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Abstract

Global temperature is increasing due to the greenhouse effect. To remedy this, reduction of
green house gas emissions is necessary. In the Netherlands, half of the energy for a household
is provided by gas. Renewable energy sources such as solar energy have the potential to re-
place the gas, decreasing CO2 emissions. However, solar thermal collectors typically provide
heat when least required in a household, and provide less heat when most required, both on
seasonal time scales and day/night scale. To remedy this, heat storage is required.

In this study, the use of potassium carbonate (K2CO3) as thermochemical heat storage
material is investigated. Thermochemical materials (TCMs) have a high energy storage den-
sity in the order of 1-2 GJ/m3 and are a promising candidate for heat storage in the built
environment. TCMs should provide heat storage for 20-30 years. Based on seasonal storage
with one storage/retrieval cycle per year, TCMs need to remain stable over 20-30 reaction
cycles.

Two main types of reactors are generally considered: open and closed systems. Open
systems allow exchange with outside air and thus operate at atmospheric pressure. Closed
systems on the other hand do not allow exchange with outside air and typically operate at
pressures of tens of millibars.

For optimum reactor performance, reaction kinetics of K2CO3 need to be understood. Cur-
rently, not much is known about reaction kinetics. This study investigates reaction kinetics of
K2CO3, both for multiple cycles and as a function of pressure. As a result, recommendations
can be given for reactor design. Additionally, this study researches morphology changes of
K2CO3 during cycling. Currently, no data is available on this subject, while it is very impor-
tant for reactor design.

Morphology changes are studied by imaging particles during hydration and dehydration
over multiple cycles in an environmental scanning electron microscope (ESEM). During cy-
cling, it is found that K2CO3 swells during hydration. No significant shrinking is observed
during dehydration. This results in a volume increase of the material over multiple cycles.
The volume increase during swelling is larger than what is expected of the bulk material,
which indicates an increase in porosity. This increase in porosity is also observed by crack
formation in the material, which takes place both during hydration and dehydration.

The observed volume changes are not desirable for reactor applications, as volume growth
of the particles may lead to an increasing pressure on reactor components, damaging the
reactor. Additionally, the particles may fuse together, limiting the porosity in the reactor
and thus limiting water vapor transport through the packed bed. As a result, reactor perfor-
mance may decrease after multiple cycles. To remedy this, particle stabilization may help in

iii



reducing volume growth. This remains to be investigated in future research.

For the kinetic study, a focus is made on the hydration process. Previous work has shown
that hydration is slow compared to dehydration and thus the key process to focus on. Using
a custom-built thermogravimetric analysis (TGA) setup, multicyclic hydration kinetics are
studied under various pressures.

It is shown that K2CO3 can be fully hydrated and dehydrated for at least 19 cycles. This
behavior is very promising for use in a reactor, since no material changing is necessary during
the lifetime of the reactor. An increase in hydration rate of K2CO3 is observed as a function
of experienced cycles. This can be explained by the results of the ESEM experiments, where
an increase in porosity was indicated. By increasing the porosity, water vapor transport in
the particles is enhanced, increasing the reaction rate.

No change in hydration rate of the particles could be observed as function of pressure,
because water vapor transport in the setup is slow compared to reaction of the particles. For
reactor design, this implicates lowering the pressure in the setup to accelerate the hydration
process is unnecessary. Water vapor transport in the reactor should be the key point to focus
on, as it is the limiting process for hydration. Faster water vapor transport can be achieved
by lowering the pressure in the setup, but also by inducing high air flow in an open system.
Which design is most efficient, remains subject for future research.
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Chapter 1

Introduction

1.1 Introduction

Currently, global temperature is increasing due to the greenhouse effect. At the 2015 United
Nations Climate Change Conference in Paris, a legal agreement has been made that the
increase in global average temperature should be kept to well below 2 � above pre-industrial
levels with an aim of a limit of 1.5 � above pre-industrial levels [1]. In order to achieve this,
greenhouse gas emissions need to be reduced.

In 2016, the total energy consumption of an average Dutch household was approximately
95 GJ [2]. This energy is mainly delivered to households in the form of gas and electricity.
The largest part of the energy used by a household, 45 GJ, is gas used by the boiler for hot
tap water and central heating. The other part of the energy is electricity used for various
applications, ranging from lighting the house to powering the TV. Renewable energy sources
such as solar energy have the potential to provide the largest part of the energy for a Dutch
household by providing the hot water otherwise provided by the boiler [3]. This means that
on average 45 GJ of the energy of a household in the Netherlands can be provided by other
sources than burning gas, which would certainly help in reducing emissions.

Even if enough renewable energy can be produced over a year for a household, it is impor-
tant that the energy is available when it is needed. Sadly, an important property of renewable
energy sources is often that the energy production cannot be switched on or off at will. For
example, the production of solar energy is higher during the summer months than in the
winter, while the demand for energy for households is higher in the winter than in summer.
This is illustrated in figure 1.1. To resolve this mismatch of supply and demand, heat can be
stored when the supply is high and used when the demand is high. Thus, heat storage poten-
tially allows renewable energy source to be used for residential heating, ultimately reducing
gas usage and CO2 emissions.
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CHAPTER 1. INTRODUCTION

Figure 1.1: Average gas consumption for heating and sun radiation over one year (2015) [4]. Figure
obtained from Donkers [5].

1.2 Aim of this study

A large part of the energy for residential use can potentially be replaced by renewable energy
with the help of heat storage. Therefore, this work focuses on heat storage for the residential
sector. Donkers et al. described criteria for a residential heat storage system and suggested
thermochemical heat storage as storage technology [6]. Thermochemical heat storage func-
tions based on thermochemical reactions, where heat can be stored and retrieved from a
thermochemical material (TCM) during a chemical reaction. Key benefits of thermochemical
heat storage compared to other storage techniques such as latent heat storage or phase change
materials (PCMs) include nearly loss-free storage and high energy density (TCM: 2 GJ/m3,
PCM: 0.4 GJ/m3, water: 0.2 GJ/m3 [5]). In addition, thermochemical heat storage can be
used at temperature ranges for the residential sector. Solar heat collectors typically store heat
at temperatures up to 100 � [3, 6, 7]. In order to absorb as much heat from solar radiation as
possible, the storage system should accommodate heat storage up to 100 �. The main uses
of a residential heat storage system are hot top water and heating. As a consequence, heat
release should be available at temperatures of 65 � or higher.

1.2.1 Material selection

Salt hydrates are a subgroup of thermochemical materials. They operate based on reversible
chemisorption of water vapor with a solid [8]. Because water vapor can be safely stored, salt
hydrates are promising for use in the residential sector. Donkers et al. carried out a review
of 563 salt hydrate reactions, where potassium carbonate (K2CO3) is selected as the most
promising material [6]. This selection is based on energy density, suitable temperature and
water vapor pressure for operation, price and chemical stability.
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1.2. AIM OF THIS STUDY

1.2.2 Material stability

A heat storage system should be usable for 20-30 years, without replacing the active material
inside [6]. Based on seasonal heat storage with one complete cycle per year, this means
thermochemical material needs to remain stable over 30 cycles.

Material stability is investigated by studying reaction kinetics and morphology changes.
Previous work by TNO shows that for reaction kinetics, hydration is the key process to focus
on, as it is slow compared to dehydration [9]. Currently, hydration kinetics of K2CO3 are not
well understood and not much is known about stability over multiple cycles. Therefore, one
research question of this study is:

What are the hydration kinetics of K2CO3 and how do they behave over multiple cycles?
Furthermore, no information is available on morphologic behavior of K2CO3 over multiple
cycles. This study aims to obtain a better understanding on changes in sample morphology
by answering the following question:

What happens to the morphology of K2CO3 during reaction and what is the influence of
multiple cycles on sample morphology?
Morphology changes are studied in-situ in an environmental scanning electron microscope
(ESEM).

1.2.3 Reactor concepts

Two main reactor concepts exist for heat storage: open and closed reactors [10]. In a closed
system both the heat storage material and the water storage are included in the system. No
exchange with outside air is possible. Closed systems typically operate at pressures of tens
of millibars in order to allow for fast diffusion [6]. In an open system the water reservoir can
be stored seperately from the heat storage material. Open systems operate at atmospheric
pressure. In order to determine which concept is more suitable for thermochemical heat stor-
age, the influence of pressure on reaction kinetics needs to be studied. For K2CO3, Stanish
and Perlmutter have performed thermogravimetric analysis (TGA) to study reaction kinetics
over multiple cycles [11]. However, different than the work of Stanish and Perlmutter, which
is performed at a single pressure, this study uses a custom TGA setup which can measure
hydration kinetics of K2CO3 at various pressures. The following research question is investi-
gated:

What is the influence of pressure on the hydration kinetics of K2CO3?

1.2.4 Reaction model

Currently, a reaction model for a salt-sorbate system is being developped at TNO [9]. This
model consists of three key processes: transport of moisture, transport of heat and reaction.
Internal heat transport of salt particles is shown to be fast compared to reaction and moisture
transport timescales. Consequentially, the dominating time scale is connected to either the
reaction rate, mass transport in the salt particle or boundary effects. Experimentally, bound-
ary effects can be removed by applying a vacuum, because mass transport from and to the
particle is considered very fast at low pressures. By measuring at low pressure, the custom
vacuum TGA setup can thus be used to determine if either the reaction rate or transport of
moisture in the salt particle is the limiting process for hydration. Furthermore, time scales
obtained in the custom vacuum TGA setup can provide crucial input for the reaction model.
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CHAPTER 1. INTRODUCTION

1.3 Thesis outline

Thermochemical materials are described in chapter 2. First, an explanation is given on
the choice for thermochemical storage as preferred storage method over other heat storage
methods. After that, the choice of K2CO3 as heat storage material is explained. The second
part of chapter 2 describes K2CO3 as a heat storage material. Here, the use and calculation
of the phase diagram of K2CO3 is explained.

Chapter 3 provides a description of the three main experimental setups used for this
research. For each setup an overview is given with the operating principles and conditions.
Calibrations of the setups are also provided in this chapter. The first setup discussed is
the cyclic measurement setup, used to hydrate and dehydrate sample easily over multiple
cycles. After that the custom vacuum oven TGA is described. This setup is used to measure
hydration kinetics of K2CO3. Finally, the environmental scanning electron microscope is
described, which is used to study morphology changes of K2CO3 during cycling.

Morphology changes of K2CO3 during hydration and dehydration are studied in chapter 4.
First, the experimental conditions are explained. After that, a description of particle swelling
and shrinking during hydration and dehydration respectively is provided. At the end of the
chapter, crack formation during cycling is studied.

Hydration kinetics of K2CO3 are studied in chapter 5. First, the conditions used during
the experiments are explained. After that, the influence of multiple cycles on hydration rate
is studied. Finally, the influence of total pressure on hydration rate is studied.
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Chapter 2

Thermochemical materials

This chapter discusses thermochemical materials (TCMs) as means of heat storage. In sec-
tion 2.1 an overview is given of different heat storage methods. Thermochemical heat storage
is chosen as the most promising candidate for seasonal heat storage, because of its relatively
high storage density and nearly loss-free storage. Based on a study by Donkers et al. [6],
potassium carbonate (K2CO3) is selected as most suitable TCM and chosen for this research.
Section 2.2 then discusses the use of K2CO3 as TCM. Here, hydration and dehydration reac-
tions are explained and a phase diagram of the K2CO3-H2O system is presented. At the end
of section 2.2, formation of potassium bicarbonate (KHCO3) as side reaction is discussed.

2.1 Thermal energy storage: principles and selection

Thermochemical reactions can be used to store heat inside a solid material. The materials
suitable for this technique are called thermochemical materials (TCMs). Early propositions
for this heat storage concept have been made in the twentieth century, for example by Gold-
stein [12].

2.1.1 Thermodynamics of heat storage

Thermochemical heat storage is one of the available methods for thermal energy storage
(TES). A conventional form of heat storage is storing heat in water. This is an example of
sensible heat storage. In the Netherlands, a boiler is used in most residences to provide hot
water and heating of the house [2].
For sensible heat storage, heat is stored by increasing the temperature of the material, which
can be a solid or liquid. The maximum amount of heat Qsensible [J] stored in a mass
m [kg] of material for temperature change ∆T [K] depends solely on the specific heat ca-
pacity cp [J/(kg·K)] of the material, as shown in equation 2.1 [13]. No phase transitions take
place during sensible heat storage:

Qsensible = m · cp ·∆T. (2.1)

In case of latent heat storage, heat is stored in a material when the material undergoes
a phase transition. Here the amount of heat Qlatent [J] stored in a mass m [kg] of material
depends on the enthalpy change ∆Hphasechange [J/kg] corresponding to the phase change, as
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CHAPTER 2. THERMOCHEMICAL MATERIALS

shown in equation 2.2 [13]. Because the phase change is used to store heat, latent heat storage
materials are referred to as phase change materials (PCMs):

Qlatent = m ·∆Hphasechange. (2.2)

Thermochemical heat storage operates using chemical reactions to store heat. For all
TCMs a reversible thermochemical reaction is required in order to both store and retrieve
energy. The amount of heat QTC [J] stored in a mass m [kg] of material depends on the
reaction enthalpy ∆Hreaction [J/kg], as shown in equation 2.3:

QTC = m ·∆Hreaction. (2.3)

For heat storage, it is important to store as much heat as possible at a desired tempera-
ture range. By looking at the Gibbs free energy, some conclusions can be drawn about what
materials are ideal for heat storage. This will be explained below.

The system is defined as a fixed amount of water molecules and a fixed amount of salt
molecules, which is kept at fixed pressure p and has temperature T . This system is called a
closed system, because no particle exchange is possible between the system and its environ-
ment.

The Gibbs free energy is a thermodynamic potential for a closed system and is shown in
equation 2.4:

∆G = ∆H − T∆S, (2.4)

where ∆G is the change in Gibbs free energy [J], ∆H the change in enthalpy [J], T the
temperature [K] and ∆S the change in entropy [J/K].
When a closed system is used, the change in Gibbs energy is zero. Equation 2.4 shows that
if a closed system is desired which can store or retract heat at a certain temperature T ∗, T ∗

is given by equation 2.5:

T ∗ =
∆H∗

∆S∗
. (2.5)

In order to achieve the highest amount of heat ∆H∗ stored at given temperature T ∗, a
∆H∗ is required which is as high as possible. This is only possible if ∆S∗ is as high as
possible as well. A high value of ∆S∗ means a high change in entropy, or a large change
in ordinance of the material. Between sensible heat storage, PCMs and TCMs, the entropy
change is largest for heat storage in (part of the) TCMs, since there is a transition from the
orderly solid phase to the chaotic gas phase. TCMs exist in various forms and do not always
use gas-solid reactions, but for this thesis only the TCMs which use gas-solid reactions are
considered. Therefore, because of the large entropy change, the heat storage density of TCMs
is expected to be large compared to PCMs and sensible heat storage. An overview of heat
storage densities of different PCMs and TCMs, as well as water, is shown in figure 2.1 [8].
Here, it is shown that the typical heat storage density is higher for TCMs than PCMs, which
in turn have a higher storage density than water. This is in agreement with the theory above.
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2.1. THERMAL ENERGY STORAGE: PRINCIPLES AND SELECTION

Figure 2.1: Overview of the storage density of TCMs, PCMs and water as function of the operating
temperature. Image obtained from Ferchaud [8].

TCMs provide another key advantage besides high storage density compared to PCMs and
sensible heat storage: TCMs allow for nearly loss-free energy storage, allowing long-term heat
storage.

2.1.2 TCM selection

TCMs can operate based on various kinds of reactions. This thesis focuses only on gas-solid
reactions, because the expected storage density of these TCMs is high due to large entropy
changes. This allows compact heat storage. Within this group of TCMs, various gas-solid
reactions are possible. However, all reactions in this category use a solid, called the sorbent,
which can store and release heat by reversible chemisorption of a gas, called the sorbate [8].

In general, a hydration and dehydration equilibrium reaction for a salt X can be described
by equation 2.6. The dehydration reaction is endothermic as opposed to the hydration reac-
tion, which is exothermic. For hydration reactions, water is the sorbate. However, reactions
with different sorbates also exist. Equation 2.7 and equation 2.8 show thermochemical reac-
tions where ammonia and methanol are the sorbate respectively:

X · nH2O(s) ⇀↽ X ·mH2O(s) + (n−m)H2O(g), (2.6)

Y · nNH3 (s) ⇀↽ Y ·mNH3 (s) + (n−m)NH3 (g), (2.7)

Z · nCH3OH(s) ⇀↽ Z ·mCH3OH(s) + (n−m)CH3OH(g). (2.8)

This research focuses on heat storage systems for residential areas. Using NH3 or CH3OH
as sorbate is not desirable for residential use, because of safety regulations [14]. Therefore,
this research focuses on hydrates.
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CHAPTER 2. THERMOCHEMICAL MATERIALS

Various studies have been performed on finding a suitable material for residential heat
storage [6, 15–20]. Donkers et al. [6] reviewed 563 salt hydrate reactions to find a suitable
residential seasonal heat storage material based on several criteria. The criteria used to select
a salt hydrate are listed in table 2.1 [6].

Table 2.1: List of selection criteria for K2CO3, CaCl2 and Na2S. Selection criteria and data of the
three salts are taken from Donkers [6].

Point of consideration K2CO3 CaCl2 Na2S

Highest hydrate in reaction 1.5 2 5

Lowest hydrate in reaction 0 0 0

Energy density
(open system)

1.30 GJ/m3 1.54 GJ/m3 3.17 GJ/m3

Volume variation (shrinking) 22% 35 % 60 %

Hydration temperature (at
12 mbar water vapor pressure)

59 � 63 � 66 �

Dehydration temperature (at
20 mbar water vapor pressure)

65 � 111 � 82 �

Lowest melting point >150 � 176 � 82 �

Deliquescence vapor
pressure (at 25 �)

14 mbar 7.8 mbar >11 mbar

Price 1 euro/kg 0.29 euro/kg 0.65 euro/kg

Chemical stability
of the complexes

No known concerns No known concerns H2S formation

Point of concern No known concerns
Deliquescence and
higher hydrates

Safety/Instable

Energy density is an important selection criterion for heat storage materials, because high
energy density reduces the space necessary for heat storage. Volume variations should be as
small as possible, in order to use the material easily in a reactor. High volume variations
reduce the mechanical stability of the material [21] and could induce stress in the reactor.
The hydration temperature of the material should be in a suitable range for dehydration in
the winter, when a vapor pressure of 12 mbar is expected in the system [6]. If only domestic
heating is required, this temperature could be lower than when heating of hot tap water is
required. For the latter case, a temperature between 50 � and 65 � is required [6]. The
dehydration temperature of the material is chosen at a vapor pressure of 20 mbar, the ex-
pected water vapor pressure of the system in the summer (based on a temperature of 18 �).
The dehydration temperature should be as low as possible, in order to use as much available
heat from solar collectors as possible for dehydration of the material. Melting of the material
should be avoided, because the material can fuse together and limit the transport process
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in the reactor. Therefore, a melting temperature higher than the temperature of the heat
provided by the solar collectors is required (Tmelting > 120 �). Deliquescence of the TCM
should be avoided as well, because the material can fuse together during deliquescence. A
deliquescence vapor pressure that is too low can lead to deliquescence of the material when
hydrating the material while it is cold.

Based on the criteria in table 2.1, Donkers et al. suggested a shortlist of 25 materials.
Three of these materials are shown in table 2.1. Potassium carbonate (K2CO3) and calcium
chloride (CaCl2) are two examples of readily available materials, which results in a low price.
Both materials have also not shown any safety issues, which would make the material more
suitable for residential heat storage. An example of a material with high energy density is
natrium sulfide (Na2S). However, despite having a high energy density of 3.17 GJ/m3 for
low material cost, formation of H2S during reaction is a significant safety issue and therefore
requires a closed system where the gas can not escape. Because of the H2S formation, Na2S
is less desirable for residential heat storage.
No ideal material was found in the study by Donkers et al., because even when the storage
density and the hydration and dehydration temperature suffice, often other issues such as
corrosion or toxicity occur. One material on the shortlist which is not expected to exhibit
such behavior is K2CO3, which makes the material easy to work with. Another benefit of
K2CO3 is the existence of only one hydrated phase, which makes distinguishing between dif-
ferent phases of the material easier. Therefore, for this study K2CO3 is selected as research
material.

2.2 K2CO3 as TCM: phases and reactions

This section explains the use of K2CO3 as heat storage material. To understand hydration
and dehydration reactions, a good understanding of water vapor pressure is required. The
calculation of saturated water vapor pressure is explained in section 2.2.1. After that, the
phase diagram of K2CO3 in equilibrium with water vapor is presented in section 2.2.2. Finally,
potassium bicarbonate (KHCO3) formation as side reaction is discussed in section 2.2.3.

2.2.1 Saturated water vapor pressure

Air consists of a mixture of various gasses. All of these gasses have a separate partial pres-
sure. The maximum partial pressure is called the saturated vapor pressure of the gas. For this
research, the saturated vapor pressure of water in air determines the rate of hydration and
dehydration and therefore is an important parameter. The saturated vapor pressure of water
in air as a function of temperature can be calculated by different equations. This section
discusses the Clausius-Clapeyron equation and the Antoine equation and compares both to
reference data.

The Clausius-Clapeyron is named after Clausius and Clapeyron, who both presented this
equation individually in the nineteenth century [22, 23]. The Clausius-Clapeyron equation
describes a discontinuous phase transition between two phases of the same material. When
the Clausius-Clapeyron equation is used for the transition from fluid water to gaseous water
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in air, the ideal gas approximation can be used. If this approximation is used, the Clausius-
Clapeyron equation is given by equation 2.9:

dp

dT
=
p∆Hvap

T 2R
, (2.9)

where p is the water vapor pressure [mbar], T the temperature [K], R the ideal gas constant
(8.314 J mol−1 K−1 [24]) and ∆Hvap the vaporization enthalpy of water.

By using the Clausius-Clapeyron equation, the saturated water vapor pressure can be
calculated as a function of temperature. To simplify the calculation, it is often assumed the
vaporization enthalpy is independent of temperature. However, when the temperature depen-
dence of the vaporization enthalpy is taken into account, a more accurate result is obtained
for the saturated water vapor pressure. This is shown in appendix A.

The Antoine equation is presented by Antoine in 1888 [25]. This equation is a semi-
empirical equation used to calculate the saturation water vapor pressure as a function of
temperature. A general form of the Antoine equation is shown in equation 2.10:

log10 p = A− B

C + T
, (2.10)

where p is the water vapor pressure [mbar], T the temperature [�] and A [a.u.], B [�−1]
and C [�] constants depending on the material and temperature range.

By fitting reference data of the International Critical Tables [26] with the Antoine equation,
the parameters A, B and C are obtained as displayed below. The temperature range of the
reference data used is 0 � to 100 �.

A = 8.1478 ± 0.0009 a.u.

B = 1702.9 ± 0.5 �−1

C = 231.18 ± 0.04 �

A comparison of the Antoine equation and Clausius-Clapeyron (both with temperature
dependent and independent vaporization enthalpy) is shown in figure 2.2. The inset of the
graph shows the saturated water vapor pressure as function of temperature. Data points are
taken from the International Critical Tables and fitted with the Antoine equation.

For the graph itself, the difference of the calculated value pcalc and the reference value pref [26]
is divided by the reference value to generate a relative difference. This difference is shown as a
percentage. For a more detailed explanation on the calculation of the curves see appendix A.

As expected, introducing a temperature-dependent vaporization enthalpy in the Clausius-
Clapeyron equation improves the accuracy compared to the temperature-independent version.
The Antoine equation provides the most accurate results of the three methods, with a relative
difference compared to literature data of 1% at low temperatures and lower percentages at
higher temperatures. Therefore, when calculating the saturated water vapor pressure, the
Antoine calculation is used with the parameters displayed in this section.
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Figure 2.2: Plot of the relative difference of the vapor pressure of water in air for calculated data com-
pared to literature data [26]. The Clausius-Clapeyron data with temperature-independent vaporization
enthalpy is shown in red, the Clausius-Clapeyron with temperature-dependent vaporization enthalpy in
green and the Antoine data is shown in blue. Of the three methods the Anoine equation provides the
most accurate results. The inset shows the water vapor pressure versus temperature [26] fitted with the
Antoine equation.

2.2.2 The K2CO3 system in equilibrium with water vapor

This section first presents the phase diagram of the K2CO3 system in equilibrium with water
vapor. After that, the thermodynamics of pT phase lines used to calculate the phase diagram
are explained.

2.2.2.1 Phase diagram

The hydration and dehydration rate of K2CO3 form an equilibrium which depends on the
applied water vapor pressure and temperature. For K2CO3 only one hydrated phase is known,
the sesquihydrate K2CO3 ·1.5 H2O. The equilibrium reaction is shown in equation 2.11:

K2CO3 ·1.5 H2O(s) ⇀↽ K2CO3 (s) + 1.5H2O(g). (2.11)

As said, the equilibrium in equation 2.11 depends on the water vapor pressure and temper-
ature. A phase diagram can be used to display the pressures and temperatures for which each
phase is thermodynamically stable. The phase diagram for the K2CO3 system in equilibrium
with water vapor is shown in figure 2.3. Here, the water vapor pressure is displayed on the
vertical axis while the temperature is displayed on the horizontal axis. In a phase diagram the
equilibrium line between two phases can be obtained from pressure-temperature (pT ) data.
The calculation of these equilibrium lines is described in section 2.2.2.2. In figure 2.3 the
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black line shows the equilibrium between the anhydrous K2CO3 and the hydrated phase of
the same material: the sesquihydrate. In the area under the black line, the anhydrous phase
is thermodynamically favored, whereas sesquihydrate is expected to be found in the area be-
tween the black and red line. The red line shows the deliquescence vapor pressure of K2CO3.
In the area above this line but under the blue line, the material is expected to show deliques-
cence. When deliquescence takes place, the material absorbs water from the surrounding air
until it eventually dissolves. The blue line shows the saturation vapor pressure of water. For
pressures higher than the blue line, water will condense from the air.
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Figure 2.3: Phase diagram of K2CO3 in equilibrium with water. The pT -data of the equilibrium between
anhydrate and sesquihydrate is taken from the International Critical Tables [27] and shown in black.
pT -data of deliquescence is taken from Greenspan [28] and shown in red. The saturation water vapor
pressure calculated by the Antoine equation is shown in blue. Solid lines show interpolated data, while
dashed lines indicate extrapolated data.

2.2.2.2 Thermodynamics of pT -phase lines

Equilibrium lines between different hydration states of a salt hydrate in a pT phase diagram
can be described by the Clausius-Clapeyron equation. The Clausius-Clapeyron equation is
given by equation 2.12. In this case, it is assumed the vaporization enthalpy is independent
of temperature:

p = pref exp

(
∆Hvap

R

(
1

Tref
− 1

T

))
, (2.12)

where p is the water vapor pressure [mbar], pref the reference pressure [mbar], T the tem-
perature [K], Tref the reference temperature [K] (corresponding to pref ), R the ideal gas

12



2.2. K2CO3 AS TCM: PHASES AND REACTIONS

constant (8.314 J mol−1 K−1 [24]) and ∆Hvap [J mol−1] the vaporization enthalpy of water.

Alternatively, equation 2.12 can be written as:

R ln
p

pref
= ∆Svap −

∆Hvap

T
, (2.13)

where the vaporization entropy is given by ∆Svap =
∆Hvap

Tref
[J mol−1 K−1].

In order to calculate the equilibrium line between two hydration states from pT data, the
reaction enthalpy ∆Hvap and entropy ∆Svap are required. When literature data [27] is used
to plot R ln p

pref
as a function of 1

T , a linear behavior is found. Because of this, a linear fit

can be used to determine the reaction enthalpy ∆Hvap as the negative slope of the fit, and
the reaction entropy ∆Svap as the intersection of the fit with the vertical axis. In order to
calculate ∆Hvap and ∆Svap, the reference pressure pref is assigned a standard value of 1 atm.
The consequence of this is that ∆Svap is defined at 1 atm. The pT data points are shown in
figure 2.4 together with a linear fit.
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Figure 2.4: Plot of R ln p
pref

versus the reciprocal temperature T . Data points are shown in black and

are taken from the International Critical Tables [27]. The red line shows a linear fit of the data.

The value of the vaporization enthalpy ∆Hvap obtained from the fit in figure 2.4 is
62.5 ± 0.8 kJ per mole H2O. The vaporization enthalpy ∆Svap obtained this way has a
value of 151 ± 2 J K−1 per mole H2O.

The saturated water vapor pressure in the phase diagram in figure 2.3 is calculated by the
Antoine equation as described in section 2.2.1.
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For K2CO3, the deliquescence line can be found at approximately 43% RH. This line is
calculated by interpolating and extrapolating data from Greenspan [28]. Greenspan provides
the water vapor pressure above a saturated salt solution as a function of temperature for
various salts, including K2CO3. Since the water vapor pressure above a (super)saturated salt
solution is equivalent to the deliquescent pressure, the data from Greenspan can be used in
the phase diagram of K2CO3. Note that Greenspan only provides data up to 30 �. For higher
temperatures, the extrapolated data will become less accurate.

2.2.3 Side reactions: potassium bicarbonate formation

Potassium bicarbonate (KHCO3) can be formed as a side reaction of K2CO3 or
K2CO3 ·1.5 H2O with CO2. The chemical reactions are displayed in equation 2.14:

K2CO3 (s) + H2O(g) + CO2 (g) ⇀↽ 2KHCO3 (s),

K2CO3 ·1.5 H2O(s) + CO2 (g) ⇀↽ 2KHCO3 (s) + 0.5H2O(g).
(2.14)

By using the fact that the Gibbs energy is zero at an equilibrium between two materials
involved in a chemical reaction, the phase diagram of the KHCO3-K2CO3-K2CO3 ·1.5 H2O
system can be calculated. This calculation has been carried out by Biemans [29] based on
enthalpy and entropy data from Wagman et al. [30]. The resulting phase diagram from
Biemans is shown in figure 2.5. The phase diagram shows that KHCO3 is stable at a region
which is also used during experiments. This means formation of KHCO3 is possible. However,
if the formation rate of KHCO3 is slow compared to the hydration rate of K2CO3, formation
of KHCO3 will not be significant.

Side reactions such as KHCO3 formation are undesirable, since the amount of active mate-
rial available for heat storage is reduced. However, for KHCO3 this lost heat storage material
can be recovered by heating the system to outgas the CO2 from the KHCO3.

Figure 2.5: Phase diagram of the KHCO3-K2CO3-K2CO3 ·1.5 H2O system calculated by Biemans [29]
based on enthalpy and entropy data from Wagman et al. [30]. Different colored areas indicate stability
regions of the three materials.
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Chapter 3

Setup description and
characterization

For this research mainly three setups are used to study the hydration of K2CO3. This chapter
provides an overview of the setups, along with characterization experiments of the setups.
These characterization experiments focus on sensor performance under vacuum conditions.
The first discussed setup is the cyclic measurement setup. In this setup, salt hydrates can
be cycled by controlling the water vapor pressure and the sample temperature. Secondly, the
custom vacuum oven thermogravimetric analysis (TGA) setup is discussed. In the custom
vacuum oven TGA setup, the mass of a salt can be measured during hydration under various
pressures. Finally, environmental scanning electron microscopy (ESEM) is discussed. An
environmental scanning electron microscope is used in this research to simultaneously image
and condition salt particles, in order to study morphology changes of the material during
cycling.
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3.1 Cyclic measurement setup

3.1.1 Overview

The cyclic measurement setup is shown in figure 3.1(a) and schematically in figure 3.1(b).
The goal of the setup is to hydrate and dehydrate K2CO3 for multiple cycles in order to
prepare the material for study under the electron microscope. Material cycling is performed
by controlling the sample temperature and the water vapor pressure in the setup.

(a) The cyclic measurement setup. (b) Schematic overview.

Figure 3.1: Picture and schematic overview of the cyclic measurement setup.

The cyclic measurement setup consists of a cylindrical glass vessel, partially filled with
water. By controlling the temperature of this water reservoir, the water vapor pressure in the
setup is controlled. In the middle of the vessel a double-walled glass holder is positioned. A
sample can be placed inside this holder. Because the holder is double-walled, water can be
pumped through the holder to control the temperature of the sample.

Two Lauda ECO RE415 thermostats are used to control the temperature of the water
reservoir and the sample in the setup. The Lauda thermostats receive feedback from two
PT100 temperature sensors which can be inserted in glass tubes in the setup: one in the
water reservoir and one in the sample. The setup is isolated with styrofoam. This allows
stable temperature control of the water reservoir and stabilizes the water vapor pressure.

A vacuum can be applied by opening the glass valve which is connected to an Edwards RV3
oil pump. This way, the pressure in the setup can be lowered until the boiling point of water
is reached. The total pressure in the setup is measured by a Pfeiffer CMR 361 pressure sensor,
which is connected to a Pfeiffer TPG 361 controller. The sensor is placed at the top of the
setup, as shown in figure 3.1(a).
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3.1. CYCLIC MEASUREMENT SETUP

3.1.2 Verification of the saturated water vapor pressure

The water vapor pressure in the setup is expected to depend on the water reservoir tempera-
ture via the Antoine equation (equation 2.10). In this section a calibration is performed where
this behavior is verified by measuring the water vapor pressure as function of temperature.

The partial water vapor pressure cannot be directly measured in this setup, as the total
pressure in the setup is measured instead. At the beginning of the experiment, air is removed
from the setup by pumping until boiling of the water reservoir becomes visible. In that case,
the water vapor pressure in the setup is approximated by the total pressure. Air can still
leak into the setup, which makes this approximation invalid. Therefore, the leak rate of the
setup is measured and subtracted from the total pressure to obtain the water vapor pressure.
The result of one leak test is shown in figure 3.2. At the start the measurement, the pressure
increases rapidly for roughly one hour. After this, the pressure increase becomes more linear.
The leak rate of the setup during this linear increase is 0.19 mbar/h.
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Figure 3.2: Plot of the total pressure versus time during a leak test. Both the temperature of the sample
holder and water reservoir are set to 21 �. The leak rate is 0.19 mbar/h.

When the leak rate of the setup is known, the water vapor pressure can be calculated.
For calibration, the water vapor pressure is measured as a function of temperature. For this
experiment, the sample temperature setpoint is set equal to the water reservoir temperature
setpoint for a temperature range between 7 � and 70 �. No sample is present in the setup
during the experiment. The results are shown in figure 3.3.
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Figure 3.3: Plot of the water vapor pressure versus temperature (fig.3.3(a)) and the water vapor
pressure and temperature versus time (fig.3.3(b)). In figure 3.3(a), the theoretical water vapor pressure
calculated by the Antoine equation is shown in black, the experimental water vapor pressure versus
the water reservoir temperature in red and the experimental water vapor pressure versus the sample
temperature in blue. In figure 3.3(b), the water vapor pressure is shown in black, the temperature of
the water reservoir in red and the sample temperature in blue.

In figure 3.3(a), the water vapor pressure is plotted versus temperature. The water vapor
pressure is plotted as function of the water reservoir temperature in red. The water vapor
pressure as function of the sample holder temperature is shown in blue. Both results are
compared to the Antoine equation, which is shown in black. For temperatures between
10 � and 50 �, the experimental water vapor pressure is higher than the theoretically
expected value. Up to 10 mbar of pressure difference is measured. The reason for this
deviation is unknown. The temperature of the pressure sensor is not controlled and may be a
contributing factor. However, even at room temperature a higher water pressure is measured
than expected, so the temperature of the sensor is not the only contributing factor. Another
factor may be the leak test which is used to calculate the water vapor pressure. This leak
test is performed at pressures between 25 and 40 mbar, and therefore not accurate when the
total pressure in the setup is different from the pressure during the leak test. Figure 3.3(b)
shows that during calibration pressures up to 300 mbar are measured, which is much larger
than the pressure during a leak test.

Additionaly, figure 3.3(a) shows that the blue and the red curve are not equal. The reason
for this is that the sample holder temperature is not always equal to the water reservoir
temperature. This is caused by the large volume of the water reservoir, which reacts more
slowly to temperature changes than the sample holder. Therefore, especially when large
temperature changes are applied (at temperatures above 40 �, as shown in figure 3.3(b)),
the difference between the red and blue curve in figure 3.3(a) becomes larger.

Note that the partial water vapor pressures shown in figure 3.3 are measured at the position
of the pressure sensor. Locally, at the sample, the water vapor pressure is influenced by the
temperature of the sample holder. This effect is illustrated in figure 3.4. The water vapor
pressure directly above the surface of the water reservoir is controlled by the temperature of
the water on the surface. However, when this water vapor collides with a object of higher
temperature, e.g. the sample holder, locally the pressure will increase because the water

18



3.1. CYCLIC MEASUREMENT SETUP

molecules obtain extra energy.

Figure 3.4: Schematic overview of the cyclic measurement setup where the sample temperature is higher
than the water reservoir temperature. Initially, water vapor molecules evaporate from the water surface
and assume a certain velocity, as illustrated by the blue particles. After collision with the warm sample
holder the water molecules get a higher velocity, which is illustrated by the red particles.

To study if the effect described above is a local effect or is measurable in the entire setup,
an experiment has been performed where the water reservoir temperature is kept constant and
the sample holder temperature is varied. The result of this experiment is shown in figure 3.5:
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Figure 3.5: Plot of the water vapor pressure and temperature of the sample holder and water reservoir
versus time. The temperature of the water reservoir is kept constant, the sample holder temperature
is varied. The cycle displayed in this figure is used to dehydrate and hydrate K2CO3.
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In figure 3.5, it is shown that the water vapor pressure is fluctuating during the experi-
ment. These fluctuations have the same time scale as the fluctuations in the water reservoir
temperature. Therefore, the cause of the fluctuations is most likely the varying water reser-
voir temperature. From figure 3.5, it can be concluded that the sample holder temperature
influences on the water vapor pressure is insignificant compared to the influence of the wa-
ter reservoir temperature. This shows that if the water vapor pressure is influenced by the
sample holder temperature, the effect is a local effect. The measured water vapor pressure
varies between 12.7 and 15.5 mbar, which combined with the sample temperature is suitable
to dehydrate and rehydrate K2CO3. With this setup, it can not be verified if this water vapor
pressure is also present at the sample. As a result, it is not possible to conclude if K2CO3

can be cycled in the setup. Therefore, an experiment has been performed to verify if K2CO3

hydrates and dehydrates for the cycle given in figure 3.5.

To test if cycling of K2CO3 is possible in the setup, 20 mg of the sesquihydrate has been
placed inside the setup and dehydrated at 73 �, while the temperature of the water reservoir is
set to 7 � (same conditions as in figure 3.5). To verify if the sample is dehydrated, the sample
is removed from the setup and weighed. At the conditions mentioned above, the sample is
dehydrated in less than 30 minutes. For hydration of the sample, a sample temperature of
30 � is used at a reservoir temperature of 7 �. Completion of the hydration process is again
verified by measuring the mass change. Complete hydration was measured after 90 minutes in
the setup. Based on these dehydration and hydration times, the cycle in figure 3.5 is used to
dehydrate and hydrate K2CO3. If a different sample mass is used, hydration and dehydration
times should be changed accordingly.
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3.2 Custom vacuum oven TGA setup

3.2.1 Overview

The custom vacuum oven thermogravimetric analysis (TGA) setup is used to study reaction
kinetics of K2CO3 during multicyclic hydration and as a function of pressure. In the oven
the temperature can be regulated by a temperature controller and the water vapor pressure
is controlled by placing a saturated salt solution in the oven. By controlling temperature and
water vapor pressure, hydration in K2CO3 can be induced. Because the sample is placed on a
balance, the mass can be measured during hydration. The custom vacuum oven TGA setup
is shown in figure 3.6:

Figure 3.6: The custom vacuum oven TGA setup.

The custom vacuum oven TGA setup consists of a modified Heraeus VTR 5036 vacuum
oven with various sensors inside. To reduce the vacuum leak rate of the oven, the original
valve of the oven is replaced by a Pfeiffer AVC 016 SA manual valve. Furthermore, the
external gas inlet of the oven has been sealed. The original analog temperature has been
replaced by a more accurate digital temperature controller. The temperature controller used
is the Eurotherm 2216e which is connected to a type K thermocouple. To the left of the oven
the manual valve is connected to a Edwards RV3 oil pump to evacuate air from the system.
An MKS Baratron Type127 pressure sensor is placed outside of the oven and connected to
an MKS PR4000 power supply and readout which is connected to a computer via an RS232
connection. A fan can be placed in the oven to induce airflow.

Inside of the oven the water vapor pressure is controlled by a saturated salt solution placed
on the bottom tray of the oven. For the hydration experiments of K2CO3 a saturated MgCl2
solution is used. This is further discussed in paragraph 3.2.4. The sample is placed in a glass
petri dish on top of a Mettler Toledo PB303-S balance. The balance is placed on the top
shelf of the oven. A Sensirion SHT21 humidity sensor is placed a few centimeter from the
sample to monitor the water vapor pressure during experiments. The RH sensor and balance
are connected to a computer via a usb connection.
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3.2.2 The Mettler Toledo PB303-S balance

Figure 3.7: The Mettler Toledo
PB303-S balance.

The balance used in the custom vacuum oven TGA setup is a
Mettler Toledo PB303-S, shown in figure 3.7. Up to 300 g of
sample can be measured on the balance with an accuracy of
1 mg. The balance can be operated up to a maximum temper-
ature of 50 �. The sample is placed in a glass petri dish, which
is placed on top of the balance.

Normally, the balance is operated under atmospheric pres-
sure at room temperature. When the balance is operated at
pressures lower than atmospheric pressure, a lower mass read-
ing from the balance is expected because of a buoyancy effect.
This is shown in figure 3.8. Under atmospheric conditions, air
pressure is present both on top and below the balance. Since
the surface area on top of the balance is larger than the bottom
area, removing air and thus air pressure will lower the force
exerted on both the top and bottom of the balance. However,
since the area on top of the balance is larger than on the bot-
tom, a larger force will be removed from the top of the balance than the bottom, resulting
in the balance displaying a lower mass for lower pressures. To compensate for this effect and
get an accurate reading, the balance needs to be calibrated.

(a) Atmospheric (b) Vacuum

Figure 3.8: Force acting on the balance in atmospheric and vacuum conditions. In a vacuum, the force
on the balance from air pressure is largely removed. Because a larger force is removed from the top of
the balance than the bottom, the balance indicates a lower mass for lower pressures.

3.2.2.1 Pressure dependency of the balance

In this section the influence of low pressure on the balance is investigated. The stability
of the balance at low pressures is investigated as well as the change in mass reading as a
function of pressure due to the buoyancy effect. In order to calibrate the balance for different
pressures, experimental conditions have been simulated as much as possible. This means that
the saturated MgCl2 solution is placed inside the oven and an empty sample holder is placed
on the balance. During calibration, the pressure in the oven is lowered to 15 ± 1 mbar. This
is the minimum pressure that can be achieved in the setup, since boiling of the saturated
salt solution takes place at this pressure. An empty glass petri dish is placed on top of the
balance. The same type of petri dish is used during experiments. The petri dish is dried at
150 � overnight before the calibration. The temperature of the setup is set to 30 �, which
is also used during experiments. The mass is then measured while the pressure in the oven is
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lowered. The results are shown in figure 3.9:
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Figure 3.9: Plot of the total pressure, water vapor pressure and the mass of the petri dish versus time.
The total pressure (black) and water vapor pressure (red) are shown on the left vertical axis. The mass
of the petri dish is shown in blue on the right vertical axis.

As shown in figure 3.9, in the beginning of the experiment the pressure in the system is
lowered from atmospheric pressure to 15 mbar. During this time, the water vapor pressure
is also lowered, because water vapor is evacuated from the system by pumping. A decrease
in mass is visible for the petri dish, which is caused by the buoyancy effect as explained
previously. After the initial pressure decrease, the pump is switched off. The total pressure
then stabilizes and slowly increases over multiple hours. This slow increase shows the leak
rate of the oven and is equal to 0.15 mbar/h. The water vapor pressure stays constant after
stabilizing until the pressure in the oven is increased again by letting in air. The mass of
the petri dish stays stable during vacuum, with a decrease of 1 mg after 7 hours. Since this
mass change is the same size as the accuracy of the balance under atmospheric conditions,
no conclusions should be drawn from this mass change. From figure 3.9, it is concluded that
the maximum error of the balance is 5 mg under vacuum conditions.

In order to use the balance under vacuum, a calibration measurement of the mass as a
function of pressure is performed. In this experiment, the mass of the empty petri dish is
measured while the pressure in the setup is decreased. The results are shown in figure 3.10.
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Figure 3.10: Plot of the mass of an empty petri dish versus the pressure during pumping down the
setup. The black points show experimental data, the red line shows a linear fit of the data. The slope
of the fit is 2.69± 0.09 · 10−2 mg/mbar.

In figure 3.10, the mass of an empty petri dish is plotted versus the pressure. At atmo-
spheric pressure, the mass of the petri dish is 51.377 g. This value is verified by weighing the
petri dish on a more accurate Mettler Toledo XS104 balance (accuracy 0.1 mg), which pro-
vides an equal value for the mass. A linear decrease of mass is observed when the pressure is
lowered. This decrease in mass is expected because of the buoyancy effect shown in figure 3.8.
The slope of the calibration curve is 2.69±0.09 ·10−2 mg/mbar. Experiments in the setup are
mostly performed at 15 mbar total pressure, which would mean a difference in mass due to
buoyancy effect of approximately 27 mg between vacuum and atmospheric conditions. Note
that if a different sample holder is used this value changes. If a new sample holder is used, a
new calibration needs to be performed.

3.2.3 The Sensirion SHT21 humidity sensor

Figure 3.11: The position of
the Sensirion SHT21 humidity
sensor on top of the Mettler
Toledo PB303-S balance.

The water vapor pressure in the custom vacuum oven TGA
setup is measured by a Sensirion SHT21 humidity sensor. The
sensor is connected to a Sensirion EK-H5 Evaluation Kit, which
is connected to a computer via usb. The sensor measures the
temperature and the relative humidity (RH), which is converted
to water vapor pressure by using the Antoine equation (equa-
tion 2.10). According to the manufacturer datasheet, the accu-
racy of the temperature is 0.3 � (in the temperature range 0 �
to 60 �) and the accuracy of the relative humidity is 2% RH
(in the humidity range 20% RH to 80% RH). For the relative
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humidity, the operating range is 0% RH to 100% RH with a response time of 8 s. The op-
erating range of the temperature is -40 � to 100 � with a maximum response time of 30 s.
The sensor is shown in figure 3.12 and the position of the sensor on the balance in figure 3.11.

Figure 3.12: The Sensirion SHT21 humidity sensor.

3.2.3.1 Pressure dependency of the humidity sensor

This section investigates how the RH sensor performs under vacuum conditions. A calibration
experiment has been performed where a saturated MgCl2 solution is placed in the oven at
atmospheric pressure and under vacuum.

The temperature of the oven is set to 30 �. Then, the system is given time to form an
equilibrium. When the water vapor pressure is constant for ten hours, the pressure in the oven
is lowered to 15 mbar. Finally, after an equilibrium has formed under vacuum conditions,
the pressure in the oven is increased again by letting air into the setup. The result of this
experiment is shown in figure 3.13. The water vapor pressure is calculated as described
previously and shown in red. The total pressure measured by the MKS pressure gauge is
shown in black. Note that during atmospheric conditions, the total pressure is not shown.
The measured value of the total pressure during atmospheric conditions is 1020 ± 10 mbar.
After applying a vacuum, the total pressure increases while the water vapor pressure stays
constant. This is caused by air leaking into the setup. Water vapor that enters the setup this
way can condense quickly enough to not influence the water vapor pressure in the setup, as
is shown by the constant line of the water vapor pressure under vacuum. The leak rate of
the vacuum during this experiment is 0.13 mbar/h, which is visible as the slope of the total
pressure under vacuum conditions.
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Figure 3.13: Plot of the water vapor pressure and the total pressure in the setup versus time. The total
pressure is shown in black and the water vapor pressure in red. During the initial and final period of
the experiment, labeled with ”atmospheric” the total pressure in the oven is 1020± 10 mbar.

In figure 3.13, it is shown that the water vapor pressure has a value of 14.0±0.8 mbar, under
both vacuum and atmospheric conditions. From this, it can be concluded that the pressure
in the oven does not influence the reading of the RH sensor. Based on data from Greenspan,
a value of 13.73 ± 0.09 mbar is expected for a saturated MgCl2 solution of 30 � [28]. The
experimental value of 14.0 ± 0.8 mbar is in agreement with the literature value. In the first
atmospheric period of the experiment, the water vapor pressure increases, while in the last
atmospheric period the water vapor pressure decreases before an equilibrium is formed. This
difference is caused by different water vapor pressures in the air on different days. The initial
low water vapor pressure at vacuum conditions indicates evaporation of water from the salt
solution is slower than removing water vapor by pumping. This leads to a lower value than
the equilibrium value during pumping for the water vapor pressure.

3.2.4 Water vapor pressure control in the setup

In this section, the water vapor pressure control in the setup is investigated. First, the
choice for a supersaturated salt solution for humidity control is explained and necessary
precautions for this method are discussed. After that, the stability and repeatability for
multiple experiments of the water vapor pressure is investigated. This data is analyzed with
an 1D diffusion model.
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3.2.4.1 Precautions for water vapor pressure control with saturated salt solu-
tions

The water vapor pressure in the custom vacuum oven TGA setup is controlled by a super-
saturated salt solution. Above a saturated salt solution (and also a supersaturated solution)
which is kept at constant temperature, the water vapor pressure is constant, as long as the
solution remains saturated [31]. This property makes saturated salt solutions suitable to
control the water vapor pressure under vacuum, without disturbing the vacuum. The disad-
vantage of this method is that the water vapor pressure in the setup can not be easily varied.
By changing the temperature of the setup, only small variations in water vapor pressure can
be achieved [28]. The only way to change the water vapor pressure significantly, say more
than a few millibar, is by changing the salt in the solution or creating a mixture of different
salt hydrate solutions [31]. Using a humidity generator for humidity control is not possible,
because the vacuum will be removed if wet air is blown into the setup.

The setup is operated at 30 �. A supersaturated MgCl2 solution is used for humidity
control, which provides a water vapor pressure of 13.73 ± 0.09 mbar [28]. A MgCl2 solution is
chosen because it provides conditions where the hydrated phase of K2CO3 is stable, as can be
seen in the phase diagram in figure 2.3. Wexler and Hasegawa provided a list of precautions
for using a saturated salt solution to set up a humidity chamber [32]. Important points are:

1. Non-hygroscopic materials, preferably metal or glass, should be used for the chamber, in
order to prevent moisture adsorption. Moisture adsorption in the setup would delay the
formation of an equilibrium.
In our setup, the chamber walls consist of aluminum. Furthermore, only sensors are
present with the necessary wiring. A glass petri dish is used as sample holder to prevent
moisture adsorption as much as possible.

2. The chamber, salt solution and ambient air should be brought to thermal equilibrium.
Because the response of the oven to temperature changes is quite slow, the oven is kept
at a constant temperature of 30 �. This allows for stable temperature control with only
a small temperature difference from ambient air. Since the MgCl2 solution is always
placed inside the oven, it is assumed the salt solution is in thermal equilibrium with the
setup.

3. The surface area of the salt solution should be as large as possible with preferably some
means of air circulation present.
In our setup, the salt solution is placed inside a plastic container with a surface area of
27 cm × 37.5 cm, which is equal to the surface area of an oven tray. This maximizes the
ratio of free surface area of the solution to chamber volume. The solution has a height
of approximately 0.4 cm, which means 0.4 L of salt solution is present in the setup.
Since most experiments in the setup are performed at low pressures, the need for air
circulation decreases. If air circulation is desired, a fan can be placed in the setup.
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3.2.4.2 Repeatability of the water vapor pressure equilibration time

During experiments where K2CO3 is hydrated for multiple cycles under vacuum in the cus-
tom vacuum TGA setup, a vacuum needs to be applied before each hydration step. This
is necessary, because the sample needs to be removed from the setup for dehydration. This
section investigates if pumping down the setup multiple times influences the rate at which an
equilibrium of water vapor pressure is reached. In other words, the repeatability of the water
vapor equilibration time is investigated.

The repeatability of the water vapor pressure is investigated at a total pressure range of
15 mbar to 20 mbar. Figure 3.13 already shows that the water vapor pressure reaches the
same equilibrium value at atmospheric and vacuum conditions. In this section, the water
vapor pressure is only measured at vacuum conditions, but for multiple cycles. For one cycle,
air is evacuated from the setup until boiling of the MgCl2 solution is visible. After that, the
pump is switched off. This point is the start of a cycle. After the pump is switched off,
the water vapor pressure is given time to reach an equilibrium. Finally, after an equilibrium
is reached, air is let into the setup and the next cycle is started. The results are shown in
figure 3.14:
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Figure 3.14: Plot of the water vapor pressure versus time. Different cycles are indicated by different
colors. The setup is operated at 30 � and 15 mbar to 20 mbar total pressure.

Figure 3.14 shows that the water vapor pressure equilibration behaves similarly for 15 cy-
cles. For each cycle, a water vapor pressure of 14.5 ± 0.5 mbar is reached after equilibrium.
Since the error of the RH sensor at this pressure range is 0.8 mbar, it is concluded that that
water vapor pressure is equal in every cycle and has a value of 14.5 ± 0.8 mbar. This pressure
is suitable for hydrating K2CO3.
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A closer look at the first hour of the cycles is provided in figure 3.15:
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Figure 3.15: Zoomed in plot of the water vapor pressure versus time. Different cycles are indicated
by the black-green color gradient. The red line indicates the water vapor pressure calculated by the 1D
diffusion model. The setup is operated at 30 � and 15 mbar to 20 mbar total pressure.

Zooming in on the graph shows more clearly how much time is necessary to form an
equilibrium. After 10 minutes a water vapor pressure of 13.5 ± 0.5 mbar is reached. In
the first 10 minutes, the water vapor pressure increases rapidly starting from a value of
roughly 7 mbar. Reliable experimental data on reaction kinetics can only be obtained if the
water vapor pressure is stable. Evacuating air from the setup until the boiling point of the
MgCl2 solution is reached takes approximately 10 minutes. During this time the water vapor
pressure is not stable and no reliable data can be obtained on reaction kinetics. Based on
figure 3.15, an additional 10 minutes are necessary for the water vapor pressure to reach
13.5 mbar. This should be taken into account when reaction kinetics are analyzed.

The data in figure 3.15 is compared to an 1D diffusion based model for the water vapor
pressure. This model is presented in appendix B. The equation for the water vapor pressure
in the model is given by:

p(x,t) = (pmax − pinitial) erfc

(
x

2
√
Dt

)
+ pinitial (3.1)

where p(x,t) [mbar] is the water vapor pressure at distance x [m] from the salt solution at
time t [s], pmax [mbar] the water vapor pressure just above the salt solution, pinitial [mbar]
the water vapor pressure present in the setup at the start of the measurement, D [m2/s] the
diffusion coefficient of water vapor in air, which depends on pressure and erfc(z) the comple-
mentary error function given by erfc(z)= 2√

π

∫∞
z e−t

2
dt.
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To fit the experimental data with equation 3.1, a value of 0.3 m is used for the distance x,
since this is the average distance from the solution to the sensor. A value of 1.41·10−3 m2/s
is used for the diffusion coefficient D at 20 mbar total pressure [33]. As shown in figure 3.15,
equation 3.1 provides a description for the water vapor pressure which is in good agreement
with the experimental results. From this, it can be concluded that achieving an equilibrium
for the water vapor pressure is mainly a diffusion process.
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3.3 Environmental scanning electron microscopy (ESEM)

3.3.1 Overview

Figure 3.16: The FEI Quanta 600 elec-
tron microscope.

The environmental scanning electron microscope can
be seen as the successor of the conventional electron
microscope. As described by Danilatos [34], the en-
vironmental scanning electron microscope is charac-
terized by the possibility to maintain a gaseous pres-
sure in the specimen chamber. This allows to study
samples under different pressures from various gasses
instead of under vacuum as is the case with conven-
tional electron microscopy. Typically, an environmen-
tal scanning electron microscope contains an inlet to
allow inflow of various gasses and a built in water
reservoir for water vapor production. This can be used
for example to study biological samples under water
vapor, to prevent degradation of the sample caused
by the loss of water. However, the ESEM technique
is also promising to study salt hydrates. When cou-
pled with a heating stage, both the temperature of the
sample and the water vapor pressure can be controlled. This way, hydration and dehydra-
tion can be performed in-situ which allows imaging of salt hydrates during hydration and
dehydration.

The ESEM used in this study is the FEI Quanta 600, which is shown in figure 3.16. A
gaseous secondary electron detector (GSED) from FEI is used with an aperture of 500 µm.
This detector allows a pressure range between 0.3 mbar and 27 mbar in the specimen chamber
with an accuracy of 0.1 mbar. However, for the experiments in this study, sufficient image
quality was only obtained for pressures between 2 mbar and 15 mbar.

During imaging in ESEM mode it is desired that the specimen chamber is filled with pure
water vapor. By removing all air, the pressure sensor in the setup can measure the water
vapor pressure directly and control of the water vapor pressure becomes possible. To achieve
this, a purging procedure is used. This procedure consists of 5 steps where the setup is first
pumped down to 0.5 mbar and then water vapor is allowed to enter the setup until 2.5 mbar
total pressure is reached. The procedure used is shown in table 3.1. After purging, the
specimen chamber is filled with 99.97 volume percent water vapor.

Table 3.1: ESEM purging procedure.

Min. pressure: 0.5 mbar
Max. pressure: 2.5 mbar

Each cycle:
2 mbar of 100% water vapor added

Start 1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle
Water vapor % 0% 80% 96% 99.20% 99.84% 99.97%

To control the temperature of the sample a gold plated Kammrath & Weiss heating stage
is used. The heating stage is mounted in the specimen chamber, as shown in figure 3.17.
Sample can be placed either directly on top of the heating stage by using a carbon sticker or
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on a metal plate which can be mounted on the heating stage. The heating stage allows for a
temperature range between 25 � and 300 �, with an accuracy of 1 �. Since contamination
of the electron microscope was observed at high temperatures, a maximum temperature of
100 � is used during experiments.

Figure 3.17: The Kammrath & Weiss heating stage.

3.3.2 Differences from conventional SEM

A conventional scanning electron microscope images a sample by sending a bundle of electrons
towards the sample and detecting the electrons emitted from the sample. This is no different
for ESEM. However, ESEM allows the specimen chamber to be kept at a pressure which
is orders of magnitude larger than the pressure at the electron gun. This is illustrated in
figure 3.18, where different pressure zones are indicated by different colors [35]. The pressure
differences in the setup are achieved by use of pressure-limiting apertures and a differential
pumping system, which create different pressure zones along the electron bundle column [34,
35]. This allows the electron gun to still function under high vacuum (10−7 mbar), while the
sample can be kept at pressures of approximately 10 mbar.
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Figure 3.18: Schematic overview of an environmental electron microscope. The different pressure
zones in the setup are indicated by different colors. Figure adapted from A.M. Donald [35].

The high pressure in the specimen chamber would be detrimental for the image quality
when a conventional SEM detector is used. This is mainly caused by the absence of the system
of pressure-limiting apertures. When these apertures are not present, the pressure in the gun
chamber would become too high and result in high intensity losses for the electron beam. In
ESEM, the presence of a differential pumping system with pressure-limiting apertures reduces
beam intensity loss significantly [36]. Interference of the electron beam with gas molecules
takes place mainly in the specimen chamber, minimizing the beam intensity loss.

3.3.3 Imaging principle

The high pressure in the specimen chamber not only influences the beam transfer to the sam-
ple, but also the imaging process. The imaging process in ESEM is displayed in figure 3.19.
The top of the image shows the electron detector in green, which is placed directly on the
electron bundle column. A pressure-limiting aperture is positioned in the middle of the de-
tector. This detector design is also used in the FEI Quanta 600. The electron beam enters
the specimen chamber through the aperture in the detector. After exposure to the electron
beam, secondary and backscattered electrons are emitted by the sample. These electrons
are attracted towards the positively charged electron detector. Because of their low energies,
secondary electrons have a high collision cross-section with the gas molecules [35]. This high
collision cross-section leads to a significant chance of ionization of the gas molecules. Con-
sequently, secondary electrons move towards the positively charged detector while colliding
with gas molecules, which causes ionization of the gas molecules. Eventually this leads to
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a cascade of electrons towards the detector. Finally the electrons reach the detector, which
makes sample imaging possible.

Figure 3.19: Principle of secondary electron capturing in an ESEM. After collision of the electron
beam with the sample, secondary electrons are emitted from the sample. These secondary electrons are
attracted towards the positively charged detector, but first collide with the gas in the sample chamber.
These collisions cause the gas molecules to emit an electron themselves. This eventually leads to a
cascade of electrons towards the detector. Figure created by A.M. Donald [35].

In conventional SEM, electrons can accumulate on the sample if the bundle energy is high
or if the conductivity of the sample is too low. In ESEM, this effect also takes place, but is less
significant. This is caused by the positively charged ions of the gas. These ions move towards
the sample when a negative charge is present at the sample, reducing the net negative charge
on the sample. This results in a higher image quality by reducing the amount of oversaturated
spots on the sample.
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Chapter 4

Morphology changes of K2CO3
during hydration and dehydration

In this chapter the experiments performed with the environmental scanning electron micro-
scope are discussed. Measurements are performed on the salt hydrate K2CO3 (Sigma Aldrich,
purity ≥ 99%). The ESEM allows an in-situ study of K2CO3 by hydrating and dehydrating
the salt inside the electron microscope. The goal of the experiments is to study the morpho-
logic behavior of K2CO3 particles during hydration and dehydration reactions over multiple
cycles. Especially cracking, swelling and shrinking are expected. Measurements are performed
by filming a particle in the ESEM while hydration and dehydration reactions are induced by
changing the temperature and water vapor pressure in the setup. This chapter first describes
the experimental conditions used. After that, the results on swelling and crack formation are
discussed in two separate sections.

4.1 Experimental conditions

This section describes the conditions used in the experiments. First, a description of the
particles is given. Secondly, the imaging settings of the ESEM are provided. After that, the
water vapor pressure and temperature settings of one cycle are explained.

4.1.1 Particles

Two types of K2CO3 particles are used for experiments. The first type of particles is K2CO3

from Sigma Aldrich with purity ≥ 99% (article number 243558). These particles are provided
in powdered form as sesquihydrate. The second type of particles are recryllized particles of
the same material from Sigma Aldrich. A sample used for the experiments described in this
chapter consists of several particles placed on a carbon sticker, which is placed on top of the
heating stage in the ESEM.

For the first particle type, the material is sieved in various size fractions. The fraction
212 µm to 425 µm is used for experiments, because this size range provides good image
quality with the ESEM. No further pretreatment is performed on the particles before cycling.
An example pictures of a sieved fraction of particles is shown in figure 4.1(a) and an ESEM
picture of a particle in figure 4.1(b).
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(a) Overview of sieved fraction of particles. (b) ESEM image of one particle.

Figure 4.1: K2CO3 particles from Sigma Aldrich. The particles are in the hydrated phase. No pre-
treatment is used on the particles.

As shown in figure 4.1(b), the K2CO3 particle shows a polycrystalline structure. Because
multiple crystallites might influence the morphology changes of the particles, experiments are
also performed on recrystallized particles, which show a monocrystalline structure.

To obtain recrystallized particles, 30 mL of supersaturated solution of K2CO3 in water is
made. This solution is heated up to 80 �, at which point all particles are dissolved and a
clear solution is formed. The glass vessel containing the solution is then sealed and allowed
to cool down to room temperature overnight. This way, the material can slowly recrystallize.
After one night, several K2CO3 crystals are obtained. The size of the crystals varies from
approximately 1 mm to 2 mm. The crystals are clear, which indicates a crystal structure
without disturbances such as cracks or different crystal plane orientations. A picture of
recrystallized K2CO3 particles on a carbon sticker is shown in figure 4.2(a) and an ESEM
picture in figure 4.2(b):

(a) Crystals on carbon sticker. (b) ESEM image of the surface of one crystal.

Figure 4.2: Recrystallized 1 mm to 2 mm K2CO3 particles. The particles are in the hydrated state.
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4.1.2 Microscope settings and electron beam damage

This section provides settings used to image K2CO3 particles with the FEI Quanta 600 elec-
tron microscope. In order to obtain a high quality image, electron capture by the detector
needs to be maximized without oversaturating the detector. In general, this can be achieved
by changing the accelerating voltage of the electron bundle. However, besides oversaturing the
detector, too high bundle intensities may lead to damaging of the sample. To study if the sam-
ple is damaged by the electron beam, a stress test has been performed by using a high bundle
intensity for a long time. The results of this stress test are discussed at the end of this section.

Optimizing the image quality in the FEI Quanta 600 can be achieved by changing the
electron beam acceleration voltage, the spot size of the electron beam bundle, the distance
from the detector to the sample (working distance) and the scan time to image one frame.
Image settings are optimized for a temperature of 30 � and a water vapor pressure of 4 mbar.
These conditions are used when the hydrated material is put into the setup. Particles larger
than 250 µm can not be imaged completely, because the field of view of the ESEM is limited.
This limitation is mainly caused by the 500 µm aperture in the electron detector. No other
detector was available to image larger particles. Because of the limited field of view of the
detector, imaging complete crystals of 1 mm to 2 mm in size is not possible. This makes
recrystallized material unsuitable for studying volume changes during cycling, unless it is
crushed and sieved. For this research this has not been performed, as volume changes are
already studied by cycling the Sigma Aldrich particles.

It is found that for a water vapor pressure of 4.00 mbar and a temperature of 30 �, a
20 kV electron bundle provides sufficient image quality for particles with a diameter between
50 µm and 200 µm. Other microscope settings are obtained by imaging a 200 µm K2CO3

particle from Sigma Aldrich in the hydrated phase and checking the image quality visually.
Full measurement settings are provided in table 4.1. This table also contains the settings
used for the stress test described later in this section.

Table 4.1: ESEM settings for stress test and conventional measurements.

Stress test Conventional

Bundle 30 kV, spot 3.5 20 kV, spot 3.5
Mode 8 frame avg. 8 frame avg.
Scan time 94.67 s/frame 9.47 s/frame
Image area 0.5 mm2 0.5 mm2

Working distance 9.8 mm 9 - 11 mm
Pressure 4.00 mbar 4.00 - 10.00 mbar
Temperature 30.0 � 30.0 � - 100.0 �
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Influence of electron beam on K2CO3 morphology

During cycling in the ESEM the sample is exposed for multiple hours to an electron beam.
Because of this long exposure time, the electron beam may damage the sample during imaging.
To test if the sample is damaged by the electron beam, a stress test is performed on K2CO3

crystals. In this stress test, a high beam energy is used in combination with a low scanning
rate. The settings during the stress test are shown in table 4.1. The stress test been performed
for 4 hours at 30 � and 4 mbar water vapor pressure. Pictures of the crystal surface before
and after exposure to the high intensity bundle are shown in figure 4.3:

(a) Start stress test. (b) End stress test.

Figure 4.3: Surface of a K2CO3 crystal before and after exposure to a 30 kV electron beam for 4 hours.

Figure 4.3 shows no significant changes of the crystal surface before and after exposure to
the bundle. No formation of cracks is visible. This means that if such effects would occur
during experiments, it is unlikely they are caused by the electron bundle. One difference
between the two pictures in figure 4.3 is the increase in bright areas after the test. This
is caused by deposition of electrons on the crystal surface, which show up as bright spots.
During actual experiments a lower bundle intensity and a higher scan rate are used, resulting
in less build up of electrons on the surface. This reduces the amount of white spots visible.

4.1.3 Reaction cycle for K2CO3

The reaction conditions applied during one reaction cycle are shown in the phase diagram in
figure 4.4. Hydrated K2CO3 is inserted in the setup and then brought to 4 mbar water vapor
pressure at 30 �. 4 mbar water vapor pressure is chosen because the image quality of the
ESEM is optimal near this pressure. After the material is inserted, the sample is heated up
to 100 � while keeping the water vapor pressure constant to induce dehydration. After that,
the water vapor pressure is increased to 10 mbar. This is done to speed up the rehydration
process, even though the image quality is worse at 10 mbar than at 4 mbar. After increasing
the water vapor pressure to 10 mbar, hydration is initiated by cooling down the sample from
100 � to 30 �. After cooling down to 30 �, the water vapor pressure is decreased to 4 mbar
again and the cycle can be repeated.

38



4.1. EXPERIMENTAL CONDITIONS

0 20 40 60 80 100 120
1

10

100

1000

K2CO3

 PK2CO3 1.5-0

 Pdeliquescence

 Pwater

 PK2CO3 Critical Tables
 Pdeliquescence  Greenspan

P w
at

er
 v

ap
or

 (m
ba

r)

T (oC)

K2CO3·1.5 H2O

Figure 4.4: Phase diagram of K2CO3 with the reaction cycle shown in green. Dehydration occurs
isobaric at 4 mbar pressure by heating up the material. Hydration occurs isobaric at 10 mbar by
cooling down the material.

To verify how much time is necessary for the material to dehydrate and hydrate completely,
20 mg K2CO3 is cycled in the cyclic measurement setup with the same conditions as applied
in the ESEM. The weight of the sample is measured periodically to determine the loading of
the material. This way, it is found that for the first cycle the material fully dehydrates in less
than 90 minutes and rehydrates in less than 3 hours. Since in the ESEM only a few particles
are cycled, it is expected that the time required for one full cycle is similar to or less than
the time necessary in the cyclic measurement setup. Based on these conditions a cycle can
be constructed for use in the ESEM.

The cycling of the material in the ESEM can not be automated, since manually setting
the temperature of the heating stage and the water vapor is required. Also, image settings of
the microscope need to be adjusted during heating and cooling in order to maintain a visible
image. Because of this, it is necessary to perform the filming measurements during working
hours. Based on this the cycle in figure 4.5 is constructed, which allows for enough time to
run 1 cycle per day.

The cycle starts at 30 � and 4 mbar vapor pressure. The material is then heated up to
100 � in approximately 5 minutes to induce dehydration. After waiting at least 2 hours,
the water vapor pressure is increased to 10 mbar and the heating stage is allowed to cool
down. Since there is no active cooling present on the heating stage, cooling takes more time
than heating. After approximately 3 hours the heating stage is cooled down to 30 �. This
is typically the end of filming one cycle. However, the sample remains in the setup overnight
at 30 � and 10 mbar vapor pressure. This way, the material can hydrate fully for the next
cycle. Also, dehydration of the sample or side reactions are prevented as much as possible
this way.
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Figure 4.5: The water vapor pressure and temperature applied to the sample for one cycle plotted
versus time.

4.2 Particle swelling during hydration

This section discusses the results of imaging particles from Sigma Aldrich, which are cycled
in the ESEM with the conditions described in the previous section. Initially, one particle is
imaged for 2 full cycles. During these cycles, swelling of the particle is observed during hy-
dration. Shrinking of the particle during dehydration is not visible. ESEM pictures of K2CO3

before and after dehydration are shown in appendix D. In total 3 particles have been imaged,
varying in size between 50 µm and 200 µm. All particles show swelling during hydration.
Since no shrinking is visible, particles grow in volume over multiple cycles. This is studied
more closely in section 4.2.2. Here, an ESEM image of the hydrated phase of the particle
is made at the start of the experiment. The particle is then dehydrated and hydrated in
the cyclic measurement setup. After that, a picture of the hydrated phase is made again.
This is repeated for 10 cycles. After each cycle, a volume increase of the particle is observed.
Besides volume changes cracking of the material is also observed. This is further studied in
section 4.3.

4.2.1 Starting conditions of particle swelling

Swelling of the particles is consistently observed during hydration for multiple particles over
multiple cycles. This section studies the temperature and water vapor pressure at which hy-
dration starts.

For hydration at 10 mbar water vapor pressure, it is observed that swelling of the particle
starts at 45 ± 3 �. The phase diagram of K2CO3 (figure 2.3) shows this point is not on the
equilibrium phase line, but at a pressure above the equilibrium pressure. This behavior is
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observed for 3 different particles with sizes between 50 µm and 200 µm for 2 cycles for each
particle. An example of multiple stages of swelling is shown in figure 4.7.

Stanish and Perlmutter have shown by using TGA that hydration for water vapor pres-
sures of less than 1.5 times the equilibrium vapor pressure is very slow [37]. This suggests
that to induce hydration in a reasonable amount of time, an overpressure of water vapor is
required. Recently this behavior is also observed by Biemans [29], as well as similar behavior
for dehydration of K2CO3, in which case an underpressure is required.

In our experiments, hydration is performed at 10 mbar water vapor pressure and the start
of particle swelling is visible at 45 ± 3 �. In this temperature range, the equilibrium pressure
of the phase line of K2CO3 has a value between 3.3 mbar and 5.1 mbar, as shown in figure 2.3.
This means that 10 mbar water vapor pressure is 2 to 3 times larger than the equilibrium
pressure, so an overpressure is required for particle swelling. The results of Stanish and
Perlmutter show that an overpressure is required to start the hydration reaction [37]. The
fact that swelling is only visible at an overpressure is consistent with the results of Stanish
and Perlmutter.

From the experiments it can be concluded that swelling during hydration is only initiated
at an overpressure of water vapor. Swelling takes place during the hydration process of the
particles, however, it can not be concluded that swelling and hydration are one-to-one related.
Before swelling is visible, the material may already have started hydrating. After swelling
is no longer visible, the material may continue to hydrate. Since swelling is required for
hydration because a larger crystal structure is formed, it is expected that swelling takes place
at the start of the hydration process, or during the entire hydration process. To investigate
this further, a setup where it is possible to measure the loading of the material during imaging
would be required.
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Figure 4.6: The water vapor pressure and temperature applied to the sample for one cycle plotted
versus time. The gray area shows the time frame where swelling of the particle is visible.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.7: ESEM pictures of different stages of swelling of a K2CO3 particle during hydration of one
cycle. The time between each frame is 16 minutes.
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4.2.2 Multicyclic volume changes

Particle swelling during hydration is visible over multiple cycles. This section quantifies the
volume change of a 200 µm K2CO3 particle, which is cycled 10 times.

During cycling of the particle, the conditions described in section 4.1.3 are used. Because
of the long duration of the measurement, cycling of the material is performed in the cyclic
measurement setup. After each cycle, an ESEM image of the hydrated phase is made at 30 �
and 4 mbar water vapor pressure.

The pictures taken after each hydration step are shown in appendix C. Here, volume
expansion of the particle over multiple cycles is visible. The shape of the particle remains
recognizable over multiple cycles. This means the crystal structure of the material remains
largely intact. Volume expansion happens by crack formation and ‘folding out’ of the particle.
This results in a higher porosity of the particle over multiple cycles.

The main results of the pictures in appendix C are summarized in figure 4.8. Here, images
of the particle before any cycling and after 9 cycles are shown. Also, contours of the particle
after each cycle are shown in colored lines. The contours of the particles have been determined
using ImageJ image analysis software. After 10 cycles, it is no longer possible to distinguish the
contour of the particle clearly. This is caused by overlapping of the particle with surrounding
particles. Also, after 10 cycles the volume of the particle has increased so much that the
particle no longer fits completely in the field of view of the microscope. In order to study
volume changes for more cycles, a smaller particle or a smaller magnification of the microscope
is required.

(a)
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(b)

Figure 4.8: ESEM pictures of the hydrated phase of a single K2CO3 particle. Picture (a) is taken before
any hydration and dehydration reactions occurred. Picture (b) is taken after 9 cycles. The colored lines
show the contour of the particle after each cycle where red is the contour before any cycling occurred
and blue the contour after 9 cycles occurred.

With ImageJ the contour of the particle after each cycle is determined. This calculated
contour is overlayed on the image of the particle to check visually if the calculated contour
is correctly determined. By determining the contour in ImageJ, the visible surface area of
the particle can be calculated. This calculation is again performed by using ImageJ to count
the pixels inside the contour. By using the scale on the picture, the visible surface area is
calculated. A plot of the surface area versus the number of cycles is shown in figure 4.9.
Figure 4.9 shows a general increase in surface area over multiple cycles.

The error in the surface area is calculated by assuming that the surface area of the particle
is circular. This way, the radius of the particle can be determined from the surface area, which
is calculated by ImageJ. It is assumed this radius then has an error of 5 pixels. This value is
determined by visual inspection of the contour overlayed on the particle. Note that this error
is only an indication for the surface area calculated by ImageJ. Since the volume changes of
the particle are not isotropic and the particle can rotate slightly during the experiment, it
is not expected the values in figure 4.9 are reproducible with the error shown in the plot.
However, the general trend of an area increase over multiple cycles is reproducible.
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Figure 4.9: Plot of the surface area of a K2CO3 particle versus the number of cycles.

If it is assumed the particle is a sphere, the calculated areas in figure 4.9 can be used to
determine the volume of the particle. The result is shown in figure 4.10:
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Figure 4.10: Plot of the volume of a K2CO3 particle versus the number of cycles.
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Note that error bars in figure 4.10 are again small because they only indicate the error
in surface area calculated by ImageJ. Figure 4.10 shows that over 9 cycles the volume has
increased from 0.024 mm3 to 0.160 mm3, almost 7 times the initial volume. However, during
dehydration of the first cycle, a large rotation of the particle was observed. For higher cycle
numbers the particle position was more constant, so comparing cycle 1 or 2 to cycle 9 is more
accurate. Between cycle 1 and cycle 9, the volume of the particle is increased by a factor 2.5.

While the values given above may not be very accurate, they indicate that volume increase
is clearly higher than the 28 volume percent expected for hydration (swelling) of the bulk
material (see table 2.1 section 2.1.2).

4.3 Crack formation during cycling

During the hydration and dehydration experiments described in section 4.2, swelling of the
material is observed. Besides swelling, formation of cracks is also observed. This section
investigates cracking of K2CO3 during cycling.

An example of crack formation in the K2CO3 particles can be seen by comparing the two
pictures in figure 4.8. However, since the surface of the material is very rough, it is hard to
observe crack formation. Because of this, recrystallized K2CO3 particles are used to study
cracking. These crystals have a surface which is much flatter than the surface of the particles
provided by the supplier. An example of crack formation on a crystal during one cycle is
shown in figure 4.11:

(a) Uncycled hydrated phase. (b) Dehydrated phase cycle 1. (c) Hydrated phase after 1 com-
plete cycle.

Figure 4.11: ESEM pictures of the different phases during cycling of a single K2CO3 crystal. Picture
(a) is taken before any hydration and dehydration reactions occurred. Picture (b) is taken at 100 �

after dehydration took place. Picture (c) is taken after rehydration of the crystal.

Figure 4.11 shows that after dehydration, the flat surface of the crystal has changed. The
smooth surface now shows cracks which are aligned mostly in the same direction. After
rehydrating, the cracks that were visible become more pronounced. Also, smaller cracks are
now observed. The orientation of the small cracks is random. The width of the large cracks
is approximately 1 µm. This value is very close to the resolution of the ESEM, which is
0.27 µm /pixel. Because of this resolution limit, the width of the small cracks can not be
accurately determined.
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4.4 Summary and conclusions

The experiments described in this chapter show that during the hydration process of K2CO3

swelling of the particles takes place. No shrinking is visible during dehydration. This leads
to a volume increase of the particle over multiple cycles.

During cycling of the material, crack formation is observed during dehydration and hydra-
tion for both K2CO3 particles provided by the supplier and recrystallized particles.

Swelling of the particle increases the porosity of the material. A higher porosity facilitates
better water transport inside the particle. Because of this, it is expected that the reaction
rate of the material is enhanced over multiple cycles as the porosity increases. This is further
studied in chapter 5.

It is observed the volume of a K2CO3 particle increases with a factor 2.5 between 1 expe-
rienced cycle and 9 experienced cycles. This volume increase is significantly larger than the
28 volume percent increase expected for hydration of the bulk material. This is problematic
for reactor design, because during swelling the particles exert pressure on the reactor. This
could damage reactor components. Furthermore, the particles in the packed bed can fuse
together, decreasing the porosity of the packed bed. This limits water vapor transport and
thus hinders the performance of the reactor.
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Chapter 5

Hydration kinetics of K2CO3

This chapter describes experiments performed with the custom vacuum oven TGA setup. In
this setup, hydration kinetics of K2CO3 are studied. Experiments are performed by mea-
suring the weight of the sample during hydration. Experimental conditions are explained in
section 5.1. The goal of the experiments is investigating the effect of cycling and the effect
of total pressure on reaction kinetics. First, the influence of experienced cycles on hydration
kinetics is investigated in section 5.2. Section 5.3 then studies the influence of total pressure
on hydration kinetics.

5.1 Experimental conditions

This section describes the conditions used in the experiments. First, a particle description is
provided. After that, the measurement procedure is described for one hydration-dehydration
cycle. Finally, the calculation of the sample loading is explained.

5.1.1 Particles

Figure 5.1: K2CO3 particles used for the
experiments.

Experiments are performed on K2CO3 particles in
the sesquihydrate phase from Sigma Aldrich with
purity ≥ 99% (article number 243558). The same
particles are used for the ESEM experiments (sec-
tion 4.1.1). Again, the sieved size fraction 212 µm
to 425 µm is used for experiments. This allows com-
parison of the results from chapter 4 with the results
from this chapter. Particles are placed on a glass petri
dish and distributed over the surface, as shown in fig-
ure 5.1. Distributing the particles allows good contact
with the surrounding air, which enhances water vapor
transport towards the particle. For the experiments
545.8 mg K2CO3 particles is used.
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5.1.2 Experimental procedure for reaction cycles

The setup is operated at conditions allowing fast hydration based on the phase diagram
of K2CO3. The temperature in the setup is 30 �. The water vapor pressure in the setup
is controlled by a supersaturated MgCl2 solution, resulting in a water vapor pressure of
14.0 ± 0.8 mbar, see section 3.2.3.1. For all experiments, the same water vapor pressure and
temperature are used. The sample time of the sensors is 30 s for all experiments. The param-
eters that vary during experiments are the number of cycles the material has gone through
and the total pressure in the setup.

For the first series of experiments the multicyclic hydration kinetics of K2CO3 are investi-
gated. This is performed at the lowest achievable pressure in the setup: 15 mbar (also refer
to section 3.2.2.1). The low pressure is chosen because this allows fast diffusion of water
vapor in the setup, which is expected to result in a fast hydration process. Also, compar-
ison of the results with the ESEM experiments, which have been performed under vacuum
conditions, becomes possible. Dehydration is performed in a separate oven, which is set to
150 �. Dehydration is performed under atmospheric pressure. As described in section 3.2.2.1,
two balances are used during experiments. The Mettler Toledo PB303-S is placed inside the
oven, while the Mettler Toledo XS104 is more accurate but placed outside the oven. Before
and after hydration, the mass of the sample is measured by the XS104 balance. This allows
verification of the sample loading. The experimental procedure consists of the following steps:

1. If necessary, set the temperature of the setup to 30 � and place saturated MgCl2
solution in the setup.

2. Measure sample weight (sesquihydrate) on XS104 balance.

3. Dehydrate sample for first cycle for multiple days, otherwise overnight, in oven at 150 �.

4. Cool down sample for 10 min in desiccator filled with silica gel.

5. Measure sample weight (anhydrate) on XS104 balance.

6. Turn on measurement software and place sample in setup.

7. Pump setup down until boiling of MgCl2 solution is visible (15 mbar takes approx.
10 min of pumping).

8. Close valve connecting the setup to the pump.

9. Loading of sample can be followed by reading the PB303-S balance.

10. When sample is fully hydrated, remove sample from setup.

11. Measure weight on XS104 balance.

12. Repeat for more cycles from step 3.

By following the procedure above, the sample is dehydrated and hydrated over multiple
cycles until stabilization in hydration rate is found. After stabilization is found, the sample is
hydrated at various total pressures in the setup, which is the second series of experiments. Sta-
bilization of the hydration rate at one pressure is required, because otherwise no conclusions
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can be drawn on the influence of pressure on hydration rate. The experimental procedure for
this series of experiments is almost the same as listed above, with the only difference being
the pressure in step 7. Also, one experiment has been performed with 1000 mbar of N2 in
the setup. For this experiment, the setup is pumped down during step 7 until boiling of the
MgCl2 solution is visible. After that, the pump connection is removed and N2 is connected
to the setup. The valve is opened and N2 can fill the setup until 1000 mbar is reached. After
this, the valve is closed again and the procedure is followed from step 9 onward.

5.1.3 Calculation of sample loading

This section explains how the sample loading is calculated from the measurement data. First,
the mass of the petri dish and the sample in a known phase need to be measured. This is
achieved in the following way:

1. Measure weight empty petri dish (dried) on XS104 balance.

2. Measure weight sample (sesquihydrate) on XS104 balance.

3. Dry sample and measure weight on XS104 balance.

Drying for multiple days ensures the sample is in the anhydrous state. After these steps, the
mass of the anhydrous state is known. Next, the sample is hydrated as described previously.
For hydration kinetics, the sample loading needs to be calculated as a function of time. For
this, the calibration of the balance under vacuum conditions in figure 3.10 is used to calculate
the sample mass. The calibration may be faulty however, since an incorrect mass is obtained
this way. This is known by comparing the calculated mass at the end of the measurement to
the mass measured by the more accurate XS104 balance. This error indicates the calibration
in figure 3.10 does not suffice to calculate sample mass. The reason for the calibration error
may be drift of the balance over time or a strong dependence of measured weight on pumping
rate. To compensate for the calibration error, the mass measured by the XS104 balance is
used to scale the calculated mass from the calibration. This way, based on a mass accuracy
of 5 mg, a loading is obtained with an accuracy of 0.09 mol H2O/mol K2CO3. The procedure
to calculate the sample mass and subsequently the sample loading is displayed below:

1. Measure weight on PB303-S balance under vacuum.

2. Convert to weight at atmospheric conditions by using calibration displayed in figure 3.10.

3. Use weight of sample measured by XS104 balance after hydration to scale the measured
weight.

4. Subtract mass of empty petri dish as measured previously, now the sample mass is
known.

5. Calculate loading from sample mass and mass of anhydrous state.
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5.2 Multicyclic hydration in vacuum

This section describes the experiments on multicyclic hydration of K2CO3 under vacuum
conditions. Measurements have been performed at 15 mbar initial total pressure at 30 �

(see section 5.1.2 for the complete procedure). A total of 15 cycles have been measured. The
loading of the sample is plotted as a function of time. The results are displayed in such a way
that time t = 0 is the time when pumping is stopped and the valve of the setup is closed.
The results are displayed in figure 5.2:
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Figure 5.2: Sample loading plotted versus time. Different cycles are indicated by different colors from
a color gradient ranging from black to green, where the first cycle is displayed in black. An increase
in hydration rate for increasing cycles is observed. Data is fitted with a single exponential function,
shown as lines.

Figure 5.2 shows that for all cycles a sample loading of 1.5 is reached as expected. The
hydration rate is dependent on the number of applied reaction cycles, with the first hydration
taking 50 hours. For the first few cycles, an increase in hydration rate is observed. A closer
look at the first 30 minutes of the experiment is provided in figure 5.3.
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scaled loading C1 1.5 0
scaled loading tau 180.11108 0.72752
scaled loading t0 -182.22421 1.10047
scaled loading C1 1.5 0
scaled loading tau 154.13741 3.15352
scaled loading t0 -84.57602 3.3941
scaled loading C1 1.5 0
scaled loading tau 163.24947 0.75828
scaled loading t0 -69.58321 0.73851
scaled loading C1 1.5 0
scaled loading tau 143.41784 0.87808
scaled loading t0 -104.60062 1.08247
scaled loading C1 1.5 0
scaled loading tau 150.77378 0.6523
scaled loading t0 -73.58034 0.6662
scaled loading C1 1.5 0
scaled loading tau 140.52436 6.2659
scaled loading t0 -162.26363 10.19958
scaled loading C1 1.5 0
scaled loading tau 116.30704 0.62102
scaled loading t0 -74.66794 0.7044
scaled loading C1 1.5 0
scaled loading tau 120.43847 3.47555

Figure 5.3: First 30 minutes of the sample loading versus time. Different cycles are indicated by
different colors. Data is fitted with a single exponential function, shown as lines.

Figure 5.3 shows an increase in hydration rate over multiple cycles. Recall that 10 minutes
(after closing the valve of the setup) are required to reach a water vapor pressure of 13.5 mbar,
as was shown previously in section 3.2.3.1. Therefore, reaction kinetics kinetics are only
considered from 10 minutes after the start of the experiment. Starting from hydration 4, a
loading of 1.4 is reached in less than 5 minutes. Because of this short time, the dominating
process governing the hydration rate may be the diffusion of water through the setup, rather
than the reaction rate of the particle itself. This means that after 3 cycles no kinetic data
is obtained for hydration at constant water vapor pressure, but rather only for the first
10 minutes of the experiment, where water vapor pressure is increasing. Because of this, no
conclusions can be drawn on the change in hydration kinetics after cycle 3. The conclusion
that can be drawn however is that the reaction rate of the particles is not the limiting factor
for hydration from cycle 4 onward.

Another observation from figure 5.3 is that the loading of the material does not start at
zero. This is caused by hydrating of the material before the measurement starts. After being
removed from the drying oven, the sample is weighed to confirm complete dehydration. After
weighing, the sample is placed in the setup and the setup is pumped down. During transport
from the balance to the setup and during pumping the particle can start hydrating. This
means no hydration kinetics can be obtained for the complete hydration process. In order
to measure this, a setup is required where particles can go through a complete hydration
dehydration cycle while being weighed during the complete cycling process.
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5.2.1 Hydration kinetics

To obtain a better understanding on hydration kinetics, the data in figure 5.2 and 5.3 is fitted
with the exponential function in equation 5.1:

loading = 1.5 · (1− exp
t0 − t
τ

), (5.1)

where t is the time [s], t0 the offset in time required because pumping time varies [s] and
τ the timescale for the hydration process [s].

The values for τ obtained from this fit are plotted versus the number of experienced cycles
in figure 5.4:
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Figure 5.4: Plot of the hydration timescale versus the number of experienced cycles.

Figure 5.4 shows that the timescale of hydration decreases with the number of experienced
cycles. Between the first and fourth cycle, a time scale difference of nearly 3 orders of
magnitude is observed. Reaction time scale can be directly inversely related to the reacting
surface area of a particle. If the reaction decreases nearly 3 orders of magnitude, as is visible
between hydration 1 and 4, the surface area should increase with three orders of magnitude.

ESEM pictures of K2CO3 in figure 4.8 can be used to estimate a length scale difference
between the material before cycling and after 9 cycles. The small crystallites which make up
the surface of the material are cracking. As an estimate, crystallites of 5 µm length scale are
formed after 9 cycles. It is assumed before cycling no cracks are present and the particle has
a spherical shape. By assuming a spherical shape of the crystallites, the particle is split into
64000 crystallites after cycling and a surface area increase from 1.3 · 105 µm2 to 5.0 · 106 µm2

takes place. This is an increase of nearly 2 orders of magnitude, which is smaller than 3 orders
of magnitude expected from figure 5.4. However, since the length scales of the crystallites is
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CHAPTER 5. HYDRATION KINETICS OF K2CO3

close to the microscope resolution of 0.27 µm/pixel, the actual size of crystallites after hydra-
tion may have become smaller than visible on the pictures. Furthermore, the crystallites will
not split up into perfect spheres, but rather form non-spherical shapes, increasing the surface
area. The general behavior of an increasing surface area is observed in the pictures however,
and the amount of surface increase approximates the expected value based on time scales.

The reaction kinetics of the first 3 cycles are compared to reaction models by plotting the
conversion versus time. Here, conversion is defined as 0% for the anhydrous phase and 100%
for the sesquihydrate. By using a double log scale and fitting the data with a linear fit on the
double log scale, the time dependency of the conversion rate is investigated. This way, the
conversion is given by equation 5.2:

conversion = ta, (5.2)

where t is the time [s] and a the slope of the linear fit.

The conversion is plotted versus time in figure 5.5. For kinetics only data measured after
600 s is considered, because the water vapor pressure is not constant before this point. For
hydration 1, a linear increase is observed in the double logarithmic plot, while hydration 2
and 3 show a decreasing slope after 600 s. A linear fit is made for hydration 1 using the
data starting from t = 600 s up to 80% conversion. For higher conversion values than 80%, a
decrease in slope is observed. This is also the case for hydrations 2 and 3, albeit much faster.
The slope of the fit of hydration 1 is 0.1936 ± 0.0004. This means the conversion depends on
time with t0.19.
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Figure 5.5: Double logarithmic plot of sample loading versus time for hydration of K2CO3 for 3 cycles.
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The time dependency of the conversion found is compared to various reaction models.
An overview of nucleation, geometrical contraction, diffusion and reactyion-order models is
provided by Lan [38]. All models provided by Lan show a time dependency for the reaction
rate with ta. The lowest value for a is found in the 3D diffusion model, which contains a
dependency on t0.5. The value of 0.19 found in the experiments is significantly lower than
0.5 in the 3D diffusion model. This means the reaction models do not provide an accurate
description for hydration of K2CO3.

A possible explanation for the difference between the experiment and models is that during
hydration a barrier is formed inside the particle by water. Reactions models typically do not
take this into account, but are based on a fixed porosity. A barrier can be formed by water
filling the pores of the material, resulting in less water vapor transport through the pores.
Instead, water is transported through the crystal lattice itself, which slows down the hydration
process. Simulation experiments on this subject are currently being performed at TNO to
investigate this further.

5.3 Hydration under different pressures

For this section, the influence of the total pressure in the setup on the hydration rate is
studied. This is done by hydrating a K2CO3 sample with stabilized hydration rate at various
pressures. A stabilized sample is required to isolate the influence of the total pressure from the
influence of the amount of reaction cycles on hydration rate. It is assumed the hydration rate
of the K2CO3 sample studied in the previous section is stabilized after 15 cycles. Therefore,
the same sample used in the previous section is also used in this section. It is expected that
for higher total pressures the hydration rate becomes lower, because water diffusion in air
becomes slower at higher pressures. This boundary effect limits the exchange of water vapor
between the sample and the surrounding air.

Hydration has been performed at 15 mbar (last cycle from experiments section 5.2),
250 mbar, 500 mbar and 1000 mbar total pressure. The measurement at 1000 mbar total
pressure is performed twice: first with air in the setup and secondly with nitrogen in the
setup. This is done because formation of KHCO3 is suspected when measuring in air. Filling
the setup with nitrogen instead of air should limit the formation of KHCO3. The results of
the first hour of hydration are shown in figure 5.6.
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Figure 5.6: Plot of sample loading versus time for hydration of K2CO3 at various pressures. Loading
is displayed as scattered points, water vapor pressure as lines.

Figure 5.6 shows sample loading as scattered points and water vapor pressure as lines.
Because of a defect of the humidity sensor, only water vapor pressures are available for
experiments at 15 and 250 mbar total pressure. It is observed that for all pressures a loading
of 1.5 is reached, after taking into account the accuracy of the loading, which is 0.09. This is
expected when sesquihydrate is formed.

Figure 5.6 shows that the rate of mass increase depends on the pressure in the setup. The
reaction at 1000 mbar N2 is not visible, because the material is already fully hydrated when
the measurement starts. This is caused by the long preparation time of this measurement:
first the setup is pumped down to 15 mbar and after that filled with nitrogen gas. Together
this takes 20 minutes. During this time the K2CO3 sample is fully hydrated. At 15 mbar total
pressure, 10 minutes of pumping are necessary. This results in a nearly fully hydrated state at
the start of the experiment. For the other pressures less than 5 minutes of pumping is required.
Because of this, the material does not start in a fully hydrated state. For pressures of 250,
500 and 1000 mbar air, it is shown that higher pressures result in a slower mass increase. The
water vapor pressure in the setup increases more slowly for higher pressures. This is expected,
because the equilibration of water vapor is a diffusion process and thus dependent on pressure
(this is shown for vacuum conditions in section 3.2.4.2). The water vapor pressure reaches
an equilibrium of 14 mbar in roughly 30 minutes at 250 mbar total pressure. At 15 mbar
total pressure, the equilibrium value of the water vapor pressure is reached much sooner: here
roughly 10 minutes are required. The mass increase of the sample seems directly related to
the increase in water vapor pressure. This means that not the hydration rate of the particles
is the limiting process in obtaining mass increase, but rather the water vapor pressure in the
setup. This means that in this setup, with the applied conditions, no hydration kinetics can
be measured. Since the particles react too quickly for the setup, a different setup is required
to measure these small time scales.
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5.3. HYDRATION UNDER DIFFERENT PRESSURES

5.3.1 Anomalous mass increase

The experiments in section 5.3 are performed for a longer time than shown previously. If
the complete data is shown, a higher sample loading than 1.5 is observed. This is shown in
figure 5.7:
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Figure 5.7: Plot of sample loading versus time for hydration of K2CO3 at various pressures.

Figure 5.7 shows that loadings as high as 1.8 are observed after 175 hours at 1000 mbar air
pressure. This is clearly higher than the maximum loading of K2CO3, even when the accuracy
of the measured loading is taken into account (0.09). If the only reaction process is hydration
of K2CO3, the high loading values can never be obtained. One possible side reaction that
explains the large observed loading is formation of potassium bicarbonate: KHCO3. This
material can be formed by reaction of carbon dioxide and either anhydrous or hydrated
K2CO3 (see section 2.2.3). This would also explain why the increase in loading for values
above 1.5 is faster for higher air pressures. For higher air pressure, a higher partial CO2

pressure is present, resulting in a higher reaction rate for formation of KHCO3. Furthermore,
the experiment with nitrogen in the setup strengthens this hypothesis. Here, a lower reaction
rate is observed because less CO2 is present. The formation of KHCO3 is studied in more
detail in section 5.3.2.
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CHAPTER 5. HYDRATION KINETICS OF K2CO3

5.3.2 KHCO3 formation

Figure 5.6 and 5.7 indicate formation of KHCO3 is slow compared to the hydration process
of K2CO3. This is because a loading of 1.5 is reached in under 30 minutes, while the increase
in loading after that is orders of magnitude slower. Because of this time scale difference, it is
assumed anhydrous K2CO3 can fully hydrate and only K2CO3 ·1.5 H2O is reacting with CO2

to form KHCO3. Based on this assumption, the amount of KHCO3 can be calculated by the
mass conservation law. The chemical reactions are given by:

xK2CO3 (s) + 1.5H2O(g)→ xK2CO3 ·1.5 H2O(s),

xK2CO3 ·1.5 H2O(s) + yCO2 (g)→ (x− y)K2CO3 ·1.5 H2O(s) + 2yKHCO3 (s)

+ 0.5yH2O(g).

(5.3)

Equation 5.3 shows the total conversion of x mole K2CO3 to the hydrated phase. After
that, y mole (y < x) of the hydrated phase reacts to form 2y mole of KHCO3. Based on mass
conservation, the following equations can be constructed:

minitial = xMK2CO3
,

mafter = (x− y)MK2CO3 · 1.5 H2O + 2yMKHCO3
,

(5.4)

where x and y [mol] are the amount of mole of material as displayed in equation 5.3,
minitial [g] the mass of the anhydrous material, mafter [g] the mass of the combination of
hydrated K2CO3 and KHCO3 as measured by the balance and M [g/mol] indicates the molar
mass of a material with the material as subscript.

By solving the system in equation 5.4, the amount of KHCO3 can be calculated. The
result of this calculation is shown in figure 5.8:
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Figure 5.8: Plot of the mass of KHCO3 versus time for various pressures. Data points are fitted with
a single exponential.
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Figure 5.8 shows the mass of KHCO3 as a function of time for different total pressures.
Steps in the data are caused by the accuracy of the balance. The red, green and blue data are
measured with air in the setup (at the indicated pressure) whereas the cyan data is measured
with 1000 mbar N2 in the setup. For higher air pressures, a faster formation of KHCO3 is
observed. This is expected, because at higher air pressures a higher CO2 pressure is present,
which leads to a higher reaction rate for KHCO3 formation. The measurement with N2 in
the setup shows very slow KHCO3 formation compared to the other curves. This is also
expected, since the partial air pressure is approximately 15 mbar, which results in the lowest
partial CO2 pressure out of all the plotted curves. The N2 experiment shows that not the
total pressure in the setup causes a sample loading that is too high, but rather the partial
pressure of a gas present in air which is not N2. This further strengthens the hypothesis that
KHCO3 formation occurs by reaction of K2CO3 ·1.5 H2O with CO2.

To obtain information about the time scale of KHCO3 formation, the experimental data
has been fitted with equation 5.5:

m = mmax(1− exp
−t
τ

), (5.5)

where m is the mass of KHCO3 [mg], mmax the maximum KHCO3 mass from the expo-
nential function [mg], t the time [s] and τ the reaction time scale [s].

The time scale values for τ obtained this way are (7.42 ± 0.02) · 105 s at 250 mbar total
pressure, (3.144 ± 0.007) · 105 s at 500 mbar total pressure and (4.267 ± 0.009) · 105 s at
1000 mbar total pressure. No general trend is observed from these values. The maximum
KHCO3 mass mmax which can be reached determined from the fit is 94.3±0.2 mg for 250 mbar
total pressure, 93.9 ± 0.1 mg for 500 mbar total pressure and 130.9 ± 0.2 mg for 1000 mbar
total pressure. Based on a complete conversion of 545.8 mg K2CO3 ·1.5 H2O to KHCO3,
a maximum KHCO3 mass of 661.4 mg can be formed. The fitting result shows that for
all pressures a lower KHCO3 mass is expected than when complete conversion takes place.
During our experiments, after 150 h at 1000 mbar total pressure, the KHCO3 mass is 15% of
its maximum value.

Since no conclusions can be drawn on the pressure influence on KHCO3 formation from the
time scales, the data is plotted differently. Now, the horizontal axis contains a scaled pressure
p

patm
times the time, where p is the total pressure in the setup and patm the atmospheric

pressure. Since the total pressure is proportional to the partial CO2 pressure, plotting data
this way removes the influence of partial CO2 pressure from the plot. The data is zoomed
in to show the first 25 hours. This is done because the partial CO2 pressure changes over
time during the experiment when it is used in a reaction. At different total pressures, the
relative change in partial CO2 pressure is different when an equal amount of CO2 is used in a
reaction. By studying only the initial data points, a better comparison can be made between
data measured at different total pressures. The results are shown in figure 5.9.
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Figure 5.9: Plot of the mass of KHCO3 versus scaled time based on pressure for various pressures.

Figure 5.9 shows that within the accuracy of the balance, the data points mostly overlap
for different pressures. Since this was not the case when the data is plotted with just the
time on the horizontal axis (see figure 5.8), this means that KHCO3 formation depends on
partial CO2 pressure, as is expected. The overlap also shows that KHCO3 formation does not
depend on the total pressure in the setup. Otherwise, different curves would be obtained at
different total pressures.

5.4 Summary and conclusions

In this chapter hydration kinetics of K2CO3 are studied. It is found that for multicyclic
hydration under vacuum the hydration rate increases for the first 4 cycles. This results in
a reaction time scale decrease of nearly 3 orders of magnitude. As a result of the time
scale decrease, an increase of surface area of nearly 3 orders of magnitude for the particles
is expected. ESEM results from chapter 4 show an increase in surface area of 1 to 2 orders
of magnitude between cycle 1 and 9. However, the actual increase in surface area may be
larger than calculated, because the microscope resolution is not sufficient to view crystallites
smaller than a few µm and because the calculation assumes perfectly spherical crystallites
are formed. For the general behavior, decreasing time scales are supported by the ESEM
pictures.

The influence of total pressure on the hydration rate is studied. Here, it is found that higher
pressures lead to slower mass increases. This mass increase is not a measure for hydration
rate however. With the settings used in the vacuum TGA setup, hydration of the particles
is limited by the water vapor pressure transport in the setup and not by hydration rate of
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the particles. This is the case for a pressure range of 15 mbar to 1000 mbar total pressure.
Furthermore, anomalous mass increase is observed when hydration is performed for 150 hours.
Loadings of values between 1.5 and 1.8 are observed for pressures of 250 mbar and above.
Hydration of K2CO3 can not result in a loading higher than 1.5, so it is suggested a side
reaction takes place. Formation of KHCO3 is a likely candidate to explain the high observed
masses, since this is formed by reaction with CO2. This hypothesis is further strengthened
by an experiment with N2 in the setup instead of air. Here, KHCO3 formation is much
slower than when air is present in the setup. The time scale of KHCO3 formation is typically
4 · 105 s, or 110 h. The loading increase is faster for higher pressures. This is expected,
because at higher pressure, the partial CO2 pressure is higher, resulting in a faster reaction.
To make a definite conclusion that KHCO3 is formed, additional experiments such as infrared
spectroscopy are required.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

Currently, behavior of salt particles is not well understood, although it plays a crucial role in
reactor design. To understand the behavior of salt particles during cycling, both morphology
changes and hydration kinetics of potassium carbonate (K2CO3) are studied.

Study of morphology during cycling shows swelling during hydration of the particles. No
significant shrinking is observed during dehydration. As a result, the volume of the particles
increases over multiple cycles. The observed volume and thus porosity increase is larger than
what is expected from hydration of bulk material. K2CO3 needs to form a different crystal
structure during hydration. Swelling may be a way for the material to allow easy water
transport, which is energetically favorable compared to transporting water molecules through
the crystal structure itself.

Swelling of the material is only visible when an overpressure of water vapor is present.
Swelling starts when the water vapor pressure has a value of 2 to 3 times the equilibrium
vapor pressure from the phase diagram.

Crack formation is visible both during hydration and dehydration of K2CO3. To study
crack formation, K2CO3 has been recrystallized, which results in a smooth surface. This way,
the width of cracks can be measured. It is found that various crack widths appear during
cycling. The largest cracks have a width of approximately 1 µm. Smaller cracks do appear
but can not be measured, because the microscope resolution is not sufficient.

In a reactor the volume increase could prove detrimental to the performance of the total
setup. The particles can grow in size and exert an increasing pressure on the components of
the reactor, which could damage the reactor. Because of the volume increase particles will
fuse together, which limits the water vapor transport through the packed bed. This in turn
will limit the hydration and dehydration rate, which decreases the performance of the reactor.

For multicyclic hydration, it is found that K2CO3 can be fully hydrated and dehydrated for
at least 19 cycles. This stable behavior is promising for use of K2CO3 as heat storage material.
For multicyclic hydration under vacuum conditions, the hydration rate increases for the first
4 cycles. This results in a reaction time scale decrease of nearly 3 orders of magnitude. As a
result of the time scale decrease, an increase of surface area of nearly 3 orders of magnitude
for the particles is expected. ESEM results show an increase in surface area of 2 orders of
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magnitude between cycle 1 and 9. However, surface area may increase more than observed,
because of resolution limitations of the ESEM. As a result, ESEM experiments support the
explanation of expected surface area increase based on the timescale decrease.

The influence of total air pressure on the hydration rate is studied. Full hydration is
achieved for a pressure range of 15 mbar to 1000 mbar total pressure. Time scales for hydration
rate as function of pressure could not be obtained, because reaction time scales are not visible
due to water vapor transport in the setup being slower than reaction of the particles. In other
words, hydration of the particles is limited by the water vapor pressure transport in the setup
and not by hydration rate of particles.
For reactor design this implicates that the key design point to achieve fast hydration should
be fast water vapor transport in the setup. Fast water vapor transport can be achieved by
using a closed system and pumping down the system, but also by generating a large air flow
in an open system. For now, no system shows a clear advantage over the other design with
regard to hydration rate. Future research remains necessary to determine which system type
can achieve the highest hydration rate.

During hydration at pressures of 250 mbar and higher a sample loading of values larger
than 1.5 is observed. A loading of even 1.8 is observed after 150 hours at atmospheric pres-
sure. The high loadings can be explained by formation of KHCO3 as a side reaction with CO2.
Formation rate of KHCO3 increases with total pressure, suggesting a dependency on partial
CO2 pressure, as expected. An experiment with N2 in the setup instead of air supports this
suggestion, because KHCO3 formation is much slower than when air is present in the setup.
The typical time scale for KHCO3 formation is 110 h.
In a reactor, KHCO3 formation is problematic, because the amount of active heat storage
material is reduced. Especially in open systems, where CO2 is readily available, KHCO3

formation may occur during long-term storage. Reducing the partial CO2 pressure in the
reactor, for example by pumping down the system, reduces the rate of KHCO3 formation.
Therefore, it may be necessary to use closed systems to reduce KHCO3 formation for long-
term heat storage.

6.2 Outlook

In general, it can be interesting to study K2CO3 particles from different suppliers and differ-
ent particle sizes. In addition, different hydrates can be studied to see if the same coupling
between swelling and an improving reaction rate is found.

Hydration kinetics can not be measured in the custom vacuum TGA setup after 4 cycles
because particles react much faster than the setup can provide water vapor. To remedy this,
settings can be chosen where reaction rate is expected to be slower. This can be done by
using a different saturated salt solution for humidity control resulting in a lower water va-
por pressure or by using a higher temperature. If this is not sufficient, a setup is required
where hydration kinetics can be measured during the entire hydration process and where the
water vapor pressure and temperature are kept constant. In short, this would mean a setup
is required which is able to both dehydrate and hydrate K2CO3 while measuring sample mass.

The formation of KHCO3 during hydration can be studied in more detail. Currently, for-
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mation of KHCO3 is a plausible explanation for the high mass observed in the hydration
experiments of K2CO3. To verify if KHCO3 is present after hydration, infrared spectroscopy
could be performed.

Volume increases are observed when cycling K2CO3 particles for multiple cycles. These
volume changes could limit the functionality of the reactor, as discussed in the conclusions.
Methods to remedy this behavior can be studied to prevent performance loss of the reactor.

One possible way to prevent particle swelling is to cycle the material until swelling stops
occurring. This way, particles will form a size which is energetically favorable. An additional
expected advantage of this method is that the hydration and dehydration rates of the particles
are at a maximum, because the ideal particle size has formed. However, treatment of the
material by cycling will cost energy and time, which is undesirable.

A different approach is modification of the K2CO3 particles. Encapsulating the particles
with a coating can limit the swelling, which makes it easier to retain the shape of the packed
bed in a reactor. Care should be taken that the performance of the particles is still sufficient
and not too harshly limited by the coating. Another suggestion is modifying the particles by
doping. This could fundamentally change the material, for example by changing phase lines
and the energy storage density.
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Appendix A

Clausius-Clapeyron and Antoine
comparison

A.1 Temperature-dependent vaporization enthalpy in the Clausius-
Clapeyron equation

When the ideal gas approximation can be used, the Clausius-Clapeyron equation is given by
equation A.1.

dp

dT
=
p∆Hvap

T 2R
(A.1)

where p is the water vapor pressure [mbar], T the temperature [K], R the ideal gas constant
(8.314 J mol−1 K−1 [24]) and ∆Hvap [J/mol] the vaporization enthalpy of water.

Usually the temperature and pressure dependency of the vaporization enthalpy is not taken
into account. The Clausius-Clapeyron equation then simplifies to equation A.2.

ln
p2

p1
=

∆Hvap

R

(
1

T1
− 1

T2

)
(A.2)

If one combination of pressure and temperature is known (for example p1 and T1), the
pressure as a function of temperature can be calculated with equation A.3.

p = pref exp

(
∆Hvap

R

(
1

Tref
− 1

T

))
(A.3)

On the other hand, if the enthalpy of vaporization does depend on temperature, the equa-
tions above change. The data used for the temperature-dependent vaporization enthalpy is
taken from Marsh [39] and displayed in figure A.1.
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A.1. TEMPERATURE-DEPENDENT VAPORIZATION ENTHALPY IN THE
CLAUSIUS-CLAPEYRON EQUATION
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Equation y = A1*exp(-x/t1) + A2*exp(-x/t2) + A3*exp(-x/t

3) + y0
Reduced Chi-S
qr

0.18693

Adj. R-Square 0.99857
Value Standard Error

DeltaHvap y0 51.98767 0.22557
DeltaHvap A1 -8.20027E-8 9.32318E-7
DeltaHvap t1 -19.70057 11.63432
DeltaHvap A2 -9.00713 --
DeltaHvap t2 -264.89042 34.13316
DeltaHvap A3 1.92613 --
DeltaHvap t3 4.95014E105 0
DeltaHvap k1 -0.05076 0.02998
DeltaHvap k2 -0.00378 4.86457E-4
DeltaHvap k3 2.02015E-106 0
DeltaHvap tau1 -13.6554 8.0643
DeltaHvap tau2 -183.60805 23.65931
DeltaHvap tau3 3.43117E105 0

Figure A.1: Plot of the vaporization enthalpy of water as function of temperature. The black points
indicate literature data [39] while the red line indicates a third order exponential fit of the data.

For the temperature range 0 � to 375 �, the vaporization enthalpy can be described by a
third order exponential, as shown in figure A.1. In the temperature range 0 � to 100 �, the
vaporization enthalpy varies between 40 and 45 kJ mol−1 and can be more simply described
by a single exponent. This is shown in figure A.2. By using the fitting data from figure A.2
as input for the vaporization enthalpy in equation A.1, an equation for the pressure can be
obtained. The single exponent fitting equation is given in equation A.4.

∆Hvap = A exp

(
−T
B

)
+ C (A.4)

from which the fit parameters A, B and C are obtained.

An expression for the saturation vapor pressure is obtained by substituting equation A.4
in equation A.1. This is shown in equation A.5.

dp

p
=
A exp

(−T
B

)
+ C

T 2R
dT (A.5)

By using Wolfram Mathematica software equation A.5 is solved. This way values are
obtained for the Clausius-Clapeyron equation with temperature-dependent vaporization en-
thalpy.
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APPENDIX A. CLAUSIUS-CLAPEYRON AND ANTOINE COMPARISON
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Figure A.2: Plot of the vaporization enthalpy of water as function of temperature. The black points
indicate literature data [39] while the red line indicates a first order exponential fit of the data.

A.2 Comparison of the Clausius-Clapeyron and Antoine equa-
tion

For the Clausius-Clapeyron equation, the water vapor pressure at 100 � is fixed at 1013
mbar [26] and a vaporization enthalpy of 43.99 kJ mol−1 is chosen (vaporization enthalpy at
25 � [39]). For the Clausius-Clapeyron equation with temperature-dependent vaporization
enthalpy, literature data from Marsh [39] is used for the vaporization enthalpy as described
above.

Plotting the water vapor pressure calculated by the Clausius-Clapeyron and Antoine equa-
tion as a function of temperature as a function of temperature shows very small differences
between the curves. The difference between the different calculation methods is shown more
clearly in figure A.3. Here, the difference of the calculated value and the reference value
is divided by the reference value to generate a relative difference. This difference is shown
as a percentage. As expected, introducing a temperature-dependent vaporization enthalpy
in the Clausius-Clapeyron equation improves the accuracy compared to the temperature-
independent version. The Antoine equation provides the most accurate results of the three
methods, with a relative difference compared to literature data of 1% at low temperatures
and lower percentages at higher temperatures.
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A.2. COMPARISON OF THE CLAUSIUS-CLAPEYRON AND ANTOINE EQUATION
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Figure A.3: Plot of the relative difference of the vapor pressure of water in air for calculated data com-
pared to literature data [26]. The Clausius-Clapeyron data with temperature-independent vaporization
enthalpy is shown in red, the Clausius-Clapeyron with temperature-dependent vaporization enthalpy in
green and the Antoine data is shown in blue. Of the three methods the Anoine equation provides the
most accurate results.
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Appendix B

1D diffusion model for water vapor
pressure in a closed system

Because the custom vacuum oven TGA setup is a closed system and no air flow is present
inside the setup, it is expected that diffusion is the dominating process which governs the
water vapor distribution in the oven. This appendix provides a 1D diffusion model for the
water vapor pressure in a closed system. The model is used to calculate the time necessary
to form an equilibrium water vapor pressure in the custom vacuum oven TGA setup.

The change in concentration of particles over time can be described by Fick’s second law.
Fick’s second law is a partial differential equation which is derived by combining Fick’s first
law and the continuity equation. The one dimensional variant of Fick’s second law is shown
in equation B.1:

∂c(x,t)

∂t
= D

∂2c(x,t)

∂x2
(B.1)

where c is the concentration of particles [#particles m−3] at position x [m] at time t [s]
and D the diffusion coefficient [m2 s−1].

In order to use equation B.1 to calculate the water vapor pressure in the custom TGA setup,
initial conditions and boundary conditions need to be defined. The system can be described
by a constant concentration of water vapor cmax just above the saturated salt solution at x = 0
and a changing water vapor pressure in the rest of the setup (0 < x ≤ xmax). For calculations,
it is assumed that the initial water vapor pressure in the setup is constant (except just above
the saturated salt solution) and equal to cinitial. The boundary and initial condition are
shown in equation B.2:

c(0,t) = cmax

c(x,0) = cinitial, 0 < x ≤ xmax
(B.2)

By using the conditions in equation B.2, Fick’s second law can be solved. The solution for
the concentration c(x,t) then becomes:

c(x,t) = (cmax − cinitial) erfc

(
x

2
√
Dt

)
+ cinitial (B.3)
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where the complementary error function erfc(z) is given by erfc(z)= 2√
π

∫∞
z e−t

2
dt.

Because the water vapor pressure is directly proportional to the water particle concentra-
tion, equation B.3 can be written as:

p(x,t) = (pmax − pinitial) erfc

(
x

2
√
Dt

)
+ pinitial (B.4)

Equation B.4 provides an expression for the water vapor pressure p, which can be used for
example to calculate the water vapor pressure in the custom vacuum oven TGA setup used
in this research. To perform this calculation, a value is required for the diffusion constant D.
The diffusion constant depends on pressure. For self-diffusion, the pressure dependence of
the diffusion coefficient is given by the empirical suggestion in equation B.5 [33]:

p1D1 = p2D2 (B.5)

where the subscripts indicate two different pressures p1 and p2. The temperature at both
pressures must be equal.
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Appendix C

ESEM pictures of hydrated K2CO3
after varying amount of cycles

This appendix provides ESEM pictures of a K2CO3 particle which is cycled 10 times. After
each cycle, an image is taken of the hydrated phase of the material. The experiment is
described in more detail in section 4.2.2.

(a) 0 cycles (b) 1 cycle
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(c) 2 cycles (d) 3 cycles

(e) 4 cycles (f) 5 cycles

(g) 6 cycles (h) 7 cycles
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APPENDIX C. ESEM PICTURES OF HYDRATED K2CO3 AFTER VARYING
AMOUNT OF CYCLES

(i) 8 cycles (j) 9 cycles

(k) 10 cycles

Figure C.1: ESEM pictures of the hydrated phase of a K2CO3 particle after a various amount of cycles.
Below each picture the amount of applied cycles is displayed.
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Appendix D

ESEM pictures of dehydration of
K2CO3

This appendix shows ESEM pictures of a K2CO3 particle before and after dehydration after
0 experienced cycles and 5 experienced cycles. All pictures are taken at 4 mbar water vapor
pressure. The hydrated state is imaged at 30 �, the dehydrated state at 100 �. No shrinking
is visible during dehydration. The experiment is described in section 4.2.2.

77



APPENDIX D. ESEM PICTURES OF DEHYDRATION OF K2CO3

(a) Hydrated state 0 experienced cycles (b) Dehydrated state 0 experienced cycles

(c) Hydrated state 5 experienced cycles (d) Dehydrated state 5 experienced cycles

Figure D.1: ESEM pictures of a K2CO3 particle before and after dehydration after 0 experienced cycles
and 5 experienced cycles. No shrinking is visible during dehydration.
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