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Abstract

Ion exchange membranes (IEMs) are used to selectively transport ions between two so-
lutions. Most membranes are not selective to certain ion species. This study investigates
the possibility of increasing phosphate selectivity (in the form of HoPO, ) of anion
exchange membranes (AEM) by modifying commercial AEMs with a Layer-by-Layer
(LbL) assembly of a few promising candidate polyelectrolytes (PE): Poly(diallyldi-
methylammonium chloride) (PDADMAC), poly(allylamine hydrochloride) (PAH), and
poly(allylamine hydrochloride)-Guanidinium (PAH-Gu). The anionic layer was com-
posed of poly(sodium 4-styrene sulfonate) (PSS). Membranes were modified with 4
layers. This was done on only one side, the asymmetric modification ((PE/PSS),), or
both sides of the membrane, the symmetric modification ((PE/PSS),). The membranes
were then characterized using low-frequency impedance spectroscopy to obtain, among
other parameters, the resistance of the membrane.

Asymmetrically modified membranes showed non-reproducible impedance data,
while their symmetric counterpart was in good agreement with a theoretical model.
Compared to the bare membrane, a decrease in the membrane’s resistivity was found for
all the modified membranes in the studied salt concentrations (0.1 to 0.4 M). In the low
concentration region, the PAH-Gu modified membrane had the lowest resistance. This
result is most likely caused by a high affinity between Guanidinium and phosphate. The
electric properties of other parameters, such as diffusive boundary layer and electrical
double layer resistance, were found to be independent from the membrane modification.

We then performed permselectivity measurements with a competing anion, sulfate.
To this end, electrodialysis was performed in the underlimiting current regime. Modified
membranes showed no increase in discriminatory function for phosphate. This could
be due to several reasons. For example, there might be a pH-change near the surface of
the membrane, changing the charge of the phosphate anion. Additionally, the PAH-Gu
membrane did show an increase in overall anion flux compared to the bare membrane.
These results are promising and warrant further research into phosphate selective
receptors in combination with TEMs.
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1. Introduction

1.1.  Phosphates and the environment

The chemical structure of phosphoric acid can be seen in Figure

1. Phosphates play a pivotal role in all biological systems, as a

vital nutrient. Phosphorus itself is never found as a free element OH

in nature, due to its highly reactive properties. Pure white |
phosphoru's will, for examplej, sel'f—lgmte when it comes into 2 P-"”OH
contact with oxygen. The historical sources of phosphorous O \

used to be manure and guano. Nowadays over 80% is mined OH

from phosphate rock [8]. About 90% of our use of the element is

for the fo.o'd supply chain, mainly in the form. of fertili‘zers e.md Figure 1.1: Phospho-
food additives [51]. The annual demand for this ingredient rises rie acid molecule
nearly twice as fast as the growth of the human population.

The large scale use of phosphorous-based chemicals has led to

an increase of phosphate concentration in our wastewater [33]. Since this is a great
nutrient, the elevated phosphate concentration in lakes and rivers, leads to a process
called eutrophication. A high availability of phosphorus promotes the growth of simple
algae and plankton. This leads to a shortage of oxygen in the water. The largest
negative impact can be traced to two main sources:

1. Decrease in the biodiversity, since some species will die out.

2. Toxicity of the water might rise due to the stimulated growth of certain algae
blooms.

For this reason, a lot of countries have placed strict rules on the phosphate concentration
in wastewater. The Dutch government has set an upper limit of 0.15 mg/L for the
municipal ground water [40)].

On the other hand, the phosphate reserves are getting depleted due to a high rate
of consumption, mainly for agriculture, but also in the cosmetic sector. Estimations
are that in the next 20-40 years our use of them must be “drastically reduced or we
will begin to starve” [21].

The need for a reduction of phosphate in wastewater streams and the depletion
of primary resources, recalled a potential new market in the sustainable recovery of
phosphate directly from wastewater. The Swiss government is the first in the world
to enforce a resource recovery from their wastewater, which includes phosphorus [13].



There is a very high likelihood that other countries will follow since phosphate rock is
placed in the top 20 of critical raw materials by the European Union [15].

1.2.  Phosphate recovery and ion-exchange membranes

Different methodologies have already been developed for the recovery of phosphate
from wastewater. It is estimated that there are more than 30 different methods for
P-recovery, underlining its importance [27]. The methods that are currently applied in
sewage treatment plants mostly use a chemical or biological approach. The chemical
approach is based on a precipitation reaction in which the sewage water is leached
with acid and salts of specific metals [31]. The problem with this method is the high
costs and the disposal of the concentrated sludge that is left afterwards. The biological
approach uses organisms that accumulate the phosphorous from the wastewater, which
is consequently retrieved [56]. The disadvantage of this method also lies in the waste
that is produced. The micro-organisms are added to the concentrated sludge that is
left behind from the chemical approach. This means that the heavy metals that are
present in this sludge will also be in the end-product of the biological approach. Also,
the operating conditions are strict and hard to achieve.

Recently, membrane technology was used for the recovery process. For example,
there are novel ideas to combine osmosis membranes in the biological approach to
get a better accumulation and less unwanted collateral materials [48]. Also, a way to
improve the chemical approach has been researched, where ion exchange membranes
have been used in conjunction with precipitation processes [5§].

1.3.  Awm of the work

In this research, we will focus on using ion exchange membranes (IEM’s) as a stan-
dalone method for phosphorous recovery. The key idea is to selectively transport
phosphate ions across the ion exchange membrane in the presence of competing anions.
To reach this goal we need to have a low electrical resistance for the phosphate ions,
which means a higher transport rate of phosphate with a constant current regime.
To improve selectivity towards phosphate, a commercial anion exchange membrane
is modified at the surface with a phosphate-selective receptor, through layer-by-layer
(LbL) deposition of functionalized polyelectrolytes. Poly(diallyldimethylammonium
chloride) (PDADMAC), poly(allylamine hydrochloride) (PAH), and poly(allylamine
hydrochloride)-Guanidinium (PAH-Gu) are used for the polyelectrolyte layers. LbL



modification is done on either one side of the membrane, or on both sides. Mem-
brane transport properties are then characterized with electrochemical impedance
spectroscopy (EIS) at different phosphate concentrations. The effect of the type of
modification and salt concentration is compared in terms of membrane resistance. Fi-
nally, the selectivity among phosphate and sulphate anions of modified and unmodified
AEM are tested in an electrodialysis set-up. The research questions can be summarized
as follows:

1. Is there a difference between symmetric and asymmetric LbL. modification on
the membranes electrical properties?

2. To which extent does the type of polyelectrolyte affect the membrane resistance
towards phosphate for a certain concentration range?

3. Is there an improved discriminatory function of the modified AEM on the trans-
port of phosphate with respect to sulphate?

1.4.  Thesis Outline

This thesis can be seen as composed out of two parts:
e The characterization of a membrane through EIS.
e The permselectivity measurements through electrodialysis.

Both parts share a common background. In Sections 2.1-2.3 we will explain this first.
Then we will move on to the theory behind each of the two different techniques. In
Chapter 3 we will start again from the shared background, i.e. the chemicals and the
electrodialysis machine setup. Afterwards, we continue with the methods behind EIS
and the permselectivity measurements. Chapter 4 contains the results and discussion
of all the measurements and in Chapter 5 we will give the conclusions that we can
draw from our investigation. We conclude with an outlook on future work in Chapter

6.



2. Theory

2.1.  Phosphate species and relevant ions

Returning to the previously mentioned phosphoric acid, it is known that this molecule
can donate a proton (H") which would leave it negatively charged. When the deproto-
nation occurs we are left with a negatively charged ion in the form of HoPO, , called
the dihydrogen phosphate anion. This donation can happen again and the resulting
molecule has a negative charge of 2, HPO4*", the hydrogen phosphate anion. When it
loses its last proton, we have just the phosphorus atom with 3 negatively charged and
1 neutral O atom, the phosphate anion. These 4 different states happen gradually at 3
different pH-values. The following equilibrium reactions summarize this speciation:

H3P04 = H+ + HQPO4_ pKal =2.13
H,PO,” S HT + HPO,* pK .o = 7.21 (2.2)
HPO,*>” <= HY + PO, pK .3 = 12.67 (2.3)

where p/, is the logarithmic acid dissociation constant. This is the pH value at which
the dissociation is at an equilibrium. Based on these equations we can easily get the
fraction of each species in our solution, f. We first introduce a variable D, based on
the molar concentration of hydrogen ions, [H]:

D=[HT+Ku[H? + K Kao[H"] + Ka1 K02 K a3 (2.4)

Here K, are the non-logarithmic acid dissociation constants. The following equations
show the method to obtain the species fraction [2]:

fro.- = @ (2.5)
fupo,2- = Kar [H];]Q (2.6)
Ju,p0,~ = KalKa2[I—I'# (2.7)

Jrgpo, = Ka1Ka2Ka3% (2.8)

To get a clear overview of the fraction of each different species at a given pH level (pH
is approximately — log;,[H"]), we can refer to Figure
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Figure 2.1: The speciation diagram for phosphoric acid

In this research, we will use multiple salts beside phosphates. The diffusion coefficients,
D, and Stokes radii, r, of the corresponding ions can be found in Table The
Stokes radii have been calculated based on the diffusion coefficients with the following

equation:
kgT
= 2.9
" 6D (29)
where kg is the Boltzmann constant, y the viscosity of the solvent and T" the absolute

temperature [2]. The Stokes radius of an ion is the radius of a hard sphere that diffuses

at the same speed as the ion in a solution. The diffusion coefficients are taken from

3.



Table 2.1: Properties of the different ions of interest to this research at infinite
dilution in water at 25°C.

Ion Type | Diffusion coefficient (10° m?s) | Stokes radius (A)
H,PO, | Anion 0.96 2.6
HPO,* | Anion 0.76 3.2

SO4*" | Anion 1.06 2.3
Cl™ Anion 2.03 1.2
OH™ Anion 5.28 0.46
Na™ Cation 1.33 1.8
H* Cation 9.31 0.26

2.2.  IEM mechanism and applications

Ion-exchange membranes have been investigated and used for over six decades [26].
They have attracted a great deal of attention from the scientific community due to
their wide range of applications such as in fuel cells [38], the desalination of seawater
[52] and even for renewable energy harvesting in the form of reverse electrodialysis
[35]. In this research though, we will be studying their transport properties related to
phosphate removal through forward electrodialysis.

An ion-exchange membrane is defined as a layer of material that separates two
solution phases. The membrane contains fixed-charged groups and is partially or fully
permeable to one or multiple dissolved ion types. IEMs can be classified based on a
wide range of inherent properties, such as the polymer material of which it is comprised
(hydrocarbon, inorganic etc. [53]) or the microstructure of the polymer framework (ho-
mogenous or heterogeneous). The most important categorization however is established
by the function of the fixed-charge groups [52]. The two most common types in this
regard are:

e Anion exchange membranes (AEM)

— Contains positively charged groups fixed to the polymer matrix.

— The membrane permeates only (ideally) anions (negatively charged ions).
e Cation exchange membranes (CEM)

— Contains negatively charged groups fixed to the polymer matrix.

9



— The membrane permeates only (ideally) cations (positively charged ions).

A schematic illustration of an anion exchange membrane is shown in Figure In
the case of an AEM, the mobile anions are able to permeate through the membrane,
while the cations are excluded from this transport. The force used to facilitate this
transport is the result of a potential difference over the membrane which can be either
chemical and/or electrical. The reason for this behavior is that the anions interact with
the positive fixed charges in the membrane’s framework. Anions are in this case known
as the counter-ions and the cations as the co-ions, due to their charge countering or
coinciding with the fixed-charged groups of the membrane. These fixed charges in the
membrane are usually permanently charged functionalities attached to the polymeric
building blocks.

‘as  —— IEM Polymer
--‘ ‘ @ Fixed Charge
T ' Counter-ions

+:  Co-ions

Figure 2.2: Overview of an anion exchange membrane system

It can be seen in the figure that the negative ions are transported from left to right,
while the positive ions are completely excluded from the membrane. This discriminatory
function is the most fundamental characteristic of an IEM. It can be understood through
the Donnan equilibrium theory [12], which I will quickly summarize here, following
Tanaka’s method [53].

We start from the equation describing the electrochemical potential of component
7 in a system:

n = u + RTIn(a;) + (P — Po)V; + 2z, Fé (2.10)

Here 11 is the standard chemical potential, R the gas constant, a; the activity, P the
local pressure, P the standard pressure, V; the partial molar volume, z; the charge
number (valence), F' is Faraday’s constant and ¢ is the electric potential. The activity

10



is defined as a; = v;C;, where ~; is the activity coefficient and Cj is the concentration.
When we have a cation X and an anion Y dissolved into a solvent W, we get three
equations describing the chemical potentials of each component in the solution phase.
The Donnan equilibrium state shows that the electrochemical potential of component
¢ in the solution phase, 7;, is equivalent to that in the membrane phase.

N =T (2.11)

We will work out the steps for an anion exchange membrane.

When we apply the Donnan equilibrium to the anions and then subtract the
electrochemical potential in the membrane from the one in the solution, we get:

_ -0 ax — _
Nx —TX = 5 — 1+ RTIn(=) - (P—P)Vx —z2xF(¢p—¢) =0 (2.12)
X

where the overline indicates the value of the variable in the membrane. The assumptions
and simplifications we now make are:

1. The reference chemical potential in the solution and membrane are equal, ) = ,u_?.

2. If there is no concentration difference between both sides of the membrane, the
osmotic swelling pressure, P — P, is 0.

e This also means that the activity of the solvent is the same for the membrane
phase as for the solution.

3. We will work with a symmetric electrolyte. This means that if one mole of
electrolytes dissociates, we have vx moles of cations and vy moles of anions,
where vy = vy = 0.

Using the above factors, we get the following expression for the activities of the anions
and cations:

aFay =afay” (2.13)
Finally, we will assume that the activity coefficient of cation X, 7y, and the activity
coefficient of anion Yy, , in the solution and inside the membrane, is 1. In the case of
NaH,PO, the Donnan equilibrium is shown in equation X:

CNa+CH2PO4_ = CNa+CH2PO4_ (2~14)

To maintain electroneutrality in the membrane, the concentration of counter-ions in
the membrane (Cy,po,) is equal to concentration of co-ions in the membrane (Cy,) and
the concentration of the fixed-charged groups inside the membrane (Cr) , as follows:

Cit,po,~ = Onat + Cr (2.15)

11



The last two equations can be simplified by C' = Cy,+ = Cy,po,- (since this is a
symmetric electrolyte). To get the ratio of counter and co-ion concentrations in the
membrane as a function of this salt solution concentration, we can combine the last

- —39 -
Coro- _ Vo 120+ O (216)

two equations and get:

CNaJr A /O_FQ + 402 — C_F

When we take the solution salt concentration as a variable and use a fixed-charge

group concentration of 3 M (a typical concentration for IEM’s), we get Figure that
shows us the ratio.

107 g

108

10"

100 P | | N | vl
107 102 107" 10° 10° 102
Solution salt concentration (M)

Figure 2.3: Ratio of anion/cation concentration inside the membrane as a function of
solution salt concentration.

Another important quantity we can derive from equation [2.12]is the Donnan po-
tential. This is defined as the following electric potential difference:

¢Don = q_b - ¢ - i ln(a_X) (217)

Z)(F ax

12



We will use this later in the report to calculate the electrical resistance between the
solution and the membrane.

This gives us a crude, yet meaningful, idea as to why an IEM is selective. It can be
seen that for lower concentrations the co-ions are almost completely excluded from the
membrane by the fixed-charged groups. When we have an increase in concentration
though, this so-called Donnan exclusion, decreases exponentially.

2.3.  AEM Modification

2.3.1 Motivation

One of the great disadvantages of commercial anion exchange membranes (AEM) is
their poor selectivity. The main goal of our research is to modify an AEM to increase
the selectivity for phosphate ions compared to other anions. There are several factors
that influence the selectivity of an AEM for phosphate competing with other anions.
For example, we need to consider the mobility of the ion of interest. If the diffusion
coefficient is low, the transport will be severely limited (values for some relevant ions
can be found in Table . Also, the solution salt concentration, the applied current
density, the concentration gradient and a few other minor factors play a role. One
of the most important aspects is the interaction between the fixed-charged groups
of the membrane and the anions that are transported. This interaction is mainly
determined by electrostatic forces and the membrane’s chemical-structure properties
[6]. Membranes with a high crosslinking density ensure a good selectivity among
anions with differences in size. A dense membrane would hinder the diffusion of larger
ions through the membrane structure and increase the monovalent permselectivity [I].
Phosphate is a bigger anion compared to others (see Table . Therefore, tuning the
membrane crosslinking degree will not guarantee a higher phosphate selectivity.

A different strategy to increase the phosphate selectivity, is the introduction of
specific binding groups into the membrane framework. In the literature this was done
by deposition of a thin negatively charged layer on top of a commercial AEM [54]
[22]. By applying this polymer layer, the selectivity towards monovalent ions increases.
To further improve this method, we employ in this research a layer-by-layer (LbL)
assembly of multiple polyelectrolyte layers. First, a bare AEM was exposed to a solution
of an anionic polyelectrolyte (PSS), resulting in the formation of a negatively charged
monolayer. Subsequently, rinsing off and applying in the same manner a cationic
polyelectrolyte, creates a bilayer which terminated with a positive charge. We can form
multiple layers of polyelectrolytes by repeating this process [10].

13



The LbL approach (the end result is also known as a polyelectrolyte multilayer,
PEM) has emerged as a facile and precise method to tailor membrane surface properties
[25]. A recent application of this method on a CEM with up to 11 bilayers, showed a
significant improvement in selectivity for monovalent ions [1].In this research, we will
employ two different methods to modify the membrane. We will modify a bare AEM,
a Fuji-AEM-80045, by applying the LbL method to either one side or both sides of
the membrane. An overview of the final result can be seen in Figure Modification
on one-side only yields an asymmetric LbL.. When the method is applied to both sides
we will call it the symmetric LbL.

@ Hl PSS

B PE

)

© ©
® ®

® ®
Asymmetric LbL Symmetric LbL

Figure 2.4: Layer by layer modification of an AEM by the asymmetric and symmetric
approach. The green layers are PSS and the red layers one of three different polycations.

2.3.2 LbL Modification

The first layer will have to be negatively charged in order to have strong electrostatic
interactions with the AEM. We used polystyrene sulfate (PSS) for this role. We chose
PSS because it can be classified as a strong PE. This means that for almost the whole
pH-range it will stay dissociated in water.

The subsequent polycationic layer is expected to modify the transport behavior
of phosphate anions. The process behind this mechanism, will be further explained
in section We choose three different polycations for this purpose: Poly(diallyldi-
methylammonium chloride) (PDADMAC), poly(allylamine hydrochloride) (PAH), and
poly(allylamine hydrochloride)-Guanidinium (PAH-Gu). Their chemical structures can
be seen in Figure 2.5 An overview of their most important chemical properties is found
in Table 2.2l A motivation for this selection will now follow.

14



We chose PDADMAC, a quaternary ammonium salt, because it has a permanent
positive charge in solution. It also resembles the membrane’s fixed-charged groups.
The bare Fuji membrane we employ in this research, has charged functionalities in the
form of quaternary ammonium cation groups. The precise description of these groups,
as well as the preparation of the membrane and materials used, are not given because
it falls under company-sensitive information.

Recent research showed that PAH-Gu has a high affinity for phosphate with respect
to other anions [5]. This characteristic makes it a promising candidate for modifying the
membrane in such a way that the selectivity for phosphate increases. The interaction
between Guanidinium and phosphate can be seen in Figure A ratio of 20:1 is used
for the modified PAH-Gu membranes. This means that in Figure 2.5 x=1 and y=20
for the structure of PAH-Gu.

The bare PAH was chosen as a reference for the modified PAH-Gu. This was done
to get a better idea of how the Guanidinium affected the ion transport.

PSS PDADMAC PAH PAH-GuU
BERnLR ey
NH NH;
H,C CH;
SO; O
HN\KNH;
NH,

Figure 2.5: Chemical structure of the polyelectrolytes used for LbLL modification
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Figure 2.6: The interaction between PAH-Gu and a dihydrogen phosphate anion [30].

Table 2.2: Properties of the polyelectrolytes used for LbL. modification

Short Name Full Name Fixed Charge pK.
Poly(sodium
PSS 4-styrene sulfonate) ] ~1 62
PDADMAC Poly(dle.mllyldlmet.h v + Permanent positive charge
ammonium chloride)
Poly(allylamine hydro-
PAH chloride) + 8.5[5]
Poly(allylamine hydro-
PAH-Gu chloride)-Guanidinium * ~136]

2.4.  Direct Current Resistance

2.4.1 IEM System Resistance

Transport across an IEM requires a driving force to act on the components of the
system [44]. In this research, we will focus on applying an electric potential difference
across the membrane that leads to electrodialysis. This is one of the most common
applications of IEMs. It is used, for example, to desalinate water on large scale [53] and
to a lesser extent it is also used for wastewater treatment. We will use electrodialysis
for removal of phosphate anions. In Figure the counter-ions are forced to move
from left to right under the influence of the applied electric field. The cations will move
from right to left, but will be inhibited by the selective membrane.

16



When we force a current through a wire, the charge carriers, electrons, face a
resistance which can be related to the potential by Ohm’s law (with a few exceptions,
e.g. superconductivity). If we look at an IEM system, the charge carriers are the ions
in the solution, and just as their counterparts in the wire, they too face a resistance
when they conduct the electric current. In this situation though, the cause of the
resistance is a bit more complicated. The resistance of an electric current flow across
the electrodialysis cell can be dissected into multiple contributions. An overview of the
different components that create electrical resistance, besides the IEM itself, can be
seen in Figure We will now give a mathematical description which illustrates the
transport of ions in each of the separate elements. First we will derive the equations
for the application of a direct current (DC) flow. This is done in order to get a
comprehensive view on the method that will be deployed to characterize the membranes.

The following derivations are from literature [50] [43] [TI1]. All literature presumes a
case study of a CEM however. For this reason the equations have been heavily modified

in this thesis to accommodate the AEM under investigation.

VII

IT III

@D @O

Counter-ion flow IEM i Current direction

x=0 5. O +d O +d+dg

Figure 2.7: The different layers that are formed near the surface of an IEM (width d)
during transport of ions. I and VI are the bulk solutions. II and V are the diffusive
boundary layers (DBL, widths é;, and dg). III and IV are the electrical double layers
(EDL, pictured without length). VII are Luggin capillaries for potential difference
measurements.
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2.4.2 Bulk Solution Resistance

Before the ions reach the IEM they have to carry the current density that we apply,
I, through the bulk salt solutions. These are indicated by I and VI in Figure 2.7] The
ability of an electrolyte solution to conduct electricity is called conductance. Depending
on multiple variables such as the dissolved salt type and concentration, the conductivity
can be calculated or measured in a fairly straightforward manner. Roughly speaking,
if the ion in question has a higher diffusion coefficient, it will be able to carry a current
more effectively. In the case of monosodium phosphate (MSP, NaH,PO,) the ions
in solution are Na™ and HyPO, (for the specific pH range), and they have equal
concentrations. As we can see in table the diffusion coefficients, D, of these two
charge carriers are comparable. To get a good picture of the motion of ions in a solution,
we start from the Nernst-Planck (NP) equation [9], which describes the flux, j, of ion
1. It is composed of three different factors:

1. A concentration gradient, V¢;. This leads to diffusion of the particles.
2. An electromagnetic field, E = V¢ + %—?. This leads to electromigration.
3. The fluid motion, v;. This leads to convection.

The NP equation is:

. D;ze O0A

B ot
Here vy is the fluid velocity, z; is the charge number of ion ¢ and A is the magnetic
potential. We make a few simplifications and assumptions:

1. We work in a side-view reference frame. So we have one dimension where the
length scale is given in Figure 2.7

-D F 9
eTv¢ L @

2. To simplify the calculations we define the electric field as £ = - T

3. The velocity vy is 0, since we can assume no net mass transfer of the fluid through
the membrane.

e This assumption holds for the rest of our research and will be applied to all
other equations in this thesis.

4. We assume static electromagnetic conditions. In this case we can drop the vector
potential term, A.
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e This assumption also holds for the rest of the thesis.
5. If the solution is well mixed, the concentration gradient V¢; can also be set to 0.

e This assumption holds for the bulk solution but in general is not applicable
to other parts of the IEM system. We will change this accordingly for these
regions.

These simplifications lead to a much shorter equation for the flux of ion ¢ in our bulk
solution:

The total Faradaic current density is the sum of these fluxes for the ions:

I=F) zji (2.20)
= F(Dy2jc; + Dyzzes) E (2.21)

where subscript 1 indicates the anion and 2 the cation. Equation is called the
current flow condition. In the case of MSP we have z; = —1 and 2z, = 1. Since there is
electroneutrality we also have ¢; = ¢; = ¢. This gives us an expression for the electric
field in the electrolyte solution:

I
E—
Fe(Dy23 + Doz3)

(2.22)

When we combine this with the simplified equation for the flux, we are left with:

| = ! t h t, = ! (2.23)
= — where == .
J1 Fz ! ! Dy + Dy
I D,
o = —15 wWh tg = ———— 2.24
J2 Fz 2 ore Dy + Dy ( )

t; and t, are called the transference numbers and indicate the fraction of the current
transported by each specific anion. This means that if we apply a current through
a solution of monosodium phosphate, about 42% of the current is transported by
phosphate anions and the other 58% by the sodium cations. The electrical resistance
of the bulk solution layer will be denoted by R;.

2.4.3 DBL Resistance and Limiting Current Density

As the ions come closer to the IEM, they encounter a region called the diffuse boundary
layer (DBL) or stagnant diffusion layer (SDL). These are indicated by II and V in
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Figure This region is formed due to a depletion (or over-saturation on the receiving
side) of charge carriers [50]. This shortage is caused by the high transport number of
counter-ions in the membrane. In the membrane a large amount (ideally all) of the
current is carried by the counter-ions. We can quantify this as the fraction of the current
carried by the counter-ions through the solution/membrane interface. This is called
the effective transport number of the counter ions, 77. On the other hand, as we saw
in Section [2.4.2] about half of the current is carried by the anion in the bulk solution,
t1. This discrepancy leads to a lower concentration of counter-ions in the DBL region.
To maintain electroneutrality, the concentration of both ions drops [28]. This layer
is of major importance for electrodialysis since it can induce a significant electrical
resistance. Especially in reverse electrodialysis there is a lot research underway in
minimizing this resistance to gain a higher power output [55].

The DBL can be quite wide and is usually on the order of hundreds of micrometers
[7]. In our reference figure they have a width of §;, and dg for the left and right side,
respectively. Since it is still relatively far from the IEM itself, this layer mostly depends
on factors not relating to the membrane (we assume no homogeneities on the membrane
surface). A major impact on the formation of this layer is the speed at which the bulk
solution is stirred or flowed next to the membrane [46]. We see in Figure that the
depleted DBL (left side) contains a lower concentration of ions than the enriched layer

on the other side of the membrane.

I 11 V. VI

H ¥ E
l: é L\\\ .................... ........ R C(X=6L+d)
2O
CO o-—__.\\\ :||' a \\\‘i———" CO
\\\\\\\ ? o :
C(X=6L) . .\.4 @

. IEM |

x=0 5. o, +d B +d+dg

Figure 2.8: The ion concentration profile near an IEM in red striped lines. I and VI
are the bulk solutions. II and V are the diffusive boundary layers (widths d; and dg).

This means that if we apply a large enough current we can completely deplete this
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layer. When this occurs, we can increase the potential, but the current density will not
rise anymore. This is called the Limiting Current Density (LCD) of the membrane. It
was already observed in 1956 that the LCD can be calculated by using the following
equation, known today as Peers equation [47]:

FDgc,

Ik — 750
lim 51@(T1 _ tl)

(2.25)
where ¢ is the bulk solution’s ion concentration, k£ denotes the side of the membrane
(L for left, R for right) and T} is the effective transport number. Furthermore, Dy is
the salt diffusion coeflicient [43]. It is defined as:

2D, D,

b 2.26
Dy + Ds (2.26)

It is important to note that the derivations made are for the left side of the mem-
brane, k = L. We will drop the subscript for readability and will only give the end-result
for the right side. Also, to make calculations tidier we introduce the following variable:

1
[lim

8=

which gives the fraction of the applied current density compared to the LCD.

(2.27)

To calculate the resistance of the DBL, we can use the NP equation again. Only
this time the assumption that there is no concentration gradient, does not hold. We
start with the following equation for the flux of an ion 7 in the DBL region:

de
=D | + s (229
Now we use the current flow condition in the same manner as we did for the bulk

solution resistance. This gives us the following equation for the electric field in the

DBL:
de N I
cdx  (Dy + Dy)cF

Continuing the same line of reasoning as in Section [2.4.2] we get the flux of each ion

E=(2t—1)

(2.29)

species:
de I
hW=—Ds—+ —t 2.30
J1 dr + Fa 1 ( )
de 1
o = —Dy— + —t 2.31
/2 dz + Fz 2 ( )



To find the resistance, we need to apply boundary conditions (BCs). The first BC is
for the concentration at the left side of the DBL. The second set is for the continuity
of flux at the DBL/EDL interface:

clx=0)=cy (2.32)

. IT, . I(1—1T;
J1($:5L):_71 and ]2(55:5L>:¥

We set T} = 1. This implies that there is no flux of co-ions at the membrane surface.

(2.33)

In other words, all the current is carried by the counter-ions and we have a perfect
membrane as a simplification. With these BC’s we can get the ion concentration on
the left side of the membrane:

c(z) = ¢ ll - 5%} (2.34)

This leads to the concentration curves we can see in Figure 2.8 Since we know that
the electric field can be seen as the negative gradient of the electric potential, we now
have a way to calculate the potential drop over the left DBL:

96 RT
RT f RT
$ppr =~ [ Edr=——+1n(1-f) (2.36)

0

We can use the same steps to get the potential drop on the right side of the
membrane:

RT

CbgBL = ?ln(l + ) (2.37)

With the above electric potential differences, we can use the well known relations
between potential, current and resistance to get the resistance of the DBL. We will
denote it as Rppgy.

2.4.4 EDL Resistance

After the charge carriers have passed the DBL they are suddenly strongly attracted
to the surface of the charged IEM. This high concentration of counter ions is there to
screen the surface charge [3]. This layer is very thin, on the order of the Debye length,
which for an electrolyte solution is given by:

ecoRT
Lp =1/ 2.
b 2cF? (2.38)
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where € is the dielectric constant of the medium, ¢y the permittivity of free space
and c the concentration of the electrolyte. Lp gives a measure to the distance of the
electrostatic fields of charge carriers in a solution. For the salt solutions we use, this
length is around a nanometer. The EDL is the only part of the IEM system that is
not electroneutral.

To get the resistance of this layer, we turn to the Donnan potential, introduced
earlier in Equation [2.17] By applying this equilibrium theory, we get the potential drop
over the almost infinitesimal EDL:

bppL = —% In (—C($CM5L)) (2.39)
where c,,; is the concentration of anions in the membrane. For the right side of the
membrane the potential drop is defined as:

PEpL = —% In <ﬁ) (2.40)

Just as with the DBL, we can find the resistance of this layer, denoted by Rgpr,
through this potential drop.

2.4.5 Membrane Resistance

Finally, the most dominant resistance comes from the IEM. The ions face more re-
stricted movement in the membrane than in the solution. The ions that are transported
through the membrane constantly weakly interact with the fixed-charged groups. This
could be seen in Figure 2.2] Calculating the membrane resistance can be done theo-
retically. These computations are based on the extended Nernst-Planck equation for
the convection velocity, k. Based on this velocity we can calculate the specific electric
conductivity [53]. Unfortunately, most of the parameters that are needed to carry out
the calculations, are not readily available. For example, the material of the membrane
and how it is organized, which can’t easily be quantified, play a huge role on the resis-
tance. For this reason, an objective of this study is to find the membrane resistance
through experimental methods. The membrane resistance will be denoted by R,,.

2.5.  Electrochemical Impedance Spectroscopy

2.5.1 Motivation

Since we modify the membrane we would like to know how our applied layers are
affecting the transport of ions through the IEM system. We can simply apply a direct
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current (DC) and measure the potential drop over the membrane to determine the
entire system resistance, which includes all contributions. This is the most convenient
method to get the membrane resistance. An experiment done in this manner will yield
current-voltage curves that contain a lot of information on the transport properties of
the system. This was done on a large scale in older research [36]. It relies on Ohm’s
law to describe the resistance:

U

Ry pBLyEDLAMm = T (2.41)

where Ry, ppr+EepL+m 1S the total resistance of the entire system including all its layers.
By simply subtracting the resistance of the bulk solution, we can get the resistance
of the membrane, including its DB and ED layer. To get a clearer perspective on
the individual resistance components of each layer and get a precise value of the
variable that we are interested in, we turn our attention to Electrochemical Impedance
Spectroscopy (ELS) measurements.

2.5.2 EIS theory

EIS is a technique that has been applied in many different types of research and
development [4]. Tt can be used to investigate the processes behind chemical reactions,
transport properties and surface of materials [36]. The foundations of this technique
date back to 1880, when the “father” of EIS, Oliver Heaviside, derived the framework
behind the technique. The power of EIS comes from a few different sources. In this
study, we chose this method for the following, most important, reasons:

1. It enables the user to distinguish between all electric parameters of the system.

In this case, we can look at the individual contributions of all the components
described in Section 2.4

2. Tt is non-invasive if very low current/voltage perturbations are applied. Unlike
other methods, such as high current density measurements, this technique won’t
damage the membrane.

3. The theory behind this method is well documented and it is widely deployed in
the field of TEMs.

To give an overview of how EIS works, we start with Ohm’s law and replace the
real-valued resistance term, R, with the complex-valued impedance, Z:

Z== (2.42)
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Since we are using sinusoidal signals it is easier to represent the current and potential
as:

I =|Ie™ (2.43)
U = |U|e@tHd (2.44)

Here 7 is the imaginary unit, w is the angular frequency and 6 is the phase shift of the
potential signal. By combining this with equation [2.42, we get:

|U|€i(wt+9)
L = 2.45
|[’ezwt ( )
Ul i
=_—l¢ 2.46
=|Z|e" = |Z| cos 0 + i|Z| sin 6 (2.47)

In Equation [2.47] Euler’s formula is used. This is known as the polar form of the
impedance. The term |Z| shows the ratio of the potential over current. We can also
write this in Cartesian form:

Z =Re{Z} +iIm{Z} (2.48)

In conclusion, for a given sinusoidal applied signal of frequency f (f = w/2m) we
get an impedance, Z, that can be seen as the sum of its real and imaginary parts. The
real part is the resistance while the imaginary contribution is called the reactance.

Using a graph with a real and imaginary axis, we can place points recorded at
different frequencies. This is called a Nyquist frequency response plot. The procedure
for constructing such a plot can be seen in the following figures. In Figure [2.9] we see
the alternating current that we apply over our system and the measured potential.
We can also see that there is a slight shift between the two variables. By applying
equations and we can construct a point that has a real and imaginary part.
This point is then placed on a graph with data from other frequencies. A curve that is
characteristic of the system then emerges. This is seen in Figure [2.10
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Figure 2.9: The measured potential for a given sinusoidal applied current. The plot

was made from impedance spectra data at 2.07 mHz. The phase shift § can be seen
by the slight lag of the potential.
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Figure 2.10: The obtained data for multiple frequencies is plotted in a Nyquist plot.
Arrow indicates increasing frequency.

2.5.3 1IEM System Impedance

The previously derived resistances for the IEM system must now be modified to acco-
modate the alternating, low frequency current that will be applied. The current can

be denoted as:

where Ip¢ is the steady state, direct current and [, is the amplitude of the oscillating
current. We now implement the alternating current into concentration and potential
oscillations. Both these perturbations follow the same frequency as the AC [41]:

c(x,t) = cpo(T) + cy(x)e™ (2.50)
$(@,t) = dpo(x) + da(w)e™ (2.51)

where the subscript DC' indicates the value under a DC condition, and A is for the
amplitude of the variable under the oscillations. We will now apply the above equations
to the different resistance components.

The first layer, bulk solution, is the easiest since it has no reactance. In other words
Zs = R;.

Furthermore, we will assume that the current transport inside the membrane does
not have any reactance either, Z,, = R, [50].

27



2.5.4 DBL Impedance

The NP equation introduced in Section [2.4.2] is an extension of Ficks first law of
diffusion. It works under the assumption of steady state [9]. Since we are now working
with a time dependent factor, we introduce the second Fick equation:

dc @_Dﬁzc

—=-2 =D, 2.52
ot Ox Ox? (2:52)
Applying this to Equation [2.50 gives:
, d?c
iwe, = Dsﬁ (2.53)

We will keep the boundary conditions and [2.33] only substituting the steady
state concentration with the concentration oscillation ¢ . After a lot of cumbersome
calculations, we can find our concentration oscillations.
1 ¢, sinh(a(z/4))
I, o cosh(a)

lim

[ qw

Applying the above equation for the concentration into [2.29] we find the electric field,

(2.54)

CA(xv t) =

where

and consequently the potential drop.

0 c 1 I Ic
E,=2H-1)— (-4 A _ A4 2.
4= (2h )ax <CDC>+(D1+D2)F <CDC C%c) (2:56)
5

6 (2.1) = —% / B de (2.57)
0

By invoking the modified Ohm’s law, Z = ¢, /1 4, we finally arrive at the impedance
of the left DBL:

7o RT | (1 —2t;) tanh(«)
PP Ly | (1= 8)
2t 1 % sinh(ax/8) dz (2.58)
(T —tl)acosh(a)/o (1—Bx/6)% &

FI T —t
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Following the same steps gives us the impedance for the right DBL:

RT
ZgBL - F[R

lim

(1 — 2t;) tanh(af)
(1+p%)  aof

B 2t 1t 37 1 /53 sinh(az/0g) dz
(Ty — t1) afcosh(a®) Jy (1 + BRx/oR)? 0r
RT 2131, In(1 + %)

FI Ty — 1

(2.59)

Most software packages can’t evaluate an integral of hyperbolic functions with complex
arguments. In Appendix A a different expression is given.

2.5.5 EDL Impedance

Applying the same procedure for the EDL gives us the following potential drop over

the EDL:
I tanh ()

CLim(1-P)  «
We don’t have to integrate over x since there is no space dependency. The impedance
for the left EDL is then given by:

Palz,t) = (2.60)

RT 1 tanh(a)

A = 2.61
EDL Flm(1—0) a ( )
Following the same steps gives us the impedance for the right EDL:
RT 1 tanh(af)
ZRL = 2.62

2.5.6 Impedance Simulations

We can combine the potential drop over the DBL and the EDL. To get the impedance
of the entire IEM system, we then invoke Equation [2.42] This gives us:

Z =Ry+ Ry +Zhp, + 28, + 75, + 28, (2.63)

where R, andR,,, are the resistances of the bulk solution (left and right side combined)
and the membrane itself.

Theoretically, Equation|2.64]in combination with the explicit formulations, is enough
to give a low frequency impedance spectra of an IEM system. Upon close inspection of
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the equations we see that there are only 5 variables when we work with a symmetric,
monovalent salt. We have the thickness of the DBL on both sides, d,, the concentration
of the salt, ¢, the applied direct current density, I (also referred to as I, in the
calculations for clarity) and the membrane resistance.

With this theoretical model we now have the means to simulate the impedance of
our AEM system to quantitatively observe how our impedance spectrum will behave
under differing conditions.

It is of importance to know what direct current we need to apply during our EIS
measurements. To see the impact of I~ on the impedance spectra, we will simulate
the low frequency impedance with the following fixed variable values:

1. 6y = or = 250 pm.

2. ¢cg=0.5 M.

3. w=2rf with f ranging from 1 mHz to 1 Hz.

4. Ry =0Qcm? and R,,, = 30 Q cm?.

5. Diffusion coefficients as given in Table for NaH,PO,.

I is then chosen as a certain percentage of our Ij;,,,. The result can be seen in Figure

211
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Figure 2.11: Simulation of the low frequency impedance of an anion exchange membrane.
The applied direct current is a percentage of the LCD.

It can be noted that there is a convergence for a decrease in the applied direct current
density. For this reason we chose to carry out our EIS measurements with an I}, of
0 A cm~2. Additional motivation for this choice will be given in Section .

2.5.7 Electrical Equivalent Circuit

In a review report on EIS by D.D. MacDonald [36], a pioneer in the field, he explains
the extraordinary strength of EIS. Unfortunately, the full potential of the method is
rarely used because the interpretation of the data requires a strong mathematical skill
that is not common among electro-chemists and corrosion scientists. The mathematical
background needed to interpret the low frequency impedance of an IEM system, for
example, can be seen in the previous sections. Theoretically, the EIS data can be
fitted to the complicated equations. Variables such as DBL thickness and membrane
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resistance can then be extracted. Unfortunately, this is beyond the scope and reach of
this thesis due to the very elaborate mechanisms behind fitting the data. Because of
this complexity, the data is usually analyzed, modeled and interpreted via an electrical
equivalent circuit (EEC). EECs have been a tool to model the impedance of electrolytic
cells for over 40 years and are a classic topic in the electrochemical literature [18]. There
are two main viewpoints for using electric circuits.

The first one distributes electrical circuit components in space instead of in a straight
linear fashion [41]. The elements lie superimposed on their chemical, real-life equivalents
and are controlled by the mathematical equations describing the ion transport, such
as the Nernst-Planck and Poisson equations. This is a powerful method and it has
shown to be of great use to predict and explain transport phenomena in electrochemical
processes [42] [43]. The main disadvantage of this method is the complexity of the
models.

The second method uses an EEC with localized parameters. The elements are
distributed in a linear order and each different branch of the circuit models a part of
the electrochemical system. The strong points of this approach are the ease of use and
their effectiveness in explaining experimental data. The downside to this simplicity is
the ambiguity that might arise in applying the EEC. For example, an electrochemical
system might be modeled by multiple different EECs that all show the same impedance
over the given frequency range. For this reason, a great deal of care must be taken to
use the correct and most applicable EEC.

The mathematical transport model of a monopolar IEM we introduced in Section
was initially proposed by Sistat et al. [50] In this paper he showed the remarkable
agreement between the mathematical description and experiments. Soon, modifications
to the model followed. Moya made a lot of contributions, such as modeling ternary
solutions with two counterions [42] and an EEC model involving distributed elements
[43]. Nikonenko et al. showed the resemblance to an EEC [45] that was composed of 5
different circuits connected in series. In this research, we will use this method to explain
our impedance spectroscopy data obtained from measurements on the membranes. We
will not use the exact same model as used by Nikonenko, but a slightly modified one.
In Figure the EEC that will be utilized to model the different components of the
IEM system can be seen. This model has been used extensively in other research [I]
[11] [17] [46] [57].
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Figure 2.12: The Electrical Equivalent Circuit used in this study to analyze the EIS
data.

Ry is the bulk solution resistance, also including the Luggin capillaries and parasitic
resistances of the measurement equipment. R,, is the resistance of the membrane (with
LbL layers if they are applied).

Rgpr and Cgpp, are the resistance and capacitance of the representation of the EDL,
respectively. It can be seen from Equations and that the hyperbolic tangent
function plays a huge role in the impedance of the EDL. To model this behaviour a
parallel RC circuit was chosen [45], with impedance given by:

1 ' ~1
ZEEC,EDL = (R + sz’EDL) (2.64)

EDL

Finally, Rppr and CPFEpp;, are the resistance and constant phase element (CPE)
modeling the DBL. The CPE is an element that is used to model the non-homogeneity
of the DBL. The impedance is given by:

ZcpE = ﬁ

e (2.65)

A study by Moya [41] compared the EEC model we use with the more complex
network model. It was found that the simpler EEC properly models the low-frequency
impedance of the IEM system in situations where there is no DC current applied during
the EIS measurements.

We only use one branch of the circuit to model the EDL and one brancj to model
the DBL, whereas there are two of each layer (either membrane side), which may have
different properties. This modeling is chosen because even though the EIS method can
differentiate between the different layer types, it is hard to separate between the same
type due to a large overlap in response to the alternating current.
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2.6.  FElectrodialysis

Electrodialysis is a process in which we actively transport ions through the membrane.
The external force used to trigger this transport, comes from applying a current through
the membrane. The overview of the setup used for this process is shown in Figure [2.13]

CEM CEM AEM  CEM

O ) H,
: H2PO, _
H+ < oed b ol e H2P04- OH
+ S04% _
Na+ ...... » Na+ ______ > Na+ ..... R
1 1 1 4 4

T
| | | AEM | | |
0.5M 0.5M 25 mM 25mM 0.5 M 0.5M
Na,SO, NaH,PO, NaH,PO, NaH,PO, NaH,PO, Na,SO,
+ +
Na,SO, Na,SO0,

Figure 2.13: Overview of the setup used for electrodialysis.

It can be seen that there are multiple chambers in the complete setup. The purpose
of all the chambers will be elaborated in Section [3.3] The most important two cells that
we will focus on now are the left and right cells of the boldface AEM in the middle.

The two chambers in the middle are constantly flushed with a mixed solution of
phosphate and sulfate (25 mM of each species, explanation for this choice will follow in
Section . This means that there are two types of anions that will, ideally only, travel
through the membrane, the divalent sulfate and monovalent phosphate. To quantify the
discriminatory function of the membrane we look at the permselectivity for phosphate
with respect to sulfate.

First, we need to define the flux for each anion [53]:

JHoPOs~ = 57—y — (2.66)

(2.67)



where A,, is the membrane area in m?, V is the begin volume of the reservoir where

the flux of ions is going in or out in L and % is the concentration change over time.

Since we will measure the concentration change over time, we can fit a linear model
dc.

to the data to get <

Cit)y=Co+k-t (2.68)
dC
= = k (2.69)

where Cy is the initial concentration. When we have k, we can use equations [2.66) and
to get the corresponding fluxes.

After we have the flux of the ions we can define their transport numbers. This is
defined as the ratio between the current carried by this ion and the total current [23]:

’Z O4— ’j Ou— 1 j Ou—
oy~ = R = e (2.70)
_ Iz0-ldso - _ 2+ dso,e- 271)

fen o —
5047 > ziji > 2

where the sum over the fluxes was defined by the current flow condition, Equation [2.20

o1
Z 2iJi = %C (2.72)

The sum of the above transport numbers gives us the fraction of the current carried
by the anions through the membrane, 7). For the previous simulation, we used a T}
of 1, meaning that all the current was carried by anions. In reality however, there will
always be an amount of co-ions being transported through the membrane. In our case,
the cation is Na™.

We can now define the permselectivity of phosphate with respect to sulfate [1]:

pH2POs™ _ bgpos~/ts0,2- _ Jwpos-  Cso,2- (2.73)

5042~ =
! |ZSO42*|CSO42*) Js0,2- * Crypo.-

211,00, [ Criypo,/ (

where C' indicates the average concentration in the feed solution during electrodialysis.

This means an increase in PH2004

0.2 indicates a higher selectivity for phosphate over

sulfate anions.
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3. Materials € Methods

3.1. Chemicals

Demi water from built-in taps in the laboratories was used to prepare all solutions for
the measurements. The conductivity was 1.3nScm~!. The following chemicals were
used in preparing the solutions and modifying the membrane:

e Sodium phosphate monobasic monohydrate, NaH,PO, - H,O. M = 137.99 g mol L.
(Sigma-Aldrich, assay 99.5%).

Sodium chloride, NaCl, M = 58.44 gmol~'. (Sigma-Aldrich, assay 99.8%).

Sodium sulfate (anhydrous), NagSO4. M = 142.02 gmol'. (Fluka, assay 99%).

Poly(sodium 4-styrene sulfonate), PSS. Average M,, ~ 70,000. (Sigma-Aldrich)

Poly(diallyldimethylammonium chloride), PDADMAC. Average M,, ~ 300,000.
(Sigma-Aldrich)

e Guanidine acetic acid, GAA. M = 117.12gmol~'. (Sigma-Aldrich, assay 99%)

e Poly(allylamine hydrochloride), PAH. Average M, ~ 15,000. (Sigma-Aldrich)

3.2.  Membrane Modification

Membranes supplied by Fuji were used in this study. The bare AEM was a Fuji-AEM-
80045 (Fujifilm Manufacturing Europe B.V., The Netherlands). We also used this type
in the LbL modification. The membranes were first cut to fit the experimental setup
and then stored in a salt solution before the modification was done. PAH-Gu was
synthesized in the same manner as reported in the research by Cao et al [5].

For all 3 different PE modifications, we used PSS as the anionic layer. We dissolve
200mg of PSS in 200mL 0.5 M NaCl. The polycations (PDADMAC, PAH or PAH-
Gu) were also dissolved in the same concentration of NaCl solution (the mass for all
the other PEs was also 200mg). The symmetric LbL. modification is done by first
completely immersing the bare membrane in 0.1 M of the PSS-NaCl solution for 10
minutes. Afterwards the membrane is rinsed of with Milli-Q water for 5 minutes. This
is to ensure removal of weakly adhered polyelectrolytes. The membrane which is now
coated with PSS is then immersed in a solution of PDADMAC, PAH or PAH-Gu for
10 minutes and afterwards rinsed off with water again. This process is repeated 2 times.
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The end-result are 3 different symmetrically modified membranes with 2 bilayers of
polyelectrolytes. They are identified as (PDADMAC/PSS),, (PAH/PSS), or (PAH-
Gu/PSS),. To prepare the asymmetric LbL, modified membranes, the same procedure
was applied. The only difference is that during immersion of the membrane in a PE
solution, one side of the membrane is protected and not in contact with the solution.

3.3.  Main Electrodialysis Setup

The setup used for EIS measurements and the electrodialysis is seen in Figure 3.1} It is
composed of six chambers and made from plexiglass (STT Products, The Netherlands)
[14].

+ CEM ¢+ CEM 4| N4 AEM ¢+ CEM 4
|

| I(_\IKK@ @IAI_
1.

t 0
| | | AEM | | |
0.5M 0.5M 0.5M 0.5M

Na,SO, NaH,PO, NaH,PO, Na,SO,

—

Figure 3.1: Overview of the measurement setup. CEM = Cation exchange membrane,
AEM = Anion exchange membrane. Var stands for a variable salt solution composition
and concentration.

The membrane we are investigating, is placed between chambers 3 and 4. It has an area
of 8.04 cm?. The potential drop over the membrane is measured by Ag/AgCl electrodes
attached to Luggin capillaries that are a few mm’s away from the membrane surface.
The capillaries are filled with the same solution as in their respective chambers. The
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current through all the chambers is supplied by the working electrodes. They can be seen
in black in the outermost cells (chambers 1 and 6). The cathode is made of stainless steel
(negative during electrodialysis). The anode is made of platinized titanium (positive
during electrodialysis), because we need an inert material to withstand the oxidation
reactions. The configuration of the electrodes is known as the four-electrode setup
[19]. Tt allows control of the current through all the membranes, while only measuring
the potential drop over the main membrane. This is opposed to a two-electrode setup
where the counter electrodes are also the measurement points for the potential.

It can be seen that besides the membrane under investigation, there are 4 oth-
ers, separating the other cells. These auxiliary membranes have an area of 33.16 cm?
(They’re considerably larger than the membrane under investigation to make sure
that the current is easily carried through these membranes). The placement of these
membranes was based on the setup used by Krol et al. [29]. The chambers 1 and 6 are
always supplied by a solution consisting of 0.5 M NaySO,. This salt is chosen because
it does not participate in the electrode reactions, which are [14]:

e Anode: 2Hy0 — Oq (g) +4H +4e”
e Cathode: 2H;O0 +2e —— Hy(g) +20H

Chambers 2 and 5 are supplied by a salt solution that has the same composition as
the solution flowed past the membrane under investigation. We keep this concentra-
tion higher than the solution in chambers 3 and 4 to ensure that the concentration
polarization that can occur, only happens at the central membrane.

The potentiometer and current source come from the same machine, an Autolab
PGSTATI128N (Metrohm). It is a low current, entry-level, potentiostat/galvanostat
capable of pushing 0.8 A between the counter electrodes at a maximum potential of 15V.
It is equipped with the FRA32M module for impedance analysis. All measurements
have been made in galvanostatic mode, meaning that we control the current while
measuring the potential drop across the membrane.

The 6 different reservoirs were all placed in a thermostatic bath at a controlled
temperature of 25 °C. They were pumped through the chambers by 3 different peristaltic
pumps. Chambers 1,2,5 and 6 were always flowed at a high speed of 110 mL min~!.
The solution flow for the main chambers was different for the EIS measurements and
the electrodialysis and is given in the corresponding section.
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3.4. FEIS Setup

For the impedance spectroscopy measurements we applied a direct current of Ipc = 0 A.
We investigated the impedance in the low frequency range from 1 Hz to 0.001 Hz. We are
reluctant to increase the frequency too high because the impedance of the measuring
electrodes becomes dominant in this regime and obtaining a reliable impedance of
the membrane system becomes complicated (above 100 Hz the participation of the
measuring electrodes becomes very noticeable) [45]. We used 20 frequency points,
logarithmically divided. The current was oscillated with an amplitude of I, = 5mA
AC and integrated over 2 cycles for each frequency. We chose to have no DC bias for
two reasons:

1. As explained in Section [2.5.7 the EEC is a more natural representation of the
data if we don’t polarize the layers.

2. The EIS measurements can take a very long time, due to the low frequencies.
A measurement of just the 1 mHz impedance can take over half an hour. This
means that the membrane needs to stay in the same steady state for multiple

hours to analyze one EIS. This state can be easier maintained if we don’t apply
a DC bias.

The peristaltic pump for the solution next to the membrane was set at a flow rate of
50 mL min~—!. One 2 L bottle of solution with the desired salt concentration was used for
both sides of the membrane. The pH of this solution was measured to ensure monovalent
phosphate ions (always in the range 4.5-5). Furthermore, before the measurement, the
setup was left to equilibrate for 30 min.

For each membrane under investigation, at least three runs were done for the whole
frequency spectrum. The motivation behind this choice was based on the following
reasons:

1. To study the repeatability of EIS measurements.

e Even though there is a rich background literature on the subject of EIS
in combination with IEM, there is very little material on the test-retest
variability. Some papers only release data concerning fitting errors, which
is not representative of the underlying principle [1].

e We can also take the measurement error into account by repetition.

2. To investigate the effect of time and equilibrium processes on the IEM and how
this effects the measured data.
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A blank measurement is taken before and after the EIS. This gives us R, which is
later subtracted from the Rs + R,, value obtained from fitting to the EEC.

The data was fitted to an EEC with the help of ZView. The procedure for calculating
the variable values with their corresponding errors can be found in Appendix [C]

3.5.  FElectrodialysis Setup

The setup used for electrodialysis measurements is shown in Figure 2.13] A current
density of 7.5mA cm~2 is applied between the electrodes and through the membrane
for 3 hours. It is first verified that this current is in the underlimiting, Ohmic regime.
Samples (5 mL each) are collected from the receiving chamber (no. 3). The solution
in the bottle is first rigorously stirred before extraction. One sample is then used
to measure the concentration of both anions. All phosphate and sulfate containing
solutions were analyzed through Ion Chromatography (930 Compact IC Flex, 150 mm
A Supp 5 column, Metrohm).
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4. Results € Discussion

4.1.  Asymmetric vs Symmetric modification

After modifying three different membranes with the polyelectrolytes of interest we did
EIS measurements with the setup that can be seen in Figure [3.1] A salt concentration
of 0.1M NaH,;PO, was used in the chambers that are in contact with the membrane
under investigation. The Nyquist plot after two runs from an asymmetrically modified
PAH-Gu membrane can be seen in Figure [£.1JA. As explained in the methods section,
multiple runs are done on a single membrane. In the case of asymmetrically modified
membranes, we could not fit the EIS data to an EEC with an acceptable error.

In the case of PAH-Gu, we could not fit an EEC at all. It can be seen that the
curves are erratic. When we switched to modifying the membranes in a symmetrical
manner though, the curves were consistent with other theoretical and experimental
research [41] [45] [50]. We were also able to fit them to the EEC with a very small
error giving us a great deal of confidence in their accuracy. The curves and the fitted
EEC curve can be seen on the right in Figure [4.1B.

A 141 = PAH-Gu,0.1M,Run1 | B 121 = PAH-Gu,0.1M,Run1 |
= PAH-Gu, 0.1M, Run 2 a PAH-Gu, 0.1M, Run 2
121 ] 1k — FitRun 1
1+ E — FitRun 2
05 kL 08}
0.6 - ot o 06
<) <)
= 04 o4
N 02 =’ ; N
- nuﬂjnu” - 02t
0 i
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Figure 4.1: EIS measurements on PAH-Gu, LbL modified membranes. A) Asymmetric,
data could not be fitted to the EEC and was very random and not reproducible. B)
Symmetric, solid lines represent best fit to the EEC from Figure
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Table 4.1: Fitting parameters to the EEC for asymmetric and symmetric LbL
modified membranes. (Asym. PAH-Gu did not fit, so no parameters), R in Qcm?, C

in F
Membrane Type Chi-Sqr | Ryembr. | RepL | Cepr | Rper | CPEpgL-n | CPEpgL-Q
Bare AEM 9.31E-6 34.5 6.80 | 88.5 | 8.05 0.43 3.46
PDADMAC | 1.14E-05 | 50.00 | 854 | 81.2 | 15.16 | 0.35 2.4
Asym. PAH 1.66E-03 26.5 0.95 | 75.9 | 8.49 0.34 2.387
PAH-Gu - - - - - - -

PDADMAC | 8.86E-6 33.61 5.57 | 103.3 | 7.67 0.45 3.74

Sym. PAH 3.86E-5 30.31 5.63 | 115.1 | 9.07 0.43 3.43
PAH-Gu 1.11E-5 29.1 6.34 | 105.3 | 8.08 0.47 3.85

The comparison in fitting parameters for asymmetrically and symmetrically modified
membranes can be seen in Table [£.1} For the asymmetric PDADMAC, the error was
low due to convergence in the fitting process, though the values of the equivalent
components were not realistic (e.d. a membrane resistance of 502 ¢cm?). In the case of
asymmetric PAH, the fitting error was very high due to erratic curves in the Nyquist
plot. The symmetrically modified membranes though have a low error by exhibiting
consistent behavior over multiple measurement runs. Furthermore, the fitted equivalent
elements are in agreement with each other. For example, previous theoretical research
showed that modifying the membrane with polyelectrolytes should not have an effect
on the DBL layers [16] [I]. This has experimentally been confirmed since the values
for Rppr, and the CPEppgy, stay the same for the modified and the bare membranes.

We can identify a few reasons that explain why we were not able to fit the EIS
data obtained from asymmetrically modified membranes to an EEC:

1. There may have been a detachment of the polyelectrolyte layer. This could explain
the erratic behavior between consecutive measurements on the same membrane.

2. The EEC was not a good representation of the layers that are created near the
membrane surface.

e Analytical calculations on the low-frequency impedance by Nikonenko [45]
show that the impedance spectra will have a deviating shape when there is a
difference in the characteristics of the layers on either side of the membrane.
The curve that the asymmetrically modified membranes exhibit (example
in the left side of Figure , show a resemblance to theoretical impedance
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spectra calculated with a difference in DBL thickness on either side of the
membrane.

e This would only explain a single measurement run, not the inconsistency
between multiple runs.

3. A consistent flaw in the preparation of the asymmetric layers. Since we only
modify one side of the membrane, the complexity of coating the membrane
increases and can lead to a problem in the formation of the polyelectrolyte layer.
For example, it could be that the side of the membrane that is protected during
the LbL modification gets damaged in some way and therefore the transport
characteristics are skewed.

The following research will be conducted by using symmetrically modified AEM mem-
branes since this method yields consistent and reproducible results that can be fitted
to an EEC with high accuracy.

4.2.  Electrochemical Impedance Measurements

We continue with the EIS measurements on the modified and bare membranes, but
now for a wider concentration range of NaH;PO,4. We did multiple measurements on
each membrane type for each concentration until we had at least three consecutive
measurements of which the impedance spectra did not change. This led to a lower
error for fitting the measurement data to the EEC. In the following four figures, you
can find the fitted values of the different components for each modified and unmodified
membrane, for a range of solution salt concentration.

4.2.1 Membrane Resistance

Figure shows the value of the R,, component in the EEC, for different concentra-
tions.

We start with the low concentration regime, 0.1M NaH;PO,. To make the overview
clearer, a bar graph can be found in Figure[d.3al We can see that for these concentrations
the lowest membrane resistance is achieved with the PAH-Gu modified membrane,
around 29 Q cm?, which is a drop of almost 15% when compared to the bare membrane.
The obvious explanation would be a confirmation of the hypothesis that Guanidinium
has a positive effect on transport resistance of phosphate anions. Due to the interactions
between Guanidinium and phosphate in the added layers, the anions have an easier
passage through the membrane complex.
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Figure 4.2: Membrane resistance obtained from the EEC for different solution concen-
trations. (Lines serve as guide only, measurement points indicated)

The difference in resistance of the membranes is the highest for low concentrations.
This was also previously noted in other experimental research with different salts
[T1]. An explanation for this phenomenon is not conclusive yet, although a model by
Galama et al. showed that modeling the membrane as a structure of micro-cavities
and -channels in serial order can explain this behavior [20].

The PAH membrane has a slightly higher resistance than its Guanidinium modified
counterpart. An interesting feature is the similarity in resistance between PDADMAC
and the bare membrane. There is only 1 cm? difference. Since the charged groups of
PDADMAC resemble those of the bare membrane, their resistances are close, appar-
ently.

A bar graph of the high concentration region is found in Figure [4.3b] It is revealed
that the type of LbL modification does not matter for a high concentration solution. All
the modified membranes had a resistance around 27.5 €2 cm?, while the bare membrane’s
resistance was around 10% higher. The convergence of the resistance for the modified
membranes can be explained as followed: Since we added more charge to the membrane,
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the anions are more attracted to the larger charge. This facilitates transport. Because
there is a large amount of anions for the high concentration regime, the interaction

between anions and the specific fixed-charged groups becomes less important.
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Figure 4.3: Bar graph of the membrane resistances with a phosphate solution

4.2.2 DBL Impedance

The constant phase element fitting showed no difference between the membrane types
(typical values can be seen in Table . Therefor we will only focus on the resistance
of this circuit. The resistance for the DBL can be seen in Figure [1.4 As stated in
Section the resistance of this layer is mainly caused by the flow and composition
of the solution next to the membrane. This was another motivation to take the DBL
circuit into account during the EEC fitting process.

The PAH modified membrane showed the highest resistance, though this can be
written off on the high fitting error with the EEC. When compared to the differences
noted in the membrane resistance section, the differences between membrane types for
this variable, are negligible.
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The overall, average DBL resistance for all membranes starts around 8 Q2 cm? for
0.1M. If we increase the concentration to 0.4M, we don’t see a linear decrease following
this trend. For this high concentration, the resistance reaches an apparent equilibrium
around 4 Q cm?. This infers that at a high salt concentration the construction of a DBL
is inhibited. This was previously noted for salts with a high diffusion coefficient [46],
but is now also confirmed for the low mobility phosphate anions.
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Figure 4.4: DBL resistance obtained from the EEC for different solution concentrations.
(Lines serve as guide only, measurement points indicated)

4.2.3 EDL Impedance

The resistance of the EDL component in the EEC can be seen in Figure 4.5| for the
concentration range. As was the case for the DBI resistance, no clear difference can
be seen between the different membrane types. We do notice a rapid decline when we
increase the salt concentrations. At 0.1M the resistance for all membranes is around
6 Qcm?. At a high concentration of 0.4M though, the resistance of the EDL seems
to become increasingly negligible. This is explained by the Donnan potential at the

46



surface, Equation m Because the concentration at the solution/membrane interface
comes close to the concentration in the membrane, there is no potential difference
anymore, and so no resistance.

The capacitance of the EDL component in the EEC can be seen in Figure 4.6
Just as with the EDL resistance, the equivalent capacitance of this layer shows no
significant difference between the four types of tested membranes. Noteworthy, here is
the non-linear increase in capacitance as a function of salt concentration. The Debye
length, Equation [2.38] decreases with an increase of concentration. Since this means
that the double layer thickness also decreases by this factor, we have an increase in
capacitance (capacitance is proportional to the inverse of charge distance separation).
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Figure 4.5: EDL resistance obtained from the EEC for different solution concentrations.
(Lines serve as guide only, measurement points indicated)
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Figure 4.6: EDL capacitance obtained from the EEC for different solution concentra-
tions. (Lines serve as guide only, measurement points indicated)

4.3.  Electrodialysis

After the characterisation of the membranes, we will now perform electrodialysis. Now
that it is confirmed that phosphate anions face a lower membrane resistance with
the modified membranes when compared to the bare, we want to investigate if the
transport of phosphate is preferred when there is a competing anion. The ED is
performed with a mixed solution of phosphate and sulfate, as shown in Figure [2.13
The concentration of both salts is set at 0.025 M. We chose the low concentration
regime because this is where the difference in membrane resistance is most noticeable,

2 was applied, which

as seen in the previous results. A current density of 7.5 mA cm™
is about 70% of the limiting current density. As mentioned previously, a sample was
taken from the receiving solution every 30 minutes. In Figure [.7] the concentration of
phosphate anions in the receiving chamber can be seen over a time period of 3 hours

during electrodialysis. The simultaneous concentration of sulfate anions can be seen
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in Figure Upon visual inspection of the phosphate and sulfate concentration over
time, we first notice that there is a large drop in concentration for the PDADMAC
modified membrane in the first two measurement points. This might be due to a sample
collection error, since it occurred for both anions (one sample is used to measure the
concentration of both anions.). The solution might not have been stirred properly

before removal of a sample. We cannot perceive more than these large scale tendencies

with the bare eye from the graphs. So now we turn to calculations for further analysis.
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Figure 4.7: HoPO, concentration over time in the receiving chamber. (Lines serve as
guide only, measurement points indicated)
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Figure 4.8: SO4%  concentration over time in the receiving chamber. (Lines serve as
guide only, measurement points indicated)

We first calculate the flux of both anions by use of Equations and and
fitting a linear model to the data as in equation m (fitting parameters can be found
in Appendix@[). The total flux of the anions can then be related to the applied current
density to get the total amount of current carried by the anions. These values can be
seen in Table 1.2

It is first noted that the flux of sulfate is always higher than that of phosphate,
independent of the membrane. A slight increase of sulfate transport is to be expected
for the bare membrane, since the diffusion coefficient of SO4*" is higher than that of
HoPO, .

The flux of phosphate anions is the highest with the PAH-Gu membrane at 1.82-107°
mol cm 257!, The effective transport of anions is also the highest for PAH-Gu. With
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this membrane, 81% of the current is carried by the anions. This can be explained
because the membrane resistance in this low concentration regime is significantly below
that of the other membranes, so at least the phosphate flux will be higher, and in this
case the sulfate flux as well. The PDADMAC modified membrane has the lowest flux of
anions. A reason for this behavior might lie in the high charge density of this membrane.

Table 4.2: Flux of anions and percentage of current carried by both anions combined
for ED of 0.025M H,PO,~ + SO,%, 7.5mA cm 2.

Membrane Flux HyPO,~ Flux SO,%~ Percentage of current
(10® molem™2s71) | (10® molem™2s71) |  carried by anions
Bare 1.71 2.00 74%
PDADMAC 1.47 1.83 66%
PAH 1.69 1.93 2%
PAH-Gu 1.82 2.21 81%

After we have the flux of each anion specie, we can use Equations and to
arrive at the transport numbers. We can finally calculate the permselectivity of each
membrane type, Equation [2.73] These values can be found in Table

Since all the permselectivity values are lower than 1, this implies that the sulfate
anions are more easily transported through the membranes. Interestingly enough,
the permselectivity of the PAH-Gu membrane is actually a little bit lower than the
bare membrane, 0.83 against 0.85 respectively. On the other hand, the PAH modified
membrane had the highest discriminatory function for phosphate over sulfate, with
a permselectivity of 0.88. This is a clear indication that modifying a membrane with
Guanidinium actually reduces the selectivity for phosphate over sulfate. The reason
behind this unexpected outcome might have multiple causes.

1. The interaction between phosphate anions and the Guanidinium enriched layers
could be too strong. This might give the sulfate anions priority in the current
transport.

2. A change of the pH-level in or near the membrane, might change the valence of
the phosphate anions [49].
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Table 4.3: Transport numbers and permselectivity for ED of 0.025M Hy,PO,  +
SO,2", 7.5mA cm 2.

Membrane Transport number | Transport number Permselectjvity
H,PO,~ S04 P
Bare 0.22 0.52 0.85
PDADMAC 0.19 0.47 0.80
PAH 0.22 0.50 0.88
PAH-Gu 0.24 0.57 0.83
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5. Conclusion

5.1.  Asymmetric vs Symmetric LbL

It was shown that for the asymmetric LbL, modification method, the EIS measurements
yielded inconsistent results. The data also did not fit to our EEC. The symmetric
method however, gave better results and was fitted to an electrical equivalent circuit.
The EEC was determined from literature and theoretical impedance calculations. Be-
cause of the uncertainty in the acquired data gained with the asymmetric method,
we decided to proceed with the symmetrically modified membranes. Reasons for the
disappointing results with the asymmetric technique included: Detachment of the layer,
wrong EEC analog or bad preparation of the layers.

5.2.  Electrochemical Impedance Measurements

The most important result lies in the membrane resistance. As previous research with
different salts and membranes showed, the membrane resistance is the highest for
low concentration regions [I1]. In the 0.1 M region, the PAH-Gu modified membrane
had the lowest resistance of all 4 tested membranes (29 cm?), including the bare,
unmodified membrane (34.5 Q cm?). This can be attributed to the selective interaction
bewtween phosphate and Guanidinium [5]. PDADMAC showed a resemblance to the
bare membrane in the low concentration region due to similarities of the fixed charged
groups.

For high concentrations though, the difference between modified and unmodified
membranes is less reliant on the specific PE used for LbL modification. All the modified
membranes had a similar resistance, lower than the bare membrane’s (about 10% lower).
This was probably due to more charge on the membrane.

As expected, the DBL and EDL resistances were the largest for low concentrations.
It was previously hypothesized that in this low concentration region, the DBL and
EDL contributions to the overall resistance were large, and this was confirmed for
phosphate [19]. Furthermore, we have found that for a phosphate solution, the EDL
resistance drops very rapidly for an increase in concentration. The capacitance of the
EDL was significantly increased for higher salt concentrations. This indicates a decrease
in charge separation in the electric double layer near the membrane surface, which can
be explained by a decrease in the Debye length.
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5.3.  Electrodialysis

Electrodialysis was performed with a mixed solution of phosphate and sulfate te de-
termine permselectivity. It was shown that the Guanidinium modified membrane had
the highest flux of phosphate and sulfate anions and the highest effective transport
number for anions, 77, with a value of 0.81. The bare membrane’s T} was measured at
0.74.

All membranes had a permselectivity lower than 1, meaning that there was no prefer-
ence for phosphate transport over sulfate. The permselectivity was lowered for PAH-Gu,
0.83, when compared to the bare membrane, 0.85. The bare membrane and the PAH
modified membrane both had a higher discriminatory function than the Guanidinium
modified membrane. This indicated that modifying a membrane with Guanidinium
does not increase the permselectivity for phosphate of sulfate, even though it does
increase the overall anion transport number. The decrease in phosphate permselec-
tivity against sulfate might stem from an interaction between the Guanidinium and
phosphate which is too strong when compared to sulfate and therefore lowers the
permselectivity.

The increase in flux of anions when modifying an AEM with PAH-Gu of 10% when
compared to a bare membrane, is promising though, and justifies further research in
this direction.
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6. Qutlook

In this section I'd like to make a few suggestions for future research:

e The electrodialysis results might be improved by replacing the AEM between
chambers 4 and 5 with a CEM. This way we can increase the anion independence
in chambers 3 and 4 of our setup (receiving and feed solutions respectively). In
an ideal case, the concentration drop of anions in our feed solution will give an
equal increased amount in the receiving solution.

o [t was found that the selectivity for phosphate when compared to sulfate was not
influenced by modifying our membranes with the layer-by-layer method (mea-
sured with electrodialysis at high current densities). Instead of looking at other
modifications to the membrane, we could use a different competing anion. It was
shown in the work by Cao that the sulfate anions also had a certain weak binding
to the Guanidinium [5]. It was also found that chloride anions had no interaction
with the Guanidinium. To test the hypothesis that Guanidinium should have a
positive effect on the selective transport of phosphate, we can use chloride, nitrate
or organic anions as a competing anion. Since chloride does have a substantially
higher diffusion coefficient, we need to carefully check against a bare membrane
for reference.

e We didn’t investigate membrane resistance for phosphate concentrations lower
than 0.1 M, but recent research by Sarapulova et al. reported unusual resistance
values in this regime with different IEMs [49]. They described a decrease of
resistance for further dilution of the solution, <0.04 M. It would be interesting
to see if this tendency is also observed with the AEM used in this research.

e In this study we characterized the membranes with the EIS method. We used 0
A direct current though. All the theoretical research though, was based on the
assumption that a DC was applied to polarize the layers and transport counter-
ions [50]. In that previous research the EIS was introduced by overlaying a low
current, low frequency oscillation over the DC. By characterizing the membrane
in this phase you can assess the actual resistances during transport. These might
differ from the resistances we measured with 0 A DC, because in this state there
was no large polarization and no net transport of counter ions.

e [t was reported in the early 70’s that applying an cationic layer on top of an CEM
could increase the monovalent selectivity [53]. This is due to the repulsive effect
on divalent ions. The same method was recently applied to AEMs by placing a
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layer with strong negative charge on top of the membrane [22]. The monovalent
anion selectivity went up. If the binding of Guanidinium proves to be too strong
and does not increase the transport of phosphates, then this procedure might be
an alternative in case divalent ions are used as competing anions (e.g. sulphate)

A more robust measuring method for the electrodialysis must be found. At the
moment it is hard to estimate measurement uncertainties cause there are too
many variables that can have a large effect on the outcome, such as thorough
mixing of the solutions and sample collection methods.

The amount of literature in this field is nothing short of mind-boggling. This
huge background however, gives us a very fragmented view on the subject. For
a variable as the membrane resistance, there are already at least 4 different
measurement methods that have little in common with each other. There is the
direct current method where the resistance is determined by the potential drop
over the entire IEM system and calculated via Ohm’s law. One of the more
reliable methods is high frequency (HF) impedance spectroscopy where it is
assumed that we only measure membrane (and bulk solution) resistance for HF
oscillations. Besides the different methods, the experimental setup also differs
between research. Some researchers use a two-electrode setup, which can give
false results due to interference reactions at the working electrodes. Others (like
in this research), deploy a four-electrode setup, which is more reliable due to
none or negligible side-effects from electrode reactions. This procedure though is
more complicated and has a lot more variables that also vary between studies.

For this reason, it is proposed by a few to make measurement methods more con-
sistent with each other. By choosing this road, it will become easier to exchange
data between colleagues and analyze your data against a more comprehensive
database of results by others. For example, the method introduced by Galama
et al. has a promising future as becoming the standard procedure in determin-
ing membrane resistance due to its many advantages. such as reliability and
consistency [19].
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A. Integral with complex arguments

Matlab (and other related software such as Scilab) is not able to evaluate integrals

involving hyperbolic functions with complex arguments (Equations [2.58| and [2.59)).
Therefore we need to rewrite the integrals. We start with the following variable change:

T

X=— Al
£ (A1)
The integral we want to evaluate then becomes:
! sinh(aX) 1 </1 e /1 e X )
——dX == ———dX — ———dX A2
f s =3 () aomept - ) aSaxp 42

In the paper by Sistat et al. they used an approximation with the exponential integral
function [50]. T found this method to be extremely cumbersome and it did not yield
the correct result for certain input variables. I therefore used the following approach
to calculate the integral. By using Euler’s formula we can split the first integral on the
right side of Equation into:

/1 eXBelad (cos(Im{a} X) + isin(Im{a} X) dx (A.3)

(1 pa)?
Applying the same method to the other integral in we can rewrite the whole as:

dX

/1 cos(Im{a} X)(eX Refed — g=XRefa})
0 (1 — Bx)?

1 . X Re{a} —X Re{a}
+i/°smanﬂaLYX€ e )dx’(AA)
0

(1—pz)?

Matlab [37] has a built-in function to seperate the real and the imaginary parts of a
complex number and can evaluate the above real-valued integrals.
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B. EIS Raw Data

To give an impression of the data acquisition process, a plot of the raw data after three
consecutive runs with a PDADMAC modified membrane in 0.4M phosphate, can be
seen in Figure [B.1] The measurements are repeated, until there is convergence of the
characteristic curve.

03 . PDADMAC, 0.4M, run 1 7
. PDADMAC, 0.4M, run 2
0.25] . PDADMAC, 0.4M, run 3

0.2} .

2" (Q)

01} ]

11 1105 111 1115 112 1125 113 1135 114
Z'(Q)

Figure B.1: Three consecutive data runs with a LbLL modified membrane

This is done for all the membrane types and concentrations. The data is then exported
to Zview for further analysis and fitting to the EEC.
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C. Fitting to the EEC

We imported the data from Nova (Metrohm B.V. [39]) to ZView 2 (Version 3.2b [24]).
In this program, maintained by Scribner Associates, we fitted the following model to
our data:

i Chi-Squared = 1.6096E-05
=HdH B | @ runritting/selected pts.  [g00F rSEqr = 0.00054558

R1 R2 R3
— NN NN T AT
C1 CPE1
| —>
Element | Freedom | Value | Error Error %
R1 1] Free(2) [16.64 0.02271 0.13643
R2 Z| Free(x) |D.3E'§IEB 0.024218 B.2911
C1 1| Free(z) [215.6 10,245 4,7519
R3 1] Free(2) |0.92531 0.083455 9,0192
CPEL-T 2] Free(s) [2.745 0.38288 13,943
CPE1+P 12| Free(2) |0.26301 0.047799 18,174

Figure C.1: Parameters from fitting EIS to an EEC model in ZView 2.0

As with all fitting we looked for starting values that gave the smallest error in the
end-result. In this program the error was measured by the Chi-Squared. This value
is the square of the standard deviation between the original data and the calculated
spectrum. We then visually confirmed if the fitting was appropriate by looking at the
Nyquist plot comparison (Figure and the frequency Bode plot (Figure . In
all the Figures in the Results chapter we can find the variable values, denoted here by
p, and their error bars, denoted here by o. If we define the values found by Zview with
pi (i = 1,2,3 for the three consecutive runs) and their Chi squared error by X?, we
can find p and ¢ by minimizing the following equation:

2

o2 = Z (piX;j’) (C.1)
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Figure C.2: Nyquist plot of experimental data overlayed with fitted EEC model in
ZView 2.0
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Figure C.3: Bode plot of experimental data overlayed with fitted EEC model in ZView
2.0
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D. Linear model fitting to ED data

The concentration over time data (Figures and were fitted to the model in
Equation Matlab was used and a linear least squares method was applied. Cy
of 0.0245 was taken for the HoPO,  concentration fitting and 0.024 for the SO,%
concentration.

Table D.1: Fitting parameters used on the data in Figures and . Values in 107
mol L1 s71.

Membrane kHQPo( k:s 042
Bare 2.824 3.312
PDADMAC | 2.429 3.017
PAH 2.785 3.175
PAH-Gu 3.007 3.637
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Nomenclature

Abbreviations
IEM

AEM

CEM

PE

PEM

PSS
PDADMAC
PAH
PAH-Gu
LCD

BDL

EDL

EIS

BC

AC

DC

NP

[on Exchange Membrane

Anion Exchange Membrane

Cation Exchange Membrane
Polyelectrolytes

Polyelectrolyte Multilayer

Poly(sodium 4-styrene sulfonate)
Poly(diallyldimethylammonium chloride)
Poly (allylamine hydrochloride)
Poly(allylamine hydrochloride)-Guanidinium
Limiting Current Density

Boundary Diffusive Layer

Electrical Double Layer

Electrochemical Impedance Spectroscopy
Boundary Condition

Active Current

Direct Current

Nernst-Planck

Physics Constants

€0

(&

Vacuum permittivity
Elementary charge

Faraday constant
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8.8-107" Fm™!
1.6-107"% C

96,485 C mol~



kg Boltzmann constant 1.38 - 1072 m?kgs 2 K1

R Gas constant 8.3 kgm?s 2 K-t mol !
Symbols

6] Ratio of DC to LCD

n Electrochemical Potential

A Limiting Ionic Conductivity

0 Dynamic Viscosity

) Standard Chemical Potential

10} Electric potential

pK. Logarithmic Acid Dissociation Constant
a Activity

D Diffusion Coefficient

1 Current Density

J Ion Flux Density

P Pressure

T Absolute temperature

V Volume

z Ion Charge Number
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