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Abstract

To further intensify chlor-alkali membrane electrolysis, a better understanding on the bubble be-
havior is required. In this work, video analysis of bubble behavior inside a zero-gap chlor-alkali
cell is performed. The electrochemical performance is also evaluated in order to correlate the cell
performance with bubble dynamics. By using a transparent Nafion 117, it is possible to observe
the bubble behavior between the electrode and membrane in a zero-gap configuration, which is
(currently) unseen in literature. Due to the high solubility of chlorine, which results in significantly
less bubble formation, mostly the hydrogen bubble behavior was analyzed. This can also help with
gaining a better understanding about the behavior of alkaline water electrolysis, because of the
similarities for the cathodic side of the processes.

It was found that the bubble behavior inside a zero-gap configuration can significantly differ per
position, which is most likely caused by the inconsistent distance between the electrode and mem-
brane along the cell. The following phenomena were observed: bubble curtain, bubble froth, static
bubbles between the electrode and the membrane as well as bubbles / gas films sliding to the
rim of the openings in the cathode. Also larger bubbles with diameters over 3 mm are observed
in the openings of the cathode which leave gas pocket behind upon detachment. The bubble ef-
fects appear to be more significant for hydrogen as compared to chlorine, which is in agreement
with literature. This effect is most likely caused by the higher surface tension of the catholyte as
compared to the anolyte. These effects might cause an increase in resistance, causing part of the
current to flow via the backside of the electrodes, which leads to the reaction also taking place
at the backside of the electrodes. However, this is not certain, since it might also be caused by
the backside of the electrode taking longer to reach the desired supersaturation in order to initiate
bubble growth at the backside of the electrode.

Since no properly calibrated high current potentiostat was available, the ohmic resistance of the
electrolyzer could not be directly measured. Instead, the ohmic resistance was calculated by sub-
tracting reversible cell potential and total activation overpotential (measured with potentiostat)
from the cell potential (measured with power supply). Interestingly, even though bubbles are ob-
served between the electrodes and the membrane, the ohmic resistance remains constant at high
current density (up to 1 A/cm2). This suggest that the bubble effects do not (significantly) affect
the ohmic resistance of the electrolyzer. It was also found that the ohmic resistance of the cell
was higher than the membrane resistance of a Nafion 117 at 54 and 69°C reported by Sijabat et
al in a NaOH-NaOH system. The experimentally found membrane resistance at 28°C was lower
than the membrane resistance reported by Sijabat et al. This discrepancy could be either be due
to inaccuracies in Sijbat’s experiments, or the fact that the resistance of the Nafion 117 membrane
is affected by the NaCl concentration.

An important recommendation is to improve the accuracy of measuring the membrane resist-
ance, preferably in a NaOH-NaCl system. This allows for a more fair comparison between the
ohmic resistance of the electrolyzer and the resistance of the membrane. Another recommenda-
tion is employing a high current potentiostat in order to to directly measure the ohmic resistance,
instead of calculating.
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1. Introduction

1.1 Chlor-Alkali process

Electrochemical processes enable the production relevant chemicals or storage of energy in the form
of chemicals such as hydrogen by the use of renewable energy [1][2]. Consequently, electrochemistry
has gained an increasing amount of attention since the end of the 20th century, as indicated by
the increasing number of publications per year on this topic [3]. One of the oldest electrochemical
industries is the chlor-alkali process, with some of the plants being opened as early as the 1890’s [4].
Besides the fact that the chlor-alkali is one of the oldest electrochemical industries, it is also one of
the largest. The chlor-alkali industry consumed over 150 TWh of electricity annually for the past
few years, which is just slightly below 1% of the global annual electricity consumption [5][6][7]. The
main product of the chlor-alkali industry is chlorine, of which the global annual production was
approximately 80 million tonnes in 2020 [8]. Besides chlorine, this process also produces sodium
hydroxide (caustic soda) and hydrogen, which are all considered to be valuable products. Lithium
and potassium hydroxide can also be produced as products, however sodium hydroxide is the most
common of these three. These products are produced according to the following half-reactions:

2Cl− −−→ Cl2 + 2 e− (E0
298K = 1.36Vvs SHE) (1.1)

2H2O + 2 e− −−→ H2 + 2OH− (E0
298K = −0.83Vvs SHE) (1.2)

With the first half-reaction occurring at the anode and the latter one occurring at the cathode.
Both chlorine and caustic soda are used in a variety of industries such as construction, energy,
food, health and transportation [9]. Chlorine is used for the production of plastics (such as PVC
and PUR), solvents, fire protection and medical products, while caustic soda is utilized for the
production of soaps and detergents, aluminium and pulp [9][10]. The produced hydrogen generally
has a high purity (>99.9%), which allows it being used in applications that require high purity
hydrogen such as the electronics industry, fertilizer production or fuel cells [11][12]. Unfortunately,
10 to 15% of the produced hydrogen is not used and is just released into the atmosphere, however
the percentage of unused hydrogen is likely to decrease due to the expected increase in demand for
hydrogen [13].

Originally, mainly mercury and diaphragm type of cells were used for the chlor-alkali process [14].
However, due to health related risks; mercury pollution by the mercury cells and use of asbestos
for diaphragm cells, alternatives were required. Currently, the main employed cell type is the
membrane cell, accounting for over 80% of the global chlor-alkali capacity [6]. A schematic of a
chlor-alkali membrane cell is shown in figure 1.1.

A variety of cathode materials can be used for the hydrogen evolution reaction (HER) in alkaline
media. Platinum offers the best HER performance, however it comes with the drawback of higher
costs [6]. A cheaper alternative is, for example, nickel [6]. Dimensionally Stable Anode (DSA)
have the best performance regarding the chlorine evolution reaction (CER). DSA’s are titanium
electrodes coated with Ir/Ru/Ti mixed metal oxides (MMO) [16]. At the anode, the formation of
oxygen occurs as a side reaction according to the following half-reaction [16].

2H2O −−→ O2 + 4H+ + 4 e− (E0
298K = 1.23Vvs SHE) (1.3)

This unwanted side reaction will reduce the efficiency of the process. This will also lead to more
energy being required during separation in order to obtain the desired chlorine purity [16]. The
selectivity towards chlorine can be improved by, for example, acidifying the anolyte [16]. The
anolyte and catholyte compartments are separated by a cation-exchange membrane (CEM). This
membrane should allow the transport of sodium ions and hinder the transport of hydroxide and
chloride ions. However, in practice it is found that only the chloride transport is negligible, whereas
the hydroxide transport is still significant [17]. Another advantage of the membrane cell is the
power consumption compared to the other technologies: on average 3700 kWh, 2900 kWh and
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Figure 1.1: Schematic of chlor-alkali membrane cell. Concentrated NaCl is fed to anolyte compart-
ment where chlorine and traces of oxygen are produced at the anode. The gaseous products and
diluted NaCl exit the anolyte compartment. A NaOH solution is fed to the catholyte compartment
where hydrogen is produced at the cathode. Hydrogen and concentrated NaOH exit the catholyte
compartment. Sodium ions transport through the cation exchange membrane to complete the
electrical circuit [15].

2500 kWh per metric ton chlorine for mercury, diaphragm and membrane cells respectively [18]. It
should be noted however, that due to the fact that the power consumption depends on numerous
of factors such as cell configuration, purity of raw materials, age of cell internals and the actual
current density, the power consumption might deviate from values stated above [19]. The power
consumption is determined by the current efficiency and the cell voltage. The cell voltage is
the sum of the thermodynamic decomposition voltage, activation overpotentials and ohmic drops
over the membrane, electrolytes and electrical circuit. In order to reduce the cell potential, the
overpotentials and ohmic drops should be minimized.

1.2 Zero-gap cell configuration

One way to reduce the total ohmic drop is by employing a zero-gap configuration. This type of
configuration was commercially utilized for the first time around the 1950’s [20]. The difference
between a finite or narrow gap and a zero-gap is the distance between the electrodes and the
membrane. In a finite gap the electrodes are placed at a distance in the order of mm from the
membrane. In a zero-gap, the membrane is sandwiched between two porous electrodes, reducing
the distance between the electrodes to (practically) the thickness of the membrane, which is in the
order of a few hundred microns [21][22]. This means that the ohmic drop over the electrolytes is
nearly completely removed. Both configurations are depicted in Figure 1.2.

It should be mentioned that it is difficult to achieve a perfect zero-gap configuration [24]. Once
a zero-gap configuration slightly deviates from the ideal configuration, it could result in a signi-
ficant decrease in performance due to for example gas blanketing [24]. Using porous electrodes in
zero-gap configuration allows bubbles to be transported from the side of the electrode facing the
membrane towards the bulk of the electrolyte [23]. One important parameter to prevent bubbles
getting trapped between the electrode and membrane is the hydrophilicity of the membrane. If
the membrane has hydrophobic properties, a finite gap outperforms a zero-gap due to the fact
that bubbles are more likely to get trapped between the electrode and membrane in a zero-gap
configuration [25]. Therefore, membrane in zero-gap electrolyzers usually have hydrophilic coat-
ings such as TiO2 or ZrO2 to counteract the bubble attachment [26]. Since the distance between
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Figure 1.2: Finite gap configuration (left) and zero-gap configuration (right) [23].

the electrodes and the membrane is theoretically zero for a zero-gap, the total ohmic resistance
should be equal to the ohmic resistance of the membrane. Additionally, since a low amount of gas
should be present between the electrode and membrane, the ohmic resistance should not increase
with current density. However, the ohmic resistance in zero-gap cells was consistently found to be
significantly higher than the expected resistance [27].

1.3 Bubble effects

The fact that the ohmic resistance increases with current density, could indicate that bubble
effects play a role [28]. Unfortunately, very little quantitative results on bubble effects in zero-gap
systems are available in literature. Besides the fact that bubbles could play a role in increasing the
ohmic resistance, there is another way bubbles could increase the cell potential. Bubbles attached
to the electrode decrease the active electrode area, which consequently increases the activation
overpotentials [29]. One can imagine that bubbles with small contact angles occupy a relatively
small part of the electrode area and thus only a small fraction of the electrode area is unavailable
for the reaction. Generally, it is accepted that the current density below adhering bubbles is quite
small. This makes it valid to assume that the area shadowed by orthogonal projection of the contour
of the attached bubbles is inactive [30]. However, Lake et al [31] contradicted this assumption by
showing that the electrode area beneath attached bubbles is still (partly) active. Unfortunately,
this effect is not quantified. At higher current densities, bubble effects are more pronounced and
they become a limiting factor in the process [32]. To further intensify electrochemical processes, it
is important to gain a better understanding in these bubble effects.

1.4 Scope and outline of the thesis

Since the literature on bubble effects in zero-gap electrolyzers is scarce, the goal of this thesis is to
contribute to filling this knowledge gap. The objective is to gain better understanding in what type
of bubble phenomena play a role and how they might affect cell performance, specifically for a zero-
gap chlor-alkali cell. For this purpose, a transparent Nafion 117 membrane will be employed. This
allows for visualization of the bubble behavior inside the gap, i.e. between the electrodes and the
membrane. Besides the advantage of a transparent membrane, the chlor-alkali process has another
inherent advantage regarding visual analysis over the alkaline water electrolysis process. At room
temperature, the solubility of chlorine in brine is around 2.1 ·10−2 mol/L at room temperature (see
Appendix J.), whereas the solubility of oxygen in KOH (AWE uses a different anolyte) is around
1 · 10−4 mol/L (see Appendix J.). This results in the fact that during startup of operation barely
any gas is produced at the anode, especially when operating with a low current density and high
flow rate. Consequently, when looking from the anodic side inside the gap, bubbles barely hinder
the visibility. This means that the chlor-alkali system can also help answering questions for AWE
systems, since the cathodic process has similarities for both processes. However, this also comes
with a drawback, since a relatively small amount of chlorine is produced in the form of bubbles, the
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bubble behavior of chlorine can be less extensively studied. The videos will then be compared with
the electrochemical performance of the cell in order to determine whether the visual observations
can explain the performance of the cell. Two measuring techniques will be used; polarization curve
analysis as well as Electrochemical Impedance Spectroscopy (EIS).
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2. Theory

2.1 Cell potential

The cell performance is often presented in the form of polarization (IV) curves. Generally, a typical
trend for the cell potential is observed in this type of curves; the cell potential sharply increases at
low current densities after which it reaches a linear regime for higher current densities. A typical
polarization curve for a zero-gap chlor-alkali electrolyzer, including the different contributions, is
depicted in the figure below.

Figure 2.1: Typical polarization curve of a zero-gap chlor-alkali electrolyzer at 30°C, 25 wt% NaCl
and 33 wt% NaOH. Erev = 2.28, AR = 2.54 Ωcm2, btot = 150 mV/dec and I0 = 10-5 A/cm2.

This behavior can be explained by looking at the different contributions of the cell potential.

Ecell = Erev + |ηC |+ |ηA|+ IARan + IARcath + IARmem (2.1)

The steep slope at low current density originates from the logarithmic activation overpotential
terms (see section 2.1.2) and the linear regime at higher current density originates from the ohmic
contributions of the electrolytes and membrane (see sections 2.1.3 and 2.1.4). It is assumed that
cable and contact resistances have an insignificant effect on the total cell pottential. To obtain
the best cell performance, one should aim to minimize the cell potential. Since bubbles can affect
the cell potential, it is important to get a better understanding of their effects. In the following
sections the different contributions to the cell potential and the effects of bubbles on them will be
discussed.

2.1.1 Reversible cell potential

The reversible cell potential is the minimum required voltage to induce the electrochemical reactions
and can be expressed by the difference between the thermodynamic potential of the anode and
cathode [33]. Since the reversible cell potential is an important parameter for polarization curve
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fitting, it is essential to accurately describe this value.

Erev = E0,A − E0,C (2.2)

Where the thermodynamic potentials can be described with the Nernst equation.

E0,A = E0
A +

RT

2F
ln

(
aCl2

(aCl−)2

)
(2.3)

E0,C = E0
C +

RT

2F
ln

(
aH2O

aH2(aOH−)2

)
(2.4)

EC
0 and EA

0 are the standard electrode potentials of the cathodic and anodic reaction, respectively.
Their temperature dependency was obtained from literature and can be found in Appendix A. [34].
These temperature dependent standard electrode potentials are compared with literature in order
to ensure their validity [35][36][37]. The activity will be modelled differently, depending on the
nature of the species, i.e. ion, solvent or gas. The activity of ionic species is described by the
molality (mi) and the activity coefficient on molality basis (γm,i).

ai = γm,imi (2.5)

For simple calculations, the activity coefficient is usually assumed to be equal to unity, however this
only holds for ideal solutions. This assumption is acceptable for dilute solutions, but significantly
deviates from reality for concentrated solutions [38][39]. Since the chlor-alkali process operates
with concentrated electrolytes, it is important to implement an activity model that is able to
describe the activity at these concentrations. Since it is difficult to measure and describe single-
ion activities [40], the mean ionic activity coefficient will be used for the salts. This means that
the mean ionic activity coefficient of NaCl will be used for the activity coefficient of Cl- and the
mean ionic activity coefficient of NaOH will be used for the activity coefficient of OH-. For the the
activity coefficient of Cl-, a modified Pitzer model is applied [41]. This model is able to describe the
activity coefficient of NaCl up to a temperature of 100°C and a concentration of 6 molal [42][43].

ln(γ±
MX) = |zMzX |fγ +

(
2νMνX
νMX

)
mBγ

MX +

(
2(νMνX)3/2

νMX

)
m2Cγ

MX (2.6)

fγ = −Aϕ

(
I1/2

1 + bMXI1/2
+

2

bMX ln(1 + bMXI1/2)

)
(2.7)

Bγ
MX = 2BMX (2.8)

Cγ
MX = 3|zMzX |1/2CMX (2.9)

BMX = q1 + q2(T − Tr) + q3(T
2 − T 2

r ) + q4(T
3 − T 3

r ) + q5(T
4 − T 4

r ) (2.10)

CMX = q6 + q7(T − Tr) + q8(T
2 − T 2

r ) + q9(T
3 − T 3

r ) + q10(T
4 − T 4

r ) (2.11)

In the equations above, T is the temperature in K and Tr is 298.15K. The required parameters
bMX and q1-10 are given in Appendix C.

Aϕ =
1

3

(
2πN0ρw
1000

)1/2 (
e2

ϵwkBT

)3/2

(2.12)

According to Chen et al [44] the Debye-Hückel parameter, Aϕ, for aqueous electrolyte systems can
be described by the following equation.

Aϕ = −61.44534exp

(
T − Tref

Tref

)
+ 2.864468exp

(
T − Tref

Tref

)2

+ 183.5379ln

(
T

Tref

)
− 0.6820223(T − Tref ) + 7.875695 · 10−4(T 2 − T 2

ref ) + 58.95788

(
Tref

T

)
(2.13)

T is the temperature in K and Tref is 273.15K.

For the mean activity coefficient of NaOH, an alternative model was employed [45], since the
modified Pitzer model above fails to accurately describe the mean activity coefficient of NaOH.
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Even though the model is based on data up to only 70C and 12.2 molal, it able to predict the
activity coefficient of NaOH up to 100C and 14 molal when comparing it with other literature
[46][42].

log(γ±
MX) = − u

√
m

1 +
√
2m

+Bm+ Cm2 +Dm3 + Em4 (2.14)

B = 6.519 · 10−3 + 1.5995 · 10−3Tc − 1.8327 · 10−5T 2
c (2.15)

C = 1.3713 · 10− − 5.0071 · 10−4Tc + 5.6385 · 10−6T 2
c (2.16)

D = 5.994 · 10−4 + 5.0215 · 10−5Tc − 6.4754 · 10−7T 2
c (2.17)

E = 5.96 · 10−6 − 1.8056 · 10−6Tc + 2.4073 · 10−8T 2
c (2.18)

u is the universal constant of the Debye-Hückel limiting law, which is given by [47]:

u = 1.8143 · 106(ϵwT )−3/2 (2.19)

With ϵw being the dielectric constant of the solvent, which is water is this case. This parameter is
temperature dependent and can be described with the following empirical correlation [48].

ϵw = 87.740− 0.40008Tc + 9.398 · 10−4T 2
c − 1.410 · 10−6T 3

c (2.20)

For simple calculations, the activity of water is assumed to be unity, however this is inaccurate for
concentrated electrolytes. Therefore the activity of water should be calculated accordingly. Using
the same values for B, C, D, E and u the activity for water in NaOH can be described by the
following equation for concentrations up to 12 molal NaOH and temperatures up to 100°C.

log(aH2O) = − 2mNaOH

log(10) · 55.51
+

u

55.51
√
2(

(1 +
√
2mNaOH − 2ln(1 +

√
2mNaOH − 1

1 +
√
2mNaOH

)
− 2

55.51

(
Bm2

NaOH

2
+

2Cm3
NaOH

3
+

3Dm4
NaOH

4
+

4Em5
NaOH

5

)
(2.21)

For the activity of gaseous species, the gasses are assumed to behave ideally. This allows for the
activity to be set equal to their partial pressure [49].

ai = Pi (2.22)

It is also assumed that the vapor phase is saturated with water. Correction factors proposed in
literature to compensate for the vapor pressure lowering effect due to the presence of solutes, are
also implemented [50].

PCl2 = PA
total −

1

750
P sat
H2O(1−RNaClm) (2.23)

RNaCl = (m− 3) · (1.9772 · 10−3 − 1.193 · 10−5Tc) + 0.035 (2.24)

PH2
= PC

total −
1

750
P sat
H2O(1−RNaOHm) (2.25)

RNaOH = 3.170 · 10−2 + (174− Tc)

· (−8.6715 · 10−5 + 3.368 · 10−5m− 1.354 · 10−6m2 +
7.88 · 10−5

m
) (2.26)

The 1/750 factor in the second terms originates from the conversion of the saturation pressure of
pure water as given by Antoine’s equation from mmHg to bar [51].

P sat
H2O = 10A−B/(Tc+C) (2.27)

The activity corrected thermodynamic potentials can be compared with the ideal case, i.e. the
case in which the activity of water is unity and the activity of ions is equal to their molality.
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Figure 2.2: Comparison between thermodynamic potential according to the activity model and
assuming ideality for hydrogen evolution (left) and chlorine evolution (right) versus molality.

It can be seen that the thermodynamic potential for chlorine evolution in the activity model case
does not deviate from the ideal case significantly in the given concentration range. Especially for
the industrially relevant NaCl concentration, the values are very similar. This can be explained
by the fact that the activity coefficient of Cl- is relatively close to unity. The activity coefficient
for NaOH on the other hand deviates significantly from unity, which causes the thermodynamic
potential for hydrogen evolution to differ significantly between the two cases. This effect is mostly
pronounced at higher concentrations. Differences up to 7.7% (69 mV) were found at the highest
concentration. A similar comparison can be made with respect to temperature. This comparison
will be made at the desired operation concentrations; 12 molal (32.4wt%) and 5.5 molal (24.3wt%)
for NaOH and NaCl, respectively.

Figure 2.3: Comparison between thermodynamic potential according to the activity model and
assuming ideality for hydrogen evolution (left) and chlorine evolution (right) versus temperature
at industrially relevant concentration.

When comparing the thermodynamic potentials of both half reactions with values found in the
Handbook of chlor-alkali technology, similar values are obtained [38]. It can be seen that there is
practically no difference between the activity model and the ideal case for the chlorine evolution
reaction. This can be explained by the fact that the activity coefficient of Cl- is relatively similar
to unity at 5.5 molal over the entire temperature range. For NaOH significant differences are
observed. At low temperature the difference is 6.8% (59mV), however at 80C this difference is
reduced to 3.7% (35mV).
Bubbles can have an effect on the reversible cell potential. From equations 2.3 and 2.4 can be seen
that the activities, and thus the concentrations play a role in the reversible cell potential. The
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growth and detachment of bubbles induce convection and turbulence, which promotes mixing. This
way the reactants near the surface of the electrode are replenished and products are transported to
the bulk. Additionally, the bubbles act as a sink for the products, which lowers the concentration of
the product at the electrode surface. All these phenomena have a lowering effect on the reversible
potential. However, since it is assumed that the concentration of the reactants in the vicinity of the
electrode is equal to the bulk concentration, the effect of bubbles on the reversible cell potential
will be considered negligible.

2.1.2 Activation overpotentials

The activation overpotential is the required potential above the equilibrium potential to produce
a certain current that depends on the activation energy of the electrochemical reaction [52]. Typ-
ically, the Butler-Volmer equation can be applied to correlate the current density to the activation
overpotential [53]. This equation describes the net current density of an electrode by combining
the current density of the oxidation reaction and the reduction reaction as indicated by the two
exponential terms in the equation below [54]. This equation is valid under the assumption that
the concentration of the reactant near the surface of the electrode is similar to the concentration
in the bulk.

I = I0

(
exp

(
αanFη

RT

)
− exp

(
−αcnFη

RT

))
(2.28)

Once the the overpotential is sufficiently high, η >> RT
nF for the anode and η << −RT

nF for
the cathode, the forward reaction becomes dominant and the reverse reaction is assumed to be
negligible. Then one of the exponents can be considered negligible as well and the equation can
be simplified to the Tafel equation [28].

|η| = b log

(
I

I0

)
(2.29)

Where b is the Tafel slope, which depends on the reaction mechanism. The electron transfer
coefficient α and exchange current density I0 are functions of multiple parameters such as electrolyte
concentration, pH, temperature and electrode material [55][54]. Values for these parameters and
their corresponding experimental conditions (if provided) are tabulated below.

Catalyst b I0 ηa T c pH I
(mV/dec) (A/cm2) (mV) (K) (mol/L) (-) (A/cm2)

TiO2+RuO2 [56] 28 1.2 · 10−3 53.7 368 5 3.5 10−3 - 10−1

TiO2+RuO2+TiO2[57] 43.1 - - 333 5 2 10−3 - 10−1

TiO2+RuO2+TiO2 [57] 40.8 - - 353 5 2 10−3 - 10−1

TiO2+RuO2 [58] 40 1.3 · 10−7 235 343 5.13 - 10−4 - 10−2

TiO2+RuO2[59] 45 - - 343 5.13 - 10−4 - 10−2

Ru0.3Pt0.7O2 [60] 31 - - 298 5 2 10−4 - 10−2

RuO2[61] 32.7 5.1 · 10−3 42.1 360 5.13 2 10−3 - 10−1

IrO2 [38] 40 1.2 · 10−3 76.7 298 5 2 10−4 - 10−2

Table 2.1: Tafel slope and exchange current density for chlorine evolution reaction under different
experimental conditions. All catalysts are deposited on titanium electrodes.
aThe overpotential is tabulated at a current density of 0.1 A/cm2
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Electrode b (mV) I0(A/cm
2) ηa (mV) T (K) c (mol/L) pH I (A/cm2)

Ni [62] -116 7.6 · 10−7 593 293 1 (NaOH) 14.17 10−3 - 10−1

Ni [63] -144 8.2 · 10−6 588 323 1 (NaOH) 13.26 10−3 - 10−1

Ni [64] -121 7.4 · 10−5 378 298 1 13.89 10−2 - 10−1

Ni [65] -140 1.1 · 10−4 414 353 13 - 10−3 - 10−1

Ni [66] -90 1 · 10−5 360 - 4 - 10−5 - 10−2

Pt [67] -112 2.0 78 293 0.5 13 10−0.3 - 100.5

Pt [68] -113 6.3 · 10−4 249 293 0.1 - 10−6 - 10−3

Table 2.2: Tafel slope and exchange current density hydrogen evolution reaction under different
experimental conditions. Concentrations are for KOH solutions, unless stated otherwise.
aThe overpotential is tabulated at a current density of 0.1 A/cm2

It is assumed that the Tafel slope and exchange current density are similar for NaOH and KOH.
Since these quantities are system specific, they will be experimentally determined instead of taken
from literature. This way a more meaningful insight in the bubble effects on the activation over-
potentials can be obtained.
Once bubbles are being generated, they will block the active electrode area. The area that is in
contact with gas is not available for reaction, therefore reducing the active electrode area. Con-
sequently, this will increase the current density, since the current will be distributed over a smaller
area. From equation 2.29 can be seen that this will result in an increase of the overpotential. The
bubble coverage can be correlated to the activation overpotential by introducing the correction
factor (1− σ) to take the reduction in active area into account.

|η| = b log

(
Iactual
I0

)
= b log

(
Iset

(1− σ)I0

)
(2.30)

A lot research has been done on the bubble coverage [69][70][71]. It has been found that a wide
variety of parameters can affect the bubble coverage, such as composition and flow of electrolyte,
temperature, pressure, wettability of the electrodes and current density [72]. The proposed correl-
ations between the bubble coverage and these parameters are empirical and often system specific,
which makes it difficult to generalize them. Bubbles attached to the electrodes generally have
small contact angles, meaning that only a small fraction of the gas is actually in contact with the
electrode [73]. Typically, these bubble coverages are visually assessed with the aid of a (high speed)
camera. The drawback of this technique is the fact that you have to assume that the area in the
’shadow’ of the adhering bubbles is completely inactive, which is still debated. Models of current
distributions under and in the vicinity of bubbles showed that this assumption is not valid and that
the current density in the shadow of the bubble is still significant [74][75]. Recently, experiments
agreeing with these models were carried out. The experiments indicated that the electrode area
might be (partly) active [31]. According to these findings, figure 2.4 is the most representative
way to illustrate the partial deactivation of the electrode area due to attached bubbles. This be-
havior adds even more to the complexity of quantifying the effects of bubbles on the activation
overpotentials. Unfortunately, the author did not elaborate on this and the deactivating effect of
the electrode area by the bubbles remains unquantified.
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Figure 2.4: Electrode area in the shadow of the bubble is partly inactive due to bubble being
attached.

2.1.3 Membrane resistance

Theoretically, the membrane resistance should be the only contributor to the ohmic resistance in a
zero-gap configuration. In practice, however, the measured ohmic resistance is significantly higher
[27]. The membrane resistance is dependent on its conductivity as well as its thickness.

Rmem =
δmem

κ ·A
(2.31)

Unfortunately, it is difficult to accurately determine the conductivity or resistance of the membrane,
since both are a function of electrolyte concentration as well as temperature [76][77]. Literature on
the conductivity or resistance of the used membrane (Nafion 117) is scarce, especially for binary
systems such as the chlor-alkali process, which makes it even more difficult to accurately quantify
them. According to experimental data from Chandran et al, the conductivity of a Nafion CEM is
barely affected by the NaCl concentration and is basically controlled by the NaOH concentration
[78]. Therefore, it is decided to use the experimental results from Sijabat et al for a Nafion-117
in a NaOH-NaOH (32 wt%) system [17] as reference values for the membrane resistance. Since
Sijabat experimentally measured the resistance of the same membrane that is applied in this work
with the same NaOH concentration, it is decided that Sijabat’s experimental values are the most
representative for this work. However, it should be noted that relatively high ohmic resistances
are reported by Sijabat et al (> 3Ωcm2) at temperatures below 35°C. Additionally, a comparison
will be made with alternative CEM resistances found in literature.

Membrane T (K) can (mol/L) ccath (wt%) AR (Ω cm2)
Nafion 901 [25] 358 2.9 23 1.2
Nafion 901 [79] 353 30wt% (NaOH) 30 3.0

CEM [33] 353 indep indep 1.21
Nafion 117 [17] 353 32wt% (NaOH) 32 1.0

Aciplex F6801 [80] 363 3.3 32 0.85
Nafion 1200 EW [38] 298 30wt% (NaOH) 30 3.17a

Table 2.3: Chlor-alkali CEM area resistances.
a Assuming a membrane thickness of 0.019 cm.

Generally, the effect of bubbles on the membrane resistance is not mentioned in literature. This
is most likely due to hydrophilic properties of the employed membranes and the consequent small
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contact angles of the bubbles. Only when films of gas are formed between the electrode and the
membrane, the membrane resistance might be affected by bubbles. Even though this effect might
be unlikely to occur, it is important to consider it nonetheless. When bubbles are stuck between
the membrane and the electrode, they increase the membrane resistance by blocking the pores and
thus reducing the effective area for transport of ions. The hydrophobicity of the membrane is an
important property with respect to this effect, since hydrophobic membranes could promote bubble
attachment[25]. During this research only Nafion 117 membranes will be used, therefore the effect
of different type of membranes on the bubble behavior will be deemed outside the scope. Since only
the temperature dependency of membrane resistance is measured by Sijabat et al at two different
NaOH concentrations (15 and 32 wt%), it is convenient to keep the catholyte concentration close
to either of these values. Since industry operates generally at a NaOH concentration of around 30
wt%, it is decided to maintain the NaOH concentration around 32 wt%. Generally, an increase in
ohmic resistance is found at higher current density, which might be caused by more bubbles being
attached to the membrane due to the higher production rate [28].

2.1.4 Electrolyte resistances

The electrolyte resistances are the increases in cell potential induced by the electrolytes between
the membrane and the electrode, since the gap in a zero-gap configuration is never zero in reality.
The electrolyte resistance can be calculated with an equation that is equivalent to the one for the
membrane resistance.

Relectrolyte =
s

κ ·A
(2.32)

For a finite gap it makes sense to have an increase in ohmic resistance with increasing current dens-
ity. Since bubbles are being released at the side of the electrode facing the membrane, the effective
conductivity of the electrolyte is reduced according to, for example, the Bruggeman equation.

κ

κ0
= (1− ϵG)

1.5 (2.33)

An increasing trend in ohmic resistance with increasing current density is also observed for zero-gap
cell configurations, albeit to a lesser extent [28]. To gain insight in the increasing ohmic resistance
due to bubble effects, it is important to accurately calculate the conductivity of both electrolytes.
The conductivity of NaCl is given by [81]:

κNaCl = (1.1− 0.33
√
m) · (λ ·m) (2.34)

λ = 5.67 + 0.299Tc (2.35)

And the conductivity of NaOH is given by:

κNaOH = A ·m+B ·m2 + C ·m · T +D ·
(m
T

)
+ E ·m3 + F ·m2 · T 2 (2.36)

The origin of this equation and the values of the coefficients are discussed in Appendix D. According
to literature, the structure of the electrodes can also affect the ohmic resistance, probably due to
difference in likelihood of bubble entrapment [28]. However, due to the compatibility with video
analysis and time constraints, only expanded mesh electrodes will be used and the effect of different
electrode morphologies will be deemed outside the scope of this research.

2.2 Force balance analysis

By performing a force balance analysis, the theoretical detachment radius of a freely growing
bubble can be calculated. For this analysis, all forces acting on a bubble attached to a vertical
plate electrode, as shown in Figure 2.5, are considered.
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Figure 2.5: All forces acting on a bubble attached to a vertical surface [82].

It is assumed that bubbles detach due to the sum of the forces in the x-direction (direction parallel
to the electrode) being non-zero rather than the sum of the forces in the y-direction (direction
perpendicular to the electrode) being non-zero. The validity of this assumption was confirmed by
Vervaecke [83]. A similar force balance analysis as proposed by Hoedemakers will be applied [84].
Hoedemakers considers the gravitational force, buoyancy force, tension force and drag force, all of
which are relevant for this research.

The gravitational force is the force that pulls the bubble downwards and depends on the mass
of the bubble. The mass of the bubble depends on the density of the gas and the volume of the
bubble, for which a truncated spherical geometry is assumed. Since at room temperature less
than 5% of the bubbles is water (see correlations in Section 2.1.1), the density of the bubbles are
assumed to be equal to the the density of pure hydrogen and chlorine. The gasses are assumed to
behave ideally.

Fg = −mbg = −4

3
πR3 (1 + cosθ)2(2− cosθ)

4
ρGg (2.37)

The buoyancy force acts in an upwards direction and depends on the mass of the liquid that is
displaced by the bubble. The density of both electrolytes can be found in Appendix H.

Fb = mLg =
4

3
πR3 (1 + cosθ)2(2− cosθ)

4
ρLg (2.38)

Due to the buoyancy force being larger than the gravitational force, the bubble will start to tilt.
This tilting causes an advancing and receding angle, as shown in Figure 2.6. These angles are
deviations (∆θ) from the original contact angle.

Figure 2.6: Advancing (α) and receding (β) angles of gas bubble attached to a vertical surface [82].
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α = θ +∆θ (2.39)

β = θ −∆θ (2.40)

The interfacial tension force is dependent on the surface tension, the contact area between the
attached bubble and the electrode as well as the advancing and receding angle.

Fs,x = −2rσ
π(α− β)

π2 − (α− β)2
(sinα+ sinβ) (2.41)

r = Rsinθ (2.42)

When electrolyte flow is present in the system, a drag force in upward direction is exerted. This
force depends the cross sectional area of the bubble that experiences the electrolyte flow, the
velocity and density of the electrolyte as well as the drag coefficient.

Fd =
1

2
πR2(1− θ − cosαsinθ)

π
ρLv

2
LCD (2.43)

The drag coefficient depends on the Reynolds number.

CD =
24

Re
for Re < 0.1 (2.44)

CD = (

√
24

Re
+ 0.5407)2 for 1 < Re < 500 (2.45)

CD = 0.44 for 500 ≤ Re ≤ 105 (2.46)

Where the Reynolds number is defined as follows. The viscosity of both electrolytes can be found
in Appendix I. The hydraulic diameter of the system is 6.47 · 10−2 m.

Re =
ρLvLDH

µL
(2.47)

By setting the sum of all forces equal to 0, the theoretical detachment radius can be found.

0 = Fg + Fb + Fs + Fd (2.48)

R =
−b+

√
b2 − 4ac

2a
(2.49)

a =
1

3
(1 + cosθ)2(2− cosθ)(ρL − ρG)g (2.50)

b =
1

2
(π − θ + cosαsinθ)ρLv

2
LCD (2.51)

c = −2sinθσ
π(α− β)

π2 − (α− β)2
(sinα+ sinβ) (2.52)

The following values have been used for calculating the detachment radius. For the density and
viscosity of the electrolytes, the concentrations are assumed to be 25wt% and 33wt% for NaCl and
NaOH, respectively. All variables are tabulated at 25°C. Since the literature on contact angles is
scarce and its difficulty to experimentally measure it, alternatives are required. For the contact
angle on the DSA electrode, a value of 38° is used. This is the contact angle on a horizontal RuO2

electrode [85]. Obviously, the orientation of the electrode might have a significant effect on the
contact angle. However, due to lack of better literature, this value will be used. For the contact
angle on the Ni electrode, a value of of 43° will be used. This is the contact angle on a vertical
Pt electrode [82]. Since no information on Ni electrodes was found, this value will be used. Due
to the lack of available literature on values of ∆θ, the value for oxygen and hydrogen in 20 wt%
KOH is used for both NaOH and NaCl [82].
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Variable value
ρNaOH (kg/m3) 1356
ρNaCl (kg/m

3) 1186
ρH2

(kg/m3) 0.0824
ρCl2 (kg/m3) 2.900
µNaOH (Pa s) 1.39 · 10−2

µNaCl (Pa s) 1.68 · 10−3

σNaOH (N/m) [38] 9.00 · 10−2

σNaCl (N/m) [38] 8.26 · 10−2

θH2
(°) [82] 43

θCl2 (°) [85] 38
∆θH2 (°) [82] 1.5
∆θCl2 (°) [82] 1.5

Table 2.4: Physical properties used for predicting detachment radius on electrodes.

A similar analysis can be performed for bubbles growing on the membrane. This allows for estim-
ating the detachment radius of bubbles when they would grow on the membrane. For Nafion 117,
only contact angles with water on a horizontally positioned membrane are available in literature
[86]. An additional limitation is the fact that these contact angles are only reported for dry Nafion
117 membranes. As water gets absorbed over time, this might affect the contact angle [87]. Nev-
ertheless, due to the lack of better alternatives, a contact angle of 105° is used. Since no literature
was found on the difference between the advancing and receding angle on a Nafion membrane, a
value of 1.5°is used for ∆θ, which is the same value as in the section above.

Variable value
θH2 (°) [86] 105
θCl2 (°) [86] 105
∆θH2

(°) [82] 1.5
∆θCl2 (°) [82] 1.5

Table 2.5: Physical properties used for predicting detachment radius on Nafion 117 membrane.

For this research a constant mass flow rate of 4 g/s for both electrolytes will be used, which equals
a superficial velocity of 0.60 mm/s and 0.69 mm/s for the catholyte and anolyte, respectively.
With this, the theoretical detachment radius of a freely growing bubble on a vertical electrode or
membrane can be calculated. For bubbles growing on a vertical electrode, a theoretical detachment
radius of 0.211 mm is found for chlorine bubbles and a theoretical detachment radius of 0.230 mm
is found for hydrogen bubbles. Similarly, this calculation can be performed for bubbles growing
on a membrane. Using the same superficial velocity, a detachment radius of 0.564 and 0.603 mm
is found for chlorine and hydrogen bubbles, respectively.
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3. Methodology

In order to gain insight in the effects of bubble behaviour on the cell performance, multiple meas-
uring techniques were used. Their results were combined in order to draw conclusions. To perform
those measurements, a pilot-scale electrolyzer was used. The employed techniques are explained
in the upcoming sections.

3.1 Electrochemical cell

A custom zero-gap electrochemical reactor capable of reaching chlorine production rates up to 1.2
L/min (at 10 kA/m2) was used. The electrolyzer consisted of two compartments separated by a
cationic exchange membrane (CEM). A Gylon 3504 sealing plate from Eriks was used to expose 150
cm2 (50 x 3 cm) of the membrane. The anodic compartment was filled with acidic brine solution
and the cathodic compartment with sodium hydroxide. The electrolytes flowed from the bottom
to the top of the cell. A DSA electrode with an Ir/Ru mixed metal oxide (MMO) catalyst coating
on Ti with a 50/50 ratio of Ir/Ru was used as anode. The cathode was a Nickel (Ni 200) electrode.
Both electrodes had an expanded mesh structure and an geometrical area of 150 cm2 (50 cm x
3 cm). The length x width of the openings was 9 x 3 and 4 x 2 mm for the anode and cathode,
respectively. These electrodes were attached with clamps to ensure a proper zero-gap configuration
was maintained during operation. Both electrodes were connected to the power supply at 20 points
(10 on the left and 10 on the right) in order to distribute the current as evenly as possible. The
housing of the reactor was made from titanium and nickel metal for the anode and cathode side,
respectively. Titanium was used for the anodic side for its resistance to chlorine and hydrochloric
acid. Nickel was used on the cathodic side for its resistance to concentrated NaOH solutions. The
cell contained windows, which allowed for visual assessment of the cell during operation. The
custom electrochemical cell was able to withstand pressures of up to 50 bar and temperatures of
90 °C. However, it was only used at atmospheric conditions due to limitations of the rest of the
set-up.
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Figure 3.1: The custom zero-gap electrolyzer with inlet and outlet closed. The wires on the side
are to connect the power supply to the electrodes.

3.2 Experimental set-up

The experimental set-up for the chlor-alkali membrane electrolysis had two separate circuits, the
anolyte and catholyte circuit. The catholyte circuit only consisted of the electrolyte vessel con-
taining a NaOH solution. The anolyte circuit was more complicated, it included an electrolyte
vessel containing brine, gas-liquid separator, gas chromatograph, scrubbers and acid addition. A
simplified overview of the set-up is shown in figure 3.2. A more detailed version of the P&ID of
the system can be found in Appendix E.

Figure 3.2: Overview of the experimental set-up used for chlor-alkali membrane electrolysis.

Electrolytes
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The anolyte was prepared as a 25 wt% solution by dissolving NaCl (≥ 99.9% purity) from VWR
Life Science in distilled water (≥15 MΩ·cm). It was acidified to a pH of 2 with 1 M (0.995-1.005
M) HCl from Merck TitriPUR®. For the catholyte a 32.0-33.0 wt% (>99.4% purity) NaOH stock
solution from Merck was used. During operation the concentrations changed due to the production
of NaOH and consumption of NaCl.

Electrolyte vessels
Glass electrolyte vessels with a volume of 5 L were used to store the electrolytes. To ensure
good mixing of the electrolytes, magnetic stirring was used. During operation the overhead of the
catholyte vessel was continuously flushed with nitrogen to remove the produced hydrogen. The
anolyte vessel was not flushed with nitrogen during operation, because diluting the chlorine might
have resulted in incomplete conversion of chlorine in the scrubbers, due to mass transfer limita-
tions. The anolyte vessel was flushed with nitrogen after operation to remove the leftover chlorine.
Cooling coils were placed inside both vessel to remove the heat produced during operation. To
maintain a desired pH, an acid addition system was implemented for the anolyte vessel. Lastly,
high and low liquid level sensors as well as thermocouples were attached to the outside of the vessel
for safety reasons.

Acid addition
A 1 liter glass vessel was positioned near the anolyte vessel. This vessel contained two tubes at
the top. One was positioned above the liquid level and was used to pressurize the vessel up 1.3 bar
with nitrogen in order to overcome the pressure inside the anolyte vessel. The other was placed
below the liquid level and was used to add 1 M HCl to the anolyte vessel. The addition of HCl
was regulated by a valve which opened automatically when the pH got above the set pH value.
Feedback was provided by a M300 Process transmitter connected to an InPro4850i/SG/120 pH
sensor from Elscolab.

Tubing
Throughout the system PFA tubing was used because of its excellent resistance to the involved
chemicals in both circuits. Inside the pump of the anolyte circuit a piece of Viton® tubing was
placed, because PFA tubing is not compatible with a peristaltic pump. This piece of tubing does
not have excellent resistance to alkali solutions, therefore it was important to acidify the anolyte
before circulation.

Heat tracing and thermocouples
Multiple thermocouples were used to accurately monitor the temperature of different streams of
the system. The tubes leading to the inlet of the electrolyzer were fitted with heat tracings. Feed-
back to those heat tracings was provided by thermocouples placed in the same tubes in order to
reach the desired inlet temperature. Heat tracers around the tubes towards the GC were used to
heat the gas up to 150°C. This was necessary to prevent water condensation from entering the GC.

Pumps
The catholyte circuit used a Gather pump (model: 1MA-J/12/X-SS/Q/DLC/GFK/DS2D50) from
Suurmond suitable for temperatures, pressures and flow rates up to 90°C, 40 bar and 0.1-1.5 L/min.
Both the body and shaft of the pump were made of stainless steel, with Nickel alloy/PEEK gears
and carbon bearings. For the anolyte circuit a Masterflex L/S® 7521-25 peristaltic pump with a
Masterflex L/S® Easy-Load® II pump head was used. Since these type of pumps are not compat-
ible with PFA tubing, a piece of Viton tubing was placed inside the peristaltic pump. This piece of
tubing was connected to the PFA tubing with hose clamps. Due to the limited pressure resistance
from the connection between the Viton and PFA tubing, it was decided to keep the flow rate and
pressure at a maximum of 0.3 L/min and 1 bar. Lastly, a Gather pump was used to control the
liquid level in the gas-liquid separator. This pump was suitable for temperatures, pressures and
flow rates up to 90°C, 10 bar and 1.5 L/min, respectively. The pump had a titanium body and a
shaft with PEEK/PEEK (30% CFK) gears and carbon bearings.

Valves
Solenoid valves from Burkert were used to change the flow into the desired direction. The body of
the valves was made of PTFE and could withstand temperatures up to 90°C. The sealing material
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of the valves in the catholyte circuit was EPDM, whereas the sealing material in the anolyte circuit
was PTFE.

Gas-liquid separator
A 0.5 liter gas-liquid separator was incorporated after the outlet of the anodic reactor compart-
ment. This vessel was tilted at an angle of 45°and had two outlets. One gas outlet connected to the
GC and one liquid outlet connected to the anolyte circuit. The vessel had a higher liquid sensor to
prevent liquid entering the GC and a lower liquid sensor to prevent the gas-liquid separator pump
from running dry.

Gas Chromatograph
An inline TRACE™1300 gas chromatograph from Thermo Scientific with Hastelloy tubing was
connected to the gas outlet of the gas-liquid separator and was used to measure the selectivity
towards chlorine. The GC could either be included or excluded from the circuit by switching a
valve.

Cooling coils
Cooling coils were placed inside both electrolyte vessels in order to remove the heat generated
during operation. Both coils were connected to their own Lauda WK 1200 cooler. Both coolers
had the capacity to remove 1.2 kW of heat. Water was used as the coolant.

Gas coolers
Both electrolyte vessels were connected to gas coolers at the top to prevent excessive water loss
due to evaporation. At the catholyte side, the cooled hydrogen / nitrogen mixture was directly
vented via the ventilation point. The cooled chlorine was directed towards the scrubbers to remove
the chlorine before it was vented via a ventilation point. Both gas coolers were connected to the
same Lauda MT (M3) cooler, with water as a coolant.

Scrubbers
Since chlorine cannot be directly vented into the atmosphere, scrubbers filled with NaOH solution
were used in order to convert chlorine to NaOCl and NaCl. Four glass vessels were connected in
series. The first vessel (2 L) was connected to the outlet of the gas cooler on the anolyte side and
was empty in order to prevent suck back of NaOH directly into the anolyte vessel. The second
(2 L) and third vessel (1 L) were filled with 50 wt% NaOH solution (technical grade) from VWR
Chemicals. The final vessel (0.5 L) was filled with water and was used as a water lock.

Mass flow meters
In both circuits a Bronkhorst Cori-Flow™M54 mass flow meter made of Hastelloy-C22 was used to
control the flow rate. The mass flow meters gave feedback to the pumps in their respective circuits
to reach the set flow rate. They are compatible with temperatures up to 120 °C.

Water vessels
Each circuit had its own 5 liter glass water vessel to rinse the system after operation. The water
could either be pumped into the electrolyte vessel or through the electrochemical cell.

Power supply
A GEN8-600-3P400 DC power supply from TDK-Lambda capable of reaching 600 A (8 V) was
used to supply direct current across the electrochemical cell. The power supply had 40 wires of
which 20 were connected per electrode to achieve an even current distribution. All wires were
electrically insulated and contained a current probe that prevented the current through a single
wire being higher than the compliance limit of the wire.

3.3 Electrochemical Impedance Spectroscopy

An IVIUM Vertex 10A potentiostat was used to perform Electrochemical Impedance Spectroscopy
(EIS). EIS is a powerful technique to gain more insights of an electrochemical system. The ana-
lysis is based on the response of the system to an imposed sinusoidal current perturbation [88].
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By analyzing the response of the system at different frequencies, information about different con-
tributions to the total cell potential can be obtained. In the high frequency region information
about the total ohmic resistance of the cell can be obtained, whereas in the low frequency region
information about the charge transfer resistance can be found. The strength of this technique lies
within the fact that it allows you to measure the contributions at different current densities. This
means that the effect of current density on the ohmic resistance and charge transfer resistance can
be extracted from the data. The spectra were recorded at 6 points per decade by superimposing a
10% alternating current (AC) signal over the set direct current (DC) over a frequency range from
20 kHz to 100 mHz. A Nyquist plot was then be made of the obtained EIS data, which allowed
for extraction of the ohmic resistance, charge transfer resistance and capacitance of the system by
fitting it to an equivalent electrical circuit. It was found that only one semicircle can be observed
in the Nyquist plots. Therefore, the data is fitted to the following equivalent electrical circuit.
Since an electrode does not behave as an ideal capacitor, a constant phase element is used instead
of a capacitor.

Figure 3.3: Equivalent electrical circuit that is used to fit the EIS data, where R1, R2 and Q1
represent the ohmic resistance, charge transfer resistance and constant phase element.

Information on the Tafel slope and exchange current density could be found by subtracting the
measured ohmic resistance and reversible cell potential from the measured total potential.

η = Ecell − Erev − IAR (3.1)

The total overpotential was then plotted versus the log of current density in order to obtain the
Tafel slope as well as the exchange current density.

3.4 Polarization curve

The power supply was used for polarization curve analysis by setting a certain DC and measuring
the corresponding cell potential. The current was applied for five minutes so the system has a
sufficient amount of time to equilibrate. The first three minutes are used as an equilibriation time
and the average potential over the last two minutes is taken as the potential corresponding to the
set current. The data points are then plotted in a polarization curve and fitted to the following
equation.

Ecell = Erev + b log

(
I

I0

)
+ IAR (3.2)

Where the reversible potential is concentration and temperature dependent and is calculated ac-
cording to the equations proposed in section 2.1.1. This means that b, I0 and AR are the parameters
that are being fitted simultaneously. It should noted that via this technique only a combined Tafel
slope and exchange current density can be fitted, and no conclusions on the individual half reactions
can be drawn. The combined Tafel slope is used in order to reduce the number of fitting parameters
[27]. These combined Tafel slope and exchange current density can be derived as follows.

ηA + ηC = bA log

(
I

I0,A

)
+ bC log

(
I

I0,C

)
= btot log

(
I

I0,tot

)
(3.3)

Where the combined Tafel slope and exchange current density are defined according to the following
expressions.

btot = bA + bC and I0,tot = I
bA/btot
0,A · IbC/btot

0,C (3.4)
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Another limitation is the fact that all the fitted parameters are averaged over the applied current
density range, even though they might be current density dependent.

3.5 Video analysis

A Dino-Lite USB microscope, 1280x960 pixel, 30 fps and 10-50x magnification was positioned in
front of the electrolyzer on either side. Because a transparent Nafion 117 membrane was used,
the electrode surface facing the membrane of the electrode on the opposite side of the Dino-Lite
microscope could be visualized. Front and back lighting was used to improve visibility. From these
videos, the bubble behavior inside the gap could be explored. It was more difficult to obtain clear
videos during operation at higher current density, due to the large amount of bubbles present in
the bulk of the electrolyte, reducing the visibility. Due to time constraints, no image analysis was
performed, which means these results are purely quantitative. Another thing that should be taken
into account is the fact that these analyses were performed at the bottom window of the cell (see
Figure 3.1), meaning that only a small fraction of the electrode is analyzed and thus local behavior
is observed. The position of the microscope was altered in front of this bottom window to obtain
a better understanding about how bubble behavior changes with position. Even though different
positions were analyzed, it should be realized that the behavior at the top of the electrolyzer might
be different as compared to the bottom.
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4. Results and Discussion

Fundamental questions such as ’do bubbles affect the cell potential in a zero-gap configuration?’
and ’on which side of the electrode is the reaction taking place in a zero-gap configuration?’
are still either unanswered or highly debated. Therefore, an attempt will be made to answer
them. Video analysis will be used in order to gain insights in the bubble behavior inside a zero
gap configuration and compared with polarization curves in order to conclude whether the visual
observations make sense with the electrochemical performance of the cell. Since it remains rather
difficult to (in)directly quantify the electrode coverage, gas holdup inside the gap as well as the
membrane coverage, these parameters will not be measured. Between days the the setup was
broken down and rebuild. This results in videos being taken at different positions with different
lighting. This should be considered as an advantage rather than a disadvantage, since locally
different behavior is observed. All videos are taken at a temperature of 28°C and a mass flow
rate of 4 g/s for both electrolytes, unless stated otherwise. All videos are made at the bottom of
the electrochemical cell, to reduce the visual hindrance of rising bubbles. This means that careful
note should be taken when generalizing the observed behavior for the entire cell. The side of the
electrodes facing the membrane will be referred to as the frontside and the sides of the electrodes
facing the bulk will be referred to as the backside. Since it is difficult to depict the observed
bubble behavior, videos are attached to this report. The name of the video is reported at the
beginning of its corresponding section. Due to the different magnifications used for each picture,
a length scale is added to all pictures.

4.1 Video analysis

4.1.1 Cathode

Bubble curtain between electrode and membrane
In Figure 4.1 and the videos ’bubble curtain (I = 6.7)’, ’bubble curtain (I = 33.3)’ and ’bubble
curtain (I = 66.7)’ one can see a bubble curtain between the cathode and membrane at 6.7 and
33.3 mA/cm2 and a bubble froth between the cathode and membrane at 66.7 mA/cm2.

As mentioned in Section 1.2, in a zero-gap configuration, bubbles should ideally be transported
towards the bulk of the electrolyte via the openings in the electrodes. However it is found that
bubbles also remain between the electrode and membrane. A curtain of hydrogen bubbles is ob-
served between the cathode and the membrane. When focusing on bubbles that are stuck to the
membrane, it can be seen that the bubble curtain moves behind these bubbles, indicating that this
curtain is indeed located between the electrode and the membrane. When increasing the current
density from 6.7 mA/cm2 to 33.3 mA/cm2, the bubble curtain is still observed, however the total
gas volume seems to increase and larger bubbles are seen. When increasing the current density
even further (67.7 mA/cm2), a significantly different behavior is observed. Instead of small hydro-
gen bubbles flowing upwards, a stagnant bubble froth is observed. The froth seems to originate
from the fact that some larger bubbles block the pathways of the other bubbles, which hinders
them from rising. The bubbles then start to accumulate and coalesce until the froth is formed.
Sometimes part of the froth gets released when a pathway is opened. However, after some time
the pathway gets blocked again with bubbles, causing the froth to start growing again.
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Figure 4.1: View of electrochemical cell during operation. Front electrode is anode and back
electrode is cathode. In between the electrodes there is a Nafion 117 membrane. The bubble
behavior is visualized at different current densities; 0, 6.7, 33.3 and 66.7 mA/cm2 for top left, top
right, bottom left and bottom right, respectively.

Static bubbles in the gap
In top sub figure of Figure 4.2 and the video ’small bubbles in gap’, one can see small bubbles
between the cathode and membrane with a diameter between 0.2 and 0.3 mm before they are
pushed towards the openings of the electrode. In bottom sub figure of Figure 4.2 and the video
’large bubbles in gap’, one can see trapped larger bubbles growing. At a certain point these bubbles
coalesce and eventually the bubble is released by buoyancy. After the removal of the bubble, a new
bubble grows at exactly the same position. In the videos ’rising bubble gets trapped 1’ and ’rising
bubble gets trapped 2’ one can see a rising bubble getting trapped at a similar position. Due to
the long interval between these occurrences, two separate videos are added.

At some positions larger bubbles nucleate inside the gap. These static bubbles are seen to be
removed via multiple mechanisms. Sometimes these bubbles coalesce with neighbouring static
bubbles forming relatively large films until they are either released by buoyancy or coalesce with
larger bubbles occupying the openings of the cathode as described in section 4.1.1. Sometimes
these static bubbles grow up to a diameter of around 0.2 - 0.3 mm, while (seemingly) maintaining
their spherical shape. When they reach this size, they are pushed towards the rim of the openings
in the cathode, most likely due to capillary forces. This implies that the distance between the
cathode and the membrane is around 0.2 - 0.3 mm at certain positions, which is on the large side
for a zero-gap configuration, but not unrealistic, especially for a large electrolyzer like the one
employed for this research. It is important to realize that this distance can differ along the cell
and thus that the gap size is not a constant. Sometimes static bubbles reaching diameters of 0.7 -
0.8 mm are observed, however it seems like the bubbles reaching this size are not spherical anymore.

Generally, these bubbles grow at the same location, indicating that there are preferred nucleation
sites. Sometimes the static bubbles do not nucleate at a certain position, but a rising bubble gets
trapped. The main difference between the nucleating bubbles and the trapped bubbles, is the
fact that the trapped bubbles do not get removed by buoyancy, but only by coalescing with the
large bubbles in the openings. Just like the nucleating bubbles, the rising bubbles get stuck at
the same position. One possible explanation for this phenomenon is the fact that the membrane
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has some hydrophobic spots or imperfections, causing the bubble to attach at these positions.
Another explanation could be that there is a local minimum distance between the electrode and
the membrane, due to the 3D structure of the electrode, causing a rising bubble to get trapped.

Figure 4.2: Front electrode is anode and back electrode is cathode. Static bubbles reaching a
diameter of around 0.2 - 0.3 mm during operation at a current density of 6.7 mA/cm2 (top) and
static bubbles reaching a diameter of around 0.7 - 0.8 mm at a current density of 300 mA/cm2

(bottom). Both pictures are taken at different positions of the electrode.

Sliding bubbles and films in the gap
In the top sub figure of Figure 4.3 and the video ’sliding bubbles in gap’, one can see bubbles
sliding along the cathode surface between the cathode and membrane. In the bottom sub figure
of Figure 4.3 and the video ’sliding films in gap’, one can see gas films sliding along the cathode
surface between the cathode and membrane.

Besides static bubbles, mobile bubbles sliding along the electrode surface are also observed. This
phenomenon occurs at a similar current density as the bubble froth, which is around 66.7 mA/cm2.
At lower current densities, a bubble curtain is observed. The bubbles are generated on the electrode
surface and pushed towards the openings of the cathode where they form larger bubbles on the rim.
An interesting observation is the fact that the sliding bubbles seem to occur at positions where the
cathode and anode are aligned with each other. At positions where the cathode is facing an opening
of the anode, this behavior is not observed. This could possibly be explained by the fact that the
gap between the cathode and membrane is narrower when the cathode is aligned with the anode
instead of an opening. Similar behavior is observed elsewhere, however instead of spherical bubbles,
flatter bubbles / gas films sliding towards the rims of the cathode are observed. Contrary to the
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sliding bubbles, the sliding films are observed at positions where the cathode is facing an opening
instead of being aligned with the anode. Since these films seem rather flat and are able to occur
at positions of the cathode facing an opening of the anode, it seems like a closer to perfect zero-
gap is achieved at this position as compared to the position where the sliding bubbles are observed.

Figure 4.3: Front electrode is anode and back electrode is cathode. The different behavior is
observed at different positions of the electrode at a current density of 66.7 mA/cm2. The arrows
indicate the sliding direction of the bubbles and films.

Large bubbles occupying cathode openings
In the bottom sub figure of Figure 4.4 and the video ’large bubbles’, one can see the large hydrogen
bubbles generated at the cathode. In the figure of Figure 4.5 and the videos ’gas pocket (seen from
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anode)’ and ’gas pocket (seen from cathode)’, one can see gas pockets left behind after detachment
of the large hydrogen bubbles.

At the rims of the cathode, larger bubbles are being formed due to the continuous flux of sliding
bubbles and films as mentioned in the previous subsection. Some of these bubbles detach relat-
ively early, around a diameter of 0.4 to 0.7 mm. However, some of these bubbles remain attached
and grow by coalescence until most of the opening is occupied by the bubble, reaching diameters
above 3 mm. These bubbles can remain stuck after operation, even if the system is flushed with a
superficial electrolyte velocity of 1 mm/sec.

Figure 4.4: Front electrode is cathode and back electrode is anode. The medium sized bubbles
(0.4 - 0.7 mm diameter) and the large bubbles (>3 mm diameter) are shown at a current density
of 66.7 mA/cm2 (bottom). A picture of the electrode after operation is added for reference (top).
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Assuming the large bubbles are only attached to the membrane, a theoretical detachment diameter
of 1.206 mm is predicted, which is smaller than the experimentally observed bubbles. Firstly,
the contact angle and deviation between the advancing and receding angle might be significantly
different in reality compared to the values used for the prediction. However, due to the lack of
available literature, alternatives were required. Secondly, the drag acting on the bubble is less in
reality as compared to the prediction. This is due to the fact that part of the bubble is inside the
gap (where the flow rate might be lower) and part of it is above the electrode, which also blocks
some of the cross sectional area experiencing drag (see Figure 4.6). Lastly, additional forces might
be present for this type of bubbles, since they might also be attached to parts of the electrode.

When positioning two Dino-Lite microscopes oppositely to each other at the exact same position,
an interesting observation about the large bubbles was made. These large bubbles often leave a
gas pocket behind after detachment. This gas pocket is partially trapped between the electrode
and the membrane and allows a new large bubble to grow.

Figure 4.5: Gas pocket left behind by large bubble after detachment seen from anode (top) and
seen from cathode (bottom)
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Figure 4.6: Schematic side view of the gas pocket left behind after detachment of a large bubble,
where δm, s and de are approximately 190, 250 and 400 µm, respectively.

According to literature, the bubble effects on the cathodic side of the chlor-alkali process are more
pronounced as compared to the anodic side [89]. According to equation 2.41, the tension force
increases with increasing surface tension of the electrolyte. A higher surface tension, will con-
sequently result in a larger detachment radius. Since the catholyte has a higher surface tension
than the anolyte, this could be a reason why bubble effects are more pronounced at the cathodic
side. This is in line with the experimental observations. The hydrogen bubbles are generally able to
reach a larger size in combination with the fact that gas pockets remain after detachment, whereas
this behavior is not observed for the chlorine bubbles.

Active side
In Figure 4.7 and the video ’cathode backside active’, one can see the backside of the cathode
becoming active after 10 seconds of switching on the current. The video starts at the moment the
current is switched on.

As described by all the phenomena above, the frontside of the cathode is active, since gas bubbles
are nucleating and growing inside the gap. However, when looking at the backside of the cathode, it
is also active. When starting operation, a lot of small bubbles are starting to grow at the backside.
Interestingly, the bubbles only start to grow at the backside after about 10 seconds of switching on
the current at a current density of 6.7 mA/cm2. One possible explanation could be that initially
the current flows via the frontside of the electrode, but whenever gas starts to buildup inside the
gap, the current will start to also flow via the backside of the electrode due to the increase in
resistance of the initial pathway. Another explanation could be that it takes more time to reach
the required supersaturation to initiate bubble nucleation at the backside of the electrode.
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Figure 4.7: Front electrode is cathode and back electrode is anode. The backside of the cathode
over time where t = 0s indicates the moment the current is switched on at a current density of 6.7
mA/cm2. Pictures are taken at 0, 9, 13 and 29 seconds after switching on the current from top to
bottom. A bubble size measurement is included at 13 seconds.

The bubbles released at the backside of the cathode are small. The measured detachment diameter
is between 0.02 and 0.1 mm, however it seems like even smaller bubbles are present, which could
not be measured due to resolution limitations. These diameters are significantly smaller than the
predicted detachment diameter, which is 0.459 mm for a freely growing bubble. This discrepancy
can most likely explained by the inaccurate value for the contact angle of the bubble with the
electrode, since the reported value is for a Platinum electrode, while a Nickel electrode is used for
this research. Additionally, Vervaecke showed experimentally that the contact angle of a hydrogen
bubble on a vertical Nickel electrode is closer to 10° rather than 43°. When a contact angle of 10°
is used, the theoretical detachment diameter is 0.114 mm, which is much more in line with the
experimental observed diameters.

4.1.2 Anode

Since the solubility of chlorine is relatively high, few bubbles are being generated, especially at
lower current density. The difference in electrode structure; larger openings for the anode and
smaller openings for the cathode, makes it also more difficult to observe the anodic gap when look-
ing from the cathodic side. This results in less observations being made for the anode as compared
to the cathode.

Bubble appearing from inside the gap
In Figure 4.8 and the video ’bubble appearing anode’, one can see the sudden appearance of a
bubble at the anodic side that was initially trapped between the anode and membrane.

When observing the backside of the anode, sometimes bubbles appear suddenly from the frontside
of the electrode. This is most likely due to the bubbles between the anode and the membrane being
pushed towards the openings by capillary forces. At the rim these bubbles grow, seemingly due to
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coalescence of bubbles generated at the frontside. This is similar to the behavior of the bubbles at
the rim of the cathode growing due to coalescence of the sliding bubbles / films. Considering the
size of this bubble, it seems like the distance between the anode and membrane is also significant,
since this bubble was able to be trapped between the anode and membrane.

Figure 4.8: Front electrode is anode and back electrode is cathode. One picture is just before the
bubble appearing (left) and the other picture is just after the bubble appearing from the front of
the electrode. The time between these pictures is less than 0.5 seconds.

Bubbles sliding along rim of the electrode openings
In Figure 4.9 and the video ’bubbles sliding along rim’, one can see small bubbles sliding along the
rim of the openings at the anode. These bubbles collect at the top where they coalesce and form
relatively large bubbles.

Generally, smaller bubbles attached to the rim of the openings on the anode, slide upwards along
the rim and coalesce at the top of the opening. Here, larger bubbles are formed until they detach,
which typically happens at a diameter between 1.5 and 2.7 mm. This behavior is only observed at
higher current densities, since at lower current densities, most of the produced chlorine dissolves
in the electrolyte.

Figure 4.9: Front electrode is anode and back electrode is cathode. The sliding direction of the
bubbles is indicated with the arrows and the large bubble formed due to coalescence is indicated
with the ring around it.

Small bubbles on backside of anode
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In Figure 4.10 and the video ’small bubbles anode’, one can see small bubbles growing on the
backside of the anode.

At the backside of the anode, small bubbles are nucleating. They generally detach around a
diameter between 0.15 and 0.3 mm. According to the force balance, the predicted detachment
diameter is around 0.421 mm. This prediction is not that far off from the actual value, however
as for the hydrogen bubbles, some inaccuracies in the values for the contact angle and ∆θ might
be present, which causes the predicted diameter to be slightly off.

Figure 4.10: Front electrode is anode and back electrode is cathode. Small bubbles growing at the
backside of the anode 100 mA/cm2.

4.2 Electrochemical performance

The performance of the cell can be shown by the polarization curves. The experimentally found
polarization curves and their fits according to equation 3.2 are shown in Figure 4.11. The para-
meters found by fitting are tabulated in Table 4.1. Where Erev is calculated according to the
correlations proposed in section 2.1.1, the other parameters are found via fitting. A complete list
of experimental conditions can be found in Appendix F.

Figure 4.11: Experimental polarization curves obtained with power supply and their fits to the
equation Ecell = Erev + b log(I/I0) + IAR at 28, 54 and 69°C.
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Parameter 28°C 54°C 69°C
Erev (V) 2.286 2.250 2.231
b (V/dec) 0.150 0.130 0.140
I0 (A/cm2) 2.74 · 10−5 3.90 · 10−5 2.09 · 10−4

AR (Ωcm2) 2.539 2.131 1.778

Table 4.1: Fitting parameters for curves in Figure 4.11.

The drawback of this type of analysis, is the fact that an average for all the fitted parameters
is taken over current density, while it would be interesting to see how they change with current
density. In order to be able to see how the ohmic resistance changes with current density, EIS was
performed. However, when analyzing the Nyquist plots (see Appendix G.), such as the one shown
below, unexpectedly high values were obtained (>10 Ωcm2). Since relatively large electrode areas
are used for this research, the measured resistance will be small. Therefore, small inaccuracies will
have a significant effect. It is assumed that cable or contact resistances caused the measured ohmic
resistance to be higher than expected.

Figure 4.12: Nyquist plot with all the measured data points over the entire frequency range (left)
and the fit of the data points (excluding the ones at high and low frequencies) with the equivalent
electrical circuit depicted in Figure 3.3 (right). Current density of 50 mA/cm2, 28°C, mass flow of
4 g/s for both electrolytes.

Therefore, the ohmic resistance values obtained from EIS were deemed to be unsuitable to describe
the ohmic resistance of the cell. However, this ohmic resistance could still be used in order to
determine the Tafel slope and exchange current density. By correcting the cell potential that is
measured with the potentiostat for the ohmic drop, a value for the (combined) Tafel slope and
exchange current density can be obtained by plotting the overpotential versus the log of current
density.

ηtot = Ecell − Erev − IAR (4.1)

From the figure below can be seen that the experimentally found data fits nicely to a linear line.
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Figure 4.13: Experimental tafel plot with 31.05 wt% NaOH, 16.85 wt% NaCl, 30°C. Total over-
potential is found by measuring the cell potential with the potentiostat and correcting it for the
ohmic drop and reversible cell potential.

The exchange current density is then obtained by extrapolating the curve to an overpotential of
0V. The following values for the Tafel slope and exchange current density were obtained.

b = 0.139 V and I0 = 7.10 · 10−5 A/cm2 (4.2)

These values are compared with literature by summing the the lowest CER overpotential and the
lowest HER overpotential and similarly with the highest overpotentials (discarding outliers), in
order to obtain a spread. For HER only kinetic data on nickel electrodes is used, since a nickel
cathode was used for this research. This spread of overpotentials can then be plotted to make a
comparison with the experimentally obtained overpotentials as shown in Figure 4.14. For the lower
limit the following kinetic parameters are summed: b = 90mV/dec and I0 = 10−5 A/cm2 + b =
32.7mV/dec and I0 = 5.3 · 10−3 A/cm2 for HER and CER, respectively [66][61]. For the upper
limit the following kinetic parameters are summed: b = 116mV/dec and I0 = 7.6 · 10−7 A/cm2 +
b = 40mV/dec and I0 = 1.2 · 10−3 A/cm2 for HER and CER, respectively [62][38].

Figure 4.14: Experimentally found combined overpotential compared with overpotentials according
to literature. For the lower limit the following kinetic parameters are summed: b = 90mV/dec and
I0 = 10−5 A/cm2 + b = 32.7mV/dec and I0 = 5.3 · 10−3 A/cm2 for HER and CER, respectively
[66][61]. For the upper limit the following kinetic parameters are summed: b = 116mV/dec and I0
= 7.6 · 10−7 A/cm2 + b = 40mV/dec and I0 = 1.2 · 10−3 A/cm2 for HER and CER, respectively
[62][38].
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From this graph can be seen that the experimentally found overpotentials fall within the expected
region according to literature. It can also be concluded that the used electrodes perform rather
good, since the overpotentials tend to be rather close to the lower end of the spectrum.

In order to obtain the ohmic resistance as a function of current density, the polarization curves were
combined with the Tafel slope and exchange current density found with EIS. Instead of directly
measuring the ohmic resistance with EIS, it can be calculated by subtracting the reversible cell
potential and total overpotential (calculated with Tafel slope and exchange current density found
with EIS) from the total cell potential (measured with power supply) and dividing this potential
by the corresponding current density. In order to do this, the Tafel slope and exchange current
density are assumed to be constant over temperature, concentration as well as current density.

IAR = Ecell − Erev − ηtot (4.3)

Figure 4.15: Experimentally determined ohmic resistances and membrane resistance according to
Sijabat et al at 28, 54 and 69 °C. For complete list of experimental conditions, see Appendix F.

One could argue that the ohmic resistance shows an increasing trend at low current density for the
higher temperatures. However, it should be realized that at low current density (<0.2A/cm2), the
activation overpotential is in the same order of magnitude as the ohmic voltage drop. This means
that small inaccuracies in the overpotential, could result in significant effects on the calculated
ohmic resistance. Since the Tafel slope and exchange current density are assumed to be constant
for all conditions, inaccuracies for the activation overpotential might be present. When the slightly
inaccurate ohmic voltage drop is then divided by a small current density, the effect of this inac-
curacy becomes more pronounced as compared to high current density data points. This can also
be observed from the data, since the ohmic resistance approaches zero at low current density at
69°C. Additionally, the fact that the ohmic resistance decreases with current density for the 28°C
experiment indicates that some errors are present, since one would not expect the ohmic resistance
to decrease with current density. Considering all those factors, it would be a more reasonable
conclusion to consider the ohmic resistance to be constant over current density. This conclusion
suggest, that the bubble effects play a minor role in the ohmic resistance.

An analysis can be performed in order to evaluate the effect of the gas holdup on the ohmic
resistance. When assuming the gap size to be equal to the 0.25 mm that is observed in Section
4.1.1 for both sides and assuming the gas holdup to be constant over current density, the increase
in ohmic resistance can be calculated. It should be realized that the gap size can change along the
length of the cell and that the 0.25 mm is just a local observation. For this calculation it is also
assumed that the gas holdup is equal in both gaps. Looking at the stoichiometry, the same number
of moles is produced on both sides, however due to the higher solubility of chlorine, a lower gas
holdup might be present in the anodic gap.
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Figure 4.16: Calculated ohmic resistance due to electrolytes (33wt% NaOH and 25wt% NaCl) with
different gas holdups at 28, 54 and 69°C, assuming a gap size of 0.25 mm on both sides. At 28, 54
and 69°C, the conductivities are 0.2455, 0.3815 and 0.4599 S/cm for NaCl and 0.3107, 0.6544 and
0.8925 S/cm for NaOH. Note: y-axis is different for all graphs.

It can be seen that even if the electrolyte is gas-free, a notable effect on the ohmic resistance is
present due to the electrolytes, especially at lower temperature. It is also observed that if the gas
holdup is around 0.3 or lower, the increase in ohmic resistance is minor. However, at high gas
holdups (>0.6), a significant effect on the ohmic resistance is noticed. It is also observed that at
low temperature, the effect of the gas holdup is stronger on the ohmic resistance than for higher
temperatures. This is due to the lower conductivity of the electrolytes at low temperatures. Since
it is observed that even at low temperatures the ohmic resistance seems constant with current
density, this further supports the hypothesis that the bubbles do not affect the ohmic resistance
significantly.

The experimentally deduced ohmic resistance will be compared to the membrane resistance ac-
cording to Sijabat et al. It should be noted that Sijabat’s data is not a perfect representation
for the membrane resistance in the system used for this research, due to the fact that a different
anolyte is being used; NaCl and NaOH for this work and Sijabat’s work, respectively. When com-
paring the experimentally deduced ohmic resistance with the membrane resistance as reported by
Sijabat et al, it can be seen that the membrane resistance is lower than the total ohmic resistance
at higher temperatures, but the membrane resistance is higher than the total ohmic resistance
at low temperature. Obviously, the total ohmic resistance cannot be lower than the membrane
resistance. This indicates that the reported membrane resistance by Sijabat et al is not represent-
able for the system used in this research. Either Sijabat’s measurements could be slightly off, or
the assumption that the NaCl concentration does not affect the membrane resistance is not valid.
This discrepancy at low temperature also makes it difficult to draw strong conclusions at higher
temperatures, since it is debatable whether the data from Sijabat is a sufficient representation for
the membrane resistance of the system used for this research.
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Figure 4.17: Experimentally determined ohmic resistances and membrane resistance according to
Sijabat et al at 28, 54 and 69 °C. For complete list of experimental conditions, see Appendix F.

Overall, it seems like the ohmic resistance is relatively constant, indicating that bubbles have minor
to no effects on the ohmic resistance of the cell. It is difficult to compare the ohmic resistance
with the membrane resistance reported by Sijabat et al due to the unexpected discrepancy at low
temperatures. Therefore, unfortunately, no clear conclusions can be drawn regarding the membrane
resistance.
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5. Conclusion

The bubble behavior in a zero-gap cell has been studied in this work. The use of a transparent
Nafion 117 membrane allowed for visualization of the bubble behavior between the electrode and
the membrane, which is unseen in literature. The main focus was on the hydrogen bubble behavior,
because less chlorine bubbles are generated due to the higher solubility compared to hydrogen. This
helps to not only better understand the chlor-alkali process, but also the AWE process due to the
similarities for the cathodic side.

It was found that the bubble behavior can significantly differ per position. This can be attributed
to the fact that the distance between the electrode and the membrane is not consistent along
the reactor. At most positions, a bubble curtain of small hydrogen bubbles occurred inside the
gap, indicating that there is sufficient amount of space available for these small bubbles to flow.
When increasing the current density up to 66.7 mA/cm2, a bubble froth could occur, which was
quite immobile. At certain positions, static bubbles get trapped between the electrode and the
membrane at low current densities (around 6.7 mA/cm2). These bubbles reach diameters of around
0.2 - 0.3 mm while (seemingly) maintaining a spherical geometry. This suggests that the distance
between the electrode and the membrane is around 0.2 - 0.3 mm. These static bubbles grow or get
trapped at the same position. The removal of these static bubbles occurs via different mechanisms;
coalescence with large bubbles in the openings, rise due to buoyancy or get pushed towards the
openings due to capillary forces. When the current density is increased to 66.7 mA/cm2, sliding
bubbles and films are observed. These bubbles and films are pushed towards the rim of the
openings in the cathode where the coalesce and form larger bubbles in the order of 0.4 - 0.7 mm
diameter. These bubbles can then either detach or coalesce and form large bubbles (> 3 mm
diameter) occupying a significant fraction of a opening in the cathode. Upon detachment, these
large hydrogen bubbles often leave a gas pocket behind between the electrode and membrane.
From these gas pockets, new large bubbles start to grow. This behavior was not observed at the
anodic side. Lastly, it was observed that also the backside of the cathode was active. After about
10 seconds of switching on the current at a current density of 6.7 mA/cm2, bubbles started to
nucleate on the backside of the cathode. One possible explanation for this phenomenon is that the
current originally flows through the frontside of the electrode, since this is the shortest path, but
after gas builds up between the electrode and the membrane the current starts to also flow via
the backside of the electrode. Another explanation could be that it takes more time to reach the
desired supersaturation at the backside in order to initiate bubble nucleation.

Less observations have been made for the anode, due to the earlier mentioned high solubility of
chlorine. Nevertheless, a phenomenon indicating that the bubble behavior inside the gap is similar
for both sides was observed. Sometimes bubbles suddenly appear at the rim of the openings in the
anode. These bubbles pop out from the frontside of the electrode. This suggest that also at the
anode, bubbles are growing inside the gap and being pushed towards the rim by capillary forces.
Contrary to the cathode, no large bubbles occupying most of the openings are observed. At the
anode small bubbles slide along the rim of the openings and collect at the top where they coalesce
and form a larger bubble, until it detaches.

The electrochemical performance of the cell was also evaluated in order to determine whether this
was affected by the bubble behavior. EIS was used to measure the combined Tafel slope and
exchange current density. These values were then used to calculate the ohmic resistance over a
current density range of 0.05 - 1 A/cm2. The total overpotential according to the Tafel slope and
exchange current density measured with EIS and the reversible cell potential are subtracted from
the cell potential measured with the power supply. At higher current density (> 0.3 A/cm2), the
ohmic resistance reached a relatively constant value. This indicates that the effect of bubbles on the
ohmic resistance in a zero-gap configuration is minor. However, due to multiple assumptions that
were made, such as the Tafel slope and exchange current density being independent of temperature,
careful note should be taken when drawing this conclusion.
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6. Recommendations for future work

This work helped to improve the understanding of bubble behavior in a zero-gap configuration.
However, due to experimental limitations, indirect measuring techniques were required which in-
creased the possibility of inaccuracies being introduced. Instead of directly measuring the ohmic
resistance with the aid of EIS, an indirect calculation was used which required the (debatable)
assumption of the Tafel slope and exchange current density being constant with temperature, cur-
rent density as well as concentration. The first point of improvement that can be made, is using a
high current potentiostat in order to measure the change in ohmic resistance over current density.
The difficulty that comes with this technique is the fact that the cell has a large electrode area,
making the system susceptible for small inaccuracies such as cable or contact resistances. Using a
low resistance calibration set could help reducing these inaccuracies.

Since the membrane resistance measured by Sijabat et al at lower temperatures is higher than the
experimentally found ohmic resistance, it is debatable whether Sijabat’s results give an accurate
indication of the membrane resistance employed for this research. In order to improve the reliability
of these values, Sijabat’s measurements could be carried out to see whether they are reproducible.
Preferably, these measurements should be done for a NaCl-NaOH system instead of a NaOH-NaOH
system, since it is unsure whether the assumption that the membrane resistance is independent of
NaCl concentration, is valid. Alternative, more accurate, techniques compared to the one used by
Sijabat et al, are proposed in literature [90]. Using these techniques could improve the accuracy
of the membrane resistance.

Another limitation was the quality of the pump in the anolyte circuit. Due to an unreliable
connection between the Teflon tubing and the Viton tubing in the peristaltic pump, only low flow
rates could be used. It would be interesting to see the effect of the flow rate on both the bubble
behavior as well as the electrochemical performance of the cell. Using a pump capable of reaching
flow rates ranging from 0 to 20 mL/sec would be sufficient for this purpose.

More advanced image analysis techniques could be used to measure the bubble diameter or track
the position of the bubbles over time. This could help with quantifying the electrode coverage and
more accurately determining the gap size.

It might also be interesting to look at the bubble behavior with different electrode structures
since, according to literature, the ohmic resistance can change with different morphologies [28]. By
analyzing videos of bubble behavior with different structures, the origin of the difference could be
explored. Also, the most ideal structure regarding performance can be found.

Even though the obtained videos and pictures were rather clear, improving the camera setup could
help to better visualize the different phenomena occurring. Using a camera with a higher resolution
and / or fps, optimizing the lighting positioning as well as stabilizing the camera setup could all
help to improve the quality of the videos. For this work, all videos were made at the bottom
quarter of the cell. To better understand the different phenomena occurring at different heights of
the reactor, videos should be made along the height of the reactor.

Continuous replenishment of the electrolytes would give data more representative to industrial
operation. Due to the recirculation of the electrolyte, the concentration changes over time which
might affect the cell performance. Additionally, the electrolytes get saturated with their respective
products, which could change the bubble effects over time. This effect is mainly relevant for the
anolyte getting saturated with chlorine over time. This also causes the anolyte turning yellow/green
over time which decreases the visibility of the cell.
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Nomenclature

Symbols

δmem Thickness of membrane [cm]

ϵG Gas holdup [m3
gas/m

3
reactor]

ϵw Dielectric constant of pure water [-]

η Activation overpotential [V]

γi Mean activity coefficient of component i [-]

κ Conductivity [S/cm]

κ0 Conductivity of pure electrolyte [S/cm]

λ Equivalent conductivity at infinite dilution [S/cm]

ν Stoichiometric coefficient [-]

Φm Mass flow rate [g/s]

ρw Density of water [-]

σ Fractional covered area [-]

A Area [cm2]

Aϕ Debye-Hückel coefficient [-]

ai Activity of component i[-]

b Tafel slope [mV/dec]

BMX Second virial-type coefficient [-]

bMX Modified pitzer model parameter [-]

c Concentration [mol/L]

CMX Third virial-type coefficient [-]

d Diameter [mm]

e Electronic charge [C]

E0 Thermodynamic potential [V]

Ecell Total cell potential [V]

Erev Reversible cell potential [V]

E0 Standard electrode potential [V]

F Faraday constant [C/mol]

fγ Ionic strength function form of the Debye-Hückel term used for the activity coefficient [-]

I Current density [A/cm2]

I Ionic strength [mol/kgsolvent]

I0 Exchange current density [A/cm2]
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kB Boltzman constant [J/K]

m Molality [mol/kg]

n Number of moles [mol]

N0 Avogadro constant [mol-1]

PH2O
sat Saturation pressure of water [mmHg]

Pi Partial pressure of component i [bar]

Ptotal
i Total pressure in compartment i [bar]

qi Modified pitzer model parameter [-]

R Resistance [Ω]

R Universal gas constant [J/K/mol]

Ri The fractional lowering of vapor pressure due to the solute i [-]

s Distance between electrode and membrane [cm]

T Temperature [K]

Tc Temperature [°C]

z Ionic charge [-]

Superscripts and subscripts

A Anodic

an Anolyte

C Cathodic

cath Catholyte

M Cation

mem Membrane

MX Neutral electrolyte

r Reference

ref Reference

tot Total

X Anion
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[62] N. Krstajić, M. Popović, B. Grgur, M. Vojnović and D. Šepa, ‘On the kinetics of the hy-
drogen evolution reaction on nickel in alkaline solution - part i. the mechanism,’ Journal
of Electroanalytical Chemistry, vol. 152, no. 1, pp. 16–26, 2001. doi: 10 . 1016 / S0022 -
0728(01)00590-3.
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Appendix

A. Standard Electrode Potential

The standard electrode potentials and their temperature coefficients [34]. Bratsch only provided the
values for the half reactions at pH = 0.000 and pH = 13.996, which is not entirely true for the chlor-
alkali process. Nevertheless, the values at pH = 0.000 will be used for the anodic standard electrode
potential and the values at pH = 13.996 will be used for the cathodic standard electrode potential.
These values are compared with additional literature to validate their reliability. The discrepancies
over the range of 25 to 100°C are small. The standard electrode potential for hydrogen evolution
showed a maximum deviation of 0.81mV [35], and for chlorine evolution a maximum deviation of
1.8mV was found [36][37].
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B. Antoines coefficients

The coefficients for the Antoine equation for water in the temperature range of 1-99C [51].

Coefficient Value
A 8.07131
B 1730.63
C 233.426

Table 1: Antoines coefficients

C. Pitzer model for NaCl

The empirical constants of the modified Pitzer model for NaCl are listed in the table below [41].
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Variable Value
bmx 2.22718
q1 5.383 · 10−2

q2 1.54152 · 10−2

q3 −3.15788 · 10−5

q4 0
q5 4.00346 · 10−11

q6 1.34 · 10−3

q7 −1.51455 · 10−3

q8 3.19312 · 10−6

q9 0
q10 −4.33948 · 10−12

Table 2: Pitzer model emperical constants

D. NaOH conductivity

Since no accurate conductivity correlation for NaOH is present in literature, experimental data
will be empirically fitted. The conductivity of NaOH shows a similar trend to KOH, therefore it is
decided to fit the experimental data to an empirical correlation that describes the KOH conductivity
precisely [91]. The coefficients of this equation will be fitted according to the nonlinear least-squares
method in MATLAB.

κNaOH = Am+Bm2 + CmT +D
m

T
+ Em3 + Fm2T 2 (5)

With κ, M and T in S/m, mol/L and K, respectively. The data from literature presents the
conductivity at 0, 18, 50 and 100C and concentrations ranging from 1 to 14.17 mol/L [92].

Figure 1: Conductivity of NaOH vs concentration at different temperatures. Experimental data
and fit.

The fitted empirical equation was also compared with experimental data from additional literature
[93].
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Figure 2: Conductivity of NaOH vs concentration at different temperatures. Experimental data
from additional literature and fit.

When comparing the fit with the experimental data, it can be seen that the experimental values
are best predicted at higher concentrations, especially for high temperatures. Since this is in the
industrial relevant regime, it is decided that this fit is acceptable. The empirically fitted values are
tabulated below.

Coefficient Value
A -2.5541
B −8.1781 · 10−3

C 5.6885 · 10−3

D 310.8739
E 9.4795 · 10−4

F −1.9428 · 10−7

Table 3: NaOH conductivity fitting parameters
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E. P&ID

Figure 3: P&ID of the chlor-alkali setup
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F. Experimental polarization curve conditions

T (K) NaOH (wt%) NaCl (wt%) Erev Φm,A (g/s) Φm,C (g/s)
301 33.3 16.8 2.2862 4 4
327 33.9 25.7 2.2502 4 4
342 32.5 26.0 2.2311 4 4

Table 4: Polarization curve conditions

G. Nyquist plots

Figure 4: Nyquist plots at 0.01, 0.02, 0.04 0.05 and 0.06 A/cm2.

I (A/cm2) R1 (Ω) R2 (Ω) Q (sN/Ω) N (-)
0.01 6.64 · 10−2 3.79 · 10−2 4.79 · 10−1 8.06 · 10−1

0.02 6.76 · 10−2 2.11 · 10−2 3.86 · 10−1 8.43 · 10−1

0.04 6.81 · 10−2 1.29 · 10−2 4.13 · 10−1 8.38 · 10−1

0.05 6.81 · 10−2 1.03 · 10−2 3.73 · 10−1 8.56 · 10−1

0.06 6.78 · 10−2 1.03 · 10−2 6.28 · 10−1 8.01 · 10−1

Table 5: Nyquist plot fitting parameters

H. Density

The temperature and concentration dependent densities of NaOH and NaCl can be found below,
where Wx is the weight percentage of component x and Tc is the temperature in °C [17].
NaOH

ρNaOH = QNaOH +RNaOH ·WNaOH + SNaOH ·W 2
NaOH + TNaOH ·W 3

NaOH (6)

QNaOH = 1.00224925− 0.116831975 · 10−3 · Tc− 0.3210971 · 10−5 · Tc2 (7)

RNaOH = 0.01148599− 0.319841025 · 10−4 · Tc+ 0.21510285 · 10−6 · Tc2 (8)

SNaOH = 0.19658565 · 10−5 + 0.761527825 · 10−6 · Tc− 0.61560685 · 10−8 · Tc2 (9)

TNaOH = −0.33469112− 0.7552771 · 10−8 · Tc+ 0.661632323 · 10−10 · Tc2 (10)

NaCl
ρNaCl = QNaCl +RNaCl ·WNaCl + SNaCl ·W 2

NaCl (11)

QNaCl = 1.0004075− 0.71687895 · 10−5 ·Tc− 0.51792075 · 10−5 ·Tc2 +0.1054032 · 10−7 ·Tc3 (12)

RNaCl = 0.0074569085−0.2960572·10−4 ·Tc+0.30564225·10−6 ·Tc2−0.934493315·10−9 ·Tc3 (13)

SNaCl = 0.18372605 ·10−4+0.42360185 ·10−6 ·Tc−0.51483125 ·10−8 ·Tc2+0.1794537 ·10−10 ·Tc3
(14)
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I. Viscosity

The temperature and concentration dependent viscosity’s of NaOH and NaCl can be found below,
where xx is the weight fraction of component x and Tc is the temperature in °C [17]. Both require
the viscosity of the solvent, which is water in this case.

ηH2O =
(Tc+ 246)

(0.05594 · Tc+ 5.2842) · Tc+ 137.37
(15)

NaOH

ηsolute,NaOH = exp

(
440.2 · x0.0089764

NaOH − 423.67

(0.015949 · Tc+ 1) · (107.6x4.6489
NaOH) + 1

)
(16)

ηNaOH = ηxNaOH

solute,NaOH · η1−xNaOH

H2O
(17)

NaCl

ηsolute,NaCl = exp

(
16.222 · x1.3229

NaCl + 1.4849

(0.0074691 · Tc+ 1) · (30.78x2.0583
NaCl ) + 1

)
(18)

ηNaCl = ηxNaCl

solute,NaCl · η
1−xNaCl

H2O
(19)

J. Solubility

Oxygen
The solubility of oxygen in KOH at room temperature is given by the following equation [94].

log(S) = log(1.26 · 10−3)− 0.1746 · C (20)

Where S is the solubility of oxygen in mol/L and C is the concentration of KOH in mol/L.

Chlorine
The Henry constant for chlorine in acidic NaCl can be calculated according to the following cor-
relation [95].

Hc = (2.21− 0.00398[NaCl]) · 10−5 · 101000/T (21)

With [NaCl] in g/L, T in K and Hc in mol/L atm
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