedure and 3) the detailed analysis of fouling by membrane autopsy.

3.3.1 Stack performance is mostly impacted by suspended particles

Stack performance and the effect of the foulants from the different fractions was evaluated
through pressure drop over the inlet and outlet of feed waters in the stack, internal stack
resistance and gross and net power density were monitored during the process and results
are presented in Figure 3.2.

58



Fouling from seawater

600

A °DMI  +DMII iafter
oMicro |+ Micro Il d‘cleanlng

500 oACI  +ACII ol

N

= o 4"
Sa00 o |
£ ot |
a or
< . |
5300 o 4 |
£ o0
» o, I

17, +
§200 o i
o 9@ }
ol

@ |
100 ® I
0 o cﬂgag |

ft.,_#*‘ Pt b:

. M i
20 40 50 60

T\me (day)
16
C }Aﬂer

=

#
& %

g' +++
o + +
e é@.

]

=)

Internal resistance (ohm)
[<2] -]

~

e DM | +DM I
2 | o Microl +Microll
° ACI +ACII
0
0 10 20 40 50

Tlme (day)

70

Net power density (W/m?)

0.4

Time (day)

B After
cleaning
o ? 4
e

£03 |, et
= e *ﬁ:
Ly + +
T
7 o+
<
S02
c
[
S
<]
(=%
2]
go.1
(0] e DM | +DM I

e Micro| + Micro Il

°ACI +ACII

0.0
0 10 20 30 40 50 80 70

00 |
0.1
-0.2

oDM I +DM I
0.3 oMicrol +Micro Il

cACI +AC I
04 |

0 10 20

30 40
Time (day)

50

Py Pl

After

cleanin,

60 70

Figure 3.2. Pressure drop measurements (A) for seawater compartments fed with different pre-
treated seawater. Gross power density (B), internal stack resistance (C) and net power density (D) for
the six stacks operated during the experiment. The naming of the stacks is the same as shown on
Figure 3.1. From day 29 until 36 no data is shown, as measurements were affected by adverse weather
conditions in the pilot plant even though stacks were running normally. The cleaning procedure was
performed in stacks DM | and AC | at day 62.

The pressure drop in the stacks receiving water from the dual media pre-treatment (DM |
and DM Il) started to increase after 10 days and reached values of over 500 mbar at the end
of the experiment (Fig. 3.2A). Stacks Micro I, AC | and AC Il did not show any relevant
increase in pressure drop throughout the experiment. The pressure drop sensor on stack
Micro Il started to fail, thus no data are available after day 40.

The pressure drop measurements show that the pre-treatment with dual media filter only
could not prevent a loss of performance, compared to additional microfiltration and
activated carbon. This was likely caused by the presence of particulate fouling in seawater,
as the average diameter of particles detected in samples taken after dual media filtration
were 12 um (Fig. S 3.1A), while after microfiltration and activated carbon no particle larger
than 1 um was expected. The impact caused by these particles in the DM stacks can be seen
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in the net power density (Fig. 3.2D), as after day 49 the stacks produced a negative power
density and thus consumed more energy than they could produce.

Even though the DM stacks suffered from fouling, no relevant changes in electrochemical
performance were observed during the experiment in comparison to the other stacks (Fig.
3.2B and C). The cleaning procedure also did not influence the gross power density, showing
that fouling was not affecting the electrical performance of the stacks. The only variations
that could be observed were related to weather events that affected the process, such as
seawater conductivity variation and lower temperature (Fig S 3.2) [23]. This stable
performance can be attributed to two factors: first, a good efficiency of the membranes,
with a low electrical resistance and high permselectivity [19] and second, the use of a dual
media filter as the main pre-treatment, that removes a large size range of foulants and is
able to keep a stable outlet water quality, even when due to natural events higher loads
reached the filters [24,25]. When only a drum filter was used as pre-treatment, the decrease
of gross power density over similar amount of time was of more than 40% of the initial value
[14,16]. The removal of large solids (> 20 um, Fig. S 3.1A) together with a reduction of more
than 90% of the amount of solids (Fig. S 3.1B) by the dual media filter contributes for this
better power performance of the stacks, even though the solids that are in the effluent of
the filter can still cause decrease of performance due to increase of pressure drop. Overall,
all the six stacks could be operated over two months without relevant losses of gross power
density (Fig. 3.2B), thus all the pre-treatments applied have been demonstrated to enable
a long and sustainable operation of RED stacks.

Since the reported pressure drop for the stacks DM | and Il (Fig. 3.2A), caused by clogging
of the feed channels, was not translated into an increase of stack resistance (Fig. 3.2C), such
increase in pressure drop could be due mainly to the clogging of the spacers by particulate
matter in seawater. Indeed, if the fouling had affected the membrane process this would
be seen on the electrochemical parameters [4,26]. The use of spacers has been shown to
be detrimental to stack performance in previous studies as well, mainly by supporting the
attachment and accumulation of fouling when using natural waters [4]. The most developed
alternative for the use of spacers is to use profiled membranes. Profiled membranes can
promote a good flow distribution without offering as much area for fouling accumulation
as spacers [27]. Next to that, when using profile membranes, most of the particulate fouling
should be able to cross the flow channel and leave the stack. The channels’ thickness is in
the range of hundreds of micrometres, giving enough room for ~10 um particles to pass
[28]. The development of suitable profiled membranes that can replace spacers in RED
stacks is needed for the further development of this technology [27].

3.3.2 Fouling caused by particulate matter is mostly reversible

A series of cleaning methods were performed after 62 days of operating the stacks to assess
the reversibility of fouling. The developed procedure, described in 3.2.2, considers the
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requirements of Blue Energy to be a sustainable technology. Therefore, the cleaning should
be simple and effective, without the presence or production of any harmful or toxic
substances [5,12]. Moreover, the procedure should be a cost-effective solution that can
help stablish Blue Energy as a renewable energy source [29].

The cleaning procedure consisted of three steps: flow reversal, increasing the flow three
times its original value (3x flow) and air sparging. The impact of each cleaning step on stack
DM | is shown in Figure 3.3A and a comparison of the collected effluent waters for all stacks
is presented in Figure 3.3B and C. The effect of the cleaning was evaluated by a reduction
in pressure drop, which could only be detected in stack DM |.

A Stack DM |
= [rreversible
3x Flow
0 100 200 300 400 500 ™AIrsparging
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Figure 3.3. (A) Seawater compartment pressure drop measured on stack DM | after each of the three
steps of the cleaning procedure. The fraction that was not removed by the cleaning procedure is
considered irreversible fouling. In this picture, flow reversal is called reversal, the increase of flow rate
is 3x flow and air sparging is represented with its full name. (B) Amount of suspended solids removed
in each cleaning step, represented with their organic and inorganic fractions. (C) Picture from the
outlet water collected after each cleaning step.

Flow reversal had the lowest impact on seawater pressure drop, accounting for a reduction
of only 12% of the pressure registered before the cleaning step (520 mbar) (Fig. 3.3A). Flow
reversal is a mechanical type of cleaning, that can be also seen as a good operational
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practice and does not have the potential to remove large amounts of fouling, and thus a
reduction of more than 10% of accumulated value is remarkable. As expected, flow reversal
resulted in lowest amount of removed suspended solids (~50 mg - Fig. 3.3B).

The second step of the cleaning procedure, increasing the flow, was responsible for the
largest reduction of the pressure drop in the seawater compartment, around 350 mbar
(57% of total) (Fig. 3.3A). The effluent recovered in this step contained a mixture of large
aggregates (> 50 um) that would easily settle and medium and smaller solids (< 20 um —
Table S 3.2) that would be suspended for longer periods, causing turbidity in the water (Fig.
3.3C).

It is remarkable that 57% of the performance of a stack that was fouled for 62 days could
be recovered simply by triplicating the original flow velocity for 2 minutes. This shows that
most of the accumulated fouling during stacks operation is easily reversible with simple
operational practices and cleaning procedures. Furthermore, this shows that a long-term
and sustainable operation of RED can be enabled with a simple pre-treatment, such as a
dual media filter, in combination with a frequent cleaning regime. Previous studies showed
that tackling fouling formation in its early stages leads to higher percentages of
performance recovery [30,31]. Thus, we believe that with only these two aforementioned
steps of the cleaning procedure happening in an early stage of fouling formation, even a
larger fraction of pressure drop could be recovered than the here reported 70%.

The last cleaning step - air sparging, yielded a reduction of an additional 21% of the original
pressure drop value (Fig. 3.3A). Air sparging was responsible for removing the largest
amount of solids in weight (700 mg) compared to the other two techniques (Fig. 3.3B).
However, this large number of solids accumulated in the stack did not have a big impact on
stack performance, reducing a smaller fraction of pressure drop than the increased flow
(Fig. 3.3A). Of course, this outcome is heavily influenced by the order that the cleaning
procedures took place. Thus, the first two procedures (reversal and 3x flow) removed
mostly larger particles or aggregates (> 20 um) compared to air sparging (> 10 um — Table S
3.2) and these particles were the ones affecting pressure drop measurements the most.
Therefore, during operation of RED stacks special attention should be given to preventing
the settlement of these larger particles on the membrane surface, which can be achieved
with a tailored and improved pre-treatment design and implementation of a frequent
cleaning regime. Future studies should focus on these aspects of operation.

The remaining value of seawater pressure drop after the cleaning procedure was ~50 mbar,
which is called an irreversible fraction of fouling, representing only 10% of the value that
was build up during the experiment (> 500 mbar) [12]. This value (50 mbar) is in a similar
scale to the one achieved by stack Micro I in the end of the experiment (~25 mbar), showing
that the use of a dual media filter with an effective cleaning procedure can have comparable
results to a microfiltration pre-treatment alone. Other more aggressive cleaning, such as
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with the use of an environmental friendly cleaning agent, could possibly remove this
remaining 10% of the maximum pressure drop value achieved in the experiment and restore
it to the initial value [32].

3.3.3 Membrane autopsy shows biofouling development after activated carbon
pre-treatment

Membrane autopsy after 63 days of process allowed to evaluate differences in membrane
fouling in the stacks that received seawater after different pre-treatment, and for
comparison of stacks that received same water treatment but with and without the cleaning
procedure (DM | and Il and AC | and Il), as shown in Fig. 3.4 and Fig. S 3.3.

Spacer

AEM CEM

"] Inlet (original)

DM | — with
cleaning

<4 Outlet

DM Il = no
cleaning

Micro Il —no
cleaning

Figure 3.4. Representative images of AEM, CEM and spacer from stacks DM |, DM Il and Micro Il.
Images of the remaining stacks can be seen in the supplementary information (Fig. S 3.3). The arrow
indicates the flow of seawater through the stacks, from inlet to outlet. All pictures are showing the
side of the membrane that was in contact with seawater during the experiment.

All AEMs presented a brown coloured layer on their surface (Fig. 3.4), that is attributed to
the presence of humic acids, as previous studies also reported [4,33]. Humic acids are
negatively charged which favours the interaction with the positively charged AEMs [33], but
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their concentration in seawater is lower than in fresh water, leading to less fouling and
reduction of performance when present in seawater fouling [34].

Particulate fouling could be seen on membranes and spacers of both stacks DM | and Il and,
as expected, DM | had a lower coverage of the membrane surface or spacers due to the
cleaning procedures (Fig. 3.4). In all other stacks (Micro | and II, AC | and Il) it was not
possible to visually detect particulates on the membrane surface and/or spacers since the
pre-treatment removed particles above 1 um from the feed water. To further investigate
the particulate fouling, the particle size distribution (PSD) of the particles extracted from
membrane pieces from stack DM | and DM |l was carried out (Fig. 3.5).
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Figure 3.5. Particle size distribution (PSD) of particles extracted from membrane surface of stacks DM
I and Il

The peak of the of the PSD curves from stack DM | corresponds to a smaller size class (~12
pum) than the ones of stack DM Il (~20 um), while the volume occupied by the particles
(represented by the area below the curves) from stack DM | is smaller than DM I, showing
that the cleaning procedure removed a considerable number of bigger particles (Fig 3.5).
Larger particles contribute most to the pressure drop and once they were removed, the
value of pressure drop decreased considerably (Fig. 3.3A).

The microscopy observation of the fouling accumulated on the membrane’s samples (Fig.
3.6 and Fig. S 3.4) showed that the type of fouling detected in the membranes after different
pre-treatments was remarkably different. In stack DM | (Fig. 3.6) and Il (Fig.S 3.4) a quite
general type of fouling was detected, with large entangled complex structures covering
most of the membrane surface, and large deposits of silica and aluminium compounds, as
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shown by EDX data (Table S 3.3). A few microorganisms’ cells could be observed in these
entangled structures, but not in such a significant amount to identify it as biofouling. For
stacks Micro | and I, the coverage of the membrane by the fouling layer was lower than in
stacks DM, with many more clean spaces on the membranes surface (Fig 3.6B and E). In this
case, a few more cells and EPS structures were detected in comparison to stacks DM, but
still not a significant amount that could hinder stack performance, confirming the results
showed in Fig. 3.2. EDX measurements localized in the rare spots where fouling was
visualized, showed lower amounts of silica and aluminium but more elements related to
membrane composition and salts, such as carbon, sulphur, chloride, and sodium, showing
that many membrane portions were not covered by particulate fouling.

DM | - cleaning 3.4 Al Micro | — no cleaning Bl AC | - cleaning

6kU X1,808 « 18mm &KU i, 000 1

DM | - cleaning A Micro | — no cleaning

s

P AL BE

/
6kl X1,800  18nm &kU 6k ﬁzrazg Tasm”, |

Figure 3.6. SEM representative images of stacks DM I, Micro | and AC I. Pictures A, B and C are from
AEM and D, E, F are from CEM. The related EDX data are reported in Table S 3.3. More images of
membranes from stacks DM II, Micro Il and AC Il can be found in the support information (Fig S 3.4).

Stacks AC | and Il showed a different fouling profile, with both CEM and AEM membrane
surfaces covered by groups of cells with same morphology, likely belonging to the same
species, connected via a solid network of pili (Fig. 3.6C and F). The synthesis of bacterial
appendages such as pili and flagella is thought to be an important stage starting bacterial
adhesion on surfaces and driving the formation of a biofilm layer by several kind of bacteria
[35]. The coverage of this kind of biofouling on the membrane surface was large, and other
types of fouling structures were barely detected. A similar kind of biofouling was observed
in an experiment with the same approach of fouling fractionation, applying microfiltration
treatment on fresh water [8]. The latter would support the hypothesis that the
microfiltration step and activated carbon filter was not removing all the bacteria in the inlet
flow, but actually acting as selection parameter for a certain bacterial species, as highlighted
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by observing the cell morphology (Fig. 3.6C and F). Indeed, cells of small size, so called
"filterable bacteria” can pass through the filtration steps, and the lack of other bacterial
competition can favour their growth even in such nutrients limited environments [36].
Moreover, the lack of silica-rich particulate fouling on these membranes could have likely
favoured the adhesion of such cells via the synthesis of appendages, forming an
interconnected network. Indeed, bacterial adhesion is strongly depending by the surface
characteristics [37], and the polar characteristics of AEM and CEM could have likely
favoured polar interactions between cell surface and membranes [11].

The addition of treatments in each fractionation step led to different type of fouling in the
RED process. With stricter pre-treatment, less overall fouling was expected. However, with
the strictest pre-treatment, presence of biofouling, covering extensive portions of
membrane surface was surprisingly detected. This is especially interesting due to the
interaction with other foulants, such as the small silica particulates. The presence of big
silica particles after less strict pre-treatment, did not lead to presence of biofouling.

Despite the growth of the biofouling layer, the performance of the stacks was not
hampered, and no pressure drop was observed during the process (Fig. 3.2 and 3.3). This
finding confirms that biofouling is not a significant negative factor for RED stack operation,
as previously observed in our work [8]. However, since the formation of biofouling can be
detrimental for the membrane performance on the long run [5], the presence of particulate
fouling, preferably with smaller particles (< 10 um) that cause less impact on stack
performance, which likely limited microbial attachment/growth, could be seen as an added
value in light of the application of the sole dual media filter as a pre-treatment to operate
Blue Energy technology.

3.4 Conclusions

The current work brings new and exciting insights for the prospects of the Blue Energy
technology. The use of a dual media filter for the pre-treatment of seawater is adequate to
reduce operational problems related to fouling. Indeed, even though the stacks fed with
dual media filtered seawater had a loss of performance in the long term, the type of fouling
formed (mainly due to particulate matter) was not irreversible neither damaging the
membranes, and could be mostly reversed by a series of simple cleaning techniques. The
cleaning by triplicating the original flow of stacks was responsible for reversing almost 60 %
of the pressure drop increase in the stacks fed with water treated via dual media filtration
after more than 2 months of operation, showing that this simple technique is very effective.
In addition, the cleaning techniques applied were of low technical complexity and could be
easily adopted in a more frequent regime since the beginning of fouling build-up to prevent
fouling accumulation that hinders performance.
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Membrane autopsy showed that the presence of particulate matter on the membrane
surface, accumulated after the use of dual media filtration as pre-treatment, could prevent
the formation of a connected network of cells, opposed to what happened when using a
pre-treatment that does not allow for the presence of particulates (< 1um), such as
microfiltration and activated carbon.

This last finding is of relevance not only for future developments in Blue Energy and ion-
exchange membranes technologies, but also for conventional membrane process, such as
nanofiltration and reverse osmosis, as this input could give new ideas on how to prevent or
at least delay and reduce biofouling formation, a known issue related to all membrane
technologies.

Finally, the results show that 90% of the performance loss could be recovered with a simple
cleaning procedure, reinforce that a dual media filter is sufficient for seawater pre-
treatment for Blue Energy applications. The combination of a dual media filter and a simple
cleaning procedure, without the use of chemicals, show that Blue Energy is a sustainable
technology for the energy matrix, and that the by-products of this technology can be of
natural origin and of low environmental impact.
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Support information
Feed waters and cleaning

Table S 3.1 shows the water composition of each stream entering the stacks. The ions
concentration is mostly not affected by the pre-treatments, keeping similar values through
the whole setup. In this case the differences in performance detected during the
experiments cannot be attributed to multivalent ions fouling, since all stacks are subject to
the same ion concentrations.

Table S 3.1. Feed water composition for all the different treatment steps of the experimental setup.

Seawater Fresh water

Parameter
(mg/L) Untreated Eff. dt.!al media Eff..Micro Eff. Activated Untreated Eff. dl.fa| media E.ff. UI.tra
filter filter carbon filter filtration

. 12,209 +

Chloride 1188 13,414 +854 13,536+662 13,476 +943 133+14 135+ 15 137+ 14
Sodium 7,225+550 7,639+483 7,733+318 7,680+509 83.0t8 84.4+9 83.9+8
Sulphate 1,726 +161 1,899+ 117 1,915+94 1,845+168 59.7t6 60.5+7 62.5%5
Calcium 266 +21 278 + 23 279+ 12 281+19 41.8+4 41.8+4 415+4
Magnesium 844 + 66 881 +62 911+41 902 +63 142+1 144+1 139+2
Potassium 265+ 25 276 + 30 275+ 14 273 +23 69+1 7.1+0.5 7.0+0.5

Further feed water characterization of particle size distribution and suspended solids are
presented in Figure S 3.1 and conductivity and water temperature measured on the treated
water with dual media filtration for both water streams are presented in Figure S 3.2. The
graph of particle size shows the distribution of particle size by means of reference values,
Dx 10, 50 and 90. Dx (90) means that 90% of particles present in the sample are smaller than
the Dx (90) value. Proportionally, the same applies for Dx 10 and 50. Suspended solids are
presented as the total of suspended solids (TSS) and its fractions, fixed suspended solids
(FSS) and volatile suspended solids (VSS). The reduction of total suspended solids from
untreated seawater compared to dual media filtered water is remarkable, with an average
of 96% removal. A similar trend is seen for reduction on the particle size, showing that the
pre-treatment retains the larger particles and only allows smaller particles to pass through.
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The graph of seawater conductivity shows large variations from day 18 till 33, which

happens due to weather events and operation of the Afsluitdijk locks, causing variations on

the performance of stacks as shown on Figure 3.2.
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Figure S 3.1. Particle size distribution (A) and suspended solids (B) of 4 types of water samples: UnSW
is Untreated seawater, FilSW is seawater after treatment with the dual media filter, UnFW is the
untreated fresh water and FilFW is fresh water after treatment with the dual media filter. Samples of
water that were further treated with microfiltration and activated carbon are not showed, as the

parameters here analyzed were below detection limit on these samples.
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Figure S 3.2. Conductivity and temperature of sea and fresh water treated with dual media filtration

system during the time of experiment.
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The effluent during the cleaning moment from stack DM | was recovered and analysed for
particle size distribution. A summary of the findings is presented on Table S 3.2. The
reference values for particle size show that the size of the recovered particles in the cleaning
with 3x flow was larger than air sparging, even though the latter was able to remove a
greater amount of solids, as shown on Figure S 3.3.

Table S 3.2. Particle size distribution from effluent from cleaning procedure stack DM I.

Sample Dx (90) Dx (50) Dx (10)
3x flow 129.2 56.9 18.2
Air sparging 104.2 37.9 12.2

Membrane autopsy

Additional information of membrane autopsy is shown on Table S 3.3 and Figures S 3.3 and
S 3.4. Table presents the atomic percentage of each element in representative samples of
membrane pieces from all stacks. In the two stacks receiving feed water directly from the
pre-treatment from dual media filter the presence of elements such as Silicon and
Aluminium occurs with higher percentages than other stacks, showing that compounds
such as Silica and Aluminium oxides are most likely present.
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Table S 3.3. EDX elements identification on the 12 membrane samples. Labelling of samples is done
with the abbreviation from the stack given in Figure 3.1 and following with the type of membrane
(AEM or CEM). Measurements done on representative spots of the sample with an acceleration

voltage of 15 kV. Results are presented in atomic percentage (%) of each element of the spot
composition.

Element DM DM DM DM Micro Micro Micro Micro ACI ACI AcCI

Na
Mg
Al
Si
cl

Ca

Fe

| | ] | | | CEM I I AEM CEM AEM
AEM CEM AEM CEM AEM AEM  CEM
37.7 524 414 619 753 68.0 96.3 713 96.0 78.8 96.0
52.2 395 39.2 269 213 26.6 = 22.8 - 17.8 >

- - - 0.8 - 0.6 - 0.8 - - -

= 0.4 = 0.6 0.1 0.3 = 0.4 > 0.3 >
2.0 1.2 2.3 0.4 0.5 0.5 0.1 0.1 0.1 - 0.1
4.9 3.2 6.1 13 1.2 1.3 0.1 0.3 > = >

- 13 - 5.0 0.1 2.0 - 3.1 0.2 2.0 0.2
0.1 0.3 1.2 = 1.2 0.1 3.5 = 3.8 = 3.6
0.3 0.6 0.6 0.2 0.1 0.3 - 0.1 - - -
1.3 0.3 1.5 14 = 0.1 = 0.6 > 0.3 >

- 0.5 13 0.4 0.1 0.1 - 0.4 - 0.8 -
1.0 = 4.4 1.1 0.2 - = 0.1 > = >
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AEM CEM Spacer
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Figure S 3.3. Representative images of AEM, CEM and spacer from stacks Micro I, AC | and AC Il. The
arrow indicates the flow of seawater through the stacks, indicating the inlet and outlet. All pictures
are shown with the side of the membrane that was in contact with seawater during the experiment.
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DM | — with
cleaning

Micro | — no
cleaning

AC | — with
cleaning

Figure S 3.4. Microscopic images of AEM stained with crystal violet and CEM with Alcian blue. The
figure shows that in the stacks DM coverage of the membrane surface by large fouling aggregates,
later identified as mostly silica compounds is dominant. In stacks Micro this is reduced and biofouling
structures started to appear, while in stacks AC the network of connected cells is clearly visible
covering most areas of the membrane surface. Scale bar of pictures A, C and D represent 100 um, of
picture B is 200 pum, for E is 20 um and for F is 50 um.
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Chapter 4

Dual media filtration allows for high-rate pre-treatment

for RED application




Dual media filtration for RED

Abstract: Reverse electrodialysis (RED) is a technology to harvest the Salinity Gradient
Energy (SGE) from the controlled mixing of fresh and sea water, by using ion-exchange
membranes. Membrane fouling is one of the biggest challenges that needs to be overcome
for suitability of the process for large scale application. Thus, the use of a pre-treatment to
prevent the performance losses associated to fouling is needed. In this study, we combined
the use of profiled ion-exchange membranes (200 um thick compartments) with a pre-
treatment with different configurations of dual media filter for both natural feedwaters
(lijsselmeer and Wadden Sea). We compared the performance of sand and activated filter
media (AFM) as the second layer of the dual media filter and the application of low (~4
m3/m?2.h) and high flow velocities (~20 m3/m2.h). The use of a high flow velocity showed to
be suitable for pre-treatment applications for RED, even though the effluent presents higher
turbidity than when treated at low velocity, since the increase of pressure drop in the stacks
was limited to around 100 mbar. The use of AFM as filtration media at this high flow velocity
showed to be better than sand, delivering better effluent quality. We concluded that the
use of AFM and a high flow velocity in dual media filters for RED application is advantageous,
allowing for more efficient treatment and reduction of the area occupied by the pre-
treatment.
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4.1 Introduction

Salinity Gradient Energy (SGE) is a renewable energy source that is found in nature where
fresh and sea water mix. An advantage of SGE over the more exploited solar and wind power
is that it is less dependent on weather conditions. SGE can be harvested using Reverse
electrodialysis (RED) [1,2]. RED exploits the potential difference from the controlled mixing
of a low and high salinity stream that are separated by ion-exchange membranes, which
only allows the passage of either anions or cations. [1-3]. Anion exchange membranes
(AEM) and cation exchange membranes (CEM) are alternated in a stack, creating high and
low salinity compartments, with the ions moving according to the potential and membrane
properties either towards the cathode or anode of a cell [4,5]. In the electrode
compartments in the end of the stack pile, redox reactions take place and electrical energy
can be harvested [2,4]. In recent years, a lot of attention has been paid to improving RED to
be able to add this energy source to the renewable and sustainable energy matrix.

To make RED technology available for the energy market, the challenge with fouling of the
ion exchange membranes needs to be addressed, since when using natural waters fouling
leads to a reduction of the harvested net power [6,7]. Fouling in RED is influenced by the
construction of the stack, and the feed channel’s configuration is strongly influencing how
fouling attachment occurs. The use of profiled membranes to create feed channels has
shown to have benefits over using spacers, due to avoiding the spacer shadow effect [8],
creating conditions for better flow distribution [9,10], promoting less fouling attachment
[11,12] and avoiding gas bubbles entrapment during two-phase cleaning [12,13]. Thus, for
this work the use of profiled membranes was preferred.

Prevention of fouling can be achieved with a suitable pre-treatment that removes a large
fraction of the most critical foulants [14]. It is also important that the pre-treatment can
withstand variable levels of incoming foulants, a variability that is caused by weather and
seasonal variations common for the natural water bodies [15]. Also crucial for the
sustainability and economic viability of the process, is that the pre-treatment consumes low
amounts of energy since more energy will be available for the grid if less energy is spent in
the process.

The use of intensive pre-treatment, such as membrane filtration (micro, ultra and nano
filtration [16]), has been tested in lab scale, and although being effective in removing most
of the potential foulants and yielding high gross power density, the energy expenditure of
these processes is too high compared to the energy production of RED. Other low-energy
pre-treatment methods were tested before, such as cartridge filter [13], coagulation with
polyaluminum chloride (PAC) [17] or riverbank filtration [18], but either they are not
desirable due to their impact on the environment or they are not able to maintain good
performance of the stacks.
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Previous studies [19,20] showed that a dual media filter can provide a stable effluent quality
that does not allow impactful fouling build-up in RED stacks. This filtration system uses a
layer of anthracite, a type of coal with high carbon content, which has a large grain size (1.0
- 2.0 mm) and acts as a filter for the larger particles, allowing middle and small particles to
pass this filtration layer. The second layer with sand (0.5 - 1.0 mm grain size) filters out the
middle range particles. Besides the granule material and the bed height, the operating
conditions of such a filter can influence the effluent quality. The flow velocity, which is the
velocity that a certain volume crosses the area of the filter (in m3/m2.h or m/h), influences
the filtration efficiency. At lower velocity, the residence time is longer and allows for better
filtration, increasing the chances of particles being retained by the filter, resulting in better
effluent quality. In addition, the flow velocity influences the economics of the overall
process, since at a higher flow velocity, more treated water is produced using a smaller area
of filtration. This will also have an effect on the capex costs of construction (lower capex),
but in the operation as well, as the frequency of backwashing is higher (higher opex) [21].
Thus, the flow velocity represents a trade-off with the effluent quality and construction and
operational costs.

Other media beyond sand and anthracite have been studied in the past for use for filtration
of fresh and sea water [16]. The use of granular activated carbon (GAC) and activated filter
media (AFM) showed to be effective in removal of organic matter from treated wastewater
effluent in lab scale, but this has not been tested for fresh and sea water at pilot scale yet.

In this study, we combined the use of three different operational conditions of dual media
filter pre-treatment of natural fresh and seawater with six RED stacks that were constructed
using profiled ion-exchange membranes, which created water compartments of 200 pum
thickness. The different operational conditions are based on different flow velocities (5
m3/m2.h and 20 m3/m?2.h), with the use of the higher velocity with the goal to reduce capex
cost with water pre-treatment, and to compare the different type of media for the best
performance (AFM and sand). These three different configurations were compared for their
effluent quality and filtration performance, and in addition, the performance of the RED
stacks receiving the three different pre-treatment configurations were analysed.

To allow the experimental conditions to be kept constant throughout the experiment, a fully
automated dual media filter unit was specifically designed and applied for the water pre-
treatment. Finally, only natural feed waters were used to represent the real concentration
of foulants, and a membrane autopsy was performed to give insights on the residual fouling
after the experiment.
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4.2 Materials and Methods
4.2.1 Experimental Setup

The experiment was performed in the pilot plant installation at the REDstack BV facility
located in De Afsluitdijk, a dike in Breezanddijk, the Netherlands. Three different
configurations of pre-treatment were used to feed six stacks that were operated in parallel,
in a way that every two stacks received the same treated feed water and were duplicates
(Fig. 4.1). The three pre-treatment configurations were:

1. Sand - Low: dual media filter with a 77 cm layer of sand (0.5 mm — 1.0 mm) and
77 cm of anthracite (1.2 mm — 2.0 mm) operated at a low flow velocity (~ 4
m3/m?2.h). This flow velocity is comparable to the traditional use of dual media
filters for drinking water production [22].

2. Sand - High: dual media filter with a 40 cm layer of sand (0.5 mm — 1.0 mm) and
40 cm of anthracite (1.2 mm — 2.0 mm) operated at a high flow velocity (~ 20
m3/m2.h). The higher flow velocity allows for a smaller footprint of the filtration
system.

3. AFM - High: dual media filter with a 40 cm layer of AFM (type 1) and 40 cm of
anthracite (1.2 mm — 2.0 mm) operated at a high flow velocity (~20 m3/m?2.h).
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DM filter with
sand @ 20 m/h
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AFM @ 20 m/h
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Figure 4.1. Schematic representation of the experimental set-up used for the experiments presented
in this work. Six stacks were operated, with each couple of stacks as duplicates. The different
conditions were in the pre-treatment of the feed waters.
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Other conditions and operational configurations of the filters are given in Table 4.1. The
experiment lasted for 16 days of continuous operation of the filters and the six connected
stacks (Fig. 4.1).

Table 4.1. Configuration of the three different pre-treatments parameters

i Flow . Area
Filter i Media . Backwash Backwash Buffer
Lo velocity . filter
description 3/ 2 composition , frequency procedure tank (m3)
(m3/m?2.h) (m?)
77 cm Air + backflow
Sand - Low 4 anthracite + 77 4.9 12 hours treated
cm sand effluent
40 cm Backflow
. . 6 hours or
Sand - High 20 anthracite + 40  0.052 treated
600 mbar
cm sand effluent
40 cm Backflow
. . 6 hours or
AFM - High 20 anthracite + 40  0.052 treated
600 mbar
cm AFM effluent

4.2.2 Profiled membranes and stack operation

10 x 10 cm crossflow stacks were supplied by REDstack BV (The Netherlands), and were built
equally, with eight cell pairs each. They were operated in the same way, with a flow velocity
of 1 cm/s. CMH-PES and AMH-PES membranes supplied by Ralex (Mega, Czech Republic)
were used in the experiment and their properties can be found in a previous study [23]. The
choice for heterogeneous membranes is due to the possibility of making profiles with the
thermo-press method, as described in literature [23-25].

The profiles were made on both sides of the CEM membranes, to create the feed water
compartments. A cross flow pattern was used; the profiles were positioned perpendicularly.
The AEMs were positioned between the CEMs as delivered by the supplier. The profiling
procedure consisted of pre-heating moulds for 2 minutes at 140 and then applying 200 bar
of pressure for 10 minutes. The moulds were sprayed with releasing agent and the
membranes were cooled to 50°C maintaining the applied pressure. The height of the
profiles was around 200 um, which is thus the intermembrane distance in the stack.

Titanium meshes with a galvanic platinum coating were used as electrodes of the stacks and
were supplied by Magneto Special Anodes B.V. (The Netherlands). As the electrolyte rinse
a solution of 0.05 M KsFe(CN)s, 0.05 M KsFe(CN)s and 0.25 NaCl (VWR, USA) was recirculated
in the electrode compartments and kept at 0.3 bar over pressure. Pressure difference was
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continuously measured by a transmitter (Yokogawa, Japan) connected to the outlet and
inlet of the stacks and logged with a data logger (Yokogawa, Japan) every 5 seconds.

A potentiostat (lviumstat, lvium Technologies, the Netherlands) was used to apply current
and measure the voltage, by connecting it to a peripheral differential amplifier for
independent measurement of each stack. Chronopotentiometric series were applied
throughout the experiment allowing for measuring the open circuit voltage (OCV) and
calculating gross power density based on |-V curves. When no chronopotentiometry was
applied, the stacks were operated at constant current density to simulate the RED process.

4.2.3  Fouling removal water analysis and membrane autopsy
Samples of the influent and effluent of sea and fresh water from all the filters were taken
and analysed throughout the experiment to analyse the performance of the different
configurations of filters. These samples were analysed for turbidity, total suspended solids
and particle size distribution (PSD) using the same procedures described in [20].

To compare the different stress conditions that the filters were subjected to, the cumulative
turbidity load removed by the filter in each cycle was defined as the cumulative difference
of turbidity of the influent and effluent normalized by the volume of treated water per area
of the filter, in NTU.m3/m?2. A similar approach is used to define the total turbidity load
received by the stacks, but in this case only the turbidity of the effluent of the correspondent
filters and the volume of water that crosses the stack are used, resulting in the unit NTU.m3.

All stacks were subjected to a membrane autopsy at the end of the experiment to analyse
remaining fouling on the membrane and to determine how the different pre-treatment
configurations affected the fouling layer. Fouling was evaluated by both naked eye,
presented as camera photos, and by SEM-EDX microscopy images. Before SEM-EDX
procedure, membrane pieces were fixed with 2.5% glutaraldehyde solution overnight and
dehydrated with graded series (30, 50, 70, 90 and two times 100%) of ethanol for 20
minutes each step and finally dried for 30 minutes at 552C oven. The SEM analysis was
performed with a JEOL JSM-6480LV (JEOL, Japan) at an acceleration voltage of 6 kV and
magnifications up to 15,000X [20].

Finally, to quantify remaining fouling on the membrane surface, duplicate membrane pieces
of 5x5 cm were cut and placed in 30 ml of 90 g/L NaCl solution, aiming to extract as much
foulant as possible from the membrane surface. To create as much disturbance as possible
on the membrane surface and allow the foulants to be solubilized, the membrane pieces
were placed in a shaker for 30 min, followed by 30 min on the ultrasonic bath and left
overnight at 4° C. The next day, the samples were again shaken for 30 min, and suspended
solids and humic acids analysis were performed in the same way as the effluent water for
the filter, as described earlier in this section.
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4.3 Results and discussion

The effect of the different pre-treatment configurations was evaluated by monitoring the
variations of influent and effluent quality of the filters in time along with the performance
of the RED stacks fed with the filters’ effluent. Finally, membrane autopsy was applied to
identify residual fouling on the membrane surface.

4.3.1 Filters operation comparison

The performance of the dual media filtration pre-treatment was evaluated by the flow
velocity (Fig. S 4.1), differential pressure across the filter (Fig. 4.2) and duration of filtration
cycles (Fig. S 4.2), the time in between two backwashing events. The two main
characteristics of the pre-treatment are the application of low versus high flow velocity and
the use of sand or AFM as second bed media.

For both low and high velocity (¥4 m3/m2.h and 20m3/m?2.h), the flow (Fig. S 4.1) is mostly
maintained at the desired level. However, the flow fluctuated within each filtration cycle,
due to the clogging of the filter, which increased the pressure over the filter. Most variations
in flow therefore occurred due to high loads in the influent. In the case of Sand — High and
AFM — High the flow through each of these filters was affected by the other one, as both
filters were supplied by the same feed pump (one pump for both freshwater filters and
another pump for both seawater filters).
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Figure 4.2. Pressure difference across the six filters. The legend refers to type of media used and flow
velocity that was aimed to be maintained during operation.

The pressure difference across the filters is expected to increase during a filtration cycle, as
foulants are being filtered and retained in the filtration media (Fig. 4.2). Thus, depending on
the water quality of the influent, variations in pressure difference over the filters are
expected. For the filter AFM-High in freshwater the increase of pressure during a cycle is
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around 100 mbar, with some cycles between days 8 and 12 even having lower increase of
pressure, around 50 mbar. However, the pressure difference on the filter Sand - High for
freshwater varied more than expected during the experiment, exceeding 500 mbar in some
days, due to a malfunction of the pressure meter is some days. For Sand — low filters the
variation of pressure within a cycle are minimal, which can be due to the low filtration
velocity and smaller foulants loads reaching the filters. For the seawater filters, the
variability among cycles was greater than for freshwater, due to the large variations in the
amount of received foulant loads. Still, mostly for Sand — High and AFM — High, the increase
in pressure drop during a cycle is around 100 mbar. Other variations in the pressure
difference are related to the flow and not the fouling, as in day 5 in seawater and day 14 in

freshwater.

The fouling removed from the feed waters with the filters in terms of turbidity load is shown
in Figure 4.3, from day 4 until day 10 of the experiment, which is the most stable period of
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Figure 4.3. Cumulative turbidity load removed per cycle with each filter in NTU.m3/m?, from day 4

until day 10 of the experiment.

For freshwater the benefit of the high velocity is limited when considering just the turbidity
load removed, since the turbidity removed per cycle was similar to the one in the low
velocity (Fig. 4.3). With the higher flow velocity, the turbidity load is removed from the filter
faster, but the amount that is removed, which is intrinsically related to the flow and the
duration of the filtration cycle, is similar to the removed at low velocity in one cycle. For
example, during one cycle at low velocity (that lasts 12 hours) up to 1000 NTU.m3/m? is
removed from freshwater feed. At high velocity, the cycle lasts 6 hours and removes a
similar amount of turbidity, meaning that although it is possible to remove the load faster
with the use of high velocity, the effluent quality is reduced and frequency of backwashing
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increases. The ratio of increase in the flow velocity between the high and low velocity is
around 5 times. Moreover, for seawater, the use of high velocity is more advantageous than
for freshwater since the removed turbidity load during the high velocity filtration is about 4
times more than at low velocity when considered the same period (Fig. 4.3). The removal
of turbidity load is lower than the ratio of the applied velocities due to a decrease of the
effluent quality in the high velocity cycle, but the benefit lies in the faster removal of
turbidity load with the high flow velocity. Thus, at high velocity, the removal of turbidity is
more efficient, and the filter can reach a better balance of load received and backwashing
need, using its capacity of treatment more efficiently.

The application of higher flow velocity during the filtration is an important parameter for
the further development of RED, since it allows for the treatment of feed water with a lower
area footprint filter than with the more usual flow velocity of 4 m3/m?2.h, for example. With
a smaller footprint of the filters, also the investment cost will be lower. On the other hand,
the use of high flow velocities results in more frequent backwashing, which can be seen as
an increase of the operation costs. A balance must be found between a higher production
rate of water and the downtime of the pre-treatment due to backwashing.

To put this balance in perspective: the total amount of treated water produced in one cycle
of 6 hours of the filter running at high velocity (20 m3/m?2.h) is 120 m3 per m? of filter area,
while for the filter at low velocity (4 m3/m?2.h), one cycle of 12 hours can produce 48 m?3 per
m? of filter area. In both filters’ configuration, backwashing is set in the same way with a
total duration of 20 min and backwash velocity of 20 m3/m?2.h to allow proper bed expansion
and a rinsing step for the settling of the bed. Thus, backwashing consumes around 7 m3 per
m? of filter. Thus, per cycle, the high flow velocity produces a net amount of 113 m3/m? and
operates 6.3 hours, while the low velocity cycle produces 41 m3/m? and operates 12.3
hours. An effective flow velocity can be defined as the volume of treated water produced
by area of the filter divided by the duration of the cycle, which represents the real flow
velocity accounting for the downtime and use of treated water for backwashing. For the
high velocity this real flow velocity is 17.9 m3/m2.h while for the low velocity is 3.3 m3*/m?/h.

This means that the ratio of produced treated water with the high velocity by the low
velocity is 17.9 m3/m2.h + 3.3 m3/m2.h = 5.35, which is more than the factor of the high and
low velocities applied (20 m3/m2.h + 4 m3/m2.h) = 5.0. This shows that the negative aspect
brought in by the increase of backwashing with the higher flow velocity is offset by the
benefit of producing more water in the same period.
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4.3.2 Filtration efficiency based on influent and effluent water quality

The influent water quality was monitored inline by means of turbidity, as shown on Figure
4.4. In addition, offline measurements were made by taking samples for further analysis,
such as particle size distribution and suspended solids, as shown on Figure 4.5.
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Figure 4.4. Turbidity measured continuously during the experiment. Influent fresh and sea water and
the effluent of the filters sand low as reference.

Influent quality of seawater presents large daily variations, as seawater quality is heavily
influenced by weather events, such as wind and rain. During the experiment, influent
turbidity surpassed 50 NTU about 19 times (Fig. 4.4), showing that the high inflow of
turbidity is frequent, but the duration is short. This demands that the filters can handle
these momentously high loads without significative losses of effluent quality. This is
achieved by the filtration with Sand - Low filters (Fig. 4.4), where the quality of the treated
water remains rather constant (below 5 NTU) even with the variations of influent. As for the
freshwater influent quality, the variations are less frequent and less intense in terms of
loads, with steadier build-up or decrease of turbidity load. The amount in terms of turbidity
is also lower, as 50 NTU is only surpassed 3 times during the experiment (Fig. 4.4). However,
the effluent quality of the treated freshwater, represented by Sand-Low filter, is worse and
it is more impacted by the influent quality variation than seawater treatment (Fig.4.4).
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Figure 4.5. (A) Box plot distribution of particle size in the influent for the filters and in their respective
effluent. Dx 10 value represent that 10% of the particles in the sample are smaller than this value,
while Dx 50 is the same for 50% of the particles and Dx 90 for 90% of particles. (B) Box plot distribution
of the values for total suspended solids of the samples collected during the experiment.

The particle size distribution (Fig. 4.5A) analysis gives insights in the reasons that can lead
to the better filtration of seawater, since turbidity is a measurement that does not directly
correlate with particle size. The particle size distribution for freshwater shows that 90% of
the particles are smaller than 140 um, while 50% is smaller than 40 um. For seawater, the
particle size distribution shows that 90% of the particles is smaller than 110 pum while 50%
is smaller than 20 um. This means that seawater has a larger fraction of medium range
particles (< 100 um) than freshwater. Thus, in the filtration of seawater mostly the removal
of the particles above the medium value (20 um) is required for good effluent quality, while
for freshwater is needed to remove the large (140 um) and medium particles (40 um) for
good effluent quality. Thus, the removal of these medium size together with the large
particles seems to be more difficult to achieve with the dual media filtration, resulting in a
worse effluent quality.
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Besides the particle size distribution, also the concentration of particles is of importance,
which is presented by the measurement of the suspended solids (Fig. 4.5 B). This shows that
the seawater influent contains higher levels of particles, and their concentration had a
larger variation among samples than in fresh water. This variation in concentration
correlates with the high variation of turbidity measurements (Fig. 4.4) and the influence of
weather events, such as rainfall and storms. For freshwater the concentrations of solids
were lower (Fig. 4.5 B), as expected from the turbidity measurements, however due to the
particle size, the filter efficiency is lower than in seawater.

In both of this measurements (particle size and suspended solids) AFM shows to filtrate
better than sand, given that the effluent of AFM filtration presents smaller particles (Fig.
4.5A) and smaller concentration of solids (Fig. 4.5B) than sand, when comparing only the
filters running at high flow velocity. This is probably due to the large active surface area of
the material available for interaction with the foulants [26]

For the filters running at higher velocity, the treatment efficiency was reduced when the
influent load in terms of suspended solids was lower (< 30 mg/L). This can, for example, be
seen in the comparison of two days, day 9 and 15, with different influent qualities due to
different amounts of solids (Fig. 4.6).

Day 9
Fresh Sea Fresh Day 15 Sea
W Fixed W Fixed
80 Volatile 80 Volatile
= =
= =
) o
£ 60 £ 60
v v
R R
© ©°
v "
T 40 Q40
° ©
c c
) I}
Q o
wv "
= >
“ 20 20
0 LIJ_l 0
Feed Sand- Sand- AFM - Feed Sand- Sand- AFM - Feed Sand- Sand- AFM - Feed Sand- Sand- AFM -
FW Low High High SW Low High High FW Low High High SW Low High High

Figure 4.6. Comparison of suspended solids received by each filter in day 9 and 15 of the experiment.

On day 9, the influent load was low (< 30 mg/L) for both sea and fresh water and the filters
at high velocity could not remove solids from the influent (Fig. 4.6). On day 15, the scenario
was different, with high level of influent solids in both sea and fresh water (> 70 mg/L). In
this case, the filters at high velocity managed to remove about 40 % of the solids from both
the influent feed waters. The treatment in low velocity removed large amounts of solids in
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both cases (65% to 95%) (Fig. 4.6), due to a longer residence time providing more time for
interaction between foulants and bed media.

4.3.3  Stacks performance

To assess the effectiveness of the filtration pre-treatments, RED stacks receiving the
effluent of the three filters configurations were also evaluated in terms of performance. The
pressure drop between inlet and outlet of the stacks is the main parameter for indication
of fouling and its increase during the experiment is shown in Fig. 4.7. The electrical
performance of the stacks was not affected by fouling during the experiment, as shown on
Fig.S4.3.
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Figure 4.7. Pressure drop increase in the stacks’ compartments, from the beginning until the end of
the experiment.

The stacks receiving the treated water from Sand-Low filters had the lowest average
increase of pressure, while Sand-High has the highest average value (Fig. 4.7). This is in
agreement with the effluent quality of the water after the pre-treatment (Fig. 4.6 and 4.7),
with the low velocity filtration yielding the best results. However, at a higher velocity, AFM
was filtrating better than sand, and this can be seen by the lower increase of pressure drop
in the AFM stacks (Fig. 4.7). Overall, the duplicate stacks had low similarity in results,
especially for the stacks receiving the filtered water at high velocity (Fig. 4.7). The duplicate
stacks received the same treated water, but it seems the accumulation of fouling in the
compartments can be triggered by factors different than only the water quality. In the case
of freshwater compartments, the stacks receiving treated water from the filter Sand-Low
had the smallest pressure increase, followed by Sand-High and as last AFM-High (Fig. 4.7).
In the case of seawater, most compartments presented an increase of pressure drop during
the experiment below 50 mbar, while the stack Sand-High Il showed a significant
discrepancy in comparison to the other compartments, with a value above 200 mbar.
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Overall, for the majority of feed water compartments of the stacks the increase of pressure
drop during the experiment is below 100 mbar, which is reasonable and with the application
of an adequate cleaning procedure, the related pumping losses can be mitigated [12].

The fouling build-up in the stacks can be estimated by the total load in terms of turbidity
that each stack received during the experiment, as shown in Figure 4.8.
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Figure 4.8. Total turbidity load received by the stacks during the experiment in NTU/m3.

Due to a lower turbidity of the effluent of the filters running at low flow velocity (Fig. 4.8),
both in freshwater and seawater compartments, the received load of the stacks was lower
than from the high velocity filters. In the fresh water compartment the load received in the
stack after filtration at low velocity corresponds to about 35% of the load received by the
filters at high velocity (Fig. 4.8). For seawater compartment this value was about 15%. This
explains the increase of pressure drop in the stacks receiving the water treated at high
velocity, even though the difference among the increase of pressure drop of the stacks (Fig.
4.7) is not necessarily the same as the values of total load received (Fig. 4.8). This could be
due to the particulate foulants, represented by turbidity (Fig. 4.8), just crossing the stacks
and not attaching to the membrane and not causing an increase in pressure drop. In RED,
the direction of the water flow is parallel to the membrane surface, which lower the chances
for interaction between foulants and membrane, allowing a fraction of the particles to just
cross the stack and not be attracted to the membrane.

434 Membrane autopsy

At the end of the experiment (day 16) all stacks were subjected to a membrane autopsy,
where membrane samples were visually analysed. Both visual observation (Fig. S 4.4) and
SEM (Fig. S 4.5) showed that the stacks fed by the low velocity filtration pre-treatment
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overall presented less fouling. This was also confirmed by the analysis of residual fouling on
the membrane surface (Fig. 4.9) showing that suspended solids were found in higher
concentrations on the membranes from stacks Sand — High (1.5 — 7 g/m?), followed by lower
values in stacks receiving the treated water from AFM — High (1 — 2.7 g/m?) and even lower
for the stacks Sand — Low (0.3 — 0.7 g/m?) (Fig. 4.9 A). The solids were not especially more
attracted to the CEMs or AEMs, as the membrane with higher concentration of solids varies
in each stack (Fig. 4.9 A).
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Figure 4.9. Estimation of residual membrane fouling (solids in A, humic acids and biopolymers in B) on
membrane surface of CEM and AEM of each stack.

The residual fouling was mostly from humic acids for the AEMs (Fig. 4.9 B). The negatively
charged humic acids have a strong interaction with the positive charges of the AEMs
[27,28]. The CEMs however, accumulated instead, mostly biopolymers, even though
observed values were at lower scale than for humic acids (Fig. 4.9 B). Humic acids values
varied in each stack from 50 until 120 mg/L, and again stacks Sand — High had the highest
concentrations, showing that especially stack Sand — high Il was affected by humic acids
fouling. Interestingly, this stack had the lowest value of fouling by biopolymers in the CEM
(5 mg/L) (Fig. 4.9 B).

These results of the residual solids in the membrane surface (Fig. 4.9) are in in agreement
with the effluent quality data (Fig. 4.6) and the increase of pressure drop data (Fig. 4.7),
indicating that the stacks receiving the effluent treated with low velocity filtration were
subjected to lower load of foulants (Fig. 4.8), which results in lower pumping losses in these
stacks.

4.4 Conclusions

Different configurations for dual media filtration were tested, showing that a high flow
velocity/loading rate (~20 m3/m?2.h) is suitable for pre-treatment applications for RED. As
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expected, the effluent quality decreased with the higher loading rate, however the minimal
level of treatment needed for RED was achieved, since the impact of fouling on the RED
stacks is low (< 100 mbar). Also, due to fouling reaching the stacks being mostly composed
of particles in the effluent of filtration, other studies [12] have shown that it is possible to
control the pumping losses with in-situ cleaning techniques.

The variation of inflow turbidity was shown to affect the effluent quality of the filters, thus,
when the feedwaters would have higher turbidity due to weather events, the effluents of
all the filters configuration studied would also present higher turbidity, which would reach
the stacks. The filters running at higher velocities were more affected by these events, due
to receiving more load at shorter time interval. When the inflow of suspended solids loads
was low (< 30 mg/L), the filters running at high velocity would barely remove the foulants,
while with higher feed loads (> 70 mg/L) the removal could reach around 50%.

The frequency of backwashing of filters had to be increased with the use of a high velocity.
However, comparison of the load removed during one filtration cycle showed that at high
velocity the bed of the filter is used more efficiently and resulted in more turbidity removed
than filtration at lower velocity for seawater. The main benefit of using the filters at high
flow velocity lies in the reduction of the area needed for filtration, which leads to a
reduction of construction costs of the filters. The use of AFM as media when applying high
flow velocities is preferred, since this type of media can yield better effluent quality than
sand in terms of suspended solids and size of particles.

93



Dual media filtration for RED

Supporting Information

Filters and stack performance

The flow velocity achieved by the six different filters was logged during the experiment and
it is presented in Figure S 4.1. Variations in the flow occurred during each cycle, due to
accumulation of fouling causing a higher resistance for the filtration of the water and
reducing the flow. Larger variations occurred due to high turbidity in the feed waters,
causing the filters to clog and the flow to be reduced.

2 Fresh water 20 Seawater
+ Sand - low + Sand - low
Sand - high Sand - high
o AFM - high o AFM - high

Ak

Flow velocity (m¥m?.h)

Time (day) Time (day)

Figure S 4.1. Flow velocity for each of the six filters, separated by influent source (fresh water and
seawater). The legend refers to type of media used and flow velocity that was aimed to be maintained
during operation.

The duration of each filtration cycle is shown minutes in Figure S 4.2. The normal duration
of the cycle at low velocity corresponds to 12 hours and for the cycle at high velocity to 6
hours. A few times the filters at high velocity had to be backwashed more frequently than
6 hours due to high turbidity in the feed waters.
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Figure S 4.2. Duration of filtration cycles for the six filters. The duration of the cycles is mainly due to

time set to backwash.

The electrochemical performance of the stacks is shown in terms of open circuit voltage

(OCV) in Figure S 4.3. The values remain constant during the experiment, except for

variations due to the salinity of the waters, which impact all the stacks similarly.

Figure S 4.3. Open circuit voltage (OCV), of the stacks during the experiment.
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Membrane autopsy
Pictures of the membrane surface of both CEM and AEM of each stack is shown in Figure S 4.4. The
stacks Sand — High and AFM — High had more incidence of solids on the CEMs.
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Figure S 4.4. Images of membrane surface of both CEM and AEM of each stack after the experiment
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Figure S 4.5. SEM images of membrane surface of both CEM and AEM of each stack after the
experiment
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Figure S 4.5. SEM images of membrane surface of both CEM and AEM of each stack after the
experiment
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Multistage in RED

Abstract:

A multistage reverse electrodialysis system was studied at the REDstack research facility
(the Afsluitdijk, the Netherlands) for over 30 days to describe the performance of such
configuration under natural water conditions. The experiments were done with two 0.22 x
0.22 m? stacks in series comprising 32 cell pairs (3.1 m? of membrane area) for stage 1 and
64 cell pairs (6.2 m? membrane area) for stage 2. The total gross power density at the
available salinity gradient was stable at around 0.35 W-m2. The total net power density,
corrected for the initial pressure drop of the stacks, was 0.25 W-m™ at an energy efficiency
of 37%. Throughout the operation, due to increased stack pressure drop, the actual total
net power density lowered to 0.1 W-m. A distinct behaviour was found for multivalent ions
in each stage. For stage 1, Ca?* and SO4% were transported from the fresh water to the
seawater side, so-called uphill transport. For stage 2, uphill transport was not found, in line
with Donnan potential calculations. Stack autopsy revealed microorganisms with sizes ten
times larger than the cartridge filter nominal pore size (5 um) and biofilm covering part of
the spacer open area, both contributing to the increasing pressure drop in the stacks. This
study showed that stable gross power densities and high energy efficiencies were obtained
from feeding natural waters to a multistage reverse electrodialysis system, independent of
fouling. In addition, it emphasized the importance of maintaining pumping power losses low
for a viable deployment of the technology.

This chapter has been published as:

C. Simdes, B. Vital, T. Sleutels, M. Saakes and W. Brilman. Scaled-up multistage reverse
electrodialysis pilot study with natural waters. Chemical Engineering Journal, 450 (2022) p.
138412
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5.1. Introduction

Renewable energy sources are a key element in fighting climate change, and COz emissions
and, simultaneously help fulfilling world energy requirements. One renewable energy
source is salinity gradient energy (SGE), also known as “Blue Energy”. SGE results from the
chemical potential difference between two solutions of different salinity, for instance, while
mixing seawater and fresh water [1].

Reverse electrodialysis (RED) is an electro-membrane process that harvests the SGE in the
form of electrical energy, using cation and anion exchange membranes (CEMs and AEMs)
alternately piled in a stack [2]. Spacers keep the membranes apart and make the
compartments to flow the feed solutions. Seawater and fresh water are fed alternately
through these compartments. During operation, the concentration gradient across the
membranes leads to ion transport from the seawater to the freshwater compartment and
according to their selectivity, CEMs transport cations and AEMs transport anions. The
resulting ionic current, generated through the stack, is converted into electric current,
usually through redox reactions at the electrode end compartments [3].

The RED process was already introduced in 1954 [4]. However, it only gained more
attention in the last two decades due to the call for new renewable energy sources and
advances in ion-exchange membranes' performance and fabrication [5]. Despite
technological advances during the last decade [6,7], the process has not yet met the
targeted power density output of 2 W/m? and energy efficiency of 40% at long-term
operation [8]. This is particularly true when natural waters are used, demonstrating the
need to study natural water systems for the end application. Experiments towards natural
seawater and freshwater applications have investigated the presence of divalent ions (e.g.,
Ca?*, Mg?*, S04%) which resulted in a decrease in the gross power density compared to NaCl
solutions [9—12]. This is due to uphill transport, where divalent ions are exchanged with
monovalent ions and are transported against the direction of the concentration gradient,
and due to the larger hydration radius of divalent ions which increases the membrane
electrical resistance. The use of monovalent selective ion exchange membranes has shown
improvements in the gross power density [13—15]. Changes in temperatures have also been
assessed, showing that lower temperatures affect negatively the performance of RED
[16,17]. Other studies, focused on the fouling in natural waters, indicate that, when no anti-
fouling strategies are in place, organic matter can decrease the gross power density up to
40 %, whereas inorganic fouling can decrease up to 8 % [18,19]. Anti-fouling strategies,
such as water pre-treatment [20], cleaning strategies [21,22] or RED monitors [23,24] show
a prospect of solving fouling issues and maintaining low stack pressure drops with the
challenge of using less energy. The use of profiled membranes [25,26] was also suggested
to decrease stack pressure drops. Another challenge brought by natural waters is the
possible scaling at the electrodes of, for example, Mg(OH). and CaCOs, which increased the
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energetic losses [27]. However, studies combining natural seawater and fresh water with
control strategies, such as electrode segmentation [28] and multistage [29], are missing in
the literature.

Multistage RED (MSRED) concept is gaining more attention as it increases the power
output, consequently, the energy efficiency, while keeping the gross power density higher
when compared to a single stage in the same conditions. MSRED enables different currents
per electrode pair, as in electrode segmentation [28]. Moreover, it allows different
configurations and materials per stage which can further improve the performance [30].
Veerman, who was the first to propose the MSRED concept in 2009 [31], recently published
a model-based study with co- and counter-current flow in different multistage
arrangements for maximum efficiency with different electrical controls [32]. Tedesco et al.
simulated crossflow stacks for brine and brackish water mixtures up to three stages and 500
cell pairs per stage, showing more than 1000 W could be obtained [33]. Hu et al. showed
through modelling that a multistage series control was more suitable in practice with a
counter-flow arrangement for brine and freshwater concentrations in a RED heat engine
system [29]. Their work continued with an experimental investigation where the process
efficiency was five times higher than with single stage, preferably using low feed flow
velocities [34]. Referring to natural waters, Wang et al. studied MSRED with natural
seawater and brine to improve the process energy efficiency. However, the water
composition was left out (only overall concentration was given), the test duration was
rather short and only one stack was used to simulate the staging effect [35]. Besides the
energy production aspect, MSRED is also used for improving the decolourization efficiency
of azo dye wastewater [36], creating a system combined with multi-effect distillation [37]
or producing hydrogen [38].

Our previous work investigated the application of MSRED for seawater and fresh water
through modelling and experiments, using 0.5 M and 0.017 M NacCl solutions [30]. We
concluded that the total power density and energy efficiency increased with a two-stage
configuration using the “saving the gradient” strategy (stage 1 operated at a current density
below the stage maximum power density) to achieve an overall higher maximum power. In
addition, the pressure drop inherent to the feed compartments played an important role in
the staging implementation [30]. Later, the same multistage model was extended to include
magnesium and sulphate ions in solution, but it was validated only with single-stage
experiments in controlled conditions [39]. The advantages of MSRED were moderated with
the presence of divalent ions. The behaviour of multivalent ions in MSRED is limited to the
model study and not experimentally verified. Thus, long-term testing of MSRED with natural
seawater and fresh water, connecting two crossflow stacks in series, where the multivalent
ions impact and fouling are evaluated daily, to our knowledge, has never been reported
before.

106



Reverse Electrodialysis with natural feed waters

In this study, we show for the first time the performance of two 0.22 x 0.22 m? crossflow
stacks connected in series, fed with natural seawater and fresh water, at a geographical
relevant location for RED implementation, over more than 30 days. The goal was to
understand the impact of natural waters in an MSRED system concerning performance, ion
transport and fouling and dealing with fluctuations associated with nature. Initially, the
stacks were individually characterized at the laboratory using pure NaCl solutions (0.5 and
0.017 M NaCl) and, later were transported to the REDstack research facility (Afsluitdijk, the
Netherlands), which allowed continuous water supply, and connected in series. For 30 days,
the MSRED fed with natural waters was monitored continuously, revealing the fate of the
ions (in particular divalent ions) and process performance. After a month of operation,
cleaning techniques were tested in an attempt to lower the pressure drop across the stacks.
At the end of the operation, a stack autopsy was conducted to evaluate the fouling
extension.

5.2. Materials and methods
5.2.1. Experimental setup

Two crossflow RED stacks were provided and built by REDstack BV (Sneek, the
Netherlands). The details of the stack design can be found elsewhere in the literature [40].
The stacks were connected in series with the fresh and seawater both fed to stack 1 and
stack 2 received the outlet streams of stack 1 (Fig. 5.1). Stack 1 (or stage 1), which was the
first stack receiving the feed waters in the multistage configuration, contained 32 cell pairs
(3.098 m? of total active membrane area) and stack 2 (or stage 2) contained 64 cell pairs
(6.196 m? of total active membrane area). The difference in the number of cell pairs resulted
from model simulations, a shorter residence time increases the power density on stage 1
and a longer residence time, on stage 2, will exhaust further the salinity gradient increasing
the energy efficiency while having lower pumping losses [30]. The active area of a single
membrane was 0.22 m x 0.22 m. Each cell pair comprised one CEM (Fumasep FKS-30,
Fumatech GmbH, Germany) and one AEM (Fumasep FAS-30, Fumatech GmbH, Germany).
The shielding membranes were two fluorinated CEMs (Fumatech F-10150-PTFE, Fumatech
GmbH, Germany), one being part of a cell pair and the other as the extra membrane. The
ion exchange membranes properties can be seen in Table 5.1. Woven net spacers of 155
pum thickness (Deukum, GmbH, Germany) were used to make the compartments, with 55 %
porosity. At the endplates, a pair of 0.22 m x 0.22 m platinized Ti-mesh electrodes were
used as anode and cathode (MAGNETO special anodes BV, the Netherlands).

Table 5.1 lon exchange membranes properties.
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Properties FKS-30  FAS-30 F-10150-PTFE
Thickness (dry) ¢ [um] 25-35 25-35 140 - 150
Permselectivity @ [%] >98 >90 >95
Electrical resistance P [Q-cm?] 1.32 0.78 1.8-29v

lon exchange capacity ¥ [meq-g] 1.43 16-2.0 0.7-09
Dimensional swelling in H20 @ [%] <3 <2 <5

® Fumatech Technical Data Sheet, provided upon the membrane purchase
# Measured in a six-compartment cell at 0.5 M NaCl, according to a literature procedure [41]
¥ FUELCELL Store Technical Data Sheet, available online (www.fuelcellstore.com/fumatech)

The experiments were conducted first at the laboratory at Wetsus, for stacks validation
with NaCl solutions, and later at the REDstack BV research facility (the Afsluitdijk, the
Netherlands), where it took place the transition to natural feed waters and set up for two
section 5.3.1), the 30-day run experiment (section 5.3.2 and 5.3.3) and only after the
cleaning strategies and fouling investigation (section 5.3.4).

The electrode rinse solution (ERS), during the laboratory tests and first days of the pilot
tests, was a mixture of 0.2 M KaFe(CN)s, 0.2 M KsFe(CN)s and 0.15 M NaCl (VWR Chemicals,
Belgium) recirculated at 300 mL/min. Although it worked in the laboratory and also with
natural feed waters at a smaller scale [42,43], the hexacyanoferrate solution was found not
to be suitable for scaled-up stacks using natural feed waters. Mg?* and Ca?* ions crossed the
CEMs and reacted with OH" resulting from the reduction of water at the cathode and
precipitated as salts. Figure S 5.1 shows the visual difference between the initial pristine
solution and the used ERS in each stage and, Figure S 5.2 shows the scaling found at the
autopsy. Therefore, to avoid scaling at the cathode, the ERS was replaced with single-pass
seawater. Each electrode compartment for each stage was fed with seawater
independently at a rate of 600 mL/min. Ag/AgCl reference electrodes were used to measure
the potential difference across the membrane pile, excluding the overpotential at the
electrodes. In a commercial application, voltages losses due to oxygen, chlorine and
hydrogen evolution reactions need to be taken into account (around 1.5 to 2 V) or ERS that
avoid such loss should be developed.
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Figure 5.1 Schematic diagram of the experimental setup at the research facility fed with fresh water
(FW) and seawater (SW) and with single-pass seawater as the electrode rinse solution. Dots represent
the sampling points in positions 0, 1 and 2. The three-way valves for water switching are not
represented for simplicity but were installed before the stage 1 inlet.

The laboratory setup has been described in our previous work [30]. For the pilot setup
(Fig. 5.1), the fresh water (FW) and seawater (SW) were pumped at a flow rate of 39.3 L/h,
corresponding to 1.0 cm/s in stage 1 and 0.5 cm/s in stage 2, unless stated another flow
rate. The spacer porosity was not included in the flow velocity calculation. The natural feed
waters were automatically switched (changing compartment) every six hours to further
mitigate scaling at the electrode compartments. By switching the feed waters, thus the
polarity of the stack, cathode and anode were switched periodically, which helped lowering
inorganic scaling at the cathode. Both valves installed for water switching were controlled
by a Raspberry Pi (Raspberry Pi Foundation, United Kingdom), using an open-source Python
code. Temperature and conductivity (Type 8228, Burkert, Germany) were measured inline,
before stage 1 (position 0), between stages 1 and 2 (position 1) and after stage 2 (position
2). The pressure drop between inflow and outflow over the stack was measured with
absolute pressure sensors (MIDAS SW, JUMO GmbH, Germany). Data were collected with a
data logger (Yokogawa, Japan).

At the laboratory, both stacks were fed with pure NaCl solutions (Regenit, Esco, the
Netherlands), which consisted of 1 g/L for the FW and 30 g/L for the SW at 24.540.5 °C.
These values were chosen for consistency with previous studies with pure NaCl solutions.
Afterwards, at the REDstack BV research facility at the Afsluitdijk, the Netherlands, the
stacks were fed with natural waters from Lake lJssel (FW) and the Wadden Sea (SW), after
being pre-treated with the research facility drum and sand filters, which was the pre-
treatment adopted for this study, and a 50 - 5 um nominal cartridge filter (Pentek DGD-
5005-20, Pentair, USA) placed before the pumps. These waters were sampled at positions
0, 1 and 2 from both FW and SW (Fig. 5.1) and were characterized with an lon
Chromatograph (Metrohm Compact IC Flex 930, the Netherlands) for Cl,, SO4%, Na*, K*, Mg?*
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and Ca?*. Before analysis, the samples were filtered using a 0.45 um filter (Merck Millipore
Millex-LCR, Germany). The typical composition of the natural feed waters, during the
experiment, is given in Table 5.2.

Table 5.2 Average natural seawater (SW) and fresh water (FW) characteristics during the
experiment at the Afsluitdijk research facility.

Conductivity Temperature Typical ion concentration [mM]

Source o
[mS-cm-1] [°C] cl- S04 Na* K* Mg2* Ca%
314 18.6 3425 179 283.8 6.2 33.2 6.8
Wadden Sea (SW)
4.1 +0.6 +37.6 1.8 +32.6 +0.8 3.8 0.7
0.52 19.0 2.7 0.6 2.3 0.1 0.5 11
Lake lssel (FW)
+0.02 +0.7 +0.2 +0.1 0.2 0.1 0.1 0.1

5.2.2. Electrochemical measurements and calculations

The electrochemical measurements were done with a two-channel potentiostat (IVIUM
n-stat, IVIUM Technologies BV, the Netherlands) and recorded with the IVIUMsoft software.
The potential across the membrane, in volts, was calculated through the Nernst equation:

RT Mayy.
E=—In (M) (Eq. 5.1)
zF \Mpw.Virw

Where R is the gas constant (J/mol.K), T is the absolute temperature (K), z is the ion
valency (-), F is the Faraday constant (C/mol), m is the molality (mol/kg H.0) and y: is the
mean salt activity coefficient (-) estimated with the model of Ge et al. [44]. For the case of
calculating the theoretical open circuit voltage (OCV), Eq. 5.1 was adapted to OCV =E -
2N - a;py , where N is the number of cell pairs (-) and ouem is the average of the AEM and
CEM permselectivity (-). The experimental OCV was measured when there was no current
applied.

To define the power curve and maximum power density an |-V (current-voltage)
measurement was done. It consisted of current steps of -0.5 A (at the Wetsus laboratory),
and -0.4 A for stage 1 and -0.2 A for stage 2 (with natural waters at the Afsluitdijk) until the
cell voltage reached zero. Displaying the results both current and voltage are made positive.
The gross power density (P 4,055 in W/m?) of each stage was:

1-U
Pd,gross = a4 (Eq.5.2)
mem

Where [ is the current applied (A), U is the measured potential (volts) and A, is the
total active membrane area (m?). The net power density (Eq. S 5.1) only considered pressure
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drop losses from the stack (Eq. S 5.2). For the total power density (P ;otq; in W/m?) of two
stages, the contribution of each stage needs to be considered:
Patotar = IIY]_?Pdm + IIY]_TPdsz (Eq.5.3)

Where Ny is the total amount of cell pairs (-) and N, is the amount of cell pairs in stage
1 and N, is the amount of cell pairs in stage 2. To evaluate the power density and energy
efficiency in the long term, the current was fixed during the experiments, after manually
employing the “saving the gradient” strategy for the first days [30]. The strategy consisted
of stage 1 working at 80% of its maximum power density and stage 2 at 95%. Providing a
lower current to stage 1 to allow an “extra” salinity gradient for the following stage has
proven that more power can be harvested than by setting each stage sequentially at its
maximum power [30]. Applied current values and measured response voltage during the
30-day run are shown in Table S 5.1.

To verify how much of the available salinity gradient energy was harvested, the energy
efficiency was calculated:

_ Pgross

= Eqg.5.4
n AG,, (Eq. 5.4)

Where the Py, is the total gross power (W) and the 4Gy, is the Gibbs free energy per
second at the inlet (W) [45]. To calculate 4G, the entropy (4S in W/K) and the absolute
temperature (T in K) are needed.

AG =AS-T (Eq. 5.5)
AS = Spix — Srw — Ssw (Eq. 5.6)
S=—-R-n;- Z x;In (x; - v;) (Eq. 5.7)

;
i =H,0,Cl”,Na*,K*,502~, Mg?*, Ca?*

Where n; is the total number of moles (mol/s), x; is the mole fraction (-) and y;
corresponds to the single ion activity coefficient of species i (-) as specified above. The single
ion activity coefficient of species i, y;, was approximated by the mean salt activity
coefficient, y,, for the following ions: Y- = Ynaci, YNa* = Ynactr Y+ = Ykcus Ysoz- =
YNays04: YMg?*+ = Ymgcl, andYeq2+ = Yeact,- Yu,0 Was assumed 1. With equations 4.5,4.6
and 4.7, the available power for mixing is calculated.
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5.2.3. Cleaning and autopsy techniques

Cleaning strategies were implemented after more than 30 days of experiment, in an
attempt to mitigate the reduction in net power density output. Both stages had visible signs
of fouling and presented an increasing pressure drop with time. In the cleaning procedure,
the inlet and outlet of the stacks were reversed, since most particulate fouling accumulated
in the entrance of the stack and, by reversing the flow direction, this accumulation was
pushed out of the stack. Following, the flow was doubled for 5 minutes, forcing the particles
out. After that, air sparging was performed, with a configuration of 3 pulses of 2 seconds
duration each at 3 bar air pressure. Air sparging is a sudden disturbance on the membrane
and spacers surface by introducing compressed air for a short time along with the feedwater
flow, to remove a large accumulation of foulants, mostly particulate fouling. During the
cleaning procedure, water samples were taken at the outlet of each stack compartment
(both fresh and seawater) and were analysed for suspended solids, according to the
Standard Methods for the Examination of Water and Wastewater [46].

The multistage configuration was let to run for two more weeks after the cleaning, and at
the end of the experiment, stack 1 was carefully opened and investigated concerning
fouling. Since a membrane autopsy was destructive to the stack, stack 2 was kept intact for
future research. Pictures of the AEM, CEM, spacers and electrodes were taken, and
membrane and spacer pieces were cut for optical and electron microscopic investigation,
always on aninlet, central area of the membrane. The procedure was the same as described
in Vital et al. [20]. In short, membrane and spacer pieces were fixed and dried for
microscopy analyses under scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX), while other pieces were stained with Alcian Blue 8 GX 0.1% solution
(Sigma Aldrich, the Netherlands) and observed with phase-contrast microscopy (Olympus
BX40, Japan) at 10x and 20x magnification, for visualization of organic fraction of
extracellular polymeric substances (EPS) and biofilm [47].

5.3. Results and Discussion
5.3.1. Transitioning between artificial and natural conditions

Both RED stacks were first tested at the laboratory, using pure NaCl solutions and at the
same flow velocity (1.0 cm/s) to ensure reproducibility. Inlet conditions are shown in Table
5.3. OCV values were, 0.131 V and 0.133 V per cell pair for stacks 1 and 2, respectively (Fig.
5.2A). These values are close to the calculated theoretical OCV of 0.150 V per cell pair (Eq.
5.1, assuming permselectivity, a = 0.95). The power density versus current density curves
were similar (Fig. 5.2B). Stack 1 had a 1.5% higher gross power density; this minor difference
can be attributed to different factors together, such as manual building or ionic shortcut
currents from the increased cell pair number in stack 2 [48,49].
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Table 5.3 Test description and conditions for each stack/stage. At the laboratory reproducibility
tests took place, thus the stacks are studied individually under equal conditions. At the research
facility, the stacks, now named stages are already investigated in the two-stage series configuration.

Inlet SW FW . Velocity
Test diti Composition

conaitions 5 Imsfem]  T[°Cl o[mS/cm] TI°C] [em/s]
Validation Stack 1 Lab 47.83 24.9 2.03 24.8 NaCl 1.0
Reproduci-

o Stack 2 Lab 47.78 25.3 2.03 25.1 NaCl 1.0

bility
Natural Stage 1 NW 35.33 19.4 0.66 19.5 Natural 1.0
conditions Stage 2 NW 29.85 19.7 4.60 19.5 Natural 0.5

When the testing under natural conditions (Fig. 5.2C and 5.2D), the stacks were
connected in series (Fig. 5.1) and are now referred to as stages 1 and 2. The initial test
conditions can be seen in Table 5.3. Because of staging, the salinity gradient available for
stage 2 is lower than stage 1, due to the mixing in stage 1. Furthermore, since stage 2 has
twice the amount of cell pairs of stage 1, the flow velocity is halved to 0.5 cm/s. These two
factors account for the 2.3 times lower maximum power density in stage 2, shown in Figure
5.2D. The effect of staging combined with the change in flow velocity seen here is
comparable to the literature for NaCl solutions [30]. The maximum gross power density
achieved in stack 1 lab was reduced by 41% with stage 1 NW (Fig. 5.2B and 5.2D). This was
due to a combination of effects including the lower salinity gradient available which can be
seen in Table 5.3 and calculated through Eq. 5.5, and the presence of multivalent ions like
Mg?* and Ca?* (details in section 5.3.3). Vermaas et al. (2014) also reported a decrease of
around 50% in gross power density with MgS04 (10%)/ NaCl (90%) solutions with a total salt
concentration of 0.508 M and 0.017 M in artificial seawater and fresh water [10]. The lower
temperature (Table 5.3), known to negatively influence the power density [11,17], further
reduced the gross power density. The maximum gross power density of stage 2 NW (Fig.
5.2B and 5.2D) was even lower (0.3 W/m?) because of the reasons mentioned above
concerning initial concentration and flow velocity. Transitioning to natural waters shows
multiple challenges that cannot be studied simultaneously in the laboratory.
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Figure 5.2 (A) I-V curve, stack resistance and (B) gross power density vs current density for stacks 1
(circles and solid lines) and 2 (squares and dotted lines) as tested in the laboratory (LAB, black); (C) I-
V curve, stack resistance and (D) gross power density vs current density for stages 1 (circles and solid
lines) and 2 (squares and dotted lines) as tested at the research facility with natural waters (NW, blue).
Conditions for these results are shown in Table 5.3. In these measurements ERS was still 0.2 M
KsFe(CN)g, 0.2 M K3Fe(CN)6 and 0.15 M NaCl. Trend lines are added to guide the eye.

5.3.2. Continuous staging performance over a month

Figure 5.3 shows the gross power density and energy efficiency on the sampling moments
for each stage and in total. Throughout the 30-day run, the total gross power density was
quite stable at around 0.35 W/m? (Eq. 5.3). The contribution of each stage can be seen in
Figure 5.3A, averaging 0.55 W/m? for stage 1 and 0.25 W/m? for stage 2 (Eq. 5.2). By reusing
the waters in stage 2, thus extending their use at a reduced salinity gradient, and because
of the longer residence time in this stage, there was an expected decrease in total power
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density. The energy efficiency achieved values above 30% with a maximum of 37% (Fig.
5.3B, Eq. 5.4). Such energy efficiencies have not been reported for natural water studies
and are found here to be comparable to theoretical [39,50] and laboratory studies [30,42].
The gross power density and the gross energy efficiency represent a good electrical
performance of the multistage configuration. The gross power density would be increased
if the salinity gradient of the natural waters was higher.

Some variations in performance as detected were explained by one of the following
reasons: First, due to the natural change in salinity gradient between sea and fresh water
(Figure S 5.3A) and second, due to changing the stack operation. For example, on days 27
and 28, an asymmetrical flow rate was tested (shaded green areas in Figures 5.3, 5.4, 5.5
and 5.6), with the seawater flow rate being half of the freshwater flow rate, or change in
current applied (Table S 5.1). The temperature varied between 18 and 21 °C. These
fluctuations can be seen in Figure S 5.3.
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Figure 5.3 Total and stage-related gross power density (A) and gross energy efficiency (B) for the
sampling moments: Stage 1 (e), Stage 2 (m) and total (#). The green shaded area corresponds to two
days with an asymmetric flow rate, while FW was kept the same (39.3 L/h), and SW was reduced to
half (19.6 L/h).

Figure 5.4 shows the multistage net power density (Eq. S 5.2) and the pumping power
density per stage in two scenarios (Eq. S 5.1). If we would correct the gross power density
only with the pressure drop of that stage to its starting value (0.3 bar for stage 1 and 0.15
bar for stage 2) and kept it constant, the total net power density amounts to 0.25 W/m?.
However, due to an increasing pressure drop in stage 1, at the start of the operation (Fig. S
5.3), the total net power density was mostly below 0.1 W/m? (Figure 5.4A). That is also why
the constant and actual scenarios' net power density values do not match on day 1 of the
30-day run. Stage 1 was most affected, due to the higher flow velocity, and it was the first
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in line to experience a pressure drop increase due to fouling (Fig. S 5.3), reaching, for most
days, pumping power densities higher than the gross power density (Fig. 5.4B). Later on,
stage 2 also showed an increase in pressure drop, indicating the fouling was not exclusive
to stage 1 but remained with positive net power density values. The net power density per
stage can be obtained from the difference between Figure 5.3A and Figure 5.4B. In our
previous work [30], it was shown that variation of the stack residence time (and hence flow
velocity and pressure drop) could be used for the optimization of the net power density
production while increasing the energy efficiency. This strategy was not followed in this
duration test.
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Figure 5.4 (A) Total net power density of the multistage configuration for both the actual pressure
drop and in case the pressure drop is taken as a constant and equal to the initial pressure drop. (B)
Pumping power density calculated for stage 1 (black) and stage 2 (blue), actual values with symbols
and constant values with dashed lines. The scenario actual uses the stage pressure drop at that
moment and the scenario constant uses only the initial pressure drop value (Figure S 5.5). The green
shaded area corresponds to two days with an asymmetric flow rate, while FW was kept the same (39.3
L/h), and SW was reduced to half (19.6 L/h).

The pressure drop can be partly attributed to visible fouling as algae growth was
noticeable in the transparent tubing and the feedwater compartments. More details can be
seen during the cleaning and stack autopsy in section 5.3.4. Interestingly, the gross electrical
performance was not affected by the pressure increase and fouling [20]. We conclude that
the electrical performance was dependent on the water's composition and concentration
and mostly independent of the fouling for the period of testing. The fouling however
affected the hydraulic performance, leading to a high loss in net power density output.
Efforts towards maintaining the pumping power losses at a lower level in time are therefore
needed.
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The asymmetrical flow rate, with seawater being half of the freshwater flow rate, on days
27 and 28 did not show increasing performance values compared to the overall experiment.
However, compared to the data points just before and after (days 26 and 30), which share
more similar conditions, the energy efficiency increased (Fig. 5.3B). Although the gross
power density decreased (Fig. 5.3A), the pumping power density lowered (Fig. 5.4B)
subsequently increasing the net power density for the actual scenario. Thus, for controlled
water conditions, the asymmetrical condition could work as an optimization. On the other
hand, in a highly dynamic environment, as present in this study, there is no discernible
benefit.

5.3.3. lon’s behaviour through staging: multivalent ions are transported differently per
stage

During the 30-day run, natural waters were sampled at all positions to analyse the
transport of ions through staging. The presence of multivalent ions, such as Mg?*, Ca®* and
S04%, leads to uphill transport of these ions, as described by Vermaas et al. [10]. Uphill
transport occurs when a divalent ion is transported against its concentration gradient
(usually from the fresh water to the seawater side) to obtain equilibrium in chemical
potential at both sides of the membrane. This phenomenon results in losses for the RED
process, since one divalent ion like Mg?* is exchanged with two monovalent ions like Na* at
zero net charge.

Figure 5.5 shows the concentration of monovalent ions through the multistage process
and the measured conductivity at the inlet (position 0), between the stages (position 1) and
at the outlet (position 2). Both for the fresh and seawater sides, the conductivity coincides
with chloride (CI') and sodium (Na*) concentration, which means that conductivity sensors
can correctly indicate the salinity gradient when the natural water is mainly composed of
ClI"and Na*. This implies that an automated optimization of the RED performance could rely
on the conductivity sensors that predict the available salinity gradient. All the monovalent
ions show the same trend through staging.

While monovalent ions show a predictable behaviour through staging, multivalent ions
have a different pattern. The uphill transport of sulphate (504*) and calcium (Ca?*) in stage
1 was expected and given in the literature [14,51]. Figures 5.6A and 5.6E show that both
S04% and Ca?* concentrations at the freshwater side decreased from position 0 to 1 (being
O theinlet and 1 the outlet of stage 1). And the opposite occurred on the seawater side (Fig.
5.6B and 5.6F). In the case of magnesium (Mg?*), uphill transport is not present (Fig. 5.6C
and 5.6D) which is opposite to the literature [14]. In the work by Rijnaarts et al., the uphill
transport of divalent ions was studied individually and not as a mixture, while also
discarding the presence of Ca?*. The uphill transport of Ca?* can be explained by the smaller
hydrated ionic radius of Ca ?* (0.412 nm) compared to Mg?* (0.428 nm) which makes Ca?*

117



Multistage in RED

being transported more easily than Mg?*. Guo et al. [11] compared the uphill transport of
Mg?* and Ca?* for two different membranes.
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Figure 5.5 Conductivity and concentration of monovalent ions at the inlet (0), between stages (1)
and outlet (2) in fresh water (FW) (A, B and C) and in seawater (SW) (D, E and F) while operating at
constant current density. The conductivity is represented with a line. The shaded area corresponds to

two days with an asymmetric flow rate, FW was kept the same (39.3 L/h), and SW was reduced to half
(19.6 L/h).

At lower temperatures, most of the uphill transport was attributed to Ca?* (which was ten
times lower in concentration than Mg?* at the fresh waterside). In our case, Ca?
concentration (1.1 mM) in fresh water was higher than Mg?* concentration (0.5 mM). The
higher concentration and the smaller hydrated radii triggered Ca?* to be preferably
exchanged with Na* rather than Mg?*.

118



Concentration (mM) Concentration (mM)

Concentration (mM)

0.8

o
o

I
~

0.2

1.5

1.2

0.9

0.6

0.3

Reverse Electrodialysis with natural feed waters

Freshwater
A — Sulphate (FW)
A A A A A
A
+ AA AAA
4oa, AL
te o0 0% ., .
[
. ug®
n - .I am
n s
. g
&
N
=
e0 =1 a2 =4
0 5 10 15 20 25
Time (day)
C — Magnesium (FW) é%
i
i
5
A o
A
A A AAA Lo
+ A
AA AL
A
A
I. = L |
oo :=o ' HITINTH =’:
0 5 10 15 20 25
Time (day)
E — Calcium (FW) &E
<
U
=
. OQ..‘ 0.“ o é"’
o oo
A,
A ®
A A" A A @
A . A
4 A, 4
A
u ] . m 0
i = L] bl .
5 10 15 20 25
Time (day)

30

L]

30

30

25 Seawater
B — Sulphate (SW)
20 .
| ] es
2884 aBE2 ! =
—~ AA A n
= [ ] - Al
Ei15 |4 bl
s |
IS
$10
(8]
c
o
o
g
5
i
(e
=
g
0
0 5 10 15 20 25
Time (day)
40 -
D — Magnesium (SW)
00,°
35 a Eg " e
g2 aA “e
s, A A A
30 |m ‘.’ JV .O
—_ n
=
§25 A: AA: ‘-
c A
£ 20
©
5
815
c
o
© 0
g
<
5 -
0 o0 w1 ,2 5‘
0 5 10 15 20 25
Time (day)
10
F — Calcium (SW)
8 n ..I. =
[ ] .l.. !“: .
s A "= “®%e C.
E 6 |[°" 0" e
c 1.3 A
Re]
©
S 4
(8]
c
Q
o
2 g
g
I
0 o0 w1 A2 é-%
0 5 10 15 20 25

Time (day)

30

30

rem

30




Multistage in RED

Figure 5.6 Sulphate (A and B), magnesium (C and D) and calcium (E and F) concentrations, in mM, in
fresh water (FW, left side graphs) and seawater (SW, right side graphs) at the inlet (0), between stages
(1) and outlet (2). Note that the y-axis values differ between graphs. The green shaded area
corresponds to two days with asymmetric flow rate, FW was kept the same (39.3 L/h), and SW was
reduced to half (19.6 L/h).

In stage 2, the transport pattern of multivalent ions was distinct from the previous stage.
From positions 1 to 2, representing the inlet and outlet of stage 2, all ions follow downbhill
transport, following their concentration gradient, typically from the seawater to fresh
water. Such behaviour has not been reported in the literature so far, given that experiments
with multistage and multivalent ions are missing. The absence of uphill transport in stage 2
can be explained by the Donnan equilibrium. In stage 1, the multivalent ions exchange with
the monovalent ions to obtain equilibrium in chemical potential between the membrane
sides [52]. However, in stage 2, the Donnan potential for each ion is equilibrated at the inlet.
Figure 5.7 shows the calculated Donnan potential (Eq. 5.1) for each ion on day 17 of the
experiment. This day was randomly selected from the data. Stage 1 works as a removal step
for multivalent ions, comparable to the principle of Donnan Dialysis [53]. The application of
Donnan Dialysis as a pre-treatment step for RED was proposed earlier to improve the power
density [54]. Since uphill transport was an intrinsic loss only for stage 1, stage 2 could benefit
from this, resulting in a relatively better performance on that stage despite the lower
salinity gradient.
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Figure 5.7 Calculated Donnan Potentials (Eq. 5.1) for the ions at the positions 0, 1 and 2 on day 17
(randomly selected to represent the data). Each bar represents an ion, from left to right: chloride,
sulphate, sodium, potassium, magnesium and calcium.
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5.3.4. Cleaning and stack autopsy

The anti-fouling strategies adopted in the pre-treatment were not able to maintain the
stacks’ pressure drop close to the initial values. Increasing pressure drops lead to higher
pumping power losses which decrease the available net power density. Thus, towards the
end of the experiment, in an attempt to lower the pressure drop and possibly recover the
initial value, three physical cleaning techniques were selected regarding low cost,
sustainability and short system interruption, and applied to both stacks. The cleaning
started with reversing the inlet and outlet, followed by increased flow rate and finally air
sparging. Results achieved with the application of these cleaning techniques are presented
in Figure 5.8.

The fouling removal on both stages was similar, achieving a recovery in pumping power
losses of 0.03 W/m? for stage 1 and 0.01 W/m? for stage 2, which in both cases represented
around 15% of the pumping power that could be recovered from stage 1 (~0.21 W/m?) and
stage 2 (~ 0.07 W/m?). A higher removal of fouling on stage 1 was expected since the flow
velocity in this stage was higher and it was also more likely to accumulate foulants, as it was
the first stack to receive the feed waters. Most likely that could not be detected due to the
cleaning being performed only after a long time of operation when fouling build-up was
already established and reached similar levels in both stages. When looking at the amount
of particulate removed that could be collected in the outlet of the stacks, we observed that
on the seawater outlet of stage 1 a higher removal was achieved (Fig. 5.8). This indicates
that more fouling was present and could be removed, even though the numbers presented
are normalized for the membrane area, which in stage 2 is double of stage 1. For fresh water
this did not happen, with similar removal in both stages, indicating that the fouling was not
affected by the different hydraulic conditions of stages 1 and 2.
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Figure 5.8. Bars represent the amount of particulate fouling removed per stack membrane area for
each step of the cleaning procedure: cleaning with reverse and increased flow together and air
sparging. The pressure drop that could be recovered from each water compartment at the end of the
cleaning is presented with a round symbol on top of the bars (difference between right before and
after cleaning). The pressure drop decrease after the cleaning procedure appeared only to be a small
fraction of the pressure drop across the stages after long term operation.

After the cleaning, two fractions of particulate fouling were analysed, the first one
collected after the reverse and increased flow, and the second after air sparging. For the
fresh water compartments of both stages, the particulate removal was greater with the
reverse and increase flow than with the air sparging. This probably happened due to the
order in which the procedures took place, nonetheless, it showed that this simple technique
could already remove a large part of the reversible fouling at a low energy cost and no
additional agents had to be added (Fig. 5.8). For the seawater compartments of both stages,
the removal of foulants with air sparging was similar to the amount achieved with the
reverse and increased flow (around 50% of total particulate removed), showing that the
addition of compressed air as a cleaning agent could result in better cleaning. This indicates
that the remaining fouling from seawater could still be removed with increased shear stress
near the membrane surface as caused by the use of compressed air, tackling a more
resistant fouling layer. This shows that a dedicated cleaning procedure must be applied for
a specific type of fouling.

The results show that the pumping power recovered achieved with the cleaning
procedure was quite modest (15 %) compared to the power losses accumulated on the
previous days of operation. Implementing the cleaning method earlier in the operation and
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more frequent, may have prevented the cumulative increase of pressure drop [24]. In
addition, other more intensive physical cleanings or chemical cleanings could be considered
to reduce the fouling related pumping power losses [55].

Following the cleaning procedures, the configuration was kept running for two additional
weeks to allow fouling regrowth and then stage 1 was opened for fouling investigation.
Representative pictures of the membranes and spacers autopsy are shown in Figure S 5.6.
In the autopsy no particulate fouling was visible, nor types of fouling could be seen by the
naked eye, except the presence of organic fouling by humic acids on the AEMs, due to the
characteristically brown colour of this type of fouling [43]. The positive charge of the AEMs
attracts the negatively charged organic matter commonly found in freshwater bodies,
widely known as humic acids, while CEMs do not suffer from this specific type of fouling,
due to their negative charge being able to repel such foulants. However, under the
microscope, many types of foulant could be identified, as shown in Figures 5.9 and 5.10.

Figure 5.9 Representative microscopic images of algae and other structures found on CEM (A and
B), AEM (C) and spacer (D). The scale bar is 50 um for A, B and C and 100 pum for D.
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Figure 5.10. Scanning electron microscope representative images of CEM (A), AEM (B) and spacers
(C and D). The scale bar is 10 um for A and B, and 100 um for C and D.

Figures 5.9A, 5.9B and 5.9C show agglomerations of organisms forming large structures,
from 1 um to approximately 50 um. Most of the structures were identified as green algae,
glaucophytes, and diatoms, all of them being commonly present in freshwater bodies
[56,57]. The alcian blue dye reacted with biofilm and EPS layer, enabling their visualization
and their presence was quite extensive on the surface of the membrane. SEM images, in
Figures 5.10A and 5.10B, show similar structures, and biofilm formation can be seen more
clearly, with an agglomerate of bacterial cells surrounded by the EPS layer. These types of
foulants are consistent with the pre-treatment that was employed during the experiment
since with a 5 um filter as the last step of pre-treatment, a large part of particulate fouling
was retained and only smaller foulants could pass through. The formation of structures
larger than 5 um resulted from the growth of living organisms and aggregation in
communities.

Figures 5.9D, 5.10C and 5.10D also show an accumulation of fouling at the spacers at all
four corners of the open mesh area. The presence of fouling reduced the available open
area for the feedwaters to pass and consequently led to an increase in pressure drop. The
spacers’ thickness of 155 um was remarkably thin and increased the sensitivity to fouling,
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which may also have contributed to an increase of the pressure on the inlet compartment
[58].

Unfortunately, the cleaning procedures were not effective in removing the remaining
pressure drop to a large extent, as the type of fouling in this experiment was more
intrinsically connected to the membrane surface than loosely particulate deposits. For
future studies, an anti-fouling strategy to be applied against biofouling growth could be
avoiding sunlight to reach the stacks and tubing. In a darker setting, most microorganisms’
metabolism will be slower, preventing growth and accumulation [59]. Although there was
a large effect of fouling on the hydraulic performance, the impact of fouling and scaling did
not affect the gross electrical performance of the membrane pile, as the gross power
density kept stable during the experiment. This positive outcome shows that the electrical
optimization of the RED process (e.g., by multistage or electrode segmentation) and the
minimization of the hydraulic resistance showed to be independent activities. The main
influence of fouling was via the hydraulic resistance, affecting the required pumping power.
This issue should be addressed using profiled membranes [25] or (in combination) with a
more frequent cleaning procedure directly from the start of the experiment. The anti-
fouling strategies (in pre-treatment and cleaning) should also be separately investigated
and evaluated in view of their effectiveness, power consumption, system interruption and
impact on environmental sustainability [20].

5.4. Conclusions

A multistage reverse electrodialysis system was operated with natural waters, at the
Afsluitdijk, the Netherlands, for over 30 days with a stable gross electrical performance. The
gross power density was between 0.3 and 0.4 W/m? and energy efficiency values were
between 30 and 37%. A strong increase in pressure drop in stage 1 was observed in the first
weeks, after which the net power density was stable at around 0.1 W/m?. Considering the
initial measured pressure drop the net power density would increase to around 0.25 W-m"
2, Fouling did not affect the gross electrical performance of both stages but led to a higher
pressure drop reducing the net power density output. The transport of multivalent ions was
different in stage 1 and stage 2. For stage 1, SO4% and Ca?* showed uphill transport from
fresh water to seawater, whereas Mg?*, which is often linked to uphill transport in literature,
did not. This was explained by the higher concentration of Ca?* than Mg?* in the fresh water.
In stage 2, no uphill transport was observed. The cleaning procedures applied had limited
effect on recovering the original pressure drop of the stacks. Stack autopsy revealed, at the
membrane surface, microorganism structures larger than the cartridge filter (mean pore
size of 5 um) used as pre-treatment for the natural waters. The agglomeration and growth
of these structures in-situ contributed to the increase in pressure drop through time in the
compartments, as well as part of the spacers’ open area that was covered with (bio)fouling.
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Multistage reverse electrodialysis, with two stages in series, showed as a viable
configuration to increase the energy efficiency with a stable gross power density, even at
the low salinity gradient, available in this duration test. For optimal performance, the
electrical control of the stages could be automated, taking into consideration the
conductivity at the inlets and actual pressure drop. An improved stack design in
combination with pre-treatment of the natural waters and periodical cleaning procedure of
the stages is highly recommended, to avoid the power losses associated with the pressure

drop increase across the stacks.
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Figure S 5.1 Pristine hexacyanoferrate solution (left) compared with the hexacyanoferrate solutions
used as ERS at the electrode compartments of stages 1 (right) and 2 (middle) for four days.

The autopsy of the electrodes and spacers adjacent to the electrode compartments
showed scaling in different forms, as seen in the pictures in Figure S 5.2.

XZHEBE  18m
Electrolyte compartment SRR 184

Figure $5.2 (A) Picture of the electrolyte compartment (spacer and electrode behind) and the white
scaling on the spacer mesh (scaling). (B) SEM image of the spacer compartment, showing the crystals
formed by scaling. With EDX the scaling was identified as CaCOs deposition.

The scaling was attached to the electrode, to the spacer net and the shielding membrane
on the side facing the electrode. Using EDX, it is more likely that the scaling of the spacers
was caused by CaCOs and on the electrodes scaling was a combination of Ca(OH). and
Mg(OH)a. Since no cleaning was performed on the electrodes, the scaling as found may still

127



Multistage in RED

relate to scaling issues using the hexacyanoferrate electrode rinse solution on the transition
to natural waters and, while the single-pass seawater, as ERS, was running without
periodically switching the feedwaters (until day 5 of the 30-day run). The electrode scaling
was more evident on one side than the other, which reinforces the assumption that this
scaling developed at the start of the experiment. Scaling is more prone to occur at the
cathode due to an increase in alkalinity. While switching the waters, both electrode
compartments act as cathode or anode at some point, making a pH change in the
compartment. During the period that the electrode acts as the anode, the precipitates can
dissolve due to the formation of acid. To avoid scaling, reversal of polarity every six hours
was found effective.

Conditions during the installation phase and the 30-day run

The seawater concentration, and thus conductivity, now and then drastically fluctuated
due to the Afsluitdijk locks located at each end of the dyke (Fig. S 5.3A). These locks open
for boats to cross and to discharge extra fresh water from Lake lssel. For example, between
day 0 to day 10 on the 30-day run the locks were frequently opened, due to intense rainfall
in the region (Fig. S 5.4), the seawater conductivity even dropped to 15 mS/cm. In those
moments, given the non-stable behaviour, both stages operated in OCV conditions (Fig. S
5.3B). These location-specific fluctuations reveal a vulnerability to operating with natural
intakes. Note that also at other locations, the conductivity and temperature can change
drastically during the seasons or specific weather events [16]. An automated control to
adapt the current, given the inlet conductivities, could be a solution for better operation. In
the present case, the temperature fluctuated between 18 and 21 °C and between day and
night the change was 1 °C (Fig. S 5.3D).

The stages’ pressure drops are shown in Figure S 5.3C. The higher initial pressure drop in
stage 1 is due to increased flow velocity (1 cm/s) compared to stage 2 (0.5 cm/s). Stage 1
was the first to suffer from increased pressure drop since it is also the one receiving the
feed waters first. This was probably caused by an accumulation of fouling at the membranes
and in the very thin spacer used (155 um). After the accentuated increase until day 6, for
stage 1, water switching was used to mitigate scaling issues at the cathode in both stages.
At the same time, this technique also helped with the increasing pressure drop where the
rapid increase was replaced by a moderate increase over time and rejuvenated the
performance of stage 1 (Fig. S 5.3B, days 4 to 6). It is hypothesized that the periodical
osmotic shock caused by switching the seawater with the fresh water acted as an anti-
fouling technique. It is also after day 6, with the switching, that the pressure drop of stage
2 starts to slowly increase. It seems that until then stage 1 was acting like a filter to stage 2,
and later the filtering capacity of stage 1 was lost with the switching, thus the fouling was
carried to the next stage.
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Figure S 5.3 (next page). (A) Inlet seawater (SW) and fresh water (FW) conductivity, (B) stage 1 and
stage 2 gross power density, (C) SW and FW compartments pressure drop for stages 1 and 2, and (D)
inlet SW and FW temperature, for the installation period and later 30-day run. When the water
switching was active, the waters changed periodically, and with this, the line and colour do not
indicate SW or FW but are fixed to the compartment (pressure drop plot). The zig-zag pattern on the
pressure drop plot, after water switching, was thought to be caused by an asymmetry between pumps
and compartments, but it was not further explored. The orange shaded areas correspond to OCV
moments. The green shaded area corresponds to two days with asymmetric flow rate, FW was kept
the same (39.3 L/h), and SW was reduced to half (19.6 L/h).
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Figure S 5.4 Rainfall as registered in Leeuwarden, the Netherlands, 5 days before and during the 30-
day experiment [60], this figure does not comprise rainfall data from the installation period.

Pressure drop calculations
The pumping losses, or pumping power density (Py pymp in W/m?), corresponding to the

power lost for pumping SW and FW through a stack was calculated as:

Orw * APy + Qsw * APgy

Amem

Pd,pump = (Eq.S5.1)

Where ¢ is the flow rate (m3/s) and AP is the pressure drop across the compartment (Pa).
By measuring the pumping losses, the net power density can be calculated as the difference
between gross power and pumping power:

Pyner = Pd,gross - Pd,pump (Eq.S5.2)
04
m Stack 1 LAB @ Stack 1 NW
Stack 2 LAB Stack 2 NW

_ 0.3 g/
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;|
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Figure S 5.5 Pressure drop of fresh water and seawater in each stack at 1.0 cm/s (39.3 L/h for stack
1and 78.6 L/h for stack 2) at the laboratory tests (LAB) and at the pilot plant with natural waters (NW)
at initial conditions. Stack 1 = stage 1 and stack 2 = stage 2.

4.5.4. Switch position and current and stack potential measured during the 30-day run

Table $ 5.1 Switch position and applied current with the respective voltage response at the sampling
moments. Since water switching occurred, two positions are defined: position A indicates the
original/starting position, and position B indicates seawater is in the original fresh water compartment
and vice-versa.

Sample day Position Is1 [A] Es1 [V] Is2 [A] Es2 [V]
1 A 0.866 2.090 0.519 2.902
2 A 0.866 1.568 0.518 2.456
7 B 0.807 2.067 0.640 2.239
8 A 0.793 2.171 0.583 2.611
9 B 0.759 2.051 0.594 2.234
13 B 0.759 2.294 0.594 2.696
14 B 0.759 2.310 0.594 2.833
15 B 0.759 2.306 0.594 2.533
16 A 0.746 2.389 0.537 3.073
17 A 0.746 2.480 0.537 3.277
20 B 0.759 2.395 0.594 3.055
21 A 0.746 2.502 0.537 3.263
22 A 0.747 2.542 0.537 3.295
23 B 0.759 2.431 0.593 2.860
26 A 0.746 2.392 0.537 3.020
27 B 0.713 2.338 0.407 2.978
28 A 0.747 2.010 0.390 2.951
30 B 0.759 2.395 0.594 2.979

Membrane autopsy

Representative pictures of the membranes and spacer are shown in Figure S 5.6. Clean
Fumasep FAS-30 and FKS-30 (Fumatech, Germany) membranes are translucent and
transparent, as well as a clean spacer net. The membranes and spacers were found to be
intact when opening the stacks at the autopsy, with no visible damage. Due to interactions
with humic acids, AEMs turned brown after the experiment, while CEMs preserved the same
characteristics of a clean membrane looking by the naked eye. On the spacers, some fouling
accumulation can be seen on the connections of the mesh, mostly characterized by green
light colour due to the presence of algae-like structures.
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Figure S5.6 Representative pictures of the membranes and spacer. Due to interactions with humic
acids, AEMs turned brown after the experiment, while CEMs preserved visually the same
characteristics of a clean membrane. On the spacers, some fouling accumulation can be seen on the
connections of the net, mostly characterized by green light colour due to the presence of algae.
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Abstract:

Reverse electrodialysis (RED) is a promising technology to harvest salinity gradient power
(SGP) that is available where fresh and sea water mix, using anion (AEM) and cation
exchange membranes (CEM) in a stack. Fouling of the membranes is one of the main
challenges for RED, since it leads to a reduction in attainable net power output. In this study,
we combined the use of profiled ion-exchange membranes (200 um thick compartments)
with a pre-treatment by a dual media filter for both natural water streams (Lake Ijssel and
Wadden Sea), with four different cleaning procedures: (i) increased flow, (ii) reverse and
increased flow, (iii) reverse flow and feed switch, and (iv) air sparging.

Cleaning with air sparging was the most effective technique, limiting the pumping losses
and not influencing the power generation capacity. The cleaning with reverse flow and feed
switch also showed to be suitable, keeping the pressure drop losses lower than 100 mbar
for both water streams. Post experiment membrane autopsy showed that CEMs were more
subjected to particulate fouling than AEMs, and that a lower accumulation of fouling by
particulate resulted in a higher concentration of humic acids and biofouling on the
membrane surface.
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6.1 Introduction

Reverse electrodialysis (RED) is a promising technology that can be used to harvest the
salinity gradient power (SGP), also known as Blue Energy, that is naturally available where
fresh and sea water mix [1,2]. SGP is a renewable energy source that can be used in
combination with other sustainable energy sources, such as solar and wind, as the SGP is a
continuous source of energy and does not suffer from high fluctuations of yield due to
weather conditions or day and night cycles [3]. The RED principle is based on exploiting the
chemical potential difference from the controlled mixing of a low and high salinity streams
separated by ion-exchange membranes converting it into an electrochemical potential
difference [1,2,4]. Electrical energy can be harvested by alternating anion exchange
membranes (AEM) and cation exchange membranes (CEM), which directs anions to the
anode and cations to the cathode of the RED stack, and through redox reactions in the end
compartments, using electrodes and an electrolyte solution [1].

Fouling of the ion exchange membranes is one of the main challenges hindering the viability
of this technology, since it leads to a reduction of the exploitable net power [5,6].
Prevention and management of fouling is of utmost need for this technology to reach the
market [5,7,8]. Fouling formation can be slower when using an effective pre-treatment of
the inlet waters (sea and fresh), that removes a large amount of foulants even when the
daily and seasonal variations in weather and climate result in varying inflow of foulants.
Many pre-treatment methods have been tested on inlet water for RED in the past, such as
a drum filter, cartridge filter, river bank filtration, coagulation with polyaluminum chloride
(PAC) and sand filter [6,9,10]. The desired pre-treatment should be robust, durable, with
simple operation and maintenance and, most important, with a low energy demand [11]. In
previous studies we showed that a dual media filter, using anthracite and sand as media,
could fulfil many of these requirements, being effective for both seawater and fresh water
pre-treatment [12]. In our work, it was also shown that the formation of a fouling layer
composed by particulate matter was the main contributor to pumping power losses in the
process, but at the same time, its formation could also limit attachment and growth of
microorganisms and thus biofouling [12,13]. Thus, the presence of small amounts of
particulate matter can be beneficial, and fouling management through cleaning should
consider this aspect.

Together with a robust pre-treatment, fouling management with cleaning techniques is
necessary to avoid a loss in performance during long term RED operation [7,8,14]. This can
be achieved by applying certain operational techniques, such as increased flow, or a proper
cleaning procedure that includes the use of a cleaning agent such as compressed gas or
chemical solution [7,14]. A combination of frequently applied operational technique and a
less frequent cleaning with a cleaning agent could be considered to tackle different types of
fouling at low energy expenditure. To make RED a viable and sustainable technology, the
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desirable cleaning procedure should require low amounts of energy, be effective, not use
harsh chemicals and not produce toxic by-products, since it is likely that cleaning residues
will be disposed in the sea. In addition, it should not hamper RED stack performance and
membrane properties or demand a long downtime in operation [8]. Previous research on
this matter included the work of Post et al [15], who proposed switching of feed waters in
the compartments’ regularly to promote an osmotic shock of microorganisms and prevent
biofouling development. Vermaas et al. [16] compared the periodic feed water switching
with air sparging, with both techniques being applied every 30 min, and air sparging showed
to be more effective on long-term operation. Moreno et al. [17] investigated the best
configuration of operation for air and CO sparging, implementing the use of short pulses of
compressed gas. The main conclusion was that applying CO> was more effective since less
stagnant bubbles were trapped on the spacers mesh, allowing for a more constant
performance of stacks [17]. Finally, when using a basic solution as cleaning agent, Chon et
al. showed that both organic and inorganic foulants were more effectively desorbed from
the membrane surface in fresh and sea water in comparison to an acid solution, but no
details on the potential by-products formed was presented [18].

In (reverse) electro-dialysis, it is common to use spacers to create the compartments for
feed waters, but recent studies showed that the use of spacers could hinder stack
performance, due to the spacer shadow effect and by enhancing the surface available for
fouling attachment [8,19-21]. In addition, the spacers can have a negative effect when
applying cleaning techniques, such as air sparging, by trapping bubbles and increasing the
resistance of the cell [16,17]. Thus, an alternative for spacers was designed, by imprinting
channels on the membranes surface to make the compartments, the so-called profiled
membranes [21-23]. Profiled membranes have shown to yield better power output when
using natural waters and allow for more customization of desired flow distribution inside
the cell [16,19,23].

Despite the above-mentioned benefits, profiled membranes are not yet commercially
available due to difficulties of profiling surfaces at large scale and a low demand for this
type of membrane.

In this study, we combined the use of thermo-pressed profiled ion-exchange membranes,
that created water compartments of 200 um thickness, with dual media filter pre-treatment
of both inlet waters and four different (new and more established) cleaning procedures,
namely increased flow (IF), reverse and increased flow (RIF), reverse flow and feed switch
(RFFS), and air sparging (AS). The selection of the techniques was based on results from
previous research [16,17,19] and the above mentioned needs for RED to be a viable and
sustainable technology.

The cleaning procedures were compared for their impact on stack performance and fouling
removal potential. The applied cleaning techniques had different impacts on fouling build-
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up and performance loss over long-term operation (67 days) under realistic operation
conditions with natural waters. In addition, fouling removal and membrane autopsy analysis
were carried out to investigate fouling layers’ formation in time and the effects of each of
the cleaning techniques on different kinds of fouling.

6.2 Materials and Methods
6.2.1 Experimental Set-up

Figure 6.1 presents a schematic representation of the set-up used in the experiment, built
in the pilot plant installation at the REDstack BV facility (Breezanddijk, the Netherlands)
located on de Afsluitdijk, a flood defence dike spanning between the provinces of North
Holland and Friesland. Five RED stacks were operated in parallel, fed with equally pre-
treated fresh and sea water. First, both waters were filtered with a drum filter with pore
mesh of 40 um, immediately followed by rapid dual media filtration, and stored in 30 m?
storage tanks. The rapid dual media filter consisted of two distinct layers: first an anthracite
layer (1.2 mm — 2.0 mm) followed by a sand layer (0.5 mm — 1.0 mm). Operation of the
filters was automated, and backwashing was done with treated water and compressed air.

7777777 Drum filter

water \\i/‘ ...... Rapid dual
media filter

L 4

30 m? storage___1
tanks

X Y A X

Reverse and stack Reverse flow| Stack Airl stack S
. R increased :ICF and feed R:ch oar ;1 AS C";t:;rlgl
eawater " flow switch pereine

~
L 4

Figure 6.1. Schematic representation of the experimental set-up used for the experiments presented
in this work. Five stacks were operated in parallel with equally pre-treated feed waters (via a drum
sieve and a dual media filter) while a different cleaning technique was applied on each stack
throughout the experiment. In stack control, no cleaning technique was applied.

All RED stacks were constructed identically and operated equally, with the only difference
being the cleaning procedure applied. 10 x 10 cm crossflow stacks were supplied by
REDstack BV (The Netherlands), and 5 cell pairs were used, totalizing a membrane area of
0.1 m2. The stacks were run with a flow velocity of 1 cm/s and operated continuously for 67
days.
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6.2.2 Profiled membranes and stack operation

The membranes used in the experiment were supplied by Ralex (Mega, Czech Republic),
more specifically CMH-PES and AMH-PES, and the characteristics can be found in [21]. These
membranes were chosen due to their suitability to make profiles with the thermo-pressing
method, which employs heterogeneous membranes that can withstand temperatures up to
140°C [21,22,24].

CEM membranes were profiled on both sides, with perpendicular direction to maintain a
cross flow pattern in the stack. Profiling was done as in [21], by applying 140°C for 10
minutes with 200 bar of pressure, after pre-heating the moulds for 2 minutes. Pressure was
kept until cooling of the membranes was completed to approximately 45°C. A picture of a
freshly prepared profiled CEM is shown in Figure 6.2, together with a cross section picture
of a profile, showing the height of the channels of around 200 um. AEMs were used flat,
without any modifications. All membranes were stored and conditioned as recommended
by the supplier.

Figure 6.2. Image of a clean profiled CEM (A) and the SEM image (B) showing a detail of the profiles
generated by thermos-pressing method. The profile/ridge height is around 200 um. Scale bar is 200
um.

The anode and the cathode of the stack consisted of titanium electrodes mesh with a
galvanic platinum coating of 2.5 um and with an active area of 10 x 10 cm (Magneto Special
Anodes B.V., The Netherlands). The electrolyte solution was recirculated in the electrode
compartments and kept at an over pressure of 0.3 bar and composed of 0.05 M KsFe(CN)e,
0.05 M KsFe(CN)s and 0.25 M NaCl (VWR, USA). A pressure difference transmitter
(Yokogawa, Japan) continuously measured pressure drop over the outlet and inlet of the
stacks. A sensor connected to a data logger (Yokogawa, Japan) which recorded temperature
and conductivity of the feed waters after treatment every 60 s.
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Voltage of the stacks were measured using a potentiostat (Ilviumstat, lvium Technologies,
The Netherlands) connected via a peripheral differential amplifier. Chrono potentiometric
series were applied allowing for calculation of the open circuit voltage and gross power
density based on obtained |-V curves. Net power density was calculated by subtracting the
pumping power required to pump the feed waters to the stacks from the gross power
density, as done in [25]. The chronopotentiometry series consisted of constant current
density steps of 2 A/m?, 3 A/m?, 4 A/m?, 5 A/m? and 6 A/m? applied for 80 s each, to allow
the stack voltage to reach a constant value. The current steps were separated with 80 s
without applied current, when the open cell voltage (OCV) could be measured. The results
are shown as a day average of four measurements per day, which were done with 6 hours
of interval. The rest of the time the stacks were operated at constant current density to
simulate the RED process.

6.2.3  Cleaning techniques

The four cleaning procedures applied were selected for their suitability and potential of
fouling removal, looking as well at how easily they can be implemented and performed.

® Increase of flow to three times the original flow for 5 min (IF). This technique aims
to cause fouling detachment and release simply by increasing the shear forces
along the membrane surface [26].

e Reverse inlet and outlet of the stack coupled with flow increase to three times the
original flow for 5 min (RIF). This procedure was chosen due to fouling starting to
accumulate at the inlet of the stack, and by increasing the flow foulants are pushed
out [13,19].

e Reverse inlet and outlet of the stack coupled with switching the feed waters
compartment’s (RFFS). With this procedure, the compartment that was receiving
fresh water in the inlet, now receives seawater from the outlet (new inlet). By
switching water compartments, the difference of salinity of the feed water streams
causes an osmotic shock which can lead to detachment of the fouling layer and to
adverse conditions for organic and biofouling. This happens mostly when the
previous freshwater compartment receives seawater, which acts as a draw
solution to desorb the foulants that were absorbed or attached to the surface [15].

e Air sparging (AS). In this procedure, compressed air is used as cleaning agent and
flown inside the stack along with the feed water, causing a disturbance on the
water compartment due to the high pressure of the air bubbles. This leads fouling
to detach from the membrane and be washed out by the water flow [16,17,27].

145



Cleaning procedures

Combination of cleaning techniques

A combination of techniques is expected to be required for fouling management in RED.
Thus, an additional chemical cleaning was introduced and a concentrated salt solution was
chosen instead of acid and base solutions that can damage membrane surface [8,28]. For
this purpose, a brine of 90 g/L of sodium chloride was prepared and recirculated for 1 h 30
min in all stacks compartments on day 54, except in the stack control [28].

In addition, the frequency of treatment of all stacks was increased from day 60 until 64 to
daily, to evaluate if more frequent cleaning could be beneficial. On day 64, after the normal
cleaning of each stack, air sparging was performed in the four stacks receiving cleaning
treatments, to test the possibility of combining the mechanical cleanings with a more
intensive procedure with a cleaning agent (compressed air). The effluent water collected
after the cleaning procedure was analysed for quantification of the removed fouling, with
the same techniques as described in section 6.2.4.

6.2.4  Fouling removal water analysis and membrane autopsy

Samples of the outlet fresh and sea water from the stacks were taken during the cleaning
procedures and analysed to quantify the fouling removal by means of organic carbon
quantification via TOC analysis and LC-OCD, suspended solids concentration, particle size
distribution (PSD), with the same procedures as described in [13].

At the end of the experiments, membrane autopsy was performed in all stacks to visually
evaluate the effect of the cleaning procedures. Fouling appearance was visualized by naked
eye and are presented with camera photos. Membrane pieces were cut in duplicate for
microscopy investigation via optical and scanning electron microscopy (SEM). To visualize
the carbohydrate fraction of the extracellular polymeric substance (EPS) characterizing
biofilms and thus biofouling, membrane samples were stained with Alcian Blue 8 GX 0.1%
solution (Sigma Aldrich, USA) for 30 min and washed with MilliQ water to remove excess
dye [29,30]. For SEM analysis, membrane pieces were first fixed with 2.5% glutaraldehyde
solution overnight and dehydrated with graded series (30, 50, 70, 90 and two times 100%)
of ethanol for 20 minutes each step and finally dried for 30 minutes at 552C oven. The SEM
analysis was performed with a JEOL JSM-6480LV (JEOL, Japan) at an acceleration voltage of
6 kV and magnifications up to 15,000x.

Finally, to study residual fouling on the membrane surface in more detail, membrane pieces
of 2 x 5 cm were cut and placed in 30 ml of 90 g/L NaCl brine to extract as much foulants as
possible from the membrane surface to a solution. The samples were placed for 30 min on
a shaker, followed by 30 min on the ultrasonic bath and left overnight at 4°C. In the next
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morning the samples were shaken for 30 min again, before the analysis were done. With
the foulants in the brine solution, suspended solids and humic acids analysis were
performed in the same way as for the outlet water collected during the cleaning procedures,
described earlier in this section.

6.3 Results and discussion

The effect of the different cleaning strategies was evaluated by monitoring stack
performance in time and by analysis of the effluent water after cleaning to get insights on
the type and the amount of foulants removed. Moreover, at the end of the experiment,
membrane autopsy was performed to identify different types of fouling on the membrane
surface.

6.3.1  Stack performance

The experiment was carried out for 67 days and evaluated along time via monitoring the
pressure drop (Fig. 6.3) and by measuring the electrochemical performance via OCV and
gross power density measurements (Fig. 6.4). Finally, these parameters can be combined in
the net power density (Fig. 6.4C), revealing the overall performance.
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Figure 6.3. Pressure drop over the inlet and outlet of fresh water (A) and seawater (B) compartment
of the five stacks in operation. The type of cleaning of each stack is positioned next to its curve in the
graph. (*) Air sparging was performed on day 64 in all stacks receiving cleaning throughout the
experiment.

The use of dual media filtration as pre-treatment showed to be effective in keeping the
pressure drop at low values throughout the experiment, with a maximum pressure drop of
350 mbar for the stack Control (Fig. 6.3). This is about half of the values reported by Vermaas
et al. [16] in an experiment using similar profiled membranes and natural waters, but a
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different pre-treatment (a 10 um cartridge filter). These results show that the pre-
treatment with a dual media filter is reliable and performs better than a cartridge filter,
which having a lower specific pore size needs to be replaced frequently. The results
achieved by cleaning techniques, such as Air sparging and Reversed flow and feed switch
are remarkable, keeping the pressure drop values below 100 mbar for more than 2 months
of operation. In the study of Vermaas [16], the pressure drop values reached more than 400
mbar over the similar long period of operation when only a feed switch was performed. This
underlines that the combination of a pre-treatment with a cleaning technique could achieve
better results.

As shown in Fig. 6.3, the pressure drop constantly increased over time in both fresh water
and seawater compartments due to fouling accumulation in the compartments. In all the
stacks where a cleaning strategy was applied, the pressure drop was kept lower than the
pressure drop in the control stack (Fig. 6.3). The lowest pressure drop in both seawater and
freshwater compartments was observed in stack AS, highlighting a minimal fouling build-up
(Fig. 6.3). This underlines the efficacy of the air sparging as a cleaning technique, which
reduced the fouling to initial levels and that allows for longer intervals in between cleaning.

The reversed flow and feed switch (stack RFFS) cleaning technique was also shown to be
effective, keeping pressures drop in the stack below 100 mbar for 67 days (Fig. 6.3). With
this simple technique, we cannot assume that fouling was completely removed from the
stack, but it was mitigated, due to changing of the nature of the waters in the compartments
and by flushing foulants partially out.

The treatment with RIF and IF was not effective in keeping a low pressure drop, as the
pressure drop quickly increased again after the cleaning procedure was applied (Fig. 6.3).
These simple cleaning techniques were not able to decrease fouling to its initial levels, and
thus new fouling layers can build-up fast, possibly leading to irreversible fouling [31,32]
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Figure 6.4. Electrical performance of the five stacks operated during the experiment, reported as OCV
(A), gross power density (B), and net power density (C). (*) Air sparging was performed on day 64 in
all stacks receiving cleaning throughout the experiment.

In terms of electrochemical performance the biggest impact is seen in the beginning of the
experiments (from day O to day 1) (Fig. 6.4), when divalent ions poisoned the membrane
and reduce OCV and consequently gross power density [33] (Fig. 6.4A and B). This decrease
was observed in all stacks and can be attributed to the chemistry of the polymeric
membranes. From day 2 until the end of the experiment, the gross power density of all
stacks reduces similarly overtime; with stack Control having a bit sharper and faster
decrease than other stacks (Fig. 6.4B). This overall decrease of performance is due to
reduction in temperature of waters and variations of the salinity gradient, as shown on
Figure S 6.1, but also due to the different types of fouling accumulation in the membrane
surface. The temperature of both feed waters decreased around 6° C and reach about 10°
C, which can impact the power density to a great extent [3]. The temperature decrease
could also impact OCV, which dropped around 0.1 V per stack (Fig. 6.4) [3,16]. In addition,
fouling by organics, such as humic acids present in natural waters, can get trapped inside
the membrane and results in a loss of ion-exchange capacity of the membrane [18,32]. After
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day 37 stack RIF, and at day 50 stack Control started to fail electrochemically (Fig. 6.4) and
could not be evaluated at the end of the experiment. These two stacks were also the ones
with highest pressure drops and most affected by fouling, which could have led to the power
failure.

At the end of the experiment all the stacks produced a similar gross power density, except
for the control and RIF stacks (Fig. 6.4B). That means that the fouling removal by the other
three cleaning procedures had little effect on the electrical performance of the stacks,
possibly due to the applied cleanings not affecting the kind of foulants that would influence
the ion transfer through the membranes and consequently the electrical performance of
the stack.

In conclusion, based on the pressure drop and the net power density air sparging showed
the best cleaning performance.

It is important to highlight that three out of these four cleaning strategies did not use a
cleaning agent and can be seen as an operational practice that can delay fouling formation
and recover performance, at least partially, for some time. The cleaning with air sparging is
seen as greater intervention on the stack operation, but still a simple technique since it uses
only compressed air as a cleaning agent.

6.3.2  Analysis of foulants removed with cleaning

The cleaning techniques were evaluated in their potential to remove foulants from the
stacks, by analysing the effluent water collected during the application of each technique.
The removal of suspended solids (Fig. 6.5), confirmed that air sparging was most effective
to remove foulants originating from both feed waters, which are known to cause an increase
of pressure drop [26]. The removal was clearly larger in the freshwater compartments and
that could be attributed to a higher content of suspended solids in this inlet water (~ 6
mg/L). The treatment with the dual media filter provides inlet seawater with a low content
of suspended solids (~¥2 mg/L), but for fresh water the treatment is less effective and
overtime this slightly higher concentration of solids entering the stacks accumulates in a
fouling layer. The fouling build-up in the freshwater compartments is then tackled by the
cleaning techniques, resulting in higher removals than from seawater compartments. It is
worth to notice that the fouling from the freshwater feed is mostly of organic nature, as
seen on the higher fraction of volatile suspended solids (Fig. 6.5), and that high amounts
could be removed with the cleaning techniques.
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Figure 6.5. Box plot distribution of the suspended solids removed in the fresh water and seawater
compartment of each stack when a cleaning technique was carried out. For reference, the content of
suspended solids on both feed waters is shown. Stack IF received increased flow cleaning, stack RIF
was cleaned with reverse and increased flow, stack RFFS received cleaning by reverse flow and feed
switch and stack AS with air sparging.

Looking at other fractions of fouling, such as organic carbon and humic acids, little effect
could be seen in their removal by the different cleaning techniques (Fig. 6.6, Fig. S 6.2 and
Fig. S 6.3). The exception was the cleaning with reverse flow and feed switch that was the
only technique that could remove humic acids from the freshwater compartment (Fig. 6.6).
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Figure 6.6. Box plot distribution of humic acids removal from fresh and sea water compartments for
each cleaning procedure performed during the experiment. Stack IF received increased flow cleaning,
stack RIF was cleaned with reverse and increased flow, stack RFFS received cleaning by reverse flow
and feed switch and stack AS with air sparging.

When the feed waters were switched in stack RFFS, the fouling accumulated in the previous
freshwater compartment was suddenly subjected to an osmotic stress when the
compartment is switched to seawater. This caused an osmotic gradient that likely allowed
the humic acids to desorb from the fouling layer to the feed water compartment (Fig. 6.6),
with seawater acting as a draw solution for this foulant [15,16] .

The lack of removal of humic acids from the seawater compartments (Fig. 6.6) can be
explained by freshwater feed not being able to desorb humic acids from the seawater
compartments. Fresh water bodies are known to have high concentration of humic acids,
while seawater is less affected by it [18]. Thus, the fouling layer in the seawater
compartment has a lower content of humic acids and that possibly allows for a fast
equalization of concentration of the humic content, together with a fast reduction of the
osmotic gradient between the fouling layer and the feed water.

6.3.3 Combination of cleanings strategies

Besides the previously discussed cleaning procedures, also combinations of cleaning
strategies were used to help maintain stack performance.

A cleaning with brine was performed on day 54 to assess the effect of a chemical technique
on fouling and consequent stack performance and the effect was evaluated by the impact
on pressure drop (Fig. 6.3), electrochemical performance (Fig. 6.4) and suspended solids
and COD measurements on the water recovered from the cleaning procedure (Fig. S 6.4).
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The pressure drop was not greatly impacted by this technique (Fig. 6.3), proving that a brine
cleaning has little effect on particulate fouling, which is the type of fouling mostly
responsible for increased pressure drop [26]. When the brine cleaning was applied on both
seawater and freshwater compartments, removal of suspended solids was comparable or
lower than what was achieved with the other cleaning methods already in use (Fig. 6.5 and
Fig. S 6.4).

On the other hand, the gross power density was momentously positively affected by the
brine cleaning (Fig. 6.4B). This can be expected, since the amount of salt present in the
stack and membranes after the cleaning could reduce the feed’s resistance and increase the
power output [16,34]. However, the benefit of this technique was limited to the moment
of the cleaning only.

Another attempt to restore the performance was to perform the cleaning procedures more
frequently, in this case every day for 4 days in a row, and the impact on pressure drop (Fig.
6.3) showed that there was a benefit from more frequent cleaning on decreasing the loss
of performance for all stacks. This could be attributed to the cleaning being performed in a
shorter time span than needed for fouling build-up. However, this benefit was limited, as
shown by the pressure drop reduction; it was only kept at a slightly lower pressure drop
during these 4 days but did not return to initial values (Fig. 6.3). Thus, a more frequent
cleaning can help to keep a lower pressure drop and limit the effects of fouling build-up.
Even with the daily cleaning, the estimated downtime needed is less than 1% of the full-
time operation, considering 24 hours of continuously operation.

Due to the effectiveness of air sparging in reducing pressure drop (Fig. 6.3), at day 64 this
cleaning method was applied on the stacks that were receiving a different cleaning
procedure, namely IF, RIF and RFFS. After application of air sparging, the amount of
suspended solids removed from these stacks was up to 10x higher than what was observed
with their initial cleaning procedure, before day 64 (Fig. 6.5 and Fig. 6.7), showing that most
of the fouling still present in the stacks was reversible with a more intensive cleaning. This
resulted in low values of pressure drop, which were close to the initial ones (Fig. 6.3). In the
case of stack IF, the effect on pressure drop was three times higher than the average
reduction observed with the increased flow cleaning alone during the 2 months of operation
(Fig. S 6.5). Similar results were achieved with stack RIF, while for stack RFFS the effect was
not so evident, but this is due to a previous lower accumulation of foulant (Fig. 6.3 and S
6.5). The results also showed that a larger fraction of the suspended solids removed is
composed of inorganic compounds (non-volatile SS, Fig. 6.7), highlighting that minerals
from sediments constitute a large part of the reversible fouling. Air sparging is a more robust
cleaning strategy to remove a large fraction of reversible fouling that is still effective even
when applied less frequently.
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Figure 6.7. Suspended solids (SS) and the relative volatile and non-volatile fractions removed when
air sparging was applied to the four stacks receiving cleaning procedure during the experiment for the
fresh and sea water compartments. Stack IF received increased flow cleaning, stack RIF was cleaned
with reverse and increased flow, stack RFFS received cleaning by reverse flow and feed switch and
stack AS with air sparging.

6.3.4 Membrane autopsy

By the end of the experiment (day 67), all stacks were opened and subjected to membrane
autopsy, and membrane samples were visually analysed. As air sparging was performed in
all stacks receiving cleaning at the end of the experiment, almost no fouling could be
detected on the membranes by naked eye, apart from stack Control (Fig. S 6.6), used as
reference. SEM micrographs (Fig. 6.8), and optical microscopy images (Fig. S 6.7) confirmed
that the control stack had a significant fouling layer in comparison to others. In the profiled
CEMs, fouling was mostly found in between membrane ridges, as showed via visual (Fig. S
6.6) and SEM (Fig. 6.8) analysis. This happens due to the top of the ridges being in contact
with the AEM and space for accumulation was limited.
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con{rol - CEM

SE R

Figure 6.8. SEM images of fouling layer of all stacks operated in the experiment. Stack IF received
increased flow cleaning, stack RIF was cleaned with reverse and increased flow, stack RFFS received
cleaning by reverse flow and feed switch and stack AS with air sparging.

Despite the air sparging step was applied to the stacks by the end of the process, different
types of fouling were identified in each stack, highlighting that the different cleaning
techniques applied to them during the experiment were selecting for a certain type of
foulant(s). In stack AS, fouling development involved biological components as bacterial
cells and diatoms (Fig. 6.8) but low coverage of biofilm, as highlighted by the low amount
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of EPS detected after applying alcian blue staining (Fig. S 6.7). The diatoms were more
commonly found in the CEMs, probably due to favourable charge interactions between the
outer ‘shell’ of the diatom, which is usually negative [35], and the positive ionic charge
caused by concentration polarization around the negative charge of the cationic membrane.
Vermaas [6] observed accumulation of diatoms and mineral silica at the AEMs, but in that
study both AEM and CEM were profiled and that could interfere on the fouling attachment
and formation. As previous studies showed [12,13], when there is less incidence of fouling
by particulate matter, there is more available ideal surface area for attachment and growth
of bacteria and EPS layer, as well as diatoms, resulting in pronounced biofouling. Biofouling
is more difficult to remove during the cleaning procedure, even when using air sparging
[15]. However, despite the presence of low biofouling, the performance of stack AS was not
really affected during the experiment, biofouling.

In stack RFFS scaling in the form of calcium precipitates was observed using EDX analysis of
the fouling layer (Table S1). The precipitation of salts could have happened due to the
switching of feed waters compartments, with a sudden osmotic shock and local changes of
pH. Additionally, diatoms were found on the CEMs (Fig. S 6.7), highlighting that the presence
of biofouling could not be removed with the performed cleanings, similar to the observation
of stack AS.

Fouling in stacks IF and RIF was found in similar amounts, and no special type of fouling
could be identified with the techniques applied, such as typical traits of biofouling. The two
cleaning techniques applied on the two stacks were very similar, with the only difference
being the first one includes reversing the flow direction before increasing the flow. The
stacks also performed very similar, as shown in pressure drop measurements for both fresh
and seawater (Fig. 6.3).

Overall, particulate fouling was found in small amounts in the stacks subjected to the
cleaning procedures. This was confirmed by the residual fouling found during autopsy,
quantified as suspended solids and humic acids (Fig. 6.9). As reference, the amount of
residual suspended solids in the control stack was about 7 g/m? of membrane area on the
CEM membrane (Fig. 6.9).
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Figure 6.9. Estimation of the residual fouling on membrane surfaces on each membrane type (AEM
and CEM) of each stack, estimated on the basis of suspended solids and humic acids from the
membrane autopsy. Stack IF received increased flow cleaning, stack RIF was cleaned with reverse and
increased flow, stack RFFS received cleaning by reverse flow and feed switch and stack AS with air

sparging.

In stack AS, the residual suspended solids on the CEM were slightly lower than other stacks
receiving cleaning, as expected by the pressure drop values (Fig. 6.3). It is interesting to
notice that more residual suspended solids were found on CEM membranes of all stacks
compared to their AEMs counterparts, except for stack AS (Fig. 6.9). EDX analysis showed
that suspended solids were mostly composed of natural organic matter debris and silica and
aluminium sediments found in the natural waters that could not be removed in the pre-
treatment (Table S1). This type of foulants is usually negatively charged, and, surprisingly,
were more attracted to the CEM then to the AEM. This could be due to concentration
polarization of positively charged species on the membrane surface or because most of the
solids are found on fresh water feed (Fig. 6.5) and due to the electric field are attracted to
the anode and thus the CEMs [32].

For the residual humic acids, AEMs had higher accumulation than CEMs (Fig. 6.9), which is
in accordance with the observed brown colour of the first membranes (Fig. S 6.7) and due
to the negative charge interaction of the humic acids with the positive charge of the AEMs,
as previously reported in the literature [16,24,36]. In the fresh water compartments, AEMs
acquire a very intense brown colour, while the seawater compartment have a faded brown
coloration, as shown on Figure S 6.6, and reported in [24].

Humic acids were found in lower concentrations on the stacks with higher accumulation of
pressure drop, such as Stack RIF and Control (Fig. 6.3 and 6.9), and, as observed for
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biofouling, this could be due to the protection of the membrane surface from being in
contact with the larger organic molecules, such as humic acids.

In summary, the cleaning strategies that allowed maintaining a good performance
throughout the experiment were air sparging and reverse flow and feed switch, which in
combination with the use of profiled membranes resulted in an overall low-pressure drop.
The use of spacers is known to hinder the use of air as a cleaning agent [17], thus the use of
profiled membranes is important to achieve the mentioned results. Most cleaning
procedures had no effect on chemical parameters associated with fouling, except for
reverse flow and feed switch that could combine the effect of low pressure drop and
removal of humic acids. In addition, membrane autopsy showed that the presence or
absence of a fouling layer of particulate solids can affect the subsequent fouling formation,
such as organic and biofouling. This is highly relevant for pre-treatment design and cleaning
frequency and should be studied in more detail depending on the feed water sources.

6.4 Conclusions

The application of cleaning strategies in stacks operating for more than 2 months gives a
good perspective on which cleaning method is preferred to use for different goals and
composition of feed water. Air sparging removed particulate fouling well and it seems to be
the best strategy to keep a low pressure drop when used in combination with a pre-
treatment that allows some particulate matter in the effluent, as the dual media filtration.
It was shown that the application of air sparging a few times a week could keep the pumping
power losses to a minimum, like the initial operation values.

The application of reverse feed and flow switch shows to be effective in reducing fouling
related to humic acids and is able to keep the pressure drop below 100 mbar. A combination
of air sparging and flow switch could be the best method to keep lower amounts of fouling
from humic acids and particulate matter and the frequency of cleaning can be adjusted to
the desired level of pressure drop. Brine cleaning, that potentially could be suitable for
removal of humic acids, did not show to be particularly effective in this matter and most
benefits of this technique could be also achieved by performing flow switch.

Overall, simple, and chemical free methods for cleaning can be suitable to maintain the
performance of RED stacks, allowing this technology to be considered environmentally
friendly and without environmental damage.

The use of profiled membranes is needed for the further development of RED as they give
higher power outputs compared to stacks with spacers and allowed for more efficient
cleaning. Thus, the development of commercial profiled membranes for RED should be the
next step to take this technology further.
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Supporting Information

Feed waters temperature and conductivity were measured and recorded throughout the
experiment and are presented in Figure S 6.1.
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Figure S 6.1. Conductivity and temperature of both feed seawater (SW) and fresh water (FW) during
the experiment.

Analysis of the water collected after each cleaning, showed that the TOC removed and
particle size classification of the removed fouling variate little among the stacks receiving
the different cleaning procedures, as shown on Figure S6.2 and S 6.3.
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Figure S 6.2. TOC removed from each stack compartment just after cleaning.
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Figure S 6.3. Particle size fractions from water collected after each cleaning of each stack
compartment.

In the cleaning with brine, each stack was evaluated by the removal of COD and suspended
solids, as shown in Figure S 6.4. In terms of COD, the highest removal was in Stack AS in the
freshwater compartment, followed by similar removals from stacks RIF and IF. The higher
removal obtained in Stack AS with fresh water can be attributed to this compartment having
a lower incidence of suspended solids fouling and more membrane area was available to be
impacted by organic fouling, which was then removed at higher levels with the brine
technique.

161

ODx 10
0O Dx 50
Dx 90



Cleaning procedures

Fresh water 1.8 Seawater m COD removed (g/m?)
O Suspended solids removed (g/m?)

13 15
09
0.8
05 0.5
0.4 0.4
02 02 03
il E9 5 N E
— ] 1 —_—

Stack IF Stack RIF Stack RFFS Stack AS Stack IF Stack RIF Stack RFFS Stack AS

Figure S 6.4. Suspended solids fractions and COD removed from each stack compartment with
additional brine cleaning performed on day 54.
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Figure S 6.5. Comparison of the pressure drop that was removed with application of air sparging on
day 64 and the average pressure drop removed with the respective technique applied to each stack
during the whole experiment. For stacks IF, RIF and RFFS the removal with air sparging was around 3
times more than the average achieved during the experiment.
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Membrane autopsy

Figures S 6.6 and S 6.7 show images of the membrane autopsy. In stacks IF, RIF and Control
large areas covered with a cloud of foulants can be seen in both CEM and AEM samples (Fig.
S 6.7). These foulants are mostly particulate matter, composed of silica and aluminium
compounds, as shown on Table S 6.1. In stacks RFFS and AS more fouling by diatoms (CEMs)
and organic matter (AEM) marked by the blue tone of the alcian blue can be seen on the
images.

Stack IF - CEM FW Stack RIF - CEM FW Stack RFFS - CEM FW

Stack AS - CEM FW Stack control - CEM FW Clean membrane

Figure S 6.6. Images of profiled CEM membranes in contact with fresh water. Visual inspection of
CEMs showed that most membranes look clean after more than 2 months experiment due to the
cleaning procedures applied to them, with exception of the stack Control, that did not experience any
cleaning procedure.
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Stack control s...9 Stack control

Figure S 6.7. Microscopy images from both CEM and AEMs membranes stained with alcian blue,
targeting acidic polysaccharides. Scale bars are 100 um, except on the image of Stack RIF CEM and
Stack RFFS AEM, where is 50 pm.

Table S 6.1 shows the atomic compoistion of the remarkable samples scanned by EDX. The
sample on Stack AS (CEM-SW) represents the composition of an area covered by diatoms.
The sample of Stack RFFS (AEM-SW) represents the composition of an area covered by
precipitates. While the sample of Stack IF (CEM-SW) shows the composition of a typical area
found in many samples, that are a mix of sediments, diatoms, bacteria, and precipitates.
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Table S 6.1 — EDX atomic composition of samples.

Element (%) Stack AS Stack RFFS Stack IF
CEM-SW AEM-SW CEM-SW

C 51.7 46.4 61.5

(o) 40.5 43.3 32.0

Na 0.2 - 0.1

Mg 0.1 0.3 0.3

Al 0.5 - 1.3

Si 6.4 0.5 3.4

S 0.2 0.4 0.3

Cl - 0.4 -

K 0.1 - 0.3

Ca 0.3 8.8 0.5

Fe - - 0.4
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Discussion and outlook

Fouling in reverse electrodialysis (RED) can lead to a decrease of the power output and
is a major concern for application of the technology at full scale. This thesis focused on
identifying and analysing fouling caused by components of natural feed waters in RED
and proposing solutions. First, a deeper understanding of the kind of foulants that are of
concern for RED performance was discussed (Chapters 2 and 3) and later pre-treatment
and cleaning strategies were proposed as possible solutions regarding the process design
to prevent fouling formation and mitigate the power losses (Chapters 4, 5 and 6). Based
on what we learned in this study, we will discuss in this chapter how fouling by real feed
waters and the proposed solutions can impact the design of a RED facility and its
feasibility.

To represent fouling in real applications, the experiments of this thesis were carried out
at a pilot plant located at the Afsluitdijk, The Netherlands, which is a potential location
for the implementation of the process. Most previous research in RED has been carried
out with the use of model feed waters, which hardly translate into the effects caused by
real foulants. However, using natural feedwaters has the disadvantage that the
experimental conditions are intrinsically related to the location of the pilot plant and
composition of the feedwaters, making it a unique case study. Anyhow, the insights
gathered with this case study can still be extrapolated to other locations and feedwater
conditions, and that is more meaningful than making conclusions when using just model
waters.

Thus, in this chapter, first some considerations are made regarding the effects of fouling
in RED and its implications. Next, a discussion about how to reduce this effect, focusing
on the design of the pre-treatment step is made. Lastly, some input for future projects
on RED is given, focusing on location and sustainability of the process.

7.1 The effects of foulants

Chapters 2 and 3 showed that biofouling caused by microbial growth does not affect the

electrochemical performance in terms of gross power production. The largest impact
from fouling was observed as a result of the accumulation of particulate matter, which
increases the pressure drop over the stack, reducing the available net power density.
From this we can conclude that is more important to tackle the development of a large
fouling layer of (in)organic particulate matter with a tailored pre-treatment method than
to focus on the removal of other more specific foulants. The same is valid for the cleaning
procedures, as shown in Chapter 6, which should primarily focus on the removal of
particulate fouling and that is achievable with simple techniques with low energy
requirements rather than the application of more sophisticated techniques or involving
the use of chemicals.
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In Chapters 2 and 3, a new methodology was developed for detection and analysis of
biofouling on ion-exchange membranes used in RED stacks. This consisted in using
microscopy techniques, such as SEM-EDX to visualize the shape and chemical nature of
fouling layers, and CLSM and optical microscopy using dyes to identify biofouling
elements (for example, cells and extracellular polymeric substances, forming biofilms).
For the first time in this field, by using these techniques together, the occurrence of
biofouling could be evaluated and related to feed water composition and performance
of the stacks, leading to the conclusion that biofouling is limited and not causing
appreciable process losses. Those results made possible to establish a relation between
the pre-treatment and the fouling layer: it seems like that the particles that pass a dual
media filter pre-treatment and adhere to the membrane surface have a protective effect
against biofilm formation on the surface itself. We believe this phenomenon was
avoiding the decline of obtainable gross power output in RED, even with the use of
natural feeds and presence of foulants.

However, biofouling is seen as a big problem in pressure driven membrane processes,
such as nanofiltration (NF) and reverse osmosis (RO) [1], and many approaches were
made in an attempt of reducing these problems, but up to our knowledge, no relation
between the presence of particulate matter and biofouling was established. Even though
the processes (RED and pressure driven systems) are of different nature, further studies
could focus on applying a compound that has similar characteristics to the particulate
matter on the membranes and that does not cause clogging of the membranes pores but
helps prevent biofouling in these membrane processes. The reasons for biofouling being
of less concern when particulate matter is adhering on membranes can be due to a
combination of factors:

e In pressure driven process, there is always the formation of a concentrate,
which means that the microorganisms are being continuously concentrated at
the membrane surface, which can lead to a condition that favours the
attachment and growth of biofouling. In RED that does not happen, the feed
waters are just passing through the stacks and the change in the concentration
of most foulants are not changing drastically.

® In RO or NF usually, a stricter pre-treatment method removes the suspended
solids of the feed and leaves only dissolved foulants on the feed of these
processes. The presence of these particulate solids in RED can act as a
protection of the membrane surface, and due to different charge interactions
from the particles and the membrane surface, could be that the microorganisms
find more difficulties in attaching and growing, due to repulsing charges near
the membrane. In addition, less membrane surface is available for attachment
with the presence of solids.
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® |In this thesis, most of the experiments were performed in waters with low
temperature (below 15°C), which could have also favoured that the bioactivity
was low and more specific to certain conditions, such as the absence of
particulate matter.

7.2 Reducing the effects of fouling

It was shown that the stack design in RED should focus on maximizing the gross power
output, while pre-treatment and cleaning will focus on the removal of foulants that if
present would increase pumping losses and thus reduce the net power production. In
this way, a sustainable energy output can be achieved and maintained. However, the
energy requirements for the pre-treatment and cleaning, have not been sufficiently
considered in literature. In the next section, an evaluation will relate the operational
conditions of the pre-treatment with the energy requirements and area needed, applying
these results to other possible locations.

7.2.1 Energy requirements for the pre-treatment

In this thesis and in several previous works, net power density was defined by considering
the losses related only to the power needed to pump the water through the stack, and
not the power needed to pump water from a source point to the stack, or other energy
expenditures, such as the pre-treatment. This is a simplification that has been adopted
in literature, in the expectation that energy requirements for pumping and pre-
treatment would not account for a significant reduction when estimating the total
produced energy. Most scientific work on this technology is done at lab scale and with
small stacks and consequently small membrane area, making it difficult to estimate the
real amount of energy that can be harvested with the technology in perspective.
However, a shift towards a more realistic net energy calculation is needed for further
development of RED technology.

The energy expense of pre-treatment for RED can be depicted with a simple model using
the results from Chapters 4 and 5. The power needed for the pre-treatment has two
components: the power spent to pump the water through the filtration media, and the
additional power need due to the increase of pressure caused by fouling accumulation
on the media granules. The first, depends on the type of media (in this case sand and
anthracite), characteristics of the feed water and the flow velocity applied to the filter.
The latter is mostly related to the fouling potential of the influent.

The power spent to pump the water through the filters is given by Ppump (W):

Ppump = (l)fwAwa + s APy, (Eq.7.1)
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with Apswand Apsw (Pa) are the pressure drop over the inlet and outlet of the freshwater
and seawater filters and ¢ fw and ¢ sw (m3/s) are the flow rates of fresh and seawater.

Using Ergun’s Equation (Eq. 7.2) for calculating the pressure drop of the media bed (Ap,
Pa) over the column of the filters, it is possible to estimate the pumping power needed
to run the filters at different flow velocities:

150uL (1 —¢€)? 1.75Lp (1-¢€)
= Eq.7.2
D2 3 s + D, &3 Us (Eq )

where W is dynamic viscosity of the fluid, L is the length of the bed, Dy is the equivalent
spherical diameter of the bed material, € is the porosity of the bed, vs is the superficial
velocity, and p is the density of the fluid. The values of w and p were found in literature
for fresh water and seawater at 10 °C [2], Dy is estimated by the particle distribution given
by the manufacturer for sand and anthracite used in the experiments, € was calculated
by estimation of the void space with water, and L and vs are given by the conditions
applied to the filters. All the values used for this calculation can be found in the Appendix
section.

For an estimation of the pressure drop increase in the filters due to fouling, experimental
values of pressure drop from Chapter 4 were fitted with the load removed. For an
analysis of the pumping energy needed for the pre-treatment of 1 m3/h of seawater and
1 m3/h of freshwater at different flow velocities, it was assumed an inlet turbidity of 50
NTU and an outlet turbidity of 15 NTU, and results are shown in Figure 7.1.
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Figure 7.1. Pumping power needed to produce 1 m3/h of seawater and 1 m3/h of
freshwater with the dual media filter pre-treatment at different flow velocities.

175



Discussion and outlook

With the dual media filter running at 20 m3/m2.h, approximately 10 W of power is needed
to treat 1 m3/h of each feed water. The power required at lower flow velocity, for
example at 4 m3/m2.h is substantially lower, around 2 W. That is mostly related to the
pumping power needed to the water go through the bed media, which accounts for most
of the energy requirement. However, despite the higher energy expenses, the flow
velocity at 20 m3/m2.h has two key advantages: (1) it allows for the reduction of the
constructed area of the filters, leading to less capex costs as discussed in the next section.
(2) There is also a reduction in the material needed for filtration, such as anthracite, sand,
or activated filter media (AFM), which again reduces the capex costs. In addition, the use
of high filtration velocity makes better use of the filtration media column in between
each backwash, by accumulating foulants over the whole column, and limited effect on
the pressure drop of the filter [3].

7.2.2 Comparison of energy produced versus energy spent

For a comparison of the power output that can be obtained with RED and the amount of
water treated at high velocity with the dual media filter, some assumptions about stack
operation are made. For the net power density, a low, yet realistic, value of 0.3 W/m?
was obtained experimentally in this thesis, with two stacks of 22 cm x 22 cm in a
multistage configuration (Chapter 5). With 100 cell pairs each and running at 1 cm/s flow
velocity, the membrane area available (2 stacks) is 19.4 m?, thus, it is possible to produce
5.8 W per couple of stacks. The flow rate and the flow velocity are intrinsically related,
thus in such a stack, the flow rate of each feed compartment (¢) can be calculated as:

P =vx Ncp * A (Eq. 7.3)

where v is the flow velocity in the stack (cm/s), Ncpis the number of cell pairs in the stack
(dimensionless), and A is the cross-sectional area available for the flow (cm?). These
results show that the stacks should be run at 120 L/h to achieve the flow velocity of 1
cm/s. With the 1 m3/h of flow produced by the dual media filters thus is possible to run
at least 8 couple of stacks, which would result in a total produced power of 46 W
produced. Thus, the pre-treatment at 20 m3/m2.h would consume about 22 % of the
produced power (10 W), which for this scale of operation seems realistic. It is possible to
reduce this percentage still, by increasing the power density of the stacks or by lowering
the flow velocity of the pre-treatment, at the expense of increasing the area needed for
filtration. The value for the power density used here is taken from this thesis where the
salinity of the feed waters is not optimal for the process. Improvement of stacks
operation or increasing the concentration gradient can yield a better power density and
decrease the fraction of power consumed in the pre-treatment. Still, how this power
requirement relates to the potential production of a full-scale RED plant depends on
many other variables, such as membrane type, fouling phenomena, stack configuration,
etc.
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The energy required for the cleaning procedure is considered negligible in comparison to
the power expense due to the pre-treatment. The cleaning procedures studied in
Chapter 6 were low in energy demand, which could be performed with simple valves
switch and compressed air. The cleaning procedures demanded only around 1 %
downtime, so energy could be continuously produced, and the losses due to fouling
quickly recovered. Because of that, the power requirement for the cleaning procedures
was not included in this evaluation.

7.2.3  Arearequired for pre-treatment

In Chapter 4, the pre-treatment of feed water with dual media filters was studied, aiming
for an improved operation for application in RED, which translates into a smaller surface
area footprint of the filters. The goal was to produce an effluent with low concentration
of solids with the minimum energy and area requirement. By applying high flow velocity
(i.e. 20 m3/m?2.h) to the filters, the volume of treated water produced per total surface
area of the filter increases, allowing to have a smaller surface area, decreasing
construction costs of the filters. Using values acquired experimentally in Chapter 4, the
area of filter needed to guarantee the production of a certain flow, can be estimated
with equation 7.4, and related to the flow velocity, as shown in Figure 7.2.
Qr

Af = v Eeycle (Eq. 7.4)

produced

With A (m?) the area of the filter, Qs (m3/h) the flow passing the filter, Vproguced (M3/m?)
the net volume of produced water per area of filter, already accounting for the volume
used for backwashing and teycle (h) the total time of a filtration cycle, including the time
to produce water and the downtime to perform backwash. The total time of the filtration
cycle was assumed to be linear with the flow velocity, and the values were acquired by
regression of the experimentally determined values (i.e., 4 m3*/m2.h and 20 m3/mZ.h)
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Figure 7.2. Filter area needed to produce 10 m3/h related to the flow velocity applied to
the filter

Thus, if we consider having a working flow of 10 m3/h of treated water, the surface area
needed for the filter at high velocity is 0.56 m?, while at low velocity the area needed is
3m2

This is important for RED technology because it can reduce the initial construction costs
of such pre-treatment in a power plant and makes the use of the filter bed column more
efficient, since with the higher filtration velocity the bed is used to a higher extent to
remove load before backwash is performed. In Chapter 4, we showed that a more
frequent backwashing is needed due to the higher velocity applied, but this is not
necessarily a disadvantage, since even when considering the volume of water needed for
backwashing the production of treated water at high velocity is more efficient and would
not result in an increase of operation costs.

The use of AFM in the dual media filter showed to be beneficial, by partly compensating
for the decrease of effluent quality of the filters running at high velocity and achieving
better removal than sand. Ju et al. [4] also observed the benefit of using AFM, but in their
study included the removal of organic compounds, which was not seen in this study. The
observed removal is probably an artefact due to the short experimental time of the
experiments not being meaningful. The use of an activated media increases the surface
area and charge density of the media and that contributes to better filtration, however
that did not change the types of foulants that could be removed with the media, and we
believe that this is mostly related to extended times of operation. This difference in
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results shows the importance of running experiments that are designed to be similar to
real operation, including larger scale, extended operation time and use of natural waters.

The application of high flow velocity had the disadvantage of decreasing the effluent
quality of the filters, leading to an increase of pressure drop in the stacks and a loss of
performance. However, the resulting decrease of stack performance is not critical, as it
was mostly below 100 mbar in the period of two weeks. As shown in Chapter 6, a
frequent cleaning can solve this problem, as the increase of pressure drop is due to
particulate fouling, and thus cleaning should be able to restore the performance to initial
levels.

7.2.4 What if we use cleaner feed water?

This thesis focused on the Dutch water bodies, more specifically lJsselmeer and Wadden
sea, as source of feed water for RED technology, both cointaning considerable amount
of particulate matter [5]. According to the main results of Chapters 2 and 3, suspended
solids are the main cause of performance loss due to fouling and required an adequate
pre-treatment. Thus, when searching for an ideal location for a RED process plant and
considering the impact of such particulate fouling in the process, water bodies with less
particulate matter should be ideally chosen.

A simulation of the pumping power needed for the pre-treatment when the inlet water
is cleaner can be made with the same model used in section 7.2.1. The estimation of the
pumping power needed with a reduction of influent turbidity from 50 to 25 NTU is shown
in Figure 7.3.
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Figure 7.3. Estimation of the pumping power needed for the pre-treatment of 1 m3/h of
each feed water with 50 NTU and 25 NTU inlet turbidity and 15 NTU outlet turbidity
varying with the flow velocity applied to the filters.

So, in the case of a lower influent turbidity the pumping power needed for the pre-
treatment is reduced from 10 W to 8.4 W when the filter is operated at 20 m3/m?.h,
which corresponds to 18% of the net power produced with RED stacks, as shown in
section 7.2.2.

7.3 Input for future RED design

RED is a technology involving many variables in its operation. It needs two water sources
that need to go through a pre-treatment, two types of membranes with different
properties, use of spacers or profiled membranes and other stack configuration
parameters, such as length, flow velocity and intermembrane distance. Here, some of
these variables will be discussed in the light of the impact of fouling.

7.3.1 Location and feed water composition

Every water body that can be used for RED application will have different characteristics
and composition that will result in different power output. The characteristics of the feed
water are closely related to the location, thus chosing an ideal location for the process is
key for its success. To achieve a high gross power output from the mixing of the two
streams, a few things can be considered, such as maximizing the salinity gradient, large
flow of water available and high temperature of the waters, for example. However, every
location is conditioned to seasonal variations that will ultimately affect the power output
of the process. The variations impact mostly the freshwater sources, since freshwater
bodies are more prone to seasonal conditions, such as flow discharge regime and
sediment transport, and variability of temperature [6].

In this thesis, we focused on studying how the feed water composition related to foulants
can affect the performance of RED. The need to reduce the energy losses from fouling is
an important feature for the future development of RED technology, and we have
showed that they can be managed and controlled with the application of adequate pre-
treatment and cleaning procedures. We have performed experiments in different
seasons and feed water conditions, resulting in the observation of different types of
fouling. In the warmer months, the gross power production was higher due to the water
temperature, but more fouling was observed due to algae activity, as well as more
variation in the available salinity gradient, due to human activities around the sourcing
point and rainfall events. In contrast, in autumn and winter, while the gross power was
reduced by the colder water temperature, fouling was mostly caused by particulate
matter and that could be managed with the pre-treatment and cleaning procedures
discussed earlier.
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When choosing a location for RED, the water quality of the location is crucial as it
determines the gross power density and the losses due to fouling. Water quality of river
water depends on its (natural) course and sediment suspension regime, besides the
human uses upstream and human activities like wastewater discharge. Seasonal
variation of the flow is also a key point as it determines the power production profile
throughout the year. For seawater, the human activities nearby can affect the salinity
gradient and the (re)suspension of solids, besides tidal range being a key factor of the
suitability of the location [7].

For instance, the Ebro river and the Rhone river were considered suitable for RED
exploitation based on the flow and salinity gradient with the Mediterranean sea, already
considering the energy spent for pumping the feeds to a potential location of a plant [7].
As regarding fouling potential from the Ebro river, due to dams constructed upstream,
the amount of sediment discharge in the delta was reduced up to 99% its original values
[8], potentially favouring the reduction of fouling impact. In the Rhone river delta,
sediment discharge is highly dependent on the season and meteorological events, such
as floods in winter and high precipitation events in summer contributing to more
sediment discharge and creating conditions for ocean life and marine ecosystem
development [9].

As for the fouling coming from the seawater source, in the case of the Mediterranean
Sea, less issues with suspended solids are expected due to its clear waters but, as the
water is warmer, potentially more bioactivity can occur, which can lead to more issues
with biofouling than what has been seen in the case described in this thesis.

A clear separation of salinity gradient favors successful exploitation of RED. Thus, RED
technology is favoured when located in a dike, where seawater and fresh water sources
are located close to each other but still clearly separated by land, where the plant can be
located. With the rising sea levels, it is expected that more dikes or levees are going to
be built, especially near big cities by the seashore [10]. In these cases, the low salinity
feed water could be a river delta or the effluent of wastewater treatment plants. Known
examples are New York and Venice, where the rise of sea level and flood management
are known issues for a long time already. These regions are also located where energy
demands are high and the use of renewable and non-polluting sources are especially
needed, due to high population density and environment impact from other activities
already polluting the surrounding areas.

7.3.2 Stack variables

The use of spacers versus the use of profiled membranes in RED has been discussed in
previous works, with the use of spacers being known to decrease the overall
electrochemical performance and constitute an additional surface for fouling
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attachment. In chapters 4 and 6, the use of profiled membranes was preferred and
fouling was better controlled in agreement with previous studies [11]. The problem for
future implementation of the technique for real scale application is, that to our
knowledge, no technique has been developed to produce such membranes on industrial
scale. The use of thermo-press method, which increases the temperature of the
membrane and press it into a mold for reshaping, is basically manual and further
development of the membranes properties is also needed to make this method suitable.
The use of the casting method, by shaping the membranes with a mold since the
production phase with a casting solution, has more potential for industrialization. More
recently [12], 3D printing was also used for making profiled membranes and has
somewhat potential for a scaled-up manufacturing technique. That is of utmost need to
enable the adoption of profiled membranes in RED.

The intermembrane distance also heavily influences RED performance and fouling
impact. As seen in Chapter 5, when using spacers and a small intermembrane distance (~
150 um), the impact of fouling in the pressure drop over the inlet and outlet of the stacks
was substantially higher than in the other experiments, with larger intermembrane
distance or profiled membranes. The smaller the intermembrane distance, the higher is
the gross power output, but it also requires an increase of pumping power and can lead
to a faster blocking of the channels by foulants, reducing the obtained net power. Thus,
a balance is needed between these variables, the channels should be smaller as possible,
considering the fouling potential of the channel and the feedwater [13].

7.3.3 Sustainability and ecological impact

Although salinity gradient energy is considered sustainable, the whole process must be
analysed for its impact on the environment. A life cycle assessment of a RED plant was
discussed by [14] and most of the environmental impact of a RED power plant using
natural waters as source comes from the production of the membranes, more specifically
from the AEM monomer molecules. This impact is highly dependent on the membrane
area needed for the process, which correlates mostly to the power density achieved with
the feed waters and still many uncertainties are present. However, when using the good
case scenarios, the impacts associated with RED are still less than the other comparable
renewable energy technologies, such as solar and wind [14].

One of the biggest concerns for the RED process is that during the operation of a plant,
ecological damage can occur [15]. That would be mostly related to the pre-treatment,
since during the filtration of the feed waters, organic and inorganic sediments is
concentrated in a stream and usually later discharged in one point, normaly in the sea.
This concentraded stream of foulants could impact micro and macro fauna in the coastal
ecosystems, which is already under pressure due to other human activities. It is difficult
to estimate the extent of the ecological impact that could be caused by the operation of
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a full-scale plant with natural waters, since that will depend on the specific characteristics
of each site. The research carried out for the impact of the operation of the RED pilot
plant in the Afsluitdijk, the Netherlands, [16] concluded that there was an impact on the
microfauna mostly due to difference of salinity at the discharge point and the impact on
the macrofauna was the low survival rate at the intake systems. However, most of these
impacts could be limited if properly mitigated. Some solutions could be: (i) the use of
wedge-wire screens that prevent small organism to enter the pumping system, (ii) keep
the low and high salinity streams separated in the source and (iii) mix the low and high
salinity streams at the discharging point in a way that does not extremely change the
salinity of the area. The main environmental impact would be due to space requirement
for a full-scale plant, including the pre-treatment system and the disposal of the
concentrate from the pre-treatment. The discharge of large quantities of concentrate in
the Wadden Sea is expected to be complicated, as this is a protected area from UNESCO
World Heritage [17], being the largest tidal flats in the world, with specific fauna and
habitats that can be sensitive to changes in the surrounding conditions. However, other
ecosystems around the world could be more resilient to variations of sediments and
salinity or other solutions could be designed. The impact of a larger installation is
expected to be greater than what was observed for the pilot plant and proper
adaptations and mitigation of the impacts will demand further research and
implementation to reduce the impact.

7.4 Conclusion

Substantial knowledge was gathered with this thesis on the type of foulants in natural
feedwaters and their effect on RED technology performance, along with alternatives for
the design of a RED plant, focusing on the pre-treatment system. For future reference,
water sample analysis can give first insights on type of fouling expected and its possible
impact on the RED process based on the knowledge acquired with this thesis and
important design parameters of the pre-treatent were discussed with a view in the
energy requirements for application in Blue Energy. We showed that RED is a suitable
technology for production of renewable energy to be further developed at larger scale
and that fouling related issues can be prevented and mitigated during operation with
adequate procedures. The available sites around the world with potential to explore the
salinity gradient energy is relevant and certain characteristics of RED are advantgeous
compared to other renewable energy sources, making it a good potential addition to the
electricity matrix of many countries.
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Reverse Electrodialysis with natural feed waters

Appendix

U freshwater at 10°C: 0.001306 Pa.s
U seawater at 10° C: 0.001397 Pa.s

p freshwater at 10° C: 999.7025 kg/m3
p seawater 10°C: 1027 kg/m3

Dp sand: 0.0006 m

Dp anthracite: 0.0013 m

vs : 0.00556 m/s

esand: 0.36

€ anthracite: 0.47

L bed: 0.45m

Area filter 0.052 m?
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