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Preface

Climate change is a hot topic in the modern industrial age. Media are regularly writing about alternatives to
fossil fuels and rising global temperatures. Energy technologies that deal with climate change have always
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I would like to thank my two supervisors Remco Hartkamp and Niels Boon, who helped me doing my selec-
tivity measurements. Their experience and feedback during our weekly meetings helped me to improve the
measuring setup and provided valuable insights on the topic of permselectivity. Secondly, I would like to thank
Irem Gurbuz for instructing me on how to use the Porolux Revo porometer. Irem helped me with operating
the porometer during my first experiment. I would also like to thank Eszter M§dai, Prasad Gonugunta and
Prasaanth Ravi Anusuyadevi from Materials Science, for their time and effort in performing the SEM imaging.
The SEM images gave invaluable insights into the pore size data.

With this report, my masterôs thesis and my studies at the TU Delft have come to an end. Looking back
on my time as a student, I can see how much I have grown. I can only say that I am very grateful for the
support and presence of my family and friends. Thanks, Mum and Dad, for our talks whenever I felt the need
to exchange ideas with someone. Antoine, thanks for your ideas and suggestions when I got stuck on the
electrical interference problem. I am closing with you, Mariska. Your love and support in the smallest things
allowed me to perform at my best.

Ruben Vos
Delft, April 2024
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Summary

Due to climate change, more places around the world are dealing with freshwater shortages. There is plenty of
salt water on earth, but this is not suitable for human consumption, agriculture, or for use in many industrial pro-
cesses. Among desalination technologies a new technology started to emerge called òcapacitive deionisationò
(CDI). A conventional CDI cell consists out of two electrodes with a potential applied to them. The electro-
static charge on the electrodes attracts the ions from the feed water that flows in between these electrodes.
Recent years have seen the introduction of a new cell architecture with multiple electrodes and multiple water
channels parallel to each other. A cell consists out of four electrodes. The potential on the outer electrodes is
the driving force, and the inner electrodes function as selective membranes between the channels. The inner
electrodes therefore serve two functions and are called capacitive membrane electrodes (CME). The water
is deionised due to the migration of ions through the CME, from the inner channel (low salinity) to the outer
channels (high salinity). Since multi-channel CDI is relatively new, a thorough investigation of the effect of
electrostatic charge and the microstructure of the CME on its deionisation performance is still lacking. This
led to the following main research question: How large is the effect of the pore size distribution on the ion
transport and selectivity of porous carbon capacitive membrane electrodes? This thesis sought an answer to
this question by testing five different CME materials via an experimental approach.

An experimental measuring setup was built, with a source measuring unit (SMU), a power supply, and a cell
holding the CME. The charging of the cell and measuring procedure were all controlled by a relay board and
Arduino. The measuring procedure was as follows: each experiment consists out of a positive and negative
charge cycle. Each cycle has a charging phase, a floating phase (the cell is disconnected from the power
supply), and a short-circuit phase. During each phase, themembrane potential (Vm) and the electrical potential
of the CME (VCME) w.r.t. one of the reference electrodes was recorded. Knowing the salt concentrations and
Vm, the permselectivity (P ) can be calculated.

The materials that were studied, were all research samples with varying compositions and thicknesses. Each
material showed a different permselectivity (P ), ionic resistance (Rm) and fluid flow through the membrane
(Q). The membrane materials should not be compared based on permselectivity alone. A highly selective
membrane with high ionic resistance is not considered to be desirable. Therefore, two performance param-
eters were used to compare the materials: P /VCME and P /Rm. When looking at the ratio of P /VCME , no
membrane material really stood out from the rest. However, when looking at P /Rm clearly material 09/04
had the advantage. Material 09/04 was decently selective with a permselectivity of 0.56 [-], but it showed a
much lower ionic resistance of 19:91 [Ý] for its membrane area. These are desirable qualities in a CME, and
therefore material 09/04 should be considered in a CDI cell.

The pore size measurements were conducted with a porometer that utilises the capillary flow technique, where
the fluid flow is recorded as the pressure on the membrane is increased. First, a wet measurement with
wetting liquid is carried out, followed by a dry measurement. From the difference in pressure between these
measurements, the pore size distribution can be calculated. The pore size measurements showed that the
most occurring pore sizes were between 20 [nm] and 80 [nm], which is in the mesopore range to the smaller
macropore range. Scanning electron microscopy (SEM) imaging was used to verify the porometer results, as
the porometer has a lower measuring limit of 20 [nm]. From the SEM images, it was verified that there were
almost no pores below the 20 [nm] limit.

When comparing the results between the permselectivity measurements and the pore size measurements the
following correlation was found: membrane materials that showed higher fluid permeability also showed lower
ionic resistances. This can be explained the following way: if the liquid can easily permeate through the CME,
then the ions will also easily diffuse through. Finding a correlation between the fluid permeability and the ionic
resistance, does give the confidence that there must be a connection between the physical properties and
the electrical/permselectivity properties of a CME. To achieve good deionisation performance in multi-channel
CDI, CMEs must offer low ionic resistance when ions are forced to migrate from low to high salinity, while still
being permselective when ions want to migrate back from high to low salinity.
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1
Introduction

An increasing number of places are dealing with freshwater shortages due to climate change. Most of the
earthôs surface is covered in water, but this is salt water that cannot be used for human consumption, agri-
culture, or for use in many industrial processes. Salt water is not a simple mixture of water and salt grains,
because it is different on a molecular level: when salt gets dissolved in water the ionic bonds are broken
down and ionic particles start to interact with the individual water molecules. From an energetic perspective,
salt dissolves in water because it prefers to be in a lower free-energy state. For NaCl this is an endothermic
process: dissolution increases enthalpy but the gain in entropy of the (now) mobile ions makes the process
favourable nonetheless. Consequently, salt does not spontaneously go out of solution. This explains why
removing salt from water is not a straightforward filtration process.

The oldest method to desalinate water is by evaporating the water and then condensing the water vapour
again. This is an energy intense distillation method that also occurs in nature as the well-known water cycle.
Salt water distillation, though energy intense, is capable of producing highly pure water that contains virtually
no ionic species. This method is still used today to produce distilled water for laboratory purposes [1]. Water
distillation has been the dominant method to produce potable water until the late sixties. Recently, water
distillation got a renewed interest in the form of solar distillation [2]. Here, the heat of the sun is used to
produce distilled water.

Water distillation eventually got replaced by a process called reverse osmosis (RO). In the US, the first large
scale RO desalination plant started producing 11.4 million litres of potable water in 1977, Cape Coral (Florida,
USA) [3]. Currently, RO is the most widely used desalination technology [4]. Reverse osmosis works on
the principle of pushing the salt water through a membrane that is only permeable to water molecules and
not to the ionic species. Osmosis is the natural process where the solvent (in this case water) can move
through a semipermeable membrane from a fluid low in salinity to a fluid high in salinity. An osmotic pressure
can be observed when the solvent migrates through the membrane. Reverse osmosis works in the opposite
direction, and it has to overcome the osmotic pressure. This explains why RO has to work at high pressures
and consumes considerable amounts of energy. From a mass perspective, it can be said that RO removes
the water from salt water.

A completely different technology that got a lot of attention in recent years, is called òcapacitive deionisationò
(CDI). Brackish water desalination with CDI can be considerably less energy intense compared to RO and
distillation [5, 6]. CDI removes the ionic species directly from salt water instead of removing water from salt
water. In CDI, the deionisation process is initiated by applying a potential over a set of electrodes (called a cell)
as water is passing through or by the electrode. The charged particles adhere themselves to the electrodes
in the so-called electrical double layer (EDL) via electrostatic attraction. When the electrodes are completely
saturated with salt, the process is reversed and all the salt is released into a waste stream. This setup is the
conventional CDI cell architecture that operates in cycles. Cycling between a product stream and a waste
stream of water. Many CDI cell architectures have been developed in the past years (see section 2.2), such
as: flow-by cells, flow-through cells, membrane CDI, and inverted CDI.

1



1.1. Research questions 2

Recently, a new CDI cell architecture has been developed, with multiple channels parallel to each other that
run under continuous operation. In this cell architecture, the ionic species migrate from channel to channel
driven by an electrostatic potential. The advantage of this method is that the product and the reject flows are
separated at all times, permitting a more continuous operation. This research will focus on the ion transport
through the electrodes. The electrodes that separate the channels also function as membranes, therefore
called capacitive membrane electrodes (CME). Depending on the electrostatic charge of the CME, the CME
will either become a cation exchange membrane or an anion exchange membrane. As the method is relatively
new, a thorough investigation of how electric charge and the microstructure of the CME affect its performance
is still missing. For example, the permselectivity, which is a membrane property that describes the ratio of the
migration of positive ionic species, over the total number of ions migrating through the membrane.

Before the research questions can be formulated, first a problem statement must be given:

Problem statement òIn conventional CDI cell architectures, the porosity of the carbon material has been
linked to the salt adsorption rate of CDI electrodes [7], and the micropores had the largest contribution to
the maximum salt adsorption capacity (mSAC). The porosity of the CMEs can be quantified with a pore size
distribution. As of yet it is not fully known how the pore structure affects the ion transport and ion selectivity
of CMEs.ò

The research questions are given below. The main research question is supported by the sub-questions.
These sub-questions have to be answered first before the main research question can be answered.

Main research question: How large is the effect of the pore size distribution on the ion transport and selectivity
of porous carbon capacitive membrane electrodes?

Sub questions:

Å What will the experimental setup look like such that it can measure the ion transport and ion selectivity
of a CME?

Å How can a mathematical model be built such that it can describe the permselectivity of the CME in terms
of measurable electrostatic potential and ion concentrations?

Å How can the pore size distribution of a CME be measured and which units quantify the pore size distri-
bution?

Å How can the measured pore size distributions be linked to the experimental values for ion selectivity and
transport capability?

Å How can the experimental results be correlated to each other?

The main objective of this research is to determine whether there is a clear correlation between the pore
size distribution and the ion transport and ion selectivity of CMEs made of porous carbon materials. A list of
sub-objectives is given below:

Å Build a mathematical model that describes the permselectivity of the CMEs as a function of the electro-
static potential and the ion concentrations

Å Experimentally measure the ion transport and selectivity of a CME
Å Experimentally measure/quantify the pore size distribution of a CME
Å Compare experimental results to determine if there is a correlation between the pore size distribution
and ion transport and ion selectivity of the CMEs
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�S�R�O�D�U�L�W�\ �R�I �W�K�H �&�0�(�V �L�V �U�H�Y�H�U�V�H�G �D�Q�G �L�Q �W�K�H �I�L�Q�D�O �S�K�D�V�H�� �W�K�H �S�R�O�D�U�L�W�\ �R�I �W�K�H �R�X�W�H�U �H�O�H�F�W�U�R�G�H�V �L�V �U�H�Y�H�U�V�H�G�� �$�Q�G �W�K�H
�F�\�F�O�H �V�W�D�U�W�V �R�Y�H�U �D�J�D�L�Q�� �7�K�L�V �F�H�O�O �D�U�F�K�L�W�H�F�W�X�U�H �L�V �I�D�L�U�O�\ �Q�H�Z �D�Q�G �D�V �R�I �W�R�G�D�\ �L�W �L�V �Q�R�W �I�X�O�O�\ �N�Q�R�Z�Q �Z�K�L�F�K �Y�D�U�L�D�E�O�H�V
���D�Q�G �L�Q �Z�K�D�W �P�D�J�Q�L�W�X�G�H�� �R�S�W�L�P�L�V�H �W�K�H �W�U�D�Q�V�S�R�U�W �R�I �L�R�Q�V �W�K�U�R�X�J�K �W�K�H �&�0�(�V��
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�%�R�R�Q�� �V�H�H �L�W�V �S�D�W�H�Q�W �>���� �@��

���������'�(�- �T�I�V�J�S�V�Q�E�R�G�I �Q�I�X�V�M�G�W
�7�K�H�U�H �D�U�H �V�H�Y�H�U�D�O �Z�D�\�V �W�K�H �S�H�U�I�R�U�P�D�Q�F�H �R�I �D �&�'�, �F�H�O�O �F�D�Q �E�H �P�H�D�V�X�U�H�G �W�R �F�R�P�S�D�U�H �G�L�I�I�H�U�H�Q�W �&�'�, �W�H�F�K�Q�R�O�R�J�L�H�V
�Z�L�W�K �H�D�F�K �R�W�K�H�U�� �7�K�H�V�H �D�U�H �V�W�D�Q�G�D�U�G �S�U�D�F�W�L�F�H�V �L�Q �&�'�, �U�H�V�H�D�U�F�K �W�R �E�H �D�E�O�H �W�R �P�D�N�H �I�D�L�U �F�R�P�S�D�U�L�V�R�Q�V �>���@�� �7�K�H
�P�R�V�W �L�P�S�R�U�W�D�Q�W �P�H�W�U�L�F�V �D�U�H �W�K�H �P�D�[�L�P�X�P �V�D�O�W �D�G�V�R�U�S�W�L�R�Q �F�D�S�D�F�L�W�\ ���P�6�$�&���� �D�Y�H�U�D�J�H �V�D�O�W �D�G�V�R�U�S�W�L�R�Q �F�D�S�D�F�L�W�\
���$�6�$�&�� �D�Q�G �F�K�D�U�J�H �H�I�I�L�F�L�H�Q�F�\�� �7�K�H�V�H �P�H�W�U�L�F�V �D�U�H �G�L�V�F�X�V�V�H�G �L�Q �W�K�H �I�R�O�O�R�Z�L�Q�J �V�X�E�V�H�F�W�L�R�Q�V��
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�7�K�H �P�6�$�& �L�V �U�H�D�F�K�H�G �E�\ �D�S�S�O�\�L�Q�J �D �F�R�Q�V�W�D�Q�W �Y�R�O�W�D�J�H �R�Q �W�K�H �F�H�O�O �I�R�U �D�Q �H�[�W�H�Q�G�H�G �S�H�U�L�R�G �R�I �W�L�P�H�� �:�K�H�Q �W�K�H
�F�H�O�O �L�V �F�R�P�S�O�H�W�H�O�\ �F�K�D�U�J�H�G�� �Q�R �P�R�U�H �H�[�W�U�D �V�D�O�W �J�H�W�V �D�G�V�R�U�E�H�G�� �7�K�L�V �H�T�X�L�O�L�E�U�L�X�P �L�V �U�H�D�F�K�H�G �Z�K�H�Q �W�K�H �J�U�D�G�L�H�Q�W
�R�I �W�K�H �F�R�Q�G�X�F�W�L�Y�L�W�\ �R�I �W�K�H �F�H�O�O �L�V �H�T�X�D�O �W�R �]�H�U�R�� �7�K�H �D�P�R�X�Q�W �R�I �V�D�O�W �U�H�P�R�Y�H�G �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G �E�\ �P�H�D�V�X�U�L�Q�J
�W�K�H �G�L�I�I�H�U�H�Q�F�H �L�Q �V�D�O�L�Q�L�W�\ �E�H�W�Z�H�H�Q �W�K�H �I�H�H�G �Z�D�W�H�U �D�Q�G �W�K�H �G�H�V�D�O�L�Q�D�W�H�G �Z�D�W�H�U �P�X�O�W�L�S�O�L�H�G �E�\ �W�K�H �I�O�X�L�G �I�O�R�Z�� �7�K�H
�P�6�$�& �L�V �W�K�H�Q �G�H�I�L�Q�H�G �E�\ �G�L�Y�L�G�L�Q�J �W�K�H �P�D�V�V �R�I �W�K�H �U�H�P�R�Y�H�G �V�D�O�W ���L�Q[�P�J]�� �E�\ �W�K�H �P�D�V�V �R�I �W�K�H �H�O�H�F�W�U�R�G�H ���L�Q
[�J]���� �7�K�H �P�D�V�V �R�I �W�K�H �H�O�H�F�W�U�R�G�H �P�X�V�W �E�H �F�D�U�H�I�X�O�O�\ �U�H�S�R�U�W�H�G �W�K�R�X�J�K�� �D�V �L�W �D�I�I�H�F�W�V �W�K�H �P�6�$�&�� �7�K�H �P�D�V�V �R�I �W�K�H
�H�O�H�F�W�U�R�G�H �V�K�R�X�O�G �E�H �F�O�H�D�U�O�\ �G�H�I�L�Q�H�G �D�V �H�L�W�K�H�U �W�K�H �H�Q�W�L�U�H �P�D�V�V �R�I �W�K�H �H�O�H�F�W�U�R�G�H �R�U �M�X�V�W �W�K�H �P�D�V�V �R�I �W�K�H �H�I�I�H�F�W�L�Y�H
�F�D�U�E�R�Q �F�R�P�S�R�Q�H�Q�W �W�K�D�W �D�G�V�R�U�E�V �W�K�H �V�D�O�W�� �3�R�U�D�G�D�H�W �D�O�>���@ �I�R�X�Q�G �W�K�D�W �W�K�H �S�R�U�R�V�L�W�\ �R�I �W�K�H �F�D�U�E�R�Q �P�D�W�H�U�L�D�O �R�I �W�K�H
�H�O�H�F�W�U�R�G�H�V �K�D�G �D �F�R�Q�V�L�G�H�U�D�E�O�H �L�Q�I�O�X�H�Q�F�H �R�Q �P�6�$�&�� �:�K�D�W �W�K�H�\ �I�R�X�Q�G �Z�D�V �W�K�D�W �W�K�H �P�L�F�U�R�S�R�U�H�V �R�I �D �V�L�]�H �V�P�D�O�O�H�U
�W�K�D�Q1:1 [�Q�P] �F�R�Q�W�U�L�E�X�W�H�G �W�K�H �P�R�V�W �W�R �W�K�H �P�6�$�&��
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�P�D�V�V �R�I �W�K�H �U�H�P�R�Y�H�G �V�D�O�W �G�L�Y�L�G�H�G �E�\ �W�K�H �P�D�V�V �R�I �W�K�H �H�O�H�F�W�U�R�G�H �D�Q�G �W�L�P�H[�P�J �J� 1 �P�L�Q� 1]�� �&�K�R�R�V�L�Q�J �V�K�R�U�W�H�U
�F�K�D�U�J�L�Q�J �W�L�P�H�V �F�R�X�O�G �O�H�D�G �W�R �D �K�L�J�K�H�U �$�6�$�&�� �$ �F�D�S�D�F�L�W�R�U �F�K�D�U�J�H�V �X�S �I�D�V�W �D�W �I�L�U�V�W�� �E�H�F�D�X�V�H �W�K�H �F�K�D�U�J�H �R�Q �D
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�D�W �D �V�O�R�Z �S�D�F�H�� �7�K�H�U�H�I�R�U�H�� �Q�R�W �F�R�P�S�O�H�W�H�O�\ �F�K�D�U�J�L�Q�J �W�K�H �&�'�, �F�H�O�O �D�Q�G �W�K�H�Q �G�L�V�F�K�D�U�J�L�Q�J �F�R�X�O�G �O�H�D�G �W�R �D �K�L�J�K�H�U
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�7�K�H �O�D�V�W �L�P�S�R�U�W�D�Q�W �P�H�W�U�L�F�V �D�U�H �W�K�H �F�K�D�U�J�H �D�Q�G �F�X�U�U�H�Q�W �H�I�I�L�F�L�H�Q�F�\�� �7�K�H �F�X�U�U�H�Q�W �H�I�I�L�F�L�H�Q�F�\ �D�V �D �S�H�U�I�R�U�P�D�Q�F�H
�P�H�W�U�L�F �K�D�V �E�H�H�Q �D�G�R�S�W�H�G �I�U�R�P �W�K�H �I�L�H�O�G �R�I �H�O�H�F�W�U�R�G�L�D�O�\�V�L�V �>���@ �>���� �@�� �+�H�U�H �W�K�H �F�X�U�U�H�Q�W �H�I�I�L�F�L�H�Q�F�\� �>���@ �L�V �U�H�O�D�W�H�G
�W�R �W�K�H �F�K�D�Q�J�H �L�Q �V�D�O�L�Q�L�W�\(cin � cout ) �L�Q[�P�R�O �P� 3]�� �W�K�H �Y�R�O�X�P�H�W�U�L�F �I�O�R�Z �U�D�W�H_Q �L�Q �>�P3 �V� 1�@�� �W�K�H �)�D�U�D�G�D�\ �F�R�Q�V�W�D�Q�W
�) �>�& �P�R�O� 1�@ �D�Q�G �W�K�H �F�X�U�U�H�Q�W �, �>�$�@�� �7�K�H �F�X�U�U�H�Q�W �H�I�I�L�F�L�H�Q�F�\ �G�H�V�F�U�L�E�H�V �Z�K�D�W �W�K�H �H�O�H�F�W�U�L�F�D�O �U�H�T�X�L�U�H�P�H�Q�W�V �D�U�H �I�R�U
�G�H�L�R�Q�L�V�L�Q�J �D �I�L�[�H�G �I�O�R�Z �U�D�W�H �R�I �Z�D�W�H�U �Z�L�W�K �D �F�H�U�W�D�L�Q �G�U�R�S �L�Q �V�D�O�L�Q�L�W�\��
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�,�Q �Q�D�W�X�U�H�� �S�R�V�L�W�L�Y�H�O�\ �D�Q�G �Q�H�J�D�W�L�Y�H�O�\ �F�K�D�U�J�H�G �S�D�U�W�L�F�O�H�V �E�D�O�D�Q�F�H �H�D�F�K �R�W�K�H�U �V�X�F�K �W�K�D�W �D �P�D�W�H�U�L�D�O �L�V �H�O�H�F�W�U�L�F�D�O�O�\
�Q�H�X�W�U�D�O�� �7�K�L�V �P�H�D�Q�V �W�K�D�W �L�Q �D�Q �D�T�X�H�R�X�V �V�R�O�X�W�L�R�Q�� �W�K�H �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V �R�I �F�D�W�L�R�Q�V �D�Q�G �D�Q�L�R�Q�V �P�X�V�W �E�H �W�K�H �V�D�P�H��
�7�K�L�V �E�H�F�R�P�H�V �G�L�I�I�H�U�H�Q�W �K�R�Z�H�Y�H�U �Q�H�D�U �W�K�H �V�X�U�I�D�F�H �R�I �D �F�K�D�U�J�H�G �H�O�H�F�W�U�R�G�H�� �%�H�F�D�X�V�H �R�I �W�K�H �F�K�D�U�J�H �R�Q �W�K�H
�H�O�H�F�W�U�R�G�H�� �L�W �Z�L�O�O �D�W�W�U�D�F�W �W�K�H �F�R�X�Q�W�H�U���L�R�Q �D�Q�G �U�H�S�H�O �W�K�H �F�R���L�R�Q �L�Q �W�K�H �V�R�O�X�W�L�R�Q�� �7�K�H�U�H �Z�L�O�O �E�H �D �K�L�J�K�H�U �F�R�Q�F�H�Q�W�U�D�W�L�R�Q
�R�I �H�L�W�K�H�U �F�D�W�L�R�Q�V �R�U �D�Q�L�R�Q�V �L�Q �D �W�K�L�Q �O�D�\�H�U �W�K�D�W �F�R�Y�H�U�V �W�K�H �H�O�H�F�W�U�R�G�H�� �7�K�L�V �W�K�L�Q �O�D�\�H�U �L�V �F�D�O�O�H�G �W�K�H �´�H�O�H�F�W�U�L�F�D�O �G�R�X�E�O�H
�O�D�\�H�U�´ ���(�'�/�� �D�Q�G �L�Q �W�K�L�V �O�D�\�H�U �L�V �Z�K�H�U�H �W�K�H �L�R�Q�V �D�U�H �´�V�W�R�U�H�G�´ �Z�K�H�Q �W�K�H �H�O�H�F�W�U�R�G�H�V �D�U�H �F�K�D�U�J�H�G��
�7�K�H �I�L�U�V�W �P�D�W�K�H�P�D�W�L�F�D�O �P�R�G�H�O�V �W�K�D�W �G�H�V�F�U�L�E�H�G �W�K�H �(�'�/ �Z�H�U�H �W�K�H �+�H�O�P�K�R�O�W�] �D�Q�G �W�K�H �*�R�X�\���&�K�D�S�P�D�Q �P�R�G�H�O �>���@��
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