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Chapter 1
Introduction

1.1 Energy transition

In the Paris Agreement 2015, it is recognized that there is an urgent threat of cli-
mate change [1]. The agreement thereby quantifies the goal as the objective to
hold: “the increase in the global average temperature to well below 2 °C above
pre-industrial levels and to pursue efforts to limit the temperature increase to
1.5 °C above pre-industrial levels, recognizing that this would significantly re-
duce the risks and impacts of climate change” [2].

To meet this objective, a transition has to be made from a fossil fuel-based,
society to a renewable energy-based society. Significant growth in the global
population has put a heavy load on fossil fuels such as coal and oil, which are
estimated to be exhausted in a couple of decades [3]. Moreover, these fossil
fuels are leading to increased CO2 emissions, which are the major greenhouse
gas (GHG) contributors and are the cause of global warming [4]. In the transi-
tion, the increase of renewable energies and the development of efficient energy
systems are essential. To increase energy efficiency, the production of energy
should be as close as possible to the end-user, thus decentralizing the energy
system. Amongst these decentralized energy systems are; combined heat and
power, district heating and cooling, geothermal, biomass and solar energy [5].
The development of efficient energy systems is one of the main challenges in
making the transition from a fossil-based energy society to a renewable-based
energy society. By bringing the production of energy as close as possible to the
end user, transport and conversion losses are mitigated. For these decentralized
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systems, energy storage is a necessity to match demand and supply in time,
power and space.

Storage is particularly crucial for energy systems based on solar energy, this
holds for both thermal and photovoltaic. Solar energy is regarded as one of
the most promising renewable energy sources and like other renewable energy
sources, is characterised by its intermittent behaviour [6]. This originates from
the variations in solar irradiation with the weather, location, time and season of
the year [7]. Therefore, advanced energy storage is a crucial technology for the
widespread integration of renewable energies in our total energy supply.

Focusing on the total energy consumption in Northern European countries,
41% can be contributed to the built environment. Of which the largest part
can be contributed to thermal energy for residential purposes, resulting in resi-
dential thermal energy consuming 25% of the total energy use [8]. Therefore,
thermal storage in this specific sector may contribute significantly to the reduc-
tion of total energy use.

The built environment application also determines the temperature window
at which the thermal storage must be charged and discharged. By focusing on
residential thermal energy the charge temperature must be lower than 120 °C
to be collected by solar panels, and the discharge temperature must be above
50 °C to be used for tap water [9].

Concluding, thermal energy storage (TES) is one of the key technologies to
effectively increase the total shares of renewable energies in the total energy
use in Northern European countries. Whereby, TES is a necessity in any en-
ergy management system and the key solution to correct the mismatch between
supply and demand [10].

1.2 Thermal energy storage

For thermal energy storage there are several techniques present which can be
subdivided into three main categories; sensible, latent and thermochemical heat
storage. Sensible heat storage is based on increasing the temperature of a ma-
terial, latent on the energy accommodated in a phase transition and thermo-
chemical in the physical or chemical reaction of two substances.

1.2.1 TES categories

An overview of all TES options is shown in Figure 1.1.
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Figure 1.1: Overview of the three thermal energy storage categories; sensible, latent and
thermochemical heat storage. Thermochemical can be divided into chemical
reactions and sorption. Sorption can be subdivided into adsorption and ab-
sorption. From the absorption category salt hydrates is a promising class.

The different classes and sub-classes will be discussed in the following sec-
tion.

For thermal energy storage, numerous options are present, all with their dif-
ferent advantages and disadvantages taking into account; energy density, tem-
perature operating window, capacity, price and storage period. Besides energy
density, the storage period is of key importance since the energy density of a spe-
cific storage method is dependent on the storage period since energy is lost over
time. For a typical well-insulated house in the Netherlands, the annual heat de-
mand is about 20 GJ. Due to seasonal fluctuations about 10 GJ has to be stored.
If this is done using heat storage in water (90 °C) the water tank must have a
volume of at least 50 m3 [11]. Using a higher energy density storage material
like thermochemical materials (TCM), the storage volume would still be 10 m3

[9]. Moreover, this only holds for well-insulated dwellings, for existing, poorly
insulated dwellings, the storage volume would even be larger. This demon-
strates that seasonal storage is difficult to realize and can only be achieved in
niche applications. For large-scale implementation of heat storage, the storage
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volume must be reduced. Moreover, seasonal storage is not a necessity since
outside the summer period with high solar irradiation there is sufficient energy
available also in spring and autumn, and even in winter periods. Storage must
focus on periods where no renewable energy is available.

With the introduction of renewable energies, which require storage, a key
question must be answered; what is the typical storage period that should be
covered? Renewable energies, which in most European countries rely on wind
and solar energies are affected by periods of low availability. This weather phe-
nomenon is called “Dunkelflaute” and is rapidly becoming a major concern for
the renewable energy community. The word Dunkelflaute is derived from the
German words “Dunkelheit”(darkness) and “Windflaute” (little wind) and are
described by heavy overcast skies and weak wind conditions, meteorologists
refer to this phenomenon as the “anticyclonic gloom” [12][13]. This meteo-
rological event can last from a few hours up to a couple of consecutive days.
Under these conditions little or no wind and solar energy can be generated. In
a German case study, based on 35 years of data, a time-series analysis showed
that a Dunkelflaute event does not exceed 2 weeks [13]. Therefore, in the
transition from a fossil-fuel-based society to a renewable energy-based society,
storage technologies must be introduced which can cover a period of 2 weeks.

1.2.2 Sensible

Sensible heat storage (SHS) is based on increasing the temperature of a material
and thereby using the heat capacity of a material. The amount of energy stored
is described by;

QSHS =
∫ T f

Ti

mCp (T )∆T. (1.1)

With m [kg] the mass of the material, Cp [J/kg/K] the specific heat capacity
and ∆T [K] the temperature change from the initial (Ti ) till the final tempera-
ture (T f ).

This storage principle is schematically illustrated in Figure 1.2 on the left.
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Figure 1.2: Schematic representation of the thermal energy storage principles, indicated
by the temperature against energy storage density for sensible, latent and
thermochemical energy storage. Sensible storage is based on increasing the
temperature of a material with a high heat capacity, latent on the phase tran-
sition and thermochemical on the chemical- or physical sorption reaction.

For sensible heat storage materials with a high specific heat capacity are
used e.g.; water, rock, metals, concrete, sand, bricks, clay, basalt and molten
salts [14][15][16][17][18][19]. Since energy is stored over a temperature in-
terval, insulation is needed to avoid heat losses over time. Sensible heat storage
is widely used in solar boilers as shown in Figure 1.3a, the typical storage period
is a single day. Moreover, sensible heat storage is used in various heating sys-
tems to buffer capacity for instance in heat pump and biomass heating systems,
typical storage periods are minutes to hours. Depending on the temperature
ranges of the application different materials are selected, water is typically used
at lower temperatures (<120 °C), at higher temperatures (>600 °) basalt rocks
are used in solid storage and molten salts in liquid storage applications.
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To reduce the intrinsic heat losses in sensible heat storage applications,
large-scale systems are implemented. As an example, water storage tanks are
used on a large scale and coupled to district heating networks, a state-of-the-art
sensible seasonal storage solution is shown in Figure 1.3b [20].

(a) Local small scale daily sensible storage
[21].

(b) Large scale sensible seasonal storage
[20].

(c) Completely filled daily PCM storage
[22].

(d) Daily PCM storage using PCM capsules
[23].

Figure 1.3: Present-day state-of-the-art heat storage applications, sensible (a and b) and
latent (c and d).
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1.2.3 Latent

In latent heat storage (LHS) the materials undergo a phase transition in which
heat is adsorbed or released without a change in temperature. Therefore, these
materials are called phase change materials (PCM). Compared to sensible heat
storage more energy is stored in the same temperature window [3]. This storage
principle is schematically shown in the middle of Figure 1.2. The amount of
energy stored can be described by;

QLHS =
∫ Tm

Ti

mCp,s (T )∆T +m f ∆HL +
∫ T f

Tm

mCp,l (T )∆T. (1.2)

In which Tm [K] is the melt temperature, ∆HL [J/kg] the specific latent heat
of fusion, f [-] the melted fraction and Cp,s and Cp,l [J/kg/K] the specific heat
capacity of the solid and melted phase respectively [16].

In Figure 1.1 the most common PCM category is shown, a solid-liquid tran-
sition PCM which can be; organic, inorganic and eutectic materials [17]. De-
pending on the application temperature a PCM is selected with a transition
temperature in the desired temperature range. Organic PCMs are used since
they are stable, have no super-cooling and are mostly non-corrosive, examples
are; paraffins, fatty acids, alcohols and glycols [24]. Inorganic PCMs are mostly
used since they are cheap and can be used at high temperatures [25]. Other
categories exist but are significantly less studied i.e.; solid-solid PCM. Where
solid-solid PCMs promise to be more thermal and form stable [26].

For PCM storage, the state-of-the-art technologies used for heating appli-
cations make use of different designs, there are water-filled containers with
encapsulated PCM or completely filled PCM with an internal heat exchanger.
The UniQ Heat Battery by Sunamp (Figure 1.3c) works with a heat exchanger
integrated into bulk PCM [22]. The KraftBoxx storage by Axiotherm (Figure
1.3d) contains small cigar-shaped encapsulated PCM capsules that are used to
increase the heat capacity of a water vessel [23]. Moreover, PCMs are used in
building envelopes for passive thermal buffering, thereby maintaining accept-
able thermal comfort.
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1.2.4 Thermochemical

The third storage option is thermochemical storage (TCS), whereby heat is
stored in a reversible reaction. Generally, this is the fixation of a gas or vapour
(sorbate) by a solid or liquid (sorbent) [27]. Wherein one direction is endother-
mic, heat is required to break the bonds, thereby storing energy. This energy
is released again by an exothermic reaction upon the formation of the original
phase between two components. The energy is thus stored in the bonds be-
tween the two components, and based on the nature of the bonds this is mainly
classified as sorption or chemical reaction storage [3].

Thermochemical energy storage is a promising candidate for advanced en-
ergy storage as it offers a high energy storage density (ESD, specific thermal
storage capacity) and negligible heat loss [28] [15]. The material energy den-
sity can reach up to 2.5 GJ/m3 but more important the reaction energy is stored
loss-free and the operating temperature can be tuned by the sorbent pressure.
This storage principle is schematically shown in the right of Figure 1.2.

The amount of energy stored can be described by;

QTC S =
∫ Tr

Ti

mCp,α(T )∆T +m∆Hα→β+
∫ Ts

Tr

mCp,β(T )∆T. (1.3)

In which Tr [K] is the reaction temperature, ∆Hα→β [J/kg] the formation
enthalpy and Cp,α and Cp,β [J/kg/K] the specific heat capacity of the original
(α) and final (β) phase respectively, and Ts [K] is the storage temperature where
the material is charged.

Depending on the application temperature a TCM is selected with a reaction
temperature in the desired temperature window, i.e.; hydration/dehydration of
salt hydrates (application in the range of 40 – 260 °C), hydration/dehydration
of metal hydroxides (250 – 600 °C), hydrogenation/dehydrogenation of metal
hydrides (80 – 400 °C), carboxylation/decarboxylation of metal carbonates (ap-
plication in the range of 100 – 950 °C), reduction/oxidation of metal oxides
(application in the range of 600 – 1000 °C) [29]

For thermochemical heat storage, there are no commercial products avail-
able yet in the market. However, several research projects focusing on different
materials such as salt hydrates [30][31], zeolites [32] and NaOH solutions [33].

An overview of materials in the three categories with their energy storage
capacity and corresponding temperature window is shown in Figure 1.4

It should be noted that these densities are all on material level. For water
storage, insulation has to be included and for PCM and TCM the packing density
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Figure 1.4: Storage capacity of different, sensible (water), latent (PCM) and thermo-
chemical (TCM), against the temperature window, figure adapted from [34].
Salt hydrate hydration temperatures at 12 mbar [9].

and reactor system components have to be included.

1.2.5 Salt hydrates

A promising subclass of thermochemical materials (TCMs) are salt hydrates,
as they feature a high energy density, a hydration/dehydration temperature
suitable for domestic applications and a safe sorbate (i.e. water vapour) [35].
Salt hydrates incorporate water in the crystal lattice, the hydration reaction is
exothermic and the output temperature is dependent on the water vapour pres-
sure. Donkers et al. [9] made an extensive analysis of salt hydrates including
563 hydration reactions, from which K2CO3 was selected as the most promising
material, based on the temperature operating window, stability, price and safety.
The focus in this analysis was on domestic heat storage.

The gas-solid equilibrium reaction of K2CO3 is given by:
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K2CO3(s)+1.5H2O(g )⇆K2CO3 ·1.5H2O(s), (1.4)

wherein the hydration reaction from left to right is exothermic and energy is
released when water is absorbed. The dehydration reaction from right to left is
endothermic and heat is stored by the desorption of water.

For domestic heat storage, it is of crucial importance to match hydration and
dehydration temperatures to the required temperature window. To match these
temperatures, phase diagrams are used. Figure 1.5 shows the phase diagram
of K2CO3 [36][37][38][39]. On the Y-axis the water vapour pressure is plotted
against the temperature on the X-axis. The solid green line above the dashed
grey area is the K2CO3 equilibrium phase line as given by Glasser [36];

peq = p0exp(−∆S0/R)exp(∆H 0/RT ) (1.5)

With peq [mbar] the equilibrium vapour pressure, p0 the reference pres-
sure in standard conditions, ∆H 0 [J/mol] the reaction enthalpy at standard
conditions (for K2CO3 63.6 kJ/mol), ∆S0 [J/mol/K] is the reaction entropy at
standard conditions (for K2CO3 155 J/mol/K [9]).

Above the equilibrium line (p > peq), the hydrate (K2CO3·1.5 H2O) is ther-
modynamically stable and below the equilibrium line (p < peq), the anhydrate
(K2CO3) is stable.

For a heat storage application, the equilibrium behaviour is needed to un-
derstand the temperature window in which the salt will hydrate or dehydrate.
But as important is the kinetics of the material, reflecting how fast a system can
be charged or discharged. This reflects the power the material can deliver on
the system level. Kinetic studies of Sögütoglu et al. [40] show that, close to
equilibrium conditions, hydration is kinetically hindered and a hydration/dehy-
dration reaction is only observed after an induction period. For dehydration,
similar behaviour is found [41]. This behaviour is called metastable behaviour
and is caused by a free energy barrier for nucleation, where surface energy has
to be overcome to make a transition from a local minimum in free energy to a
global minimum [42].
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Figure 1.5: Phase diagram of K2CO3 indicating the equilibrium line (solid green line),
below this line in the gray hashed area the anhydrous phase is the stable
phase and above the green line the hydrous phase is the stable phase. The
metastable zone (MSZ) is indicated by the dashed lines wherein the upper
dashed line refers to hydration and the lower to dehydration. The dashed-
dotted line is the deliquescence line and the blue line is the water equilibrium
line. Figure adapted from [40].

From this work, it is concluded that the phase transition is mediated by
a local dissolution at the interface [43]. Due to this metastable behaviour,
the temperature operating window is reduced, since the maximum hydration
temperature is not determined by the equilibrium line but by the metastable
line for hydration. The same holds for the minimum dehydration temperature.
Metastable behaviour is found for several other salts; CuCl2, MgSO4, ZnSO4 and
Na2SO4 [40][44][45][46].

Currently, a disadvantage of salt hydrates is that they exhibit relatively slow
kinetics [47], especially compared to adsorption materials like zeolites or silica
gel [48]. To improve kinetics and, additionally, overcome metastable behaviour,
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doping might be used to enhance material performance. Doping is performed by
the introduction of small amounts of alien ions/molecules to the base material
to promote nucleation and thereby improve the kinetics of the base material.
The potential effect of doping is successfully demonstrated by Shkatulov et al.
[49]. They showed that, by doping Mg(OH)2 with NaNO3, the decomposition
temperature could be lowered. This was also shown by doping Mg(OH)2 and
Ca(OH)2 with several chlorides, nitrates, acetates and sulphates [50]. More-
over, kinetic improvements are found by doping of Ca(OH)2 with KNO3 [51].

Dopants can be introduced in the bulk or on the surface of the crystal of
K2CO3, resulting in several possible mechanisms affecting the hydration reac-
tion e.g.: heterogeneous nucleation by lowering the interfacial energy, chang-
ing the crystal stability, improving the surface mobility or affecting the deliques-
cence relative humidity (DRH).

1.3 Thesis aim & outline

In this study, we explore the possibilities of enhancing the power output of a salt
hydrate-based thermal storage by doping. The aim of this study is to understand
the basic mechanism underpinning doping effects on phase transitions and to
find possible doping candidates that improve the hydration behaviour of K2CO3

in two ways; first to increase the temperature operating window by reducing
the metastable zone (MSZ) width and secondly to improve the kinetics, both
in- and outside the metastable zone. To that extent, we require a profound
understanding of the fundamental properties of the hydration transition. After
that, dopants can be explored to enhance this transition. And finally, we need
an understanding of how power on a material level translates to power output
in a packed bed. In this study, we will make use of TGA, XRD, EIS, BET, SEM
and NMR. Next to that, in-house built setups are used for humidification, phase-
diagram measurements and cyclic stability measurements.
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This thesis addresses the following topics:

• Understanding K2CO3 hydration (Chapter 3 & 4).

• Enhancing kinetics by doping (Chapter 5 & 6).

• Packed bed power output (Chapter 7)

The key chapters are outlined as follows. In chapter 3 the suitability of
K2CO3 is investigated in a specific reactor type, the closed system operating un-
der pure water vapour conditions. In chapter 4, the role of water adsorption
and mobility on the surface of K2CO3 is investigated with respect to its role in
the phase transition and the metastable behaviour. In chapter 5, we focus on
enhancing the phase transition by using soluble carbonate salts and investigate
how caesium doping accelerates the hydration transition. In chapter 6 highly
soluble organic dopants are used as dopants. And in chapter 7 we have investi-
gated how power output on a material level, translates to power and tempera-
ture output on the bed level. Thereby focusing on the effect of wall channelling
and the temperature and power output of a packed bed.





Chapter 2
Experimental Materials and
Methods

The methods and materials used in this thesis will be explained in this chapter.
For material characterization, both standard analytical devices are used (TGA,
XRD, BET and SEM) and (partially) home-built (pT, small-scale reactor, EIS and
NMR). The characterized materials depend on the type of experiment which
is used for characterization or on the method of synthesis. The dopants are
synthesized using a rotary evaporator which results in small quantities (mg -
gram) of powder, this is suitable for TGA, DVS, XRD, SEM and BET experiments.
For EIS and reactor-scale experiments, larger quantities (5 - 50 g) of material are
required. The different preparation methods are elaborated in Sections 2.1.1,
2.1.2 and 2.1.3. The different setups are described in Sections 2.2.1 till 2.2.8.



16 Experimental Materials and Methods

2.1 Materials

Several types of materials are used in this work, powder, granules and tablets.
The synthesized powders are all prepared via the same method, evaporative
crystallization, as it is one of the most common and simplest crystallization
methods. The evaporative crystallization is done using a rotary evaporator.

2.1.1 Powder

In a rotary evaporator, the volume of a solution is distributed over a thin film in
the inner wall of a rotating flask. The pressure in the flask is reduced and the
whole flask is submerged in a water bath at an elevated temperature to enhance
the evaporation rate of the solvent. The solvent is condensed at a cooling spiral
and collected in a second flask, in this work a Buchi® Rotavapor R-100 is used
which is shown in Figure 2.1 [52].

Figure 2.1: Buchi® Rotavapor R-100, used with permission from [52].
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The solutions are prepared in the evaporating flask of the Rotavapor, the
water bath temperature is set at a temperature of 80 °C with a low pressure
conditioned at 60 mbar. During preparation, the flask rotates and thereby cre-
ating a thin film in which the salt crystallizes quickly. After crystallization, the
powder is post-dried in an oven at 130 °C to remove the bound crystal water
and KHCO3 impurities. Finally, the dried material is ground and sieved into a
fraction between 50-160 and 160-300 µm.

2.1.2 Tablets

For the conductivity measurement using electrochemical impedance spectroscopy
(EIS), tablets are pressed as shown in Figure 2.2.

Figure 2.2: Pure K2CO3 tablet, compressed from loose powder and placed in between
the electrodes.

Tablets are used since the sample needs structural integrity so that it can be
placed in between two electrodes and that the diameter and thickness of the
samples are well-defined. The tablets are compressed from anhydrous K2CO3

(ACS grade) supplied by Sigma Aldrich and hydrous K2CO3 supplied by Alfa Ae-
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sar. The powder is sieved in a fraction of 160-300 µm, to reduce effects caused
by particle size variation. The compression is performed by a manual hydraulic
press using a force of 1.1 kN. The anhydrous tablet is 30 mm in diameter, with
5.28 mm thickness and mass of 5.96 g, with a porosity of 34%. The hydrous
tablet is 30 mm in diameter, with a thickness of 5.17 mm and a mass of 6.00 g.
This results in a porosity of 32%.

2.1.3 Granules

Within the framework of the CREATE project [30] a K2CO3 composite particle
has been developed allowing low-cost and industrial large-scale production. For
reactor scale applications K2CO3 cannot be used in its powder form, as the bed
permeability would be too low. Since the permeability is a function of the par-
ticle radius, particles are prepared in the range of 1-5 mm [53] For material
characterization in this research the material is sieved in a smaller fraction with
a size of 1.4-2.0 mm (50 gram sample size).

The composite material was optimized according to the following criteria,
in order of importance: pT line, degassing, energy density, kinetics, mechani-
cal stability and thermal conductivity. After an extensive analysis of different
composites, including several production routes, optimization of production pa-
rameters and selection of material additives, the most optimal composite turned
out to be a compacted granule with a binder material. The granules are pro-
duced by Caldic B.V. (Caldic Ingredients Deutschland GmbH, Düsseldorf). The
production process consists of grinding, mixing, compacting, granulating and
sieving [53].

The base material is hydrous, meaning that it is completely hydrated, for
K2CO3 a 1.5 hydrate. This hydrous state is necessary for the application since
the phase transition of a salt hydrate is associated with a volume change. Whereby
the volume change is caused by the incorporation of water in the crystal lattice
of the salt. For K2CO3, from anhydrous to hydrous this volume change is 11.5%.
Due to this, it is important that the material is fully hydrated upon filling the
heat exchanger, otherwise, this volume increase can damage the heat exchanger
during hydration.

The compacted bars can be seen in Figure 2.3a, and the granulated end
product can be seen in 2.3b. A large-scale production costs evaluation, including
capital expenditures and operating expenses, assuming a production volume of
1000 units of 2.5m3 concludes that the final composite can be produced at 1.4
€/kg, according to H. van der Meer (personal communication, March 2018).
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Concluding that the raw material price accounts for about 90% of the composite
cost and thus a cost-efficient production route is developed [53].

(a) (b)

Figure 2.3: a): compacted bars of the 97% K2CO3 base material and binder. b): bars
granulated into final composite granules.

The bulk energy storage density (ESD) of the composite is proportional to
the ESD of pure crystalline K2CO3·1.5H2O which has an ESD of 1.30 GJ/m3

[54]:

ESDcomp = ρcomp

ρcr y s
·ESDcr y s (2.1)

in which ρ [kg/m3] is the density of either the composite or crystal, for K2CO3·
1.5H2O the crystal density is 2.18 g/mL [9]. Full conversion (i.e. cyclic full
loading and unloading of the TCM) was possible in thermogravimetric mea-
surements, see Figure 2.4. Which allows the use of equation 2.1 for calculations
of the bulk energy density.

The bulk energy density of approximately 150 g material was measured in-
side a cylinder of 250 mL with a diameter of 4 cm. The density was deter-
mined by measuring the volume increase of isopropanol after the addition of
the composite grains. The maximum ESD obtained was 0.84 GJ/m3, which was
achieved after tapping the material using a vortex shaker. The tapping resulted
in an energy density increase of 20% [53].
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Figure 2.4: Cyclic loading of the K2CO3 composite from Figure 2.3b at 12 mbar as mea-
sured with TGA. The red line indicates the material temperature and the blue
line the loading. Full loading of 1.5 mol H2O/mol K2CO3 is reached.

2.2 Methods

In this section, the methods and in-house developed setups described that are
used to obtain thermodynamic and kinetic data for the characterization of the
composite under pure water vapour conditions.

2.2.1 Thermogravimetric analyses (TGA)

Both screening experiments are performed on a Mettler Toledo® TGA/DSC 3+
thermal analyzer which has a balance with 1 g capacity, an accuracy of 1 µg and
a temperature range from 20 till 1100 °C. The device is shown in Figure 2.5.
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Figure 2.5: METTLER TOLEDO® TGA/DSC 3+ thermal analyzer, used with permission
from [55].

Transition onset points are determined by changing the temperature at a
constant rate at fixed water vapour pressure. Change in mass is then registered
as the onset point. Water vapour is introduced via the purge gas supply at a
flow rate of 300 ml/min. The water vapour pressure is controlled by mixing a
wet gas (nitrogen at 100% RH) at 18 °C and a dry gas (nitrogen at 0% RH) at
the desired ratio. The water vapour in the wet gas is supplied by a home-built
build humidifier working with a Nafion™ semi-permeable membrane. The RH is
defined through the temperature of liquid water. The RH in the sample stage of
the TGA is calibrated using the deliquescence points of LiCl, CH3CO2K, MgCL2,
K2CO3 and Mg(NO3)2 at 25 °C [56].

For determining the onset points of hydration, dehydration and deliques-
cence, heating and cooling runs are performed at isobaric conditions (17 mbar),
shown in Figure 1.5. For the hydration onset measurement, the prepared ma-
terial is fully anhydrous. The starting temperature, point A in Figure 1.5, is
far above the equilibrium temperature for pure potassium carbonate given the
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isobaric vapour condition. From point A on, the temperature is lowered with
a cooling rate of 1 K/min towards point B. From the known equilibrium line,
hydration is expected when the temperature reaches point E, but due to the
metastable behaviour of pure potassium carbonate hydration is observed at
point Mh. For all dopants the effect on the hydration onset point Mh is de-
termined.

For dehydration onset points, similar experiments are performed whereby,
the starting material is fully hydrous and the measurement starts at point B. The
temperature is increased with a heating rate of 1 K/min to find the metastable
onset point for dehydration around point Md.

For the deliquescence onset point, the material is prepared as completely
hydrous. Starting from 40 °C at point B, the temperature is decreased with a
cooling rate of 1 K/min towards point C.

Kinetic hydration experiments are performed under isothermal (40 °C) and
isobaric (12 mbar) conditions. The material is in-situ dehydrated at 140 °C
while purging with dry nitrogen. Then the material is thermally equilibrated
for 1 hour at 40 °C, after which the water vapour pressure is switched to 12
mbar and the hydration starts. The rate can then be determined by the time
derivative of the water uptake.

2.2.2 X-ray powder diffraction (XRD)

To study the influence of the dopant on the crystal structure and the primary
crystallite size, X-ray powder diffraction analysis is performed using a Rigaku®

MiniFlex benchtop XRD instrument. To control the hydration state of the mate-
rial an Anton Paar BTS500 heating stage attachment is used. The BTS500 op-
erates from room temperature to 500 °C. The sample holder material is Nickel.
The humidity is controlled with a similar home-built humidifier where a wet gas
(air at 100% RH) at 18 °C and a dry gas (air at 0% RH) are mixed (resulting in
a water vapour pressure in between 0 - 20 mbar).

From the diffraction patterns, the crystallite size can be determined from the
peak broadening using the Scherrer equation, using a general shape factor as
determined by Scherrer [57]) and a wavelength of 0.154 nm for a copper anode
tube.

2.2.3 Scanning electron microscopy (SEM)

The morphology of the samples is studied using scanning electron microscopy
(SEM), for surface analysis use is made of an FEI Quanta 600 FEG field emission
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scanning electron microscope. Images are generated at a high vacuum with an
acceleration voltage of 2 kV. For elemental analysis, a JEOL JSM-IT100 scan-
ning electron microscope is used with energy dispersive spectroscopy (EDS) for
elemental analysis of the doped materials. The analysis is performed at a high
vacuum with an acceleration voltage of 12 kV.

After crystallization the powder is post-dried in an oven at 130 °C, after this,
the samples are stored and transported in an airtight flask to prevent hydration
during storage and transport. The powder (50-160 µm) is attached on 12.55
mm aluminium stubs using double-sided carbon tape. The sample preparation
is done under ambient conditions but the open time is minimized (t<30 s).

2.2.4 Phase diagrams: equilibrium hydration line - pT line

Figure 2.6 shows the experimental setup which is used to determine the phase
diagram of K2CO3.

Figure 2.6: Schematic illustration of the pT setup. The sample is placed in the sample
chamber, which is evacuated using a vacuum pump. The chamber tempera-
ture is controlled with an electric heater, the chamber pressure is measured
using a pressure transmitter. The setup is thermal insulated and heated to
avoid internal condensation.
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The phase diagram is constructed by measuring the equilibrium pressure-
temperature points of the hydration/dehydration transition. Note that the water
vapour pressure equals the total pressure. The absolute water vapour pressure
is measured under vacuum conditions. The setup consists of a temperature-
controlled sample chamber wherein the material temperature is controlled. The
heat is generated with an electric resistance band heater and the temperature
is controlled with a Eurotherm® 2216e PID controller. The temperature range
is from room temperature to 140 °C with an accuracy of ± 1 °C. The pressure
inside the setup is measured with a KOBOLD® PAS pressure transmitter. In the
calibrated range the accuracy of the sensor is 0.15 mbar. The complete setup
is thermal insulated and heated to avoid internal condensation. The heating
is done with an electrical resistance wire which is electrically insulated by a
braided fibreglass cable sleeve. The thermal insulation is done with mineral
wool tube insulation. The procedure to measure a pT line is as follows. A con-
stant temperature is applied until the equilibrium pressure is reached. Subse-
quently, the temperature is increased stepwise and the next equilibrium pressure
is determined. From these data points, the phase diagram is constructed.

2.2.5 pT-mass setup

In this section, the setup and specific measurement methods used are described
which are used for several analysis purposes. These analyses are the measure-
ment of; kinetics, induction times, cyclic stability, metastable behaviour, the
number of impurities in the base material, the effect of non-condensable gas
(NCG) in a closed reactor system and the cyclic performance of K2CO3 in a
closed reactor system. The setup is a small-scale reactor, named pT-mass setup,
consisting of two temperature-controlled vessels in which the mass of one vessel
can be measured as a function of time, the setup is shown in Figure 2.7. The
setup is used for larger sample sizes (± 50 gram) and for measurements under
pure water vapour conditions.

Kinetics

To study the hydration/dehydration kinetics the temperature of the water vessel
(1) is kept constant and the temperature of the sample vessel (2) is cycled be-
tween a high and low temperature, typically between 40 and 130 °C. The mass
of vessel 2 is measured over time to determine the hydration and dehydration
kinetics is determined.
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Figure 2.7: Schematic illustration of the pT-mass setup. Vessel 1 contains water and acts
as evaporator/condenser, vessel 2 contains the TCM. The mass of vessel 2 is
measured so the hydration state and kinetics can be measured. Both vessels
are temperature controlled and the entire setup is heated to avoid internal
condensation in the tubing.

Vessel 1 has a volume of 108 mL and can be temperature controlled between
-20 and 80 °C using a thermostatic bath with an accuracy of 0.1 °C (LAUDA® RE
415 silver). Vessel 2 has a volume of 224 mL and can be temperature controlled
between room temperature and 200 °C using an electrical resistance heater with
a power of 30 W. The temperature sensor, of the heater of vessel 2, is located
on the bottom of the vessel which can cause a small temperature deviation
inside the sample as the heat conductivity of salt hydrates are generally low
(0.2-1 W/mK). To measure the actual sample temperature two thermocouples
are inserted in vessel 2. Thermocouples are type K and data acquisition is done
with a National instruments™ NI 9211 thermocouple input module. To reduce
the temperature gradient in the material vessel 2 contains an integrated heat
exchanger.

The stainless steel tubing to connect both vessels is partly flexible to me-
chanically decouple the vessels and measure the mass variations. The tubing is
heated above 80 °C to avoid internal condensation. The tubing’s internal diam-
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eter is 4 mm with a reduction to 2 mm at the valve position, and the internal
diameter of the flexible tubing is 15 mm. The total length of the tubing is 0.8
m with 0.5 m of flexible tubing, the pressure drop is less than 10 Pa. Vessel 2 is
placed on a balance with an accuracy of 0.01 gram (Mettler Toledo® XPE6000).
Above vessel 1, a pressure sensor is located with and accuracy of 0.2 mbar in
the range of 0 to 200 mbar (Kobold® PAS).

Induction time measurement

Before each induction measurement, the sample is prepared as a full hydrate
or anhydrate. This is done in situ at isothermal and isobaric conditions. The
induction time experiments are performed in isothermal and isobaric conditions
as well.

At the start of each experiment, the sample is thermally equilibrated and
subsequently, water vapour is supplied. The induction period is then established
as the period between the supply of water vapour and the onset of hydration.
The onset of hydration is determined by the sample temperature as the sample
temperature measurement is more sensitive than the mass signal.

Metastable zone

The boundaries of the metastable zone of the K2CO3 composite are determined
by varying the temperature at isobaric water vapour conditions. The water
vapour pressure is kept constant by controlling the temperature of vessel 1 in
Figure 2.7. The horizontal dashed line in Figure 2.8 indicates this isobaric con-
dition. The initial hydration state is completely anhydrous, which is prepared
ex-situ in an oven at 130 °C for at least 48 hours. Before the start of each
measurement, the dehydration is prolonged in situ to remove all water that has
been absorbed during sample handling. In-situ dehydration conditions are 130
°C under a continuous vacuum pump down. The metastable zone boundary is
determined as the onset point of hydration. The onset point can be determined
from both the material temperature and the mass of the sample since hydration
is associated with both energy release and mass uptake. In this study, we have
used the temperature as it is more sensitive to sudden changes in the reaction
rate.

The measurement protocol for a single onset point is illustrated in Figure
2.8. Measurement starts in point A, where the material is anhydrous, and the
material is cooled down in the direction of point B with a constant cooling rate.
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Without metastable behaviour, one would expect hydration when the tempera-
ture crosses point E: the equilibrium phase transition point. When metastable
behaviour is the same under pure water vapour conditions as under atmospheric
conditions, the onset point of hydration is expected around the metastable point
MH [40]. If the material is cooled further from point B towards point D the del-
iquescence onset point can be determined.

Figure 2.8: Isobaric measurement to determine the onset of hydration. The upper solid
line (blue) indicates the water line. The lower solid line (red) indicates the
K2CO3 phase transition line, the area under the curve (grey coloured) is the
anhydrous phase, and above is the hydrous phase. The dotted line is the
deliquescence line. Measurements start in point A, then the temperature is
lowered with a constant cooling rate towards point B. Point D indicates the
deliquescence onset point, MH the hydration onset, MD the hydration onset
point and E the equilibrium point.
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Multi-cyclic stability

To assess the multi-cyclic stability, 1 g of material is cycled in the pT-mass setup.
After cycling a single hydration curve is measured in the TGA. The small-scale
reactor is shown in Figure 2.7, where the mass of vessel 2 is measured over
time. The system works in a vacuum, thus the material is cycled under pure
water vapour conditions. Vessel 1 contains liquid water and is temperature-
controlled and thus acts as an evaporator/condenser, vessel 2 contains the TCM
and is also temperature controlled. For this study, the setup will be used only
for material cycling. A detailed description of the setup can be found in [58]

Degassing

The pT-mass setup is also used to remove impurities from the granulated K2CO3

composite. By a degassing step, KHCO3 impurities can be removed and the
number of impurities can be determined. This is done as follows; the material
in vessel 2 (Figure 2.7) is heated to a temperature of 120 °C, the crystal water
of K2CO3 will be released and condensed in vessel 1, KHCO3 impurities will
decompose into K2CO3(s), CO2 (g) and H2O (g) [54]. H2O (g) will condense
in vessel 1 but CO2 (g) will not condense and remain as non-condensable gas
(NCG) in the system. The total pressure in the system is the sum of the partial
pressure of water and the partial pressure of CO2; since the partial pressure of
water is known from the temperature of vessel 1, the partial pressure of CO2

can be determined. Since the free volume of the setup is known the number of
impurities in the base material can be determined using the ideal gas law:

n = PV

RT
(2.2)

With n [mol] the amount of material, P [Pa] the pressure, R [J/K/mol] the gas
constant, T [K] the temperature and V [m3] the free volume in the setup.

Cyclability and the role of non-condensable-gasses (NCG)

To study the cyclic performance of the K2CO3 granules, two types of experi-
ments have been performed. Both experiments are performed at the constant
water vapour pressure of 12 mbar (10 °C at the evaporator/condenser in vessel
1, Figure 2.7). The material is cycled by varying the temperature of vessel 2
between 40 °C and 90 °C.
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In the first experiment, we allow for one source of NCG: gasses dissolved in
water at the evaporator/condenser. Demi-water is prepared with a Mili-Q®. Be-
fore cycling the demi-water is not further pre-treated to remove NCG dissolved
in water. The K2CO3 composite material is degassed ex-situ to remove all bi-
carbonate and evacuated in situ for 30 min to remove adsorbed NCG on the
surface. The leakage rate of the setup has been determined and was an order
of magnitude lower to be a source of NCG affecting the measurements. In this
experiment, the only sources of NCG are thus the gasses dissolved in water.

In the second experiment, the material is hydrated ex-situ in a vacuum oven
at 50 °C to avoid bicarbonate formation, and the water source is a saturated
magnesium chloride solution (RH 33%). Before hydration, the material was
degassed at 120 °C for t > 48 hours. In this experiment, vessel 1 in Figure 2.7
is empty and vessel 2 is filled with the hydrated material. Therefore the only
water introduced into the system is crystal water. The material is now cycled
to investigate the cyclic stability of K2CO3 when all sources of non-condensable
gasses are eliminated.

2.2.6 Electrochemical impedance spectroscopy (EIS)

An in-house setup is developed to measure the impedance under controlled
sample temperature and water vapour pressure. The conductivity is measured
using an impedance analyzer and the sample is placed in a pure water vapour
environment, such that the water vapour transport is extremely fast. A schematic
overview of the setup is shown in Figure 2.9.

To obtain a vacuum-controlled environment the sample is placed in a Binder
VD 23 vacuum oven. All electrical components of the oven are decoupled from
the inner chamber therefore no noise is introduced for the impedance measure-
ment. Moreover, the inner chamber acts as a faraday cage for external noise.
The temperature can be set from 15 °C above ambient temperature to 200 °C.
The vacuum oven is connected via a flexible metal KF flanged vacuum hose, to
a water vessel. This vessel acts as an evaporator/condenser and is submersed in
a thermostatic bath that is temperature controlled between 1 and 80 °C with an
accuracy of 0.1 °C (LAUDA® RE 415 silver). The vapour pressure in the oven is
measured using a Pfeiffer CMR 361 active capacitance transmitter with an accu-
racy of 0.2% of the measured value. Vacuum is applied using an Edwards RV8.
Supply of vacuum and/or water vapour is controlled using Pfeiffer solenoid ac-
tuated mini-angle valves. The sample temperature is measured using a type
K thermocouple and data acquisition is done with a National instruments™ NI
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Figure 2.9: Schematic representation of the measurement setup. Centre: the vacuum
oven in which the sample is positioned; left: the thermostatic bath which
supplies the water vapour; right: the impedance analyzer.

9211 thermocouple input module. The thermocouples are inserted via a vac-
uum feedthrough connected to the DN 16 access port of the oven.

The electrodes of the potentiostat are also inserted via a BNC vacuum feed-
through connected to the same port in the oven. The electrodes are made out
of stainless steel, with a thickness of 5 and a diameter of 32 mm for the upper
electrode. The lower electrode consists of two cylindrical parts, the part in con-
tact with the tablet is 32 mm and the lower part is 5 mm, both with a thickness
of 5 mm. No compression force is used, the mass of the upper electrode ensures
constant force. The potentiostat is an Ametek® Versastat 4. Measurements are
performed in potentiostatic mode with an AC voltage amplitude of 1000 mV
and a frequency range from 0.1 Hz - 1 MHz. Current is measured using a low
current interface (LCI), by which a minimum current of 4 pA can be measured
with a resolution of 122 aA.
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2.2.7 Surface Area Analysis (BET)

The surface area of powder samples is analysed using a Micromeritics™ Gemini
VII surface area analyzer. Sample preparation occurs by pre-drying the sample
in a FlowPrep™ sample preparation device, where both heat and a stream of
inert gas are used to desorb and remove contaminants. The preparation tem-
perature is 130 °C and purging is done with N2.

The sample tube is filled with approximately 4 g sample size and the sam-
ple tube is submerged in liquid nitrogen (77.4 K). For the samples, an adsorp-
tion/desorption isotherm is measured and a BET analysis is performed at a rel-
ative pressure (P/P0) between 0.05-0.30.

2.2.8 NMR

NMR setup

A home-built NMR setup is used to measure moisture content profiles. This
setup was designed specifically for non-isothermal moisture measurements on
building materials (see Figure 2.10). In particular, a special Faraday shield has
been added to the NMR setup as to make the NMR measurements quantitative
[59].

Figure 2.10: left) A schematic representation of the NMR setup to measure continuous
moisture profiles during the loading and unloading of a reactor filled with
Zeolite. right) A picture of the 1.5T Philips MRI scanner used in this study.
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This setup is placed in the bore of a 1.5 T whole-body MRI scanner (Gy-
roscan, Philips), of which only the main magnetic field of 1.5 T is used. Two
35 cm coils, in anti-Helmholtz configuration, provide a constant magnetic field
gradient in order to measure moisture profiles. The gradient magnitude is 100
mTm-1, thereby achieving a one-dimensional resolution of 4-5 (2-3) mm. An
extensive description of this specialized setup can be found in [59], [60], [61].

The moisture profiles are measured using a Hahn-Spin-Echo sequence, using
an echo time of 360 µs, a pulse time of 50 µs and a repetition time of 0.2 s. The
acquisition time of a single moisture profile is 5 minutes, and the time between
profiles is 30 minutes.
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Zeolite reactor setup

In this study, we used of a glass-made reactor with an internal diameter of 60
mm. The material, i.e., Zeolite 13X, is placed in between two glass filters to
achieve a bed length of 75 mm. Thermocouples are positioned at intervals of
about 10 mm in the packed bed. The inlet and outlet temperatures are mea-
sured outside the bed at the inlet and outlet. A picture of the reactor setup is
given in Figure 2.11.

Figure 2.11: A picture of the glass reactor filled with Zeolite 13X pellets used in this
study. Showing also the position of the thermocouples.

The glass reactor is insulated with Rockwool insulation with a thickness of
about 20-30 mm. Both the glass reactor and the Rockwool insulation have a
neglectable background signal in the NMR measurements.

The flow through the reactor is fully controlled, schematically this is shown
in Figure 2.12. In the case of drying, a constant airflow of 4 l/min is used. This
air is heated with an electrical heater. Since the heater can not operate near the
main magnet, a 2 m glass tube isolated with Rockwool™ was put between the
heater and the reactor.

During the hydration of the reactor, air with a specific RH between 0-98
% RH and an airflow between 0-5 l/min is blown through the reactor using a
home-built humidifier. The humidifier consists of two high-precision flow con-
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Figure 2.12: A schematic representation of the airflow and humidity control used in this
study and an overview of all components and sensors used. The thermo-
couples are inserted at a depth of 20 mm in the bed.

trollers, where two airflows of 0 % and 100 % RH are mixed at the desired
ratio to set the regulated RH level precisely. The RH is logged with a Sen-
sirion SHT35, which is calibrated using a calibrated high-accuracy Novasina
electrolytic-resistive sensor. The vapour pressure is measured with an accuracy
of ± 1 mbar.

The 100 % RH is generated using a Nafion semi-permeable membrane sub-
merged in a LAUDA® RE 415 silver thermostatic bath at a temperature of 18 ±
0.1 °C.

Thermocouples in the bed are positioned at distances of ± 10 mm with a
depth of 20 mm in the bed. The glass reactor has an internal diameter of 60
mm and a bed length of 75 mm. When the glass reactor is placed in the birdcage
it is insulated with Rockwool™ insulation of 50 mm thickness.



Chapter 3
K2CO3 in Closed Heat Storage
Systems

Potassium carbonate, K2CO3, has been identified as one of the most promis-
ing thermochemical storage materials for the built environment. Where a lot
of knowledge has been gained on hydration/dehydration behaviour at atmo-
spheric (open system) conditions, little is known of this process under pure
water vapour conditions (closed vacuum system). In this chapter, the equilib-
rium behaviour and reaction kinetics of a K2CO3 composite are investigated
under pure water vapour conditions, as present in closed vacuum systems. The
metastable behaviour of a K2CO3 composite is investigated under vacuum condi-
tions and compared to its metastable behaviour under atmospheric conditions.
It is found that the metastable zone is also present in vacuum conditions, how-
ever, induction times in the metastable zone are much shorter which indicates a
faster nucleation rate in vacuum conditions. Moreover, the effect of inert gasses
in a closed system is studied and it is shown that it is critical to remove all
sources of non-condensable gasses. Finally, in cyclic measurements, it is shown
that K2CO3 is stable in multi-cyclic experiments, concluding that it is a suitable
material for a heat battery based on the concept of a closed reactor.

This chapter has been adapted from: Jelle Houben, Leyla Sögütoglu, Pim Donkers, Henk
Huinink, and Olaf Adan. “K2CO3 in Closed Heat Storage Systems”. In: Renewable Energy 166
(2020), pp. 35–44. ISSN: 18790682



36 K2CO3 in Closed Heat Storage Systems

3.1 Introduction

For the operation of TCM heat storage, two general concepts exist, the open
and closed reactor systems. A schematic picture is shown in Figure 3.1 [9].
An open reactor system operates under atmospheric conditions whereby the
heat and mass transport is realized by a forced airflow [62]. The disadvantage
of this concept is that the temperature lift is limited and that the operation
requires power to drive the forced airflow [63]. The main advantages are the
low system complexity [64] and good heat transfer since the transfer fluid is in
direct contact with the TCM [65].

Figure 3.1: Schematic representation of a closed and open reactor system. The closed
system operates under pure water vapour conditions. In a closed system,
liquid water is stored inside the system and water vapour is generated inter-
nally with an evaporator. In an open system, the TCM is operated at ambient
pressure in the presence of inert gas (air), and the water vapour is supplied
to the TCM from an external source. Figure adapted from [62].

A closed system operates under pure water vapour conditions, indicating
that the system is vacuumed and the only gas present is water vapour [66]. A
closed system consists of a TCM compartment and a liquid water storage vessel.
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During hydration, water vapour is generated by an evaporator and during de-
hydration, water vapour is condensed at the condenser. Usually, the evaporator-
condenser is a single component. In a closed system mass transport is driven
by a pressure difference between water and TCM. The advantages of a closed
system are a higher temperature lift and a small amount of energy required for
vapour transport [67].

A major disadvantage of a closed system is a rapid decrease in performance
when non-condensable gasses (NCG) are introduced. Since NCG will inhibit
mass diffusion of water vapour in a closed reactor system [68] [69] [70]. This
is also shown by Weber and Dorer [71] where it was concluded that small partial
air pressures in the system deteriorate the charging and discharging process.

NCG can originate from several sources; impurities in the TCM, decomposi-
tion of the TCM, gasses dissolved in the water storage vessel and gasses leaking
from the ambient into the system [72]. Several widely studied TCMs have is-
sues with thermal stability and decomposition, i.e. MgCl2 and Na2S. MgCl2

irreversible decomposes and HCl (g) is released [73][74]. Na2S emits H2S (g)
[75][11][54]. Although decomposition is not an issue for pure K2CO3, impuri-
ties of potassium bi-carbonate (KHCO3) can decompose and release CO2 [54].
KHCO3 impurities can originate from the base material, be introduced during
storage and handling or be introduced during an ex-situ re-hydration step of the
composite due to CO2 uptake.

The cyclic stability of K2CO3 during hydration/dehydration has been studied
under atmospheric conditions by Sögütoglu et al. [54], whereby it is shown that
K2CO3 performs stable over many cycles. However, under atmospheric condi-
tions impurities will not affect the operation of the system since mass transport
is driven by forced airflow and CO2 will be removed. This is not the case in
a closed system where CO2 can block the vapour transport [70]. It has been
shown by Zhao et al. [76] that CO2 can be cyclically absorbed, however, it is
also shown that compared to the hydration reaction of K2CO3 the carbonation
reaction is slow [54]. Therefore, CO2 released in a closed system will compro-
mise the performance of a closed system.

Besides the role of CO2 in a closed system, also the phase behaviour and
kinetics of K2CO3 are poorly understood. Much knowledge on hydration/de-
hydration behaviour has been gained under atmospheric conditions [40][54].
Little is known about this process under pure water vapour conditions as present
in a closed system (vacuum system).

This chapter aims to elucidate the behaviour of K2CO3 in a closed (vacuum)
system. Therefore, the equilibrium behaviour and reaction kinetics of a K2CO3

composite are investigated under pure water vapour conditions. Moreover, the
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effect of CO2 emissions of K2CO3 in a closed system is studied.

3.2 Results

3.2.1 Phase diagram: pT line

With the pT-setup, the phase transition lines of various K2CO3 powders and com-
posites are measured. A typical measurement for the K2CO3 composite granules
is shown in Figure 3.2. On the left and right y-axes, the water vapour pres-
sure and the sample temperature are shown respectively. First, the system is
equilibrated at the starting temperature. When the vapour pressure reaches its
equilibrium value the temperature is increased stepwise, after each tempera-
ture step the pressure adopts a new equilibrium value that depends on the set
temperature.

The obtained equilibrium phase lines are shown in Figure 3.3. Here it can
be seen that the K2CO3 composite (solid blue diamonds) phase line does not
deviate from the line of pure K2CO3 as reported by Glasser [36]. Moreover, it
corresponds to the equilibrium line of pure K2CO3 of ACS grade from Sigma
Aldrich (triangles markers). From this is concluded that the binder material
does not influence the phase transition of K2CO3.

By the verification of the pT line (and thus the phase diagram) with literature
data as reported by Glasser [36], it is confirmed that the K2CO3 based composite
operates as desired. Meaning that a water vapour pressure of 12 mbar could
generate a hydration temperature, Thy > 50 °C and a dehydration temperature,
Tdeh < 120 °C, as required for a residential application [9].

3.2.2 Impurity removal by degassing

Looking at lab grade K2CO3 from Sigma Aldrich, triangular markers, the ef-
fect of impurities can already be seen on the pT-equilibrium line, see Figure 10.
The left pointing triangles are measured pressures before a degassing procedure
and the upper pointing triangles are equilibrium pressures measured after a de-
gassing procedure and partial re-hydration. The equilibrium pressure of Sigma
Aldrich material before degassing is higher than after degassing due to the par-
tial CO2 pressure originating from the decomposition of bicarbonate impurities.
The decomposition becomes notable at temperatures above 50 °C, where the ob-
served pressure exceeds the expected equilibrium pressure. For the composite
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Figure 3.2: Typical pT measurement with the sample pressure on the left y-axis (blue
solid line) and the sample temperature (red dotted line) on the right y-axis
as a function of time. The equilibrium line is obtained from the equilibrium
pressure at the end of each temperature step

base material, K2CO3 different suppliers are verified on the CO2 decomposition.
Typical results are shown in Table 3.1.

Table 3.1: Impurities for different composite base materials (* as detectable in our setup)

Base material Impurities
Impurities
after degassing

[mbar/gram] [µmol/gram] [µmol/gram]
Anhydrous 0.38 4.3 0*
Hydrous 0.32 3.6 0*

From table 3.1 it can be seen that the hydrous base material contains impu-
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Figure 3.3: Equilibrium phase transition lines as measured with the pT-setup. Triangle
markers indicate ACS grade K2CO3 from Sigma Aldrich, before and after de-
gassing (green and red respectively). The diamond markers (blue) indicate
the CREATE composite, which is in agreement with Glasser [36]. The upper
solid line indicates the deliquescence line.

rities in the same order as the anhydrous base material. Further, it demonstrates
that degassing effectively removes the impurities in both composites from the
hydrous and anhydrous base materials.

3.2.3 Metastable Zone

To study the metastable zone under pure water vapour conditions, the onset
points for hydration are measured with the pT-mass setup and compared with
previously published data obtained under atmospheric conditions [40].

A typical experiment to determine the hydration onset point at 49 mbar is
shown in Figure 3.4. The left y-axis indicates the temperature and the right
y-axis indicates the sample mass. The red dashed line indicates the applied
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temperature on the sample chamber, the yellow solid line represents the ma-
terial temperature. The mass increase is plotted with the solid blue line. The
onset temperature can be determined as the inflection point of the material
temperature, the corresponding temperature is indicated with the horizontal
dashed-dotted line. After this point also a significant mass increase is observed,
corresponding to the hydration reaction.

Figure 3.4: Typical pT-mass measurement to determine the hydration onset temperature
at a water vapour pressure of 49 mbar with a cooling rate of 0.1K/min.
Temperatures are given by the left y-axis and the sample mass on the right
y-axis. The dashed red line and the yellow solid line are the set temperature
and the actual measured material temperature respectively. The blue line
represents the mass increase of the sample.

This type of measurement is repeated for different vapour pressures to con-
struct the boundary of the meta-stable zone as shown in Figure 3.5. On the
y-axis, the water vapour pressure is shown and on the x-axis the temperature.
The red solid line represents the equilibrium line of K2CO3, and the dashed line
on both sides of the equilibrium line represents the metastable zone boundary as
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found under atmospheric conditions [40]. The dotted line is the deliquescence
line of K2CO3 and the blue solid line is the water line. The light blue squares
are hydration onsets point for a cooling rate of 1 K/min, the light blue dashed-
dotted line is an extrapolation of the data points. The purple triangle markers
and dashed-dotted line represent the hydration onset point and extrapolation
respectively of the measurements at a cooling rate of 0.1 K/min.

Figure 3.5: The metastable zone boundary under pure water vapour conditions as mea-
sured with the pT-mass setup. Dashed lines are the metastable zone bound-
aries for hydration and dehydration, as measured under atmospheric condi-
tions for pure K2CO3 [40]. The light blue squares indicate hydration onset
points for a cooling rate at 1 K/min and the purple triangle markers indicate
measurements at a rate of 0.1 K/min material.

The first experiments were done at a cooling rate of 1 K/min. In Figure 3.5,
the onset points for hydration in vacuum (light blue squares) are plotted as an
overlay on the metastable line extrapolation (dashed lines) as found by Sögü-
toglu et al. [40] for atmospheric conditions. The observed onset points clearly
coincide with the metastable line as observed for atmospheric conditions. This
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verifies the existence of a metastable zone under pure water vapour conditions.
It has to be stressed that our measurements cover a much wider range in terms
of vapour pressure, from 20 mbar vapour pressure up to 165 mbar, than pre-
sented in the previous study under atmospheric conditions. Therefore, our mea-
surements justify the extrapolation done by Sögütoglu et al. [40].

In the second set of experiments, a lower cooling rate of 0.1 K/min has been
applied. These experiments were only performed at higher vapour pressures:
65 and 165 mbar. The corresponding onset points are plotted as the purple
triangles in Figure 3.5. It seems that with increasing vapour pressure these on-
set points are much closer to the equilibrium line, indicating that the induction
times for nucleation are much shorter for hydration under vacuum conditions.
It seems that, especially at higher vapour pressure (higher temperature), the
metastable zone is much more narrow than expected based on the previous
studies [40]. More measurements at different cooling rates, especially at lower
vapour pressures, have to be performed to draw definitive conclusions. This
could either be a consequence of using pure water vapour conditions instead
of working under atmospheric conditions, or the higher pressures and temper-
atures used in our experiment.

As a side remark, it should be mentioned that the material investigated un-
der atmospheric conditions was pure K2CO3 powder and the material studied
in this paper is a K2CO3 composite. Although we do not expect an influence of
the added binder this has to be verified by measuring the onset temperatures of
the composite also under atmospheric conditions.

3.2.4 Cyclability and non-condensable-gasses

Now that it is shown in section 2.2.5, that KHCO3 impurities can be removed
by a degassing step, we focus on the effect of other sources of NCG in general
and gasses dissolved in the water in particular. Two experiments have been
performed. In the first experiment, all NCG have been removed except for the
gasses dissolved in water. In the second experiment, the only water present is
the bound crystal water of the salt hydrate and therefore the water reservoir
cannot act as a source of NCG.

In the first cycling experiment, untreated demi-water is put in the evapora-
tor/condenser and anhydrous K2CO3 in the other vessel. Note that all water
present at the start is located in the evaporator/condenser. Results are shown
in Figure 3.6. In the upper, middle and lower graphs the material temperature,
water vapour pressure and mass are shown respectively.



44 K2CO3 in Closed Heat Storage Systems

Figure 3.6: Cyclic hydration experiment. Subsequent cycles are indicated by the direc-
tion of the arrow, where red marks the first cycle and blue is the last cycle.
Top: temperature as a function of time. Middle: Pressure as function time
where it can be seen that the condensation rate decreases over each cycle.
Bottom: Mass as a function of time, decreasing hydration rate due to NCG
coming from the water source.
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Subsequent cycles are indicated by the arrow. Clearly, the hydration rate
decreases over cycling. Moreover, water vapour pressure increases during the
dehydration phase, which indicates that the number of NCG increases during
cycling.

To determine if these gasses can originate from the water vessel, first, the
amount of dissolved gasses has been determined by using Henry’s lawIt is as-
sumed that the gasses are initially dissolved in demi-water under atmospheric
pressure. The following gasses are taken into account, N2, O2 and CO2. With the
corresponding Henry’s solubility constants (HN 2 = 6.4 ·10−6, HO2 = 1.3 ·10−5 and
HCO2 = 3.3 ·10−4 mol/m3/Pa) [77], a pressure increase of 2.6 mbar is estimated.
By [70] it is already shown that a number of inert gasses with a pressure of 1
mbar can significantly reduce the evaporation and condensation rates of water
[70]. Therefore, it is plausible that the decrease in hydration rate is due to the
release of gasses dissolved in water.

Clearly, the NCG coming from water block the vapour transport. The NCG is
carried by the vapour flow from one vessel to the other. The water will condense
or be absorbed but the NCG not. The NCG then form a layer above the surface
reducing the water vapour flow.

Then the initial build-up in pressure is caused by the blocking of vapour flow
from TCM to the condenser (from vessel 2 to vessel 1 in Figure 2.7). Finally,
the pressure will go down as the water diffuses through the layer of NCG and
condenses. If condensation would be blocked completely during hydration the
pressure would approach the equilibrium pressure of K2CO3 at 90 °C (77 mbar).
The reduction in condensation rate shows that more NCG is released from the
water with each subsequent cycle.

Other sources of NCG cannot explain this significant decrease in the reduc-
tion of the dehydration rate. The inleak of NCG (air) is an order of magnitude
lower to have an effect on the hydration rate.

To further verify this, a second experiment is performed. Here we start
without water in the evaporator (vessel 1 Figure 2.7). The start material is now
degassed and hydrated (K2CO3· 1.5H2O). The only water present in the system
is thus crystal water and thereby all sources of NCG are removed, the results are
shown in Figure 3.7. The first step is a dehydration step. In the middle graph,
pressure as a function of time, it can be seen that during dehydration there is
hardly any pressure build-up compared to Figure 3.6. The slight pressure build-
up can be attributed to leakage from the ambient. In the lower graph of Figure
3.7, it is shown that all dehydration and hydration cycles have the same rate
and are stable over 14 cycles.
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Figure 3.7: Cyclic experiment with hydrated start material. The different colours denote
different cycles. Top: temperature as a function of time. Middle: Pressure as
a function of time, slight variation in pressure. Bottom: Mass as a function
of time, with some variation all cycles, overlap in hydration rate.
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Compared to the significant decrease in condensation rate in experiment
1 (Figure 3.6) it can be concluded that the in water dissolved gasses, in the
evaporator/condenser vessel have a significant effect on the performance of a
closed system. And that pre-treatment of water is of crucial importance for the
stable performance of a closed system. More important, it can be seen in Figure
3.7 that if given that KHCO3 impurities have been removed by heat treatment,
K2CO3 can be cycled without a loss of performance.

3.3 Conclusions

For the first time, a novel selected TCM material, a K2CO3 composite, is in-
vestigated on its suitability for a closed reactor system, operating under pure
water vapour conditions. The thermodynamics, kinetics and cyclability have
been studied under reactor conditions.

For a large-scale application, the material cannot be used in the form of a
powder, due to the low permeability of a powder bed. To that extent, particles
have been produced in a range of 1-5 mm. It is shown that a state-of-the-art
K2CO3 composite granular material can be produced [53]. The equilibrium and
kinetic behaviour of the composite are investigated under vacuum conditions as
current data for K2CO3 was only available for atmospheric hydration/dehydra-
tion.

First of all the thermodynamics was verified by measuring the phase diagram
based on pressure-temperature equilibrium points. It can be concluded that the
hydration transition of K2CO3 in pure water vapour coincides with data reported
for atmospheric conditions (lab-grade powder and composite) and can be used
in view of the intended temperature window.

Our measurements indicate that the metastable behaviour found under at-
mospheric conditions is also present under pure water vapour conditions. In
the metastable zone, nucleation limits the hydration rate, compared to atmo-
spheric conditions there are indications that the induction times for nucleation
are shorter in vacuum conditions. A heating/cooling rate dependency has been
found under vacuum conditions, which has not been observed in atmospheric
conditions. Current work focuses on the collection of detailed induction time
data inside the metastable zone to gain more insight into the nucleation process.

The implications of a metastable zone are that the temperature operating
window is limited from the equilibrium line towards the metastable line (MZW
of 13 °C). Current work focuses on the introduction of nucleation promoters to
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enhance nucleation and reduce the meta-stable zone width and enhance kinet-
ics in general.

In a closed system non-condensable gasses (NCG) can have a significant
effect on the hydration/dehydration rates. NCG can be released by the material
if it contains KHCO3 impurities. If KHCO3 impurities are present in the K2CO3

composite the equilibrium pressures measured are higher due to CO2 degassing,
it is shown that these impurities can effectively be removed by a degassing step,
this holds for all investigated base materials.

Finally, cyclability studies of K2CO3 show that except for purifying the ma-
terial it is critical to remove dissolved gasses from water in the evaporator/-
condenser vessel. If water is well treated the K2CO3 composite can be cycled
in a closed reactor system without compromising performance over at least 14
cycles.

The work in this chapter shows that K2CO3 composites are suitable for usage
in a closed reactor system operating under pure water vapour pressure.



Chapter 4
Understanding the Hydration
Process of Salts: the Relation
Between Surface Mobility and
Metastability

In this chapter, the relationship between mobility and metastability is inves-
tigated. This is done under pure water vapour (vacuum) conditions. Firstly,
the properties of the metastable zone under pure water vapour conditions are
investigated and compared to atmospheric conditions. Secondly, mobility is
investigated using electrochemical impedance spectroscopy (EIS). Whereby a
differentiation is made between bulk and surface mobility and it is shown that
mobility is a prerequisite for the nucleation of K2CO3. Sufficient mobility must
be introduced for the diffusion of ions and water, whereby an increase of almost
two orders of magnitude (800 times) is observed on a hydrated sample. It has
been shown that the metastable zone is both a consequence of the free energy
barrier for nucleation and the low ion mobility at low vapour pressures.

This chapter has been adapted from: Jelle Houben, Dennis Langelaan, Luc Brinkman, Henk
Huinink, Hartmut R. Fischer, and Olaf C.G. Adan. “Understanding the Hydration Process of Salts:
The Relation between Surface Mobility and Metastability”. In: Crystal Growth & Design (June 2022).
ISSN: 1528-7483. DOI: 10.1021/ACS.CGD.2C00416. URL: https://pubs.acs.org/doi/full/10.
1021/acs.cgd.2c00416

https://doi.org/10.1021/ACS.CGD.2C00416
https://pubs.acs.org/doi/full/10.1021/acs.cgd.2c00416
https://pubs.acs.org/doi/full/10.1021/acs.cgd.2c00416
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4.1 Introduction

4.1.1 Metastability

Recently it has been demonstrated by Sögütoglu et al. [78] that for K2CO3 the
near-equilibrium region involves a metastable zone (MSZ), which can be de-
scribed by classical nucleation theory. This zone is indicated by the dashed lines
above and below the equilibrium lines of K2CO3 in Figure 4.1. In the work of
Sögütoglu et al. [78] it is hypothesized that the hydration reaction is a transi-
tion, that is mobilized by a wetting layer and where the mobility of this wetting
layer increases with increasing supersaturation. At the metastable boundary
(where noticeable hydration rates start) instantaneous nucleation is expected.

The existence of a wetting layer is supported by the fact that under ambient
conditions, a thin film of water coats polar surfaces like salts [79]. In litera-
ture, it is shown that for particles of NaCl at sub-deliquescence conditions (RH
< 75%), there is a significant amount of water reversibly associated with the
surface of particles, where it is also hypothesized that an aqueous solution is
present containing Na and Cl ions [80]. Other studies show that even far be-
low deliquescence (RH = 40%) there is an adsorbed monolayer of water. This
monolayer does not solvate the surface yet, however, between a relative humid-
ity of 40 and 50% there are the first signs of ion mobility [81]. Since to our
knowledge, no data is present in literature about water adsorption and mobility
on K2CO3, NaCl is used as a framework for the analysis of the relation between
water adsorption, solvation and mobility.

In this work we explore the relationship between mobility and the metastable
behaviour of salt hydrates, K2CO3 specifically, which has a single hydration tran-
sition (0-1.5). We address the question if mobility is a prerequisite for the phase
transition and which step in the phase transition is rate limiting; ion mobility at
the surface or nucleation of the new phase.

Since it is hypothesised that the phase transition is mediated by a local incip-
ient dissolution of the ionic structure, it is expected that this mobility (local ionic
solution) has a large effect on the electrical conductivity of salt, especially since
the bulk (salt crystal) is expected to have a low relative permittivity. As a con-
sequence, the analytical measurement technique used should be very sensitive
for low-conducting materials. Therefore, we used electrochemical impedance
spectroscopy (EIS), enabling us to extract frequency-dependent information.
This frequency-dependent conductivity (at various supersaturations) gives us
more detailed information on the physical interpretation of the water adsorp-
tion mechanism.
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Figure 4.1: The green triangles are the onset points found by Sögütoglu et al. [78] at
a cooling/heating rate of 1 K/min and at atmospheric conditions, the red
squares are the onset points at a rate of 0.1 K/min. The dashed lines are an
extrapolation of these points.

Since in this work the mobility is investigated under pure water vapour con-
ditions and the metastable zone of K2CO3 was determined under atmospheric
conditions (by Sögütoglu et al. [78]), the metastable zone first has to be veri-
fied under pure water vapour conditions. Furthermore, we have characterized
the MSZ at higher temperatures and pressures. Finally, we want to prove the
presence of the wetting layer and to investigate how this wetting layer is related
to the hydration transition and its metastable behaviour.
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4.1.2 Water-surface interaction

In powdery systems and porous media with a high surface-to-volume ratio, sur-
face properties play a major role in material behaviour. The two most common
surface properties that influence surface behaviour are the surface charge and
surface energy [82]. As shown by Anastasiiou et al. close to the surface of NaCl
ionic crystal, water dipoles are oriented normally to the surface mainly due to
the electrostatic attraction between Na+ ions and the oxygen atoms of water
molecules. The interaction of water with the surface may be enhanced by the
presence of atoms that are able to form hydrogen bonds and charged sites [83].

Since under ambient conditions most surfaces are coated with a thin layer
of water, it is important to understand how this water is being adsorbed. The
retention or release of a liquid compound, on a solid, controls the mobility
of many substances in the environment and has been described in terms of
the ”sorption isotherm” [84]. For the adsorption of a monolayer, the simplest
adsorption isotherm is given by Langmuir, which is based on dynamic stability.
An equilibrium is established in which the rate of adsorption of molecules onto
the surface equals the rate of desorption [82].

In this work, we will not go into great detail on how water is exactly being
adsorbed on specific sites of the ionic structure. Here we are focusing initially on
the stages of water adsorption in relation to the supersaturation and how this is
connected to the metastable behaviour and thus the nucleation of the hydrous
(or anhydrous) phase. To get more insight into this nucleation behaviour we
need to understand how the nucleation rate is affected.

The nucleation rate itself cannot be measured directly in the case of hydra-
tion. What can be measured though is the waiting period before the first stable
nuclei are observed. The latter is called the induction time from which the
rate of nucleation can be determined [85], as it is inversely proportional to the
induction period;

τ∝ 1

J
. (4.1)

Where τ is the specific observable induction period. The nucleation rate is
expressed in the form of an Arrhenius reaction rate equation:

J = κ ·exp

(−∆G∗

kbT

)
, (4.2)



4.1 Introduction 53

Wherein J [s−1] is the nucleation rate, κ [s−1] a kinetic prefactor, G∗ [J] is
the nucleation free energy barrier, kb [1.38 ·10−23 J/K] the Boltzmann constant
and T [K] the absolute temperature. The kinetic prefactor is not taken into
consideration in the work of Sögütoglu et al. [78] but can play a critical role in
the mechanism of salt hydrate phase transitions. The prefactor depends on the
specific mechanism of cluster formation and is defined as [42]:

κ= Z (νA∗)ρv , (4.3)

where νA∗ [s−1] is the rate of addition of molecules to the critical cluster,
ρv [kg/m3] the density of the supersaturated vapour and Z [-] is the Zeldovich
factor [42].

If an assumption is made for the geometry of the cluster, e.g. two-dimensional,
a critical energy barrier can be determined as;

∆G∗
2D = hπνγ2

(b −a)kbT l n(p/peq )
, (4.4)

where h [m] is the height of a discus shape cluster, ν [m3] the volume of one
hydrated salt unit, γ [J/m2] the gas-liquid interfacial surface tension, a and b
[-] the number of water molecules in the begin and end phase respectively, and
p/peq [-] the supersaturation. For a three-dimensional geometry the energy
barrier can be determined as;

∆G∗
3D = ηπν2γ3

(b −a)2(kbT )2l n2(p/peq )
. (4.5)

Here η [-] is the shape factor of a 3D cluster, that is 16/3 if we assume a spherical
geometry and 8/3 for half a sphere (hemisphere). For a full derivation and
material parameters, see Sögütoglu et al. [78].

The only unknown in equation 4.4 and 4.5 is the interfacial energy γ and J .
Where J is inversely proportional to τ and can be determined experimentally at
different supersaturations p/peq . When plotting the experimentally determined
induction times against the corresponding supersaturations (l n(p/peq ) for 2D
and l n2(p/peq ) for 3D), the interfacial energies can be determined by the slope
of data points.

The other unknown is the nature of the mechanism of cluster formation
which is described by the prefactor in equation 4.3, this mechanism is the key
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topic of is this work and will be investigated by probing the ion mobility as a
function of supersaturation (in and outside the metastable zone) in order to link
mobility to the hydration transition.

4.2 Results

4.2.1 Metastable behaviour

Since in this work the mobility is investigated under pure water vapour con-
ditions and the metastable zone of K2CO3 was determined under atmospheric
conditions (by Sögütoglu et al. [78]), the metastable zone first has to be verified
under pure water vapour conditions.

This is done using the reactor setup (2.2.5). The results are plotted in a
phase diagram; herein the partial water vapour pressure p is plotted as a func-
tion of the temperature T of the salt. The equilibrium hydration line has been
determined in a previous study by measuring equilibrium pressure-temperature
points under pure water vapour conditions [58]. The phase diagram with
the onset points of hydration and dehydration is shown in Figure 4.2. The
metastable zone under these pure water vapour conditions is then compared to
the metastable zone under atmospheric conditions as found by Sögütoglu et al.
[78].

The solid line represents the equilibrium line of K2CO3, above this line, the
1.5 hydrate is the thermodynamically favoured phase, below the anhydrate. The
dashed lines are the MSZ boundaries as measured in atmospheric conditions
[78]. The closed symbols are the hydration/dehydration onset point at different
cooling/heating rates as measured by the pT-mass setup. The open circles will
be discussed in section 4.2.3.

Under pure water vapour conditions, the onset points for both hydration and
dehydration, match very nicely with the onset points in atmospheric conditions.
Moreover, since in this setup it is possible to measure over a broader range of
temperatures and vapour pressures, the metastable zone is measured at higher
temperatures and pressures, showing that the extrapolation (dashed lines) of
Sögütoglu et al. [78] holds also for higher temperatures and pressures.

Under atmospheric conditions, no dependency was found for the onset points
at different cooling/heating rates (0.1, 0.5 and 1 K/min). Under pure water
vapour conditions, the cooling rate dependency of the onset points is shown in
Figure 4.2.

The blue squares are the hydration/dehydration onset points at a rate of 0.9
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Figure 4.2: The different markers indicate onset points found in pure water vapour con-
ditions, at different heating/cooling rates as indicated in the legend. The
dashed line is an extrapolation of the onset points found under atmospheric
conditions by Sögütoglu et al. [78] at a cooling/heating rate of 1 K/min.

K/min. These points match nicely with the metastable line under atmospheric
conditions (dashed lines). The green circles, red triangles and oranges stars are
the onset points at a rate of 0.4, 0.09 and 0.04 K/min, respectively. It can be
seen that by lowering the cooling rate the hydration onset line shifts towards
the equilibrium line. This is at least not significantly observed by Sögütoglu et
al. [78] under atmospheric conditions, see Figure 4.1. A shift in onset points to-
wards equilibrium indicates that the induction time for hydration/dehydration
is lowered. The induction time is inversely proportional to the nucleation rate.
Referring to equation 4.2, where the nucleation energy barrier does not change
by changing the cooling/heating rates in the latter experiment, the change in
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nucleation rate J can only be caused by a change in the kinetic prefactor. This
suggests that the thermodynamic prefactor is influenced by the transport mech-
anism of water vapour. Note that the measurements by Sögütoglu et al. [78]
are performed at lower temperatures. At these temperatures, no large influence
on the heating/cooling rate is observed.

4.2.2 Nucleation

To get more insight into the nucleation process, induction time measurements
are performed. Since induction times are inversely proportional to the nucle-
ation rate (see equation 4.2), these types of experiments give insights into the
nucleation barrier.

The induction times are measured at a temperature of 54 °C and at various
supersaturations (p/peq). The interfacial energies γ can now be obtained by
fitting the induction time against supersaturation according to a 2D disc and
3D sphere or hemisphere nucleation model from equation 4.4 and 4.5. And
rewriting equation 4.2;

ln(τ−1) = l n(κ)−λ 1[
l n(p/peq )

]n (4.6)

with n = 1 and 2 for 2D and 3D geometry respectively, using equation 4.4
and 4.5, λ [-] contains the interfacial surface energy γ and relates to the energy
barrier for nucleation:

λ2D = hπνγ2

(kT )2(b −a)
(4.7)

λ3D = ηπν2γ3

(kT )3(b −a)2 (4.8)

The results are shown in Figure 4.3a and show the linear fit according to
equation 4.8.

Since the setup is not able to measure mass deviation accurately at timescales
below 10 minutes, induction times at supersaturations above 2.2 are too short
to be observed. This is due to mechanical equilibration after switching the valve
at the water vapour pressure inlet. Moreover, at a supersaturation below 1.8,
the experimental times would be too long.
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(a) (b)

Figure 4.3: a): Linear fit for a 2D geometry; induction times as a function of the inverse
of the supersaturation (p/peq ) at a sample temperature of 54 °C. b): Fit for
a 3D geometry; induction times as a function of the inverse of the supersat-
uration squared.

The obtained interfacial free energies are shown in Figure 4.4a, whereas in
Figure 4.4b these energies are compared to interfacial solid-liquid, solid-gas,
solid-solid and liquid-gas interfaces.

The interfacial energies in pure water vapour conditions are in the range
of 14-34 mJ/m2. This is in range with values found under atmospheric con-
ditions. Comparing the interfacial energy of 14-34 mJ/m2 to literature values
for different types of interfaces, see Figure 4.4b, shows that the solid-gas and
solid-solid interfacial energies are significantly higher. Therefore, this indicates
that in pure water vapour conditions the interface at the nucleation site is cov-
ered by a liquid interface, which is in agreement with the work of Sögütoglu
et al. [78]. Note that comparable interfacial energies were found for other salt
crystal-solution interfaces of soluble salts e.g. Na2S2O3 · 5 H2O, KCl, KBr, KI,
NH4Br and NH4I [86].

4.2.3 Surface mobility

Now that the metastable zone under pure water vapour conditions corresponds
to the metastable zone under atmospheric conditions, we investigate the rela-
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(a) (b)

Figure 4.4: a) Interfacial energies calculated for various critical cluster shapes in pure
water vapour conditions (black) compared to atmospheric conditions (blue)
Sögütoglu et al. [78]. b) The derived interfacial energies compared to in-
terfaces for various interfaces indicated on the X-axis: solid-liquid, solid-gas,
solid-liquid and liquid-gas. [86][87][88][89][90]. The dashed lines indicate
the range of values found for pure water vapour conditions.

tion between ionic conductivity and metastability. The ionic mobility is investi-
gated with EIS both in- and outside the metastable zone. First, it is investigated
if it is possible to differentiate between surface and bulk conductivity. After that,
we focus on the relation between water adsorption, mobility and supersatura-
tion (p/peq). In the final section, we will go into more detail on the structure of
mobile ion-water clusters at the salt surface

Probing surface or bulk conductivity

In this section, we investigate if measured ionic mobility can be attributed to the
ion motion at the surface. Four cases have been studied: both an anhydrous and
a hydrous tablet in the presence and absence of water vapour. All measurements
are performed at 54 °C.

First, we will have a look at the anhydrous phase (see Figure 4.5 (dark blue
dots)). Figure 4.5 shows the conductivity and relative permittivity as a function
of frequency. The sample is prepared as a completely anhydrous tablet and no
water vapour is supplied during the measurement (continuous pump down of
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the system).

(a) (b)

Figure 4.5: a) Measured conductivity of both anhydrous (light and dark blue dots) and
hydrous (pink and black squares) K2CO3 tablets at 54 °C in both the presence
and absence of water vapour. b) The related relative permittivities of both
tablets. The horizontal dashed line is the permittivity found in the literature
for K2CO3 [91]

At every decade in frequency, there is a small disturbance in the data, most
notably at low conductivity. This is caused by the impedance analyzer as its
hardware (analogue filters) switches internally at these points. The anhydrate
in absence of water vapour shows that the conductivity increases as a function
of frequency and behaves like a power law. This indicates that the behaviour
is predominated by its capacitive character and only polarization occurs in the
samples. A measure of polarizability is the permittivity of a material, where a
constant permittivity indicates that no conductive behaviour is present in the
sample. This is shown in Figure 4.5b. Above 10 Hz the data are fitted (not
shown here), resulting in a permittivity of 4.5 [-]. This permittivity matches
well with the permittivity of 5.6 [-] reported in the literature for K2CO3 [91].
Below 10 Hz some mobility is still observed, which is probably due to some
water still being present on the surface.

Secondly, we looked at the case of supplied water vapour at 6.5 mbar to the
anhydrous sample (light blue). At 54 °C the equilibrium pressure is 8 mbar,
therefore, 6.5 mbar is just below equilibrium (p/peq <1) and there will be no
hydration reaction (see Figure 4.1). Consequently, we are only looking at ad-
sorbed water at the surface and not at the hydration reaction. It can be seen that
conductivity changes significantly in the presence of water at a low frequency.
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At 0.1 Hz the conductivity increases by more than one order of magnitude com-
pared to the vacuum case. This demonstrates that conductivity in the anhydrous
phase is present due to water-assisted ionic mobility at the surface of crystals.

Third, the hydrate is prepared and is measured at a water vapour pressure
of 23 mbar (pink squares), which is outside the metastable zone (see Figure
4.1). Figure 4.5a shows that in the presence of water, the conductivity as a
function of frequency is almost constant over the entire frequency domain. The
dashed line indicates a fit and results in a value of 1.9×10−4 S/m. This behaviour
completely differs from the anhydrous state, and this frequency independence
indicates that the behaviour is completely dominated by conduction.

In the hydrate at p = 23 mbar, significant mobility is observed. This may
be caused by ionic mobility in the bulk of the salt or by surface water on the
boundaries of the crystallites.

Fourth, to investigate the conduction mechanism, the hydrate is subjected
to a continuous vacuum pump down. In this experiment, the conductivity is
measured (t ≈ 10 s) after pump down of the sample. Figure 4.5a (in the black
squares) shows that the conductivity drops dramatically compared to the hy-
drous sample in a water vapour environment. Moreover, at higher frequencies
a plateau in permittivity is reached (Figure 4.5b), indicating that polarization is
dominating and the conductive behaviour has vanished. When water vapour is
removed by a pump down, the behaviour changes instantly from being conduc-
tive to being capacitive. This immediate response indicates that water present
(with dissolved ions) is quickly desorbed and that consequently the measured
conductivity can only be attributed to ionic mobility mediated by water. This
surface water mobilizes ions.

Metastability & Ion mobility

In the previous sections, it was observed that the two extreme situations (hy-
drous versus anhydrous) had a clear distinction in the charge transport mech-
anism (conductive versus capacitive respectively). Moreover, in the hydrous
state the response to changing water vapour conditions was extremely fast and
pronounced, indicating that mobile water is present. Both measurements were
performed outside the MSZ.

In this section, mobility is addressed in the MSZ. We investigate if metasta-
bility might be linked to ion mobility facilitated by water adsorbed on the sur-
face. In the metastable zone, there might be a lack of mobility and outside the
MSZ sufficient ion mobility may initiate bulk hydration. We focus on the kinetic
pre-factor of the nucleation rate.
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First, we discuss the surface response of the hydrate K2CO3· 1.5 H2O. Sec-
ond, we will investigate the surface mobility of the anhydrate K2CO3 as a func-
tion of the vapour pressure.

The measurements are done at a sample temperature of 54 °C and the mea-
surements are performed by increasing the water vapour pressure stepwise from
6 till 23 mbar, implying that we go from equilibrium through the MSZ towards
outside the MSZ.

The vapour pressure dependency of the anhydrate and hydrate are shown
in Figure 4.6a and in 4.6b respectively.

(a) Anhydrate (b) Hydrate

Figure 4.6: a) Conductivity measured in- and outside the MSZ at 54 °C.

In Figure 4.6a the previously discussed anhydrate in absence of water vapour
(black markers) from section 4.2.3 is plotted as a reference. Then in purple, the
conductivity is plotted at 8 mbar, which is just above the hydration-dehydration
equilibrium. At this vapour pressure in the metastable zone, conductive be-
haviour is already observed at frequencies below 10 Hz. This points to a low
value for surface conductivity. The number of mobile ions and their mobility
is low at this water vapour pressure. This might indicate that the amount of
adsorbed water molecules is too small to hydrate K2CO3, indicating that the
hydration might be hampered.

Above 10 Hz, capacitive behaviour i.e. polarization of the crystal is dominat-
ing. Increasing the vapour pressure from 8 to 23 mbar shows that the conductiv-
ity increases. Moreover, the frequency-independent (conductive) behaviour is
extended over a broader frequency range, indicating that more ions can migrate
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faster over longer distances. Furthermore, it can be seen that above 18 mbar
the conductivity dramatically increases with the water vapour pressure, here
also some fluctuations can be observed, and this will be elaborated in 4.2.3.

Figure 4.6b shows the conductivity of the hydrate. At all vapour pressures,
the conductivity is much higher for the hydrate than for the anhydrate sam-
ple. This is most pronounced at the highest vapour pressures of 22 and 23
mbar, which are outside the metastable zone. To analyse this in greater detail,
the low-frequency conductivity (0.1 Hz) is plotted as a function of the water
vapour pressure in Figure 4.7, for two different temperatures, i.e. 47 and 54 °C
respectively.

Figure 4.7: Conductivity at 0.1 Hz for a hydrate sample at 47 and 54 °C. As a guide
for the eye, the red and black lines are drawn to indicate the conductivity
transition after the MSZ. The dashed lines indicate the metastable onset point
for hydration as shown in Figure 4.1

Figure 4.7 shows that the conductivity, thus mobility increases significantly
when the vapour pressure exceeds the MSZ boundary (vertical dashed lines). To
confirm the correlation between the increase in mobility and the MSZ boundary
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the measurement series is also performed at a sample temperature of 47 °C.
Again a steep increase in conductivity is found when the pressure exceeds the
MSZ boundary.

A significant shift in the slope in conductivity (at 0.1 Hz) as a function of wa-
ter vapour pressure is observed in- and outside the MSZ. Therefore, the mobility
substantially increases while crossing the MSZ boundary.

The change in conductivity in- and outside the MSZ is compared to an an-
hydrous sample. The results are shown in Figure 4.8.

Figure 4.8: Conductivity at 0.1 Hz, as a function of water vapour pressure for an anhy-
drate (squares) and hydrate (stars). The sample temperature is indicated by
the colour scale on the right.

The stars and squares indicate the conductivity of the hydrate and the anhy-
drate, respectively. Note that the conductivity on the y-axis is now plotted on
a linear scale and that there is a break in between 6.0 × 10−4 and 1.4 × 10−4

S/m, indicating the significant increase for the hydrate outside the MSZ. In
the MSZ, there is ionic mobility both for the anhydrous (squares) and hydrous
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(stars) samples. However, the mobility at the hydrate surface is much higher
and increases more rapidly when approaching the MSZ boundary. Outside the
metastable zone, the increase is steep. In the case of the anhydrous sample, the
mobility drops at the MSZ boundary (p >17 mbar). This is, presumably, due to
the start of the hydration reaction at the MSZ boundary.

The start of hydration actually starts at this point and is actually underlined
in the measured sample temperature, which is indicated by the colour scale on
the right side of Figure 4.8. At vapour pressures below 17 mbar there is no
increase in the temperature of the sample. Above 17 mbar (vertical dashed
line) the sample temperature increases significantly for both the hydrate and
anhydrate. In the case of the anhydrate, this increase is caused by the exother-
mic reaction due to water absorption in the crystal (hydration reaction). In the
anhydrate, this causes a drop in the conductivity which is not the case for the
hydrate.

More interestingly, in the hydrous sample, whereas no bulk hydration can
occur as the sample is hydrated, an increase in mobility still shows. This increase
may be caused by a change in water absorption or a change in salt dissolution.

To verify that this also holds over a broader range of temperatures and pres-
sures, the experiment is repeated at a temperature of 64 and 74 °C. The onset
points are shown in Figure 4.2 (open circles) and are determined by the change
in mobility similar to the observation in Figure 4.8 at a temperature of 54 °C.

Structure of mobile surface layer

The previous sections show that mobility at the surface is due to the presence
of water (with dissolved ions). How water and ions are present is however not
yet clear. The frequency dependency of the conductivity and permittivity may
give more information about the structure of water-ion clusters at the crystal
surface and their mobility. In Figure 4.9, frequency dependency of the conduc-
tivities and permittivities of an initial anhydrate phase at different water vapour
pressures are shown.

First, we have a look at the drop in conductivity at the moment the MSZ
boundary is crossed, above 28 mbar (indicated by the arrows). This drop corre-
sponds to what was observed at 54 °C in Figure 4.8. Here, it can be seen that it
occurs over the whole range of frequencies.

At low vapour pressures (6.5 and 12 mbar), the conductivity increases with
increasing frequency over the whole frequency domain, indicating that polar-
ization (of the induced dipoles in K2CO3) dominates. This is even more clear if
we take a look at the permittivity in Figure 4.9b. Above 100 and 1000 Hz, the
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(a) (b)

Figure 4.9: a) The conductivity and permittivity of an initial anhydrate phase at different
water vapour pressures at a sample temperature of 64 °C. The horizontal
dashed line is the permittivity for the anhydrate as found in literature [91].

permittivity is constant and matches very well with the permittivity of 5.6 [-]
for anhydrous K2CO3 as reported in literature [91]. Below the 100-1000 Hz, the
permittivity is no longer constant, indicating that there is not only polarization
of the bulk crystal. However, the ionic mobility seems to be very localized as
no long-range conduction is observed, i.e. no plateau in the conductivity. Due
to the local character of the mobility, there must be a local cluster of dissolved
ions wherein dissolved ions can move freely within the cluster boundaries. At
the boundary, the charges become static until the polarity is reversed. Thus
within one period, between the switching of polarity, both conductive behaviour
(charge transport) and capacitive behaviour (charge polarization) occur.

When the water vapour pressure is increased to 20 and 28 mbar (the system
is still in the MSZ) in Figure 4.9b, the permittivity at high frequencies (>10
kHz) still equals 5.6 [-] as for a dry bulk crystal. This indicates that the mo-
bility of the ions is not sufficient to follow the electrical field anymore. The
onset points of local mobility shifts, however, towards higher frequencies com-
pared to 6 and 12 mbar. This indicates that more mobility is introduced at
higher vapour pressures. Furthermore, looking at Figure 4.9a, the conductivity
significantly increases (logarithmic y-axis) and the conductive behaviour domi-
nates at lower frequencies (<10 Hz respectively) as no frequency dependency is
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observed anymore. Due to water adsorption, the surface has become more mo-
bile and charges can now be transported over longer distances. This indicates
that initial water clusters have grown in size and that small clusters have ag-
glomerated into larger ones, which then facilitate charge transport over longer
distances (conductive behaviour). This results in the plateaus in Figure 4.9a. In
Figure 4.9b, this can be observed in the second change in slope around 1 and
10 Hz at a water vapour pressure of 20 and 28 mbar respectively. Here, the
permittivity is increasing significantly with decreasing water vapour pressure,
indicating that the polarizability of the crystal is playing less of a role.

At 30-35 mbar, conductive behaviour dominates up to 100-1000 Hz, consid-
ering the observed plateaus. The height of this plateau, i.e. the conductivity
increases. Figure 4.9b, shows over the whole frequency range a changing polar-
ization. This is similar to the observations at 28 mbar (in the metastable zone,
close to the boundary).

4.3 Discussion

Section 4.2.3 shows a link between ion mobility and metastability. Section 4.2.1
and Sögütoglu et al. [78] show that the MSZ boundary can be linked with the
existence of a nucleation barrier. It follows from classical nucleation theory
(CNT) that the nucleation rate depends on two factors: the free energy barrier
and cluster mobility. The latter is accounted for by the prefactor in the nucle-
ation rate in Equation 4.2 and 4.3. Our findings on ion mobility point to the
kinetic prefactor.

The kinetic prefactor depends on the specific dynamics of cluster formation.
This factor was not taken into account in previous work of Sögütoglu et al.
[78], which focussed primarily on the nucleation barrier. It was shown that the
induction times in the MSZ could be characterized by CNT, whereby nucleation
and growth are limiting the hydration rate in the MSZ.

The prefactor depends on the specific mechanism of cluster formation. Two
distinct possibilities are discussed in the literature, 1) direct deposition of water
vapour on the surface of the cluster and 2) surface diffusion of ions and water
towards the nucleus and attach to it, at which surface mobility is needed [42].

This work shows that onset points determined by the mobility nicely corre-
spond to the MSZ boundary. Considering that a change in mobility corresponds
to the onset of hydration, (see Figure 4.8) implies that surface mobility strongly
increases at the boundary of the metastable zone. It has been argued that mo-
bility is needed in the case of cluster formation development via the diffusion
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of ions and water towards the nucleus. Accordingly, mobility is limited in the
metastable zone compared to that outside the MSZ. Therefore, the diffusion of
ions and water is limited too. To understand this sudden change in mobility at
the MSZ boundary we look at the solvation of ions and thereby focus on the
solid-liquid interface. As discussed by Peters and Ewing [81] for NaCl, mono-
layer adsorption of water occurs at an RH of 40%. Whereafter ion migration
occurs at an RH between 40 and 50%. This is well below an RH of 75%, where
the dissolution of the bulk occurs (deliquescence), indicating that the solvation
of NaCl requires a higher relative humidity than needed for water adsorption.
This suggests that water molecules are taken up by the surface, but the solva-
tion of the salt surface only starts when sufficient water molecules are present,
facilitating the process. In AFM experiments of Xu, Bluhm, and Salmeron [92],
these structural effects are also found. They observed that the adsorbed water
film hydrates NaCl ions, which become mobile on the surface.

Since there is a difference in energy required to solvate ions from smooth
faces and from defect-rich crystallite surfaces [81][93][94], the solvation in the
MSZ will commence at defects and after this, an induction period is required for
these nuclei to stabilize and grow. Dai, Hu, and Salmeron [95], indeed report
that adsorbed water on a NaCl crystal surface probably solvates and detaches
ions at the steps and this is then linked to differences in local water concentra-
tion, ionic solvation and mobility. At low RH, water is primarily adsorbed on
edges where there is higher surface energy. Subsequently, at medium humidity,
step diffusion of the solvated ions takes place. This matches with our observa-
tion on K2CO3 that mobility is introduced even at low vapour pressures in the
metastable zone. In this case, the frequency-dependent conductivity indicated
that there must be localized mobility and thus clusters of water and ions. In
the work of Foster et al. [93], where the adsorption of water on NaCl has been
studied, it is also reported that at low adlayer coverage, the water molecules
aggregate into islands. Moreover, they report that when a critical adlayer con-
centration is reached, multilayer growth suddenly becomes favourable. This
matches our observation that mobility increases dramatically above the MSZ
and that there is a link between mobility and metastability. Finally, it is stated
that as adlayer coverage increases solvation starts and new adlayer structures
can develop. This matches very well with our water absorption mechanism
analysis of K2CO3 based on mobility i.e. water adsorption, cluster formation
and cluster agglomeration. We postulate that at the metastable zone bound-
ary sufficient water has covered the surface such that solvation can commence,
from which then the hydration of the new phase can start.

A schematic interpretation of all stages of water adsorption, cluster forma-
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tion and cluster agglomeration is shown in Figure 4.10.

Figure 4.10: Schematic representation of the different stages of water adsorption on an
anhydrous K2CO3 crystal surface. At the top, the x-axis is the frequency f
and the y-axis is the conductivity σ. a) Dry crystal in the absence of water
only capacitance is observed b) Local adsorbed water with dissolved ions
indicated by low-frequency conductivity c) the whole surface is covered
and long-range mobility is observed.

On the left, the anhydrate (a) in the absence of adsorbed water is shown.
Here only induced polarization of the bulk crystal can occur and there is no ionic
mobility. In Figure b), in the MSZ, the initial stages of water adsorption and wa-
ter/ion cluster formation are shown. These initial clusters will form at locations
where the free energy for cluster formation is lowest. There is a difference in
free energy required to solvate ions from smooth faces and from defect-rich
crystallite surfaces [81][93][94]. For the anhydrate in the MSZ, solvation can
commence at defects, but an induction period is required for the nuclei of the
hydrate to stabilize and grow. Moreover, Dai, Hu, and Salmeron [95], report
that adsorbed water on a NaCl crystal surface probably dissolves and detaches
ions at the steps of a crystal surface. This is then linked to differences in local
water concentration, ionic solvation and mobility. At low RH water is primarily
adsorbed on edges where there is higher surface energy. Subsequently, at the
medium RH step diffusion of the solvated ions takes place.
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In Figure 4.10 b) when the supersaturation is increased, clusters will grow
and start to agglomerate by which conductive behaviour starts to dominate at
lower frequencies. This corresponds to water vapour pressures in the metastable
zone close to equilibrium. In Figure 4.10 C) complete coverage of the crystal
surface is reached and conductive behaviour dominates over the whole range of
frequencies. This corresponds to vapour pressures close to and above the MZS
boundary.

Generally, supersaturation (p/peq) is regarded as a driver for nucleation. In
the work of Sögütoglu et al. [78], supersaturation is not sufficient to overcome
the energy barrier for nucleation i.e., ∆G in equation 4.2. This paper shows
that also mobility is limited in the MSZ and a significant increase in mobility
has been observed above the MSZ. This indicates that the kinetic prefactor κ
(equation 4.3) is also a function of the supersaturation. Moreover, since mobility
is strongly correlated to the solvation of ions from the surface we postulate that
the energy required for the solvation of the bulk crystal phase is a barrier for
nucleation. Therefore, to facilitate the hydration reaction, mobility has to be
introduced by the solvation of ions from the surface and the interfacial energy
has to be overcome, causing a barrier in free energy.

4.4 Conclusion

This work aimed to get a more detailed understanding of the hydration mecha-
nism and determine the link between surface mobility and metastability. To that
extent, ionic mobility is probed and linked to the hydration mechanism using
electrochemical impedance spectroscopy (EIS). It has been shown that mobil-
ity is a prerequisite for nucleation and that the mechanism of cluster formation
probably occurs via the attachment of ions. Therefore, sufficient mobility must
be introduced for the diffusion of ions and water. It has been shown that the
metastable zone is both a consequence of the energy barrier for nucleation and
the low ion mobility at low vapour pressures.

Moreover, it has been shown that the MSZ boundary in pure water vapour
conditions matches nicely with the atmospheric case [78]. The mobility of ions
on the surface of K2CO3 has been investigated under pure water vapour con-
ditions as a function of supersaturation. Probing mobility at rapidly changing
water conditions water indicated that the measured ionic mobility could prob-
ably be attributed due to mobile water and ions at crystal surfaces. This work
shows that there is surface mobility already in the MSZ and that this mobil-
ity increases with increasing water vapour pressure. At the metastable zone
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boundary, a significant increase in ionic mobility is observed, facilitated by wa-
ter adsorption.

Analysing mobility in greater detail as a function of frequency showed that
the initial water adsorption (at low supersaturation) is localized in clusters, at
increasing supersaturation these clusters agglomerate into larger islands and the
ionic mobility increases. Subsequently, the whole surface of the crystallites is
covered, which was observed by the long-range transport of ions (conductivity).
For future work, it would be most interesting to determine the surface area of
the samples to derive detailed information about the amount of water and film
thickness.

This work can be of significant importance in view of heat storage applica-
tion since a better understanding of the limiting mechanism in the metastable
zone gives us handles to manipulate its behaviour e.g. introducing more mobil-
ity to reduce the metastable zone width and thereby increasing the temperature
output window. Moreover, introducing more mobility can also be a way to en-
hance material kinetics.



Chapter 5
Caesium Doping Accelerates
the Hydration Rate of
Potassium Carbonate in
Thermal Energy Storage

Potassium carbonate has recently been identified as a promising candidate for
thermochemical energy storage. However, as for many salt hydrates, its reac-
tion kinetics is relatively slow. K2CO3 has a metastable zone, where the reaction
is kinetically hindered, which limits the temperature operating window. In this
chapter, we explore the possibilities to improve the material performance, fo-
cusing on two aspects; improving the kinetics outside the metastable zone and
reducing the metastable zone width. This work shows that doping with Cs2CO3,
can improve both. Moreover, it is shown that the dopant enhances the hydration
rate by introducing mobility due to local deliquescence. This lays the founda-
tion for further material research using dopants to enhance the performance of
salt hydrates.

This chapter has been adapted from: Jelle Houben, Aleksandr Shkatulov, Henk Huinink,
Hartmut Fischer, and Olaf Adan. “Caesium Doping Accelerates the Hydration Rate of Potassium
Carbonate in Thermal Energy Storage”. In: Solar Energy Materials and Solar Cells 251 (Mar. 2023),
p. 112116. ISSN: 0927-0248. DOI: 10.1016/J.SOLMAT.2022.112116

https://doi.org/10.1016/J.SOLMAT.2022.112116
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5.1 Introduction

For a heat storage application, knowledge of the equilibrium behaviour is im-
portant to understand the temperature window in which the salt will hydrate
or dehydrate. Besides that, the material kinetics is of significant importance,
since this determines how fast a system can be charged or discharged, thus the
power the material can deliver on the system level. In the previous chapter (4)
the metastability of K2CO3is investigated and it has been shown that, close to
equilibrium conditions, hydration is kinetically hindered and a hydration/de-
hydration reaction is only observed after an induction period. This metastable
behaviour is caused by a free energy barrier for nucleation. It has been shown
that the phase transition is mediated by a local dissolution at the interface. In
this chapter, we explore if this local dissolution can be used to enhance the
phase transition rate, since, a disadvantage of salt hydrates is that they exhibit
relatively low kinetics [47]. Especially compared to adsorption materials like
zeolites or silica gel [48].

To improve kinetics and, additionally, overcome metastable behaviour, dop-
ing can be used. Doping is performed by the introduction of small amounts
of alien ions to the base material to promote nucleation and thereby improve
the kinetics of the base material. The potential effect of doping is success-
fully demonstrated by Shkatulov et al. [49]. They showed that, by doping with
NaNO3 of Mg(OH)2 , the decomposition temperature could be lowered. This
was also shown by doping Mg(OH)2 and Ca(OH)2 with several chlorides, ni-
trates, acetates and sulphates [50]. Moreover, kinetic improvements have been
found by doping of Ca(OH)2 with KNO3 [51].

Dopants can be introduced in the bulk or on the surface of the crystal of
K2CO3, resulting in several possible mechanisms affecting the hydration reac-
tion e.g.: heterogeneous nucleation by lowering the interfacial energy, chang-
ing the crystal stability, improving the surface mobility or affecting the deliques-
cence relative humidity (DRH).

The aim of this chapter is to understand the basic mechanism underpinning
doping effects on ˛hydration and to find possible doping candidates that im-
prove the hydration behaviour of K2CO3. The dopant should preferably both
increase the temperature by reducing the metastable zone width (MZW) and
improve the kinetics in- and outside the metastable zone (MSZ). Possible dop-
ing candidates are selected based on three selection criteria: cation substitu-
tion, mono-valency and solubility. From these criteria the group 1 elements:
Li2CO3, Na2CO3, Rb2CO3 and Cs2CO3 were selected. These candidates were
then screened based on both the effect on the MZW and kinetics. Finally, it is
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investigated how the dopant is incorporated into the base material and which
mechanism is underlying the observed doping effects.

5.2 Materials

5.2.1 Dopant selection

Doping candidates are selected based on three criteria: cation doping, mono-
valency and solubility.

The first candidates are selected based on cation doping. In potassium car-
bonate the cation is mono-atomic and the anion is poly-atomic. Due to this
poly-atomic character, it is less straightforward to understand the substitution
behaviour, as charge distribution is more complex with its trigonal planar struc-
ture. Consequently, this limits the candidates to carbonate salts.

Secondly we are selecting monovalent ions. For the doping to be stable,
both during preparation and during cycling, the dopant should be compatible
electrostatically, otherwise the ionic structure would have to change.

Finally, the dopants have to be soluble since the materials will be prepared
with evaporative crystallization, as it is one of the most common and simplest
crystallization methods. Therefore the soluble carbonates of group 1 elements:
Li2CO3, Na2CO3, Rb2CO3 and Cs2CO3 are selected, SrCO3 and BaCO3 are not
used since they are insoluble. The solubilities for Li2CO3, Na2CO3, K2CO3,
Rb2CO3 and Cs2CO3 are; 13, 164, 1105, 4500 and 2600 g/l respectively.

5.2.2 Sample preparation

All samples, including pure potassium carbonate, are prepared via the same
method; forced crystallization using a rotary evaporator. Both Rb2CO3 and
Cs2CO3 have a solubility higher then K2CO3 (4500 and 2600 g/l respectively)
and are mixed at a mol ratio of 1:20. Li2CO3 and Na2CO3 are prepared in
such a concentration that the volume of the saturated solution of both K2CO3

and dopant are equal. This is done since Li2CO3 and Na2CO3 have a solubil-
ity lower then K2CO3 (13 and 164 g/l respectively) they will crystallize earlier
than K2CO3. Consequently, the increase in concentration during evaporation is
proportional for both K2CO3 and Li2CO3 (or Na2CO3). Therefore the point of
crystallization onset for K2CO3 and dopant is closest as possible. In this way,
segregated crystallization is prevented as much as possible. Furthermore, the
Cs2CO3 doping content is varied in the ratios; 1,2,4,6,10-:100 (mol:mol), in
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order to evaluate how the doping content is affecting the behaviour of the ma-
terial. In this work, the onset point is defined as; the point where the reactions
start (hydration, dehydration or deliquescence reaction). The onset point can
be determined by scanning through the phase diagram, either by keeping the
temperature constant and varying the water vapour pressure or by fixing the
vapour pressure and scanning through temperature. In this work, the latter
method is used.

All carbonate salts are first dissolved until the solution is saturated. Then
the saturated solutions are filtered with a Millex®-GP syringe filter with a 0.22
µm pore size to remove large seed crystals. After the seed crystals are removed
the saturated solution of K2CO3 and the dopant are mixed. Due to a large differ-
ence in solubility (13-4500 g/l), separate crystallization of K2CO3 and dopant
should be prevented, using a fast crystallization method by means of a rotary
evaporator as described in section 2.1.1.

To verify if observed changes in the behaviour of K2CO3 are caused by the
dopant or the preparation method, two additional preparation methods are
used for comparison, i.e. freeze drying and melting. For freeze drying, the
preparation is similar to the rotary evaporator; the mixed saturated solutions
are prepared in a rotating round flask, which is submerged in liquid nitrogen.
After the solution is completely frozen as a thin film, the flask is connected to
a vacuum pump and slowly all water is removed by sublimation during a pe-
riod of a least 12 hours. For the preparation via melt, the dry powders are
manually ground with a mortar. The powders are mixed in a mol ratio of 1:20
and the mixing is done using a vortex shaker. The mixed salts are then melted
in a Lenton® AWF130/12 wire furnace at 950 °C in blank steel crucibles while
purging the oven with argon to prevent oxidation.

An overview with all prepared samples can be found in table 6.1, the doping
content has been checked with ion chromatography:



5.2 Materials 75

Table 5.1: Overview of dopants, preparation methods and content, the first column rep-
resents the dopant concentration in molar ratio, the second in mass ratio.

Dopant Preparation Method content [mol x:100] content [mass x:100]

Li2CO3 Rotary Evaporator 2.2 1.2
Na2CO3 Rotary Evaporator 19.4 12.9
Rb2CO3 Rotary Evaporator 5 8.4
Cs2CO3 Rotary Evaporator 5 11.8
Cs2CO3 Rotary Evaporator 1 2.4
Cs2CO3 Rotary Evaporator 2 4.7
Cs2CO3 Rotary Evaporator 4 9.4
Cs2CO3 Rotary Evaporator 6 14.1
Cs2CO3 Rotary Evaporator 10 23.6
Li2CO3 Melting 5 2.7
Na2CO3 Melting 5 3.8
Rb2CO3 Melting 5 8.4
Cs2CO3 Melting 5 11.8
Cs2CO3 Freeze drying 5 11.8
Rb2CO3 Freeze drying 5 8.4

5.2.3 Selection method for dopants

In this section, two methods are described which are used to screen the effects
of the used dopants, the effect on onset points and the effect on kinetics. With
onset point is meant is the starting point of a specific transition. Using TGA,
the transition can be observed by a change in mass when we are varying the
temperature at constant vapour pressure. A first screening of the dopants will
be done on the effect of the doping on the temperature onset points for the
hydration, dehydration and deliquescence onset points. This screening focuses
on the effect of narrowing the metastable zone width rather than enhancing
the kinetics outside the metastable zone. This is because the kinetics can be
influenced by parameters such as primary crystallite size, morphology, particle
size and size distribution, which requires comprehensive analysis. No effect
on onset points this does not imply there is no effect on kinetics, the kinetic
screening is the second screening method. To measure kinetics, a different type
of measurement is performed, both screening experiments are performed on a
Mettler Toledo® TGA/DSC 3+ thermal analyzer and the methods are described
in section 2.2.1.



76 Caesium Doping Accelerates the Hydration Rate of Potassium Carbonate

5.3 Results

5.3.1 Crystallographic data of doped K2CO3

In these experiments, the diffraction patterns of all doped samples are compared
to those of pure K2CO3 to determine if the crystal structure of pure K2CO3 is af-
fected. All samples were pre-dried at 130 °C (t > 24 h) and the measurement
are performed at 120 °C, to secure all diffraction patterns of anhydrous sam-
ples. Figure 5.1a shows the diffraction patterns of the pure and doped samples
i.e. from bottom to top Li2CO3-, Na2CO3-, pure, Rb2CO3- and Cs2CO3-doped
K2CO3 respectively. The Y-axis indicates the relative intensity of each sample
with respect to its highest intensity.

(a) (b)

Figure 5.1: a). Diffraction patterns of all anhydrous doped- and pure K2CO3. b) Zoom
in on the diffraction pattern of pure Na2CO3, K2CO3 and Na2CO3- doped
K2CO3, indicating distinct peaks not corresponding to pure K2CO3.

All diffraction patterns correspond to the diffraction pattern of pure K2CO3

except for Na2CO3-doped K2CO3. For the Na2CO3 doped samples, some peaks
correspond to those of pure K2CO3 but new peaks with high relative intensi-
ties appear (29, 33 and 35 °). Apart from Na2CO3, the other dopants do not
influence the crystal lattice of the dominant crystalline phase (K2CO3). It is
therefore assumed that except from Na2CO3 the other dopants are not built-in
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to the crystal lattice of K2CO3, but decorate the surface of K2CO3.
To understand the Na2CO3 doped sample, Figure 5.1b shows the peaks at

29 and 33 ° in more detail of the system Na2CO3-K2CO3. It can be seen that
the diffraction pattern of the doped sample does not correspond to one of both
base constituents (K2CO3 or Na2CO3), this indicates that a co-crystal has been
formed consisting of both Na2CO3 and K2CO3. Furthermore, the diffraction
pattern is also compared with crystallographic data (CIF) from the literature
of the hydrated state; K2CO3·1.5 H2O [97]. From this it is concluded that the
peaks of the Na2CO3-K2CO3 sample do not correspond to the hydrate of K2CO3

(data not shown here), underlying that a co-crystal of both Na2CO3 and K2CO3

has been formed.

5.3.2 Primary crystallite size

Next to crystal structural analysis, XRD can also be used to determine the co-
herent scattering domain size, which is a measure of the primary crystal size.
In a poly-crystalline material, a grain consists of several hundreds/thousands
crystallites and a particle is composed of several grains. The crystallite size is
important since the crystallite size can have an effect on the reaction kinetics.
In this section, we, therefore, compare the crystallite sizes of all the doped sam-
ples to pure material (K2CO3), where we are especially interested in the relative
difference between the sample. Using the peak broadening with the Scher-
rer equation, the coherent scattering domains can be determined, the result is
shown in Figure 5.2.

The crystallite size of all samples is quite similar. Therefore, potential sig-
nificant kinetic effects can not be caused by differences in primary crystallite
size.

5.3.3 Onset points for hydration, dehydration and deliques-
cence

In this section the results of the onset points, for hydration, dehydration and del-
iquescence with TGA by an isobaric run at 17 mbar water vapour pressure. The
five different markers indicate pure K2CO3, and Li2CO3- , Na2CO3- , Rb2CO3-
and Cs2CO3-doped K2CO3.

First, it can be seen that all deliquescence points coincide with that of pure
K2CO3, except for Cs2CO3. In presence of Cs2CO3 the deliquesce onset temper-
ature shifts from 29 °C for pure K2CO3 to 36 °C. In terms of relative humidity,
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Figure 5.2: Crystallite size of all doped samples, determined using the Scherrer equation
at a 2Θ of 30 and 34 °.

this is a shift from 43 % to 29 % RH.
Secondly, the onset points for hydration coincide with the hydration onset

point of pure K2CO3 and is in agreement with Sögütoglu et al. [40], except for
Cs-doped K2CO3. The shift in hydration onset point for Cs2CO3 doping is 3 K,
reducing the metastable zone width (MZW) at 17 mbar from 10 K to 7 K, i.e. a
reduction of the MZW for hydration of 30%.

Thirdly, the dehydration onset points are somewhat more spread, but still
close to pure K2CO3. Again Cs-doped K2CO3 is the exception. Due to caesium
the onset point shifts for 5 K, reducing the MZW from 12 K to 7 K for dehydra-
tion, resulting in a reduction of the MZW for dehydration of 42%.

To analyse if the effect is caused by the preparation method or the doping
intrinsically, three different preparation methods are used; freeze drying, melt-
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(a) (b)

Figure 5.3: a) Onset point screening for all dopants at an isobaric water vapour pressure
of 17 mbar. From left to right the deliquescence, hydration and dehydration
onset points. b) Screening for caesium doping prepared with three different
methods.

ing and forced crystallization. Figure 5.3b shows the results. It can be seen that
the hydration and dehydration match very accurately, a minor spread is found
in the deliquescence onset points but they still match very good. It can thus be
concluded that the effect of caesium doping is independent of the preparation
method and the effect is thus intrinsically due to the dopant.

5.3.4 Metastable zone lines Cs2CO3-doped K2CO3

As only Cs2CO3 significantly reduces the MZW at 17 mbar, the full metastable
zone boundaries of Cs2CO3 doped K2CO3 have been determined, see Figure 5.4.

The triangles indicate the onset points for hydration, whereas the squares
indicate the onset points for dehydration. These measurements show a reduc-
tion of the meta-stable zone for both hydration and dehydration over a wide
range of vapour pressures from 6 - 18 mbar. Overall the shift in onset point is
the largest for dehydration. Due to this shift in hydration and dehydration onset
points the temperature operating window of K2CO3 is significantly improved by
doping with Cs2CO3.
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Figure 5.4: Metastable zone width screening of Cs2CO3-doped K2CO3 over a range of
vapour pressures from 6-18 mbar. The green solid line is the equilibrium
line, the dashed lines are the metastable lines and the dashed-dotted line is
the deliquescence line. The blue solid line is the water line.

5.3.5 Reaction kinetics

The other objective of doping is to improve the kinetics outside the metastable
zone. Therefore a kinetic screening is performed at isothermal and isobaric
conditions (pw = 12 mbar and T = 40 °C). The temperature of the material
is stabilized before the water vapour pressure is supplied. Figure 5.5 show the
results, with the loading i.e. mol water per mol K2CO3, on the Y-axis and the
time on the X-axis.

It can be seen that the Li2CO3 and the Rb2CO3 doping have no effect on the
hydration rate of K2CO3. Both Na2CO3 (dark yellow) and Cs2CO3 (green) do
have an effect on the hydration rate of K2CO3. In presence of Na2CO3 the initial
hydration rate is similar to that of pure K2CO3, however, the final loading is
below 0.5 H2O/mol K2CO3, indicating that part of the material does not bind
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Figure 5.5: Hydration of pure and Li2CO3, Na2CO3, Rb2CO3 and Cs2CO3- doped K2CO3,
performed at pw = 12 mbar and T = 40 °C.

water which can be understood since a part of the material has formed a co-
crystal which does not absorbs water (at least under the current conditions).

Cs2CO3 doping significantly accelerates the kinetics. Firstly, the end conver-
sion is reached within 20 minutes, whereas for pure K2CO3 the loading has only
reached 1.0 mol H2O/mol K2CO3 after 60 minutes. Secondly, the hydration rate
is almost linear over the full conversion.

This becomes even clearer when the hydration rate is shown as a function
of the conversion, this is shown in Figure 5.6. The solid lines correspond to
the material power on the left Y-axis and the dashed lines correspond to the
conversion on the right Y-axis. Moreover, the hydration rate at 50 % conversion
is significantly higher for the caesium doped sample. The hydration rate is
almost a factor of 10 higher, 1.9×10−3 and 2.2×10−4 mol H2O per mol K2CO3

per second for caesium doped K2CO3 and pure K2CO3 respectively.
What can be observed here is that hydration mechanisms are significantly

different. Sögütoglu et al. [98] has shown that for pure K2CO3, the reaction rate
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Figure 5.6: The hydration rate as function of conversion for all doped samples and pure
K2CO3.

is limited by diffusion of water towards the reacting surface when conversion
progresses. For Cs2CO3 this is significantly different, the initial conversion seems
to be limited by nucleation and growth, but after 15 % conversion the reaction
kinetics does not rapidly decrease. Based on the work of Khawam and Flanagan
[99], the reaction of caesium doped K2CO3 is in the class of the geometrical
contraction (R) models which indicate that the reaction rate is dominated by
the reacting interface.

5.3.6 Cyclic behaviour

Cyclic behaviour of Cs-doped K2CO3 is explored in 10 sequential hydration-
dehydration cycles using TGA. Doped and undoped K2CO3 is compared. The
experiments are performed at a constant water vapour pressure of 12 mbar and
the temperature is cycled between 140 and 40 °C. Figure 5.8 shows the results.

Obviously the kinetics of pure K2CO3 increases during cycling. This cycling
effect is due to an increase in internal surface area due to porosity build-up
[100]. For Cs2CO3 the kinetics is already much faster from the start on and only
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Figure 5.7: Cyclic TGA of pure K2CO3 and Cs2CO3-doped K2CO3. The experiment is
done under isobaric conditions (pw = 12 mbar) and thermal cycling between
140 and 40 °C.

takes 1 cycle to become stable. Moreover, the overall kinetics is faster for the
doped sample, being stable over 10 cycles.

To verify the cyclic stability over more cycles the doped material has been
cycled 80 times in a small-scale reactor as described in section 2.2.5. During
cycling part of the material is extracted from the reactor setup and a single
hydration experiment is performed. Figure 5.8 shows the result.

It is shown that the hydration rate is relatively stable for all cycles between 0
and 80 cycles. This indicates that the effect caused by the dopant is stable during
cycling, and no re-crystallization in separate phases seems to occur between
K2CO3and Cs2CO3. Thereby we conclude that the location of the dopant does
not change during cycling.
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Figure 5.8: Single hydration experiment of Cs2CO3-doped K2CO3, pre-cycled (0,10, 40
and 50 times) in a small scale reactor. Showing loading (Y-axis) versus time
(X-axis). The experiment is performed at pw 12 mbar and 40 °C.

5.3.7 SEM

In the previous section, it is shown that the dopant is stable during cycling,
but the precise location of the dopant is still unknown. To investigate where
the dopant is located, SEM-edx is used. Figure 5.9 shows a SEM image of
pure K2CO3 and 5% Cs2CO3 doped K2CO3, depicting a surface structure of the
caesium doped sample that is less well-defined. Small surface structures seem
to overlap with larger structures on the grain, as indicated with the circles in
Figure 5.9b. Overall, it seems that the small grains on the surface are more
agglomerated with the larger grain. On the pure K2CO3 sample, a large grain
can be identified on which smaller grains are not agglomerated (indicated with
the circle in Figure 5.9a). If the dopant (in Figure 5.9b) attracts more water on
the surface, more agglomeration can be expected.
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(a) (b)

Figure 5.9: SEM images of pure and Cs2CO3 doped K2CO3. a) Pure K2CO3, a large
grain with on the surfaces smaller crystallites at which crystal habits can
be recognized (red arrows). b) Cs2CO3-doped K2CO3, on the surfaces the
structures seem to be agglomerated, and no individual crystal habits can be
recognized.

In the work of Dupas-Langlet et al. [101], where the impact of deliquescence
lowering on powders has been studied, an increase in water uptake on mixtures
is observed and thereby a loss of crystallinity. Similar to this work, SEM shows
that caking leads to the formation of non-crystalline-shaped agglomerates. On
the pure K2CO3 sample in Figure 5.9a, these crystalline features can be identi-
fied and are indicated with the red arrows.

To get more detailed information on the surface composition, EDX is used
with elemental mapping. Figure 5.10 shows the results of a sample with 10%
caesium doping. At the top, an overlay is shown of all elements; where green
corresponds to potassium, red to caesium and blue to carbon. The bright blue
carbon clusters are due to the carbon tape background. Qualitatively, there
is no clear localization of clusters of caesium on the surface of the grains. It
is therefore assumed that the doping is homogeneously distributed over the
surface.

In summary, two observations are made; firstly, the crystal surface seems to
be more agglomerated in which no crystal habits are recognized and secondly,
no local clusters of caesium are found indicating that the dopant is uniformly
distributed.
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Figure 5.10: SEM EDX with elemental mapping of a 10% caesium doped sample. At the
top, an overlay of all colors representing the different elements is shown.
In the lower graphs a mapping of; in red caesium (Cs), in green potassium
(K) and in blue carbon (C) elements
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5.3.8 Hydration mechanism by caesium doping

Caesium doping affects the onset points of the phase transition of potassium
carbonate. Moreover, a significant kinetic acceleration of kinetics is observed
with the addition of caesium doping. To understand how caesium affects the
phase transition of K2CO3, the content of Cs2CO3 is varied. Figure 5.11 shows
the results of an isobaric experiment with changing temperature.

Figure 5.11: Isobaric measurements on sample with different Cs2CO3 content. On the
left Y-axis the loading is shown and corresponds to all other curves, on
the X-axis time is plotted. The right axis corresponds to the blue line and
indicates the sample temperature. The orange line is pure K2CO3 and the
green lines are different amounts of doping. The doping content varies from
1:100 - 10:100 (mol:mol). Feature 1,2,3,4 are discussed in the text.
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An onset measurement is performed as described in section 2.2.1. The ex-
periment starts at 140 °C (with a constant water vapour pressure of 17 mbar)
until the sample is completely dehydrated, after which the temperature is re-
duced with a cooling rate of 1 K/min until 40 °C, where the sample is fully
hydrated, followed by heating until dehydration starts. On the right Y-axis, the
temperature is shown, which corresponds to the red line and on the left Y-axis,
the loading is displayed and corresponds to all other curves, on the X-axis the
time is plotted.

Four features are of special interest; 1) the end loading (at T = 40 °C) in-
creases with increasing caesium content, 2) water is released instantaneously
when the temperature is increased (at 5.7 hours) and 3) after initial water re-
lease a second transition is observed and 4) water is already absorbed before
hydration starts.

First the effect indicated with 1) shows that the end loading increases with
an increasing amount of Cs-doping. The effect indicated with 2) shows that
when the temperature is increased, water desorbs instantaneously. This indi-
cates that this water is mobile, as only mobile water can evaporate instanta-
neously. Crystal water will be released at a well-defined dehydration temper-
ature. At 3) a second transition is observed, here bulk dehydration of K2CO3

takes place.
Figure 5.12 zooms in on effect 4) by plotting the loading as a function of

temperature (data is shown for t > 5.5 h).
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At the start of the experiment, the material is prepared fully anhydrous
(loading is zero). The orange curve corresponds to pure K2CO3, hydration starts
at 55 °C which corresponds to the metastable zone, as found by Sögütoglu et al.
[40]. With increasing amounts of caesium doping, the hydration of bulk K2CO3

starts at a higher temperature. Moreover, in the presence of dopants water is ab-
sorbed at a significantly higher temperature (before 85 and 95 °C) for the doped
material, and there is water uptake. Effects 1,2 and 4 all indicate that a fraction
of the absorbed water is attracted by Cs2CO3 to the surface and is present in a
disordered state. Presumably, this disordered state is far more mobile than the
K2CO3 crystal itself.

Figure 5.12: Loading during hydration at fixed water vapour pressure (17 mbar). With
respect to time the curve should be read from high to low temperature, so
the start is at loading zero. The water vapour pressure is 17 mbar.

To have a better view of how this mobility is introduced, the same experi-
ment for pure Cs2CO3 is performed, and the result is shown in Figure 5.13.
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Figure 5.13: Isobaric TGA run of Cs2CO3 at 17 mbar water vapour pressure. The dashed
line indicates the hydration onset point of pure K2CO3.

A heating/cooling rate of 1 K/min is used and a water vapour pressure of 17
mbar. There is already water uptake at a temperature of 98 °C. This initial up-
take indicates hydrate formation as the loading converges to an equilibrium. At
87 and 73 °C, a second and third hydration transition are observed respectively.
Then at 56 °C, the sample goes into deliquescence, as the water uptake increases
without converging to equilibrium. The dashed line indicates the temperature
where pure K2CO3 starts to hydrate, this is very close to the point where Cs2CO3

goes into deliquescence. During dehydration the temperature is increased, here
however the sample doe not seem the recrystallize and stays in a deliquescence
condition. If we link this to effect 4) observed in Figure 5.11, where there is
mobility observed, this can be explained by the current observation of the be-
haviour of pure Cs2CO3, where there is a metastable deliquescence state which
introduces this mobility.
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5.4 Discussion

It is shown that caesium doping significantly affects the hydration rate and tem-
perature operating window of K2CO3. In this section, the results of the different
sections are combined to postulate how caesium doping enhances the perfor-
mance of K2CO3. Cs2CO3 did not influence the crystal lattice of K2CO3. It is
therefore concluded that caesium is not built into the crystal lattice of K2CO3,
but decorates the surface of K2CO3. Furthermore from the crystallite size analy-
ses, it is shown that of all samples the crystallite sizes are the same. Therefore,
kinetic effects due to Cs2CO3 can not be caused by the primary crystallite size.
That caesium doping; narrows the meta-stable zone and increases the hydration
kinetics, should be due to the caesium dopant on the surfaces of K2CO3 crystals.

It has been shown in section 5.3.5, that the hydration mechanism for the
caesium-doped sample is significantly different. Sögütoglu et al. [98] have
shown that for pure K2CO3, the reaction rate is limited by diffusion of water
but in this work, it is shown that for Cs2CO3 the reaction rate of caesium doped
K2CO3 is dominated by the reacting interface.

Combining this reaction model with the observations that surface mobility is
introduced due to increased water absorption on the surface by the presence of
Cs2CO3 (section 5.3.8), we conclude that the increased surface mobility changes
the reaction mechanism from a diffusion-limited reaction towards a reacting
interface mechanism. Whereby the increased water absorption is due to the fact
that Cs2CO3 goes into deliquescence at lower DRH, contributing to increased
mobility at the surface, which is a prerequisite for the phase transition [43].

5.5 Conclusion

In this work, several doping candidates for K2CO3 are selected, prepared and
screened. The onset point screening at isobaric conditions showed that only
Cs2CO3 affects the onset points; for hydration, dehydration and deliquescence
of K2CO3. This results in a significant reduction of the metastable zone width;
30% for hydration and 42% for dehydration. Therefore, a significant increase in
the temperature operating window is achieved with caesium doping. However,
the DRH is also shifted, from 43 to 29 %. This increases the risk of deliques-
cence.

A kinetic screening shows that only caesium increases the hydration rate of
K2CO3. Additionally, with caesium doping, the peak hydration rate is more than
a factor of two higher and the hydration rate is almost constant over the whole
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conversion. Furthermore, the change in conversion behaviour indicates that the
hydration mechanisms are significantly different, for K2CO3 the behaviour is
more diffusion-limited when conversion increases, while for Cs2CO3 this is not
the case and the reaction kinetics itself is limiting [98]. The constant reaction
rate is extremely crucial for heat battery applications as this results in more
constant power output.

With XRD it has been shown that the caesium doping is not built into the
crystal lattice of K2CO3, and is thus present on the surface of K2CO3. SEM has
shown that the crystal surface seems to be more agglomerated and that there are
no local clusters of caesium. This indicates that the dopant is homogeneously
distributed over the surface.

Finally, the reduction of the metastable zone and acceleration of kinetics
seems to be caused by the formation of a mobile layer due to the caesium.
Caesium doping facilitates the formation of a mobile layer by attracting water at
the crystal surface and thereby enhancing the hydration reaction. The formation
of this mobile layer is correlated with the lower DRH of caesium carbonate.
That the hydration transition is promoted by a dopant which enhances mobility,
matches very well with the conclusion made by Sögütoglu et al. [40], that the
solid-solid phase transition is mediated by a mobile wetting layer. Caesium
doping thus facilitates this wetting layer.

This work thus shows that the performance of K2CO3 can be improved by
caesium doping. As such this study provides insights for a more targeted devel-
opment of high-power salt hydrate-based TCM materials.



Chapter 6
Accelerating the Hydration
Reaction of Potassium
Carbonate Using Organic
Dopants

In the previous chapter, inorganic dopants have been screened to enhance the
mobility of K2CO3 in order to accelerate the hydration rate. In this chapter, we
have been focusing on organic potassium salts as the number of inorganic dop-
ing candidates was limited. It has been demonstrated that doping with potas-
sium formate and acetate, accelerates the hydration reaction. It has been shown
that these dopants can enhance the hydration rate by two mechanisms: intro-
ducing mobility due to adsorbing more water or by introducing more surface
area. This work opens up possibilities for organic dopants.

This chapter has been adapted from: Jelle Houben, Henk Huinink, Hartmut Fischer, and Olaf
Adan. “Accelerating the Hydration Reaction of Potassium Carbonate Using Organic Dopants”. In:
submitted to Solar Energy Materials (2023)
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6.1 Introduction

In chapter 4 it has been shown that there is already surface mobility in the
MSZ, which increases by increasing water vapour pressure. However, mobility
is insufficient to initiate the phase transition. Sufficient surface mobility is only
introduced at the MSZ boundary, facilitated by water adsorption. Mobility is,
therefore, a prerequisite for nucleation [43]. In the work of Steiger et al. [45] it
has already been shown that if sufficient water is adsorbed the phase transition
occurs via a two-step process, dissolution and subsequent crystallization. In
chapter (5 it has been shown that introducing more mobility by adsorbing more
water on the surface using highly deliquescent salts, is an effective method to
accelerate the hydration reaction (also shown in the work of Mazur et al. [41]).

Therefore, the aim of this work is to enhance hydration kinetics by intro-
ducing mobility, this is done using highly soluble organic potassium dopants to
adsorb more on K2CO3 to enhance material kinetics.

6.2 Materials

6.2.1 Dopant selection

Doping candidates are selected based on three criteria; anion doping, carboxy-
late ion, and solubility. Anion doping is selected over cation doping as it pro-
vides more potassium salts that can be screened, since there is a vast amount
organic potassium salts. In previous work, where cation doping is screened,
the number of candidates was limited [58]. From the organic compounds, we
select organic potassium salts with the carboxylate ion, since there is possible
compatibility with the potassium carbonate lattice, leading to surface decora-
tion. The carbonate and carboxylate ions have similar molecular geometry and
the ion size for the carbonate ion, CO−

3 , is 1.78 Å and for the carboxylate ion,
RCO−

2 , 1.27 Å. Electrostatically they will not be compatible as the carbonate ion
has a -2 charge and the carboxylate -1. Thirdly and most importantly, the final
selection criterion is solubility since higher-solubility compounds tend to have
lower DRH values [103]. This will result in increased water adsorption on the
surface of K2CO3.
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An overview of candidates is shown in Figure 6.1

Figure 6.1: Overview of doping candidates (and pure K2CO3) with their chemical struc-
ture and water solubility and name as referred to in the rest of the chapter.

6.2.2 Preparation

All samples, including pure potassium carbonate, are prepared via the same
method; forced crystallization using a rotary evaporator. All dopants are mixed
on powder level at a mol ratio of 1:20. Then the mixed powder is dissolved
using demineralized water, the solutions are then transferred to an evaporat-
ing flask of a Buchi® Rotavapor R-100. The water bath temperature is set at
a temperature of 80 °C with a low pressure conditioned at 60 mbar. During
preparation, the flask rotates and thereby creating a thin film in which the salt
crystallizes quickly. After crystallization, the powder is post-dried in an oven at
130 °C to remove the bound crystal water. Finally, the dried material is ground
and sieved into a fraction between 50-160 µm. An overview of all doped sam-
ples is shown in table 6.1.
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Table 6.1: Overview of dopants, preparation methods and content, the first column rep-
resents the dopant concentration in molar ratio, the second in mass ratio.

Dopant Preparation method Content Content
Potassium- [mol x:100] [mass x:100]

Formate Rotary evaporator 5 3.0
Acetate Rotary evaporator 6 3.4
Citrate Rotary evaporator 5 10.0
Propionate Rotary evaporator 5 3.8
Methyl malonate Rotary evaporator 5 5.3

6.3 Results

6.3.1 Screening

Kinetics

First, all dopant candidates are screened using TGA, with the goal to select
the most promising candidates. The screening is performed based on hydra-
tion kinetics under isobaric and isothermal conditions. Two measurements are
performed. The first is on material directly after preparation and the second
measurement after 20 cycles to validate the cyclic stability of the dopants.

The isobaric and isothermal measurement is performed as follows: at t=0
the temperature is set to 140 °C, for 3 hours to completely dehydrate the sam-
ple. At t=3 h the temperature is switched to 40 °C, without supplying water
vapour, to equilibrate the sample thermally. Water vapour is supplied at t=4 h,
to start hydration. This measurement is performed for the samples with dopants
according to Figure 6.1, Figure 6.2 shows the results.

In orange, the hydration of pure K2CO3 shows, that the sample is not yet
completely hydrated at 12 hours. Almost all doped samples are fully converted
within 1 hour, all indicating an increase in the hydration kinetics. Potassium
citrate does not reach a loading of 1.5 mol water per mol K2CO3, likely because
a new compound is formed which does not hydrate under the given conditions
[96].
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Figure 6.2: Isobaric and isothermal hydration measurement for all doped- and pure
K2CO3. Water vapour is supplied at t = 4 h, where hydration directly starts.

Stability

To check the stability of the dopants, samples are cycled 20 times. Figure 6.3
shows the end-loading after 20 cycles.

Initially, all samples except for potassium citrate reach an end loading above
1.5 mol H2O/mol K2CO3. After 20 cycles, methyl ester malonate does not hy-
drate completely anymore, indicating that the dopant behaviour is not stable
during cycling. Therefore, methyl ester malonate is not further investigated.
Moreover, citrate is disregarded as it does not hydrate completely directly af-
ter preparation. In other words, from now on we will limit the discussion to
potassium-formate and -acetate.
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Figure 6.3: Overview of the final loading reached after 20 hydration-dehydration cycles,
to check the stability of the doping effect.

Dopants water uptake behaviour

To investigate how the dopant affects the hydration behaviour (kinetics and
increased loading) of K2CO3, the pure dopants are hydrated. This is done iso-
barically with varying temperatures, thereby screening for the onset points of
water uptake. In this way, the mobility of the adsorbed water adsorption can
be analysed [96]. The experiment starts with dehydration at 140 °C and 17
mbar water vapour pressure. Then, the temperature is decreased with a cool-
ing rate of 1 K/min until 40 °C, followed by a temperature increase to 90 °C to
dehydrate. After this, the temperature is lowered to 40 °again to rehydrate the
sample, after which the temperature is lowered until deliquescence. The results
are shown in Figure 6.4a. The red line is the sample temperature corresponding
to the right y-axis, and the other lines are the loading of the different samples,
corresponding to the left y-axis. The x-axis is the time in hours.

In Figure 6.4a it can be seen that both potassium formate and potassium ac-
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(a) (b)

Figure 6.4: a) Water uptake of the pure dopants; potassium-formate and -acetate at 17
mbar water vapour pressure. b) Deliquescence relative humidities of the
dopants indicated with respect to the hydration conditions of 17 mbar and
40 °C.

etate take up water in the operating window (40 °C, 17 mbar), whereby potas-
sium acetate takes up the most water. In Figure 6.4b it can be seen that at 40
°C and 17 mbar, the deliquescence point is passed for potassium formate and
for potassium acetate we are very close to the deliquescence point. Therefore,
it is expected that there may be water present in a mobile state. Looking at
Figure 6.4a, at the drop in loading at the dashed line, it can be seen that when
the temperature is increased both samples directly start to lose water, indicating
that water present is mobile. After the dashed line, when the temperature is fur-
ther increased, both samples have a second transition, probably a crystallization
transition. It is observed that this transition is at a lower temperature for potas-
sium acetate. Potassium formate thus shows mobility in a broader temperature
range. This is also observed when considering the onset of water uptake, de-
noted by the dashed square (zoom in not shown here): for potassium formate,
the onset of water adsorption is 51 °C and for potassium acetate onset water
adsorption 47 °C.



100 Accelerating the Hydration Reaction Using Organic Dopants

The same onset point screening is performed to see how the dopants affect
pure K2CO3. The goal is to understand how these dopants affect the hydration
behaviour of K2CO3. The results are shown in Figure 6.5.

Figure 6.5: Hydration, dehydration and deliquescence onset points of potassium-formate
and -acetate doped K2CO3 and pure K2CO3 at 17 mbar water vapour pres-
sure.

Initially, the sample is completely dehydrated at 140 °C. Then the tempera-
ture is lowered with a cooling rate of 1 K/min, at the moment the samples start
to hydrate an increase in loading is observed. The corresponding temperature
is the onset point of hydration. Similarly, the dehydration and deliquescence
points are determined, these points are plotted in the phase diagram of Figure
6.6.

Looking at the hydration and dehydration onset points, there is at most a
marginal effect. The metastable zone seems to be broadened slightly, indicating
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Figure 6.6: Onset point screening for potassium-formate and -acetate dopants at a water
vapour pressure of 17 mbar (as prepared by crystallization, content 5 mol
%). From left to right the deliquescence, hydration and dehydration onset
points. .

that, the dopants are not stimulating the nucleation. Looking at the deliques-
cence points, there is a significant effect. The deliquescence transition shifted
from 29 °C to 38 and 39 °C for potassium-formate and -acetate respectively. This
is a shift in DRH from 43 to 25 and 26 % for potassium-formate and -acetate
respectively.

Looking at Figure 6.5 two additional observations are made. First, the total
water uptake is higher than that of pure K2CO3. Second, part of the water
present is mobile, as can be seen in the immediate drop in loading when the
temperature is increased. This is in line with the observations for the pure
dopants in Figure 6.4a.
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6.3.2 Lattice structure and morphology

The effect of dopants on morphology is investigated to explore the impact of
morphology on kinetics. The general rule is that smaller particles result in
higher kinetics, due to a higher relative higher surface area. Moreover, in
smaller particles more mobility is expected in the crystal lattice, increasing re-
action kinetics [96]. To analyse the morphology XRD powder diffraction, SEM
and BET are used.

Figure 6.7: Diffraction patterns of anhydrous doped-formate, -acetate and pure K2CO3.

From the XRD diffraction pattern, it is seen that for all doped samples the
major peaks correspond to pure K2CO3. Therefore, the crystal lattice corre-
sponds to pure K2CO3 and no compounds with a different lattice are formed.
Some small peaks are observed, indicating that the minor phase (i.e. the dopant)
is only decorated on the surface. This is plausible as the dopants have a higher
solubility and therefore are precipitated on the surface. To analyse the surface,
SEM imaging is used. K2CO3, potassium-formate and -acetate doped K2CO3 are
shown in Figure 6.8.



6.3 Results 103

Figure 6.8: Top left) Grain of K2CO3scale bar. Top right) Grain of acetate-doped K2CO3.
Bottom left) Grain of formate-doped K2CO3. Bottom right) Grain of acetate-
doped K2CO3. On the top a scale bar size of 50 and in the bottom a scale bar
of 10 µm.

In Figure 6.8 top left) a grain of pure K2CO3 is shown to have a smooth
surface with hardly any decoration. Figure 6.8 top right) shows that the formate
doped sample has some surface decoration. In Figure 6.8 bottom (left and right)
the surface decoration can be seen more clearly. Here we have zoomed in more
(5000x magnification) to have a detailed image of the surface composition.
Both on the potassium-formate and acetate-doped sample, the grain consists of
numerous smaller crystallites, increasing the overall specific surface area. To



104 Accelerating the Hydration Reaction Using Organic Dopants

quantify the surface area, BET analysis is performed. For K2CO3 the specific
surface area is 0.29 m2/g, for the formate-doped sample 0.59 m2/g and for the
acetate-doped sample 2.17 m2/g.

6.3.3 Screening the effect of crystallization on morphology

To explore if the surface area increase may be caused by the dopant during the
crystallization process, a 2D crystallization screening test is performed. This
is done by mixing a saturation solution of pure K2CO3 and 5 molar % dopant,
from which 10 ml is poured into a Petri dish. The mixed solution is evaporated
under room conditions (50 % RH, 21 °C). The results are shown in Figure 6.9.

Figure 6.9: 2D crystallization test. In the centre pure K2CO3; the others are 5 molar %
doped K2CO3, with dopants as indicated by label.

On the left pure K2CO3 is shown. The other labels indicate the dopant used
in a 5 molar % ratio. For pure K2CO3, an overall 1D growth is observed, orig-
inating from one point at the top of the Petri dish, and growing linearly from
this origin.

The other (doped) samples show a random growth of crystals. In the ac-
etate sample (right), needle-like crystals are overlapping and grow in different
directions, and smaller crystallites are observed. For the formate (centre), a sim-
ilar observation is made, however, the needle-like crystals are less defined and
smaller crystallites are observed. Compared to pure K2CO3 both doped seem to
affect the number of crystals, as has also been observed in SEM.

Ionic mobility

The morphology analysis showed that the organic dopants can affect the surface
area of the crystals. Kinetics can also be affected by ion mobility. The interaction
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with water and mobility is analysed using EIS. The experiments are performed
under vacuum conditions at a sample temperature of 72 °C and vapour pres-
sures from 16 to 66 mbar using pure-, acetate- and formate-doped potassium
carbonate. The conductivity measurements are shown in Figure 6.10.

(a) Pure K2CO3. (b) Acetate-doped K2CO3.

(c) Formate-doped K2CO3.

Figure 6.10: Conductivity measurements of pure K2CO3, formate- and acetate-doped
K2CO3 at a sample temperature of 72 °C.
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In Figure 6.10a, pure K2CO3 is shown. Due to water adsorption on the
surface of a salt hydrate, the mobility and the conductivity increase, as indicated
by the vertical arrow with increasing vapour pressure pw [43]. Focusing on
the conductivity at the highest vapour pressure (66 mbar), the conductivity
increased slightly till 1×10−8 S/m. In Figure 6.10b, the conductivity with acetate
doping is shown, here an increase is observed till 1×10−7 S/m, and the width
of the plateau extends here till almost 100 Hz. For acetate doping, there is an
effect on the conductivity, and thus mobility of water and ions on the surface.

In Figure 6.10c, the conductivity for formate doping is shown. Here, the
effect is completely different. At low vapour pressures, a significant increase
in conductivity is observed and at the highest vapour pressure, the conductivity
increases by 5 orders of magnitude. Moreover, the conductivity extends over the
whole frequency range, indicating that water and ions are extremely mobile.

Figure 6.11: Isobaric experiment at varying temperatures to screen the onset points of
hydration, dehydration and deliquescence for the potassium-formate and
-acetate doped K2CO3. Water vapour pressure of 17 mbar and a rate of 0.1
K/min.
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To understand the difference in mobility, a detailed measurement is per-
formed on water adsorption behaviour using TGA. The measurements are per-
formed at a 10 times lower heating and cooling rate (0.1 K/min), to obtain
a more detailed picture of the different stages of water adsorption. The TGA
results are shown in Figure 6.11.

It is observed that the potassium acetate doped sample does take up more
water. However, this transition occurs at a lower temperature as can be seen
by the transition indicated by the indicated area a). Before this transition, the
potassium acetate doping must thus be present as a crystalline phase, in this
phase no mobility is introduced. The second transition is probably deliques-
cence. This is plausible as increasing temperature immediately reduces loading,
which implies that this is mobile water.
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6.4 Discussion & Conclusion

This work aimed to find organic dopants to enhance the hydration kinetics of
K2CO3. Organic potassium salts have been selected based on steric compatibility
having a carboxylate ion and the potential to enhance mobility, which is a pre-
requisite of the phase transition [43]. Since potassium-formate and -acetate
increase water adsorption, this work has focused on these candidates.

Doping with the organic salts potassium formate and potassium acetate in-
creases the hydration kinetics of K2CO3. Two different mechanisms seem to play
a role here, as schematically indicated in Figure 6.12; an increase in mobility
due to enhanced water adsorption, by dopants with a low DRH (left), and an
increase in surface area (right).

Figure 6.12: On the left, hydration is accelerated by increasing the mobility on the sur-
face due to enhanced water adsorption of the dopant. Right, the effective
surface area is increased by reducing the grain sizes. Hydration is acceler-
ated, since more surface is introduced enhancing water adsorption is en-
hanced and initiating hydration.

SEM and BET show that, after preparation, more surface area is present
for formate and acetate doping. With formate doping the surface area only
increased slightly, but with acetate doping the surface area increased 7.5 times.
With XRD it has been verified that dopants have only a morphological effect.

Besides the morphological effect, formate and acetate doping impact the
water adsorption at the crystal surfaces. Looking at the pure dopants, formate
and acetate have a DRH of 17 and 23 %, respectively and it is known that below
the DRH, mobility is already introduced [43].

It has been shown that the deliquescence onset points are affected signifi-
cantly. At a cooling rate of 1 K/min, the DRH shifted from 43 % for pure K2CO3
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to 25 and 26 % for formate- and acetate-doped, respectively. This further indi-
cates that the dopants clearly have an effect on the water adsorption behaviour
on the surface, and related to this the ion mobility on the surface. EIS showed
that both potassium-formate and -acetate increase ionic mobility. Formate has
a significant effect on mobility, at the highest vapour pressure, the conductivity
increased by 5 orders of magnitude.

Using TGA, at a low cooling rate, it has been shown that water adsorption
of the acetate dopant occurs after the hydration transition of K2CO3. This may
explain why the mobility is less affected by the acetate doping. Water adsorption
on formate occurs at a lower RH, therefore, mobility seems to be present at
an earlier stage. For acetate doping, both increased adsorption and increased
surface area, seem to play a role in enhancing the hydration kinetics. The water
adsorption behaviour is affected as shown by the increased water uptake and a
lowering in DRH (from 43 to 26 %) and the surface area increased with a factor
of 7.5.

For formate doping, the major effect seems to be caused by increased mobil-
ity at the crystal surface. This was clearly supported in the EIS measurement.
Since ionic mobility is a prerequisite for the phase transition, this increase in
mobility enhances the hydration rate of K2CO3.

Summarizing, organic dopants increase the hydration rate by either, increas-
ing the effective surface area after preparation, or by actively adsorbing more
water on the surface prior to hydration.

This work is of significant importance in the view of heat storage applica-
tions. As mobility is a limiting factor for salt hydrates as K2CO3, finding ways to
enhance mobility directly increases the power output of a heat battery. Mobil-
ity can effectively be enhanced with soluble dopants such as potassium-formate
and -acetate.





Chapter 7
Wall Channelling Reduces the
Power Output in Zeolite 13X
Packed Beds: an NMR Imaging
Study

In this chapter, we have been focusing on the moisture adsorption behaviour
and the temperature output. This has been done by measuring moisture and
temperature simultaneously in a packed bed of Zeolite 13X. Moisture has been
measured by visualizing the location of water in a packed bed using NMR imag-
ing. We have investigated how power output on a material level, translates to
power and temperature output on the bed level. Thereby focusing on the effect
of wall channelling and the temperature and power output of a packed bed. In
a packed bed, wall channelling has been observed and an increase in wall chan-
nelling for lower flow rates. It has been shown that wall channelling reduces
the temperature output of the reactor.

This chapter has been adapted from: Jelle Houben, Leo Pel, Henk Huinink, and Olaf Adan.
Wall Channelling Reduces the Power Output in Zeolite 13X Packed Beds: an NMR Imaging Study
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7.1 Introduction

For low-temperature storage, in domestic applications, adsorption materials and
salt hydrates are suitable candidates [105], [106]. Material kinetics and subse-
quent power output are investigated extensively on material level [107][108].
In this thesis, we have discussed so far the mechanism behind and the improve-
ment of power output on the material level. However, materials are generally
packed in a bed within a heat storage reactor. On bed level, the power output
is not determined solely by the material kinetics, but also by the packed bed
behaviour.

In this chapter, we focus on this packed bed behaviour using zeolite 13X.
Since, unlike salt hydrates, the kinetics is reproducible and intrinsically stable.
This is due to the adsorption reaction on the internal surface of the zeolite, other
than a phase transition where the water is incorporated in the crystal lattice of
a salt hydrate.

Zeolite is a perfect candidate for scientific reactor studies due to its high sta-
bility [109]. However, most research and packed bed analyses use a black box
approach, meaning that the in- and outlet temperatures and relative humidities
are measured. How the moisture adsorption behaviour exactly occurs in the
bed remains unclear. Frequently, the temperatures at different locations in the
bed [110] are measured, which gives some insight into how the temperature
front travels through a bed. How this is linked to water adsorption remains
ambiguous.

Reactor studies have been performed by Gaeini et al. [111] using zeolite
13X, where both water adsorption and heat release are measured simultane-
ously. Water adsorption is measured using NMR imaging, herein, focusing on
the validation of a 2 model to optimize the reactor design. ByGaeini et al.
[111] wall channelling has been observed and an increase in wall channelling
for lower flow rates is found.

The effect of this wall-channelling on the temperature and power output is
not investigated. In our work, we have also observed this wall-channelling and
we focus explicitly on the effect of wall-channelling on the temperature output
and the corresponding power output of a packed bed. Results show that the
temperature and power output of a packed bed is lower than expected from the
model. Using NMR we can simultaneously measure the moisture adsorption
and the temperature output, whereby it is shown that there is water adsorption
already before the main hydration front. Wall-channelling can play a role here,
as water transport near the wall occurs at a higher rate. NMR is thus a useful
tool to measure the location of water adsorption in the bed.
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In summary, in this chapter, we investigate the effect of wall channelling on
the power output of a packed bed, whereby NMR is a valuable tool to measure
the location of water adsorption. We focus on moisture adsorption behaviour
and temperature output as we measure moisture and temperature simultane-
ously.

Figure 7.1: Sorption isosteres of Zeolite 13X, Raemaekers [112] (data from [113]). The
dashed lines indicated the experimental conditions, 20 mbar and 67 °C hy-
dration temperature, determining the maximum loading 16 mol H2O per kg
Zeolite.

7.2 Materials: Zeolite 13X

In this study we use zeolite 13XBF spheres with a diameter of 2.1 ± 0.1 mm
[114]. In the bed, loosely filled, the density amounts to 737 kg/m3 for zeolite
13X. The material is dehydrated in-situ at 160 °C before each experiment.
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To determine the amount of adsorbed water at given conditions the data of
Mette et al. [113] is used, where the adsorption isotherms of zeolite 13X are
measured, the resulting isosteres derived by Raemaekers [112] are shown in
Figure 7.1 .

Typical experimental conditions, indicated by the dashed lines, are a water
vapour pressure of 20 mbar and a hydration temperature of 67 °C. At these
condition, the maximum loading can be derived from this graph and results in
a loading of 16 mol H2O/kg Zeolite.

Figure 7.2: The hydration enthalpy for Zeolite 13X as a function of the loading, at the
highest loading the enthalpy approaches the evaporation enthalpy of water
[112].

Using these isosteres and the Clausius-Clapeyron equation, the enthalpy of
each loading can be determined;

p = p0 exp

[
∆Hr eacti on

R

[
1

T
− 1

T0

]]
, (7.1)
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where p [mbar] is the pressure and p0 and T0 are the pressure and temperature
at standard conditions, i.e. 1-atmosphere pressure and a temperature of 15 °C.

The enthalpy change as a function of loading is derived by Raemaekers
[112], shown in Figure 7.2.

When the loading in an experiment is known, the average reaction enthalpy
can be determined by the integration of this graph. At 20 mbar and 76 °C
hydration, the maximum loading derived from Figure 7.1 was 16 mol H2O/kg
Zeolite, this results in an average reaction enthalpy of 65 kJ/mol H2O.

7.3 Theory

7.3.1 Moisture front behaviour

In this section, we show how water adsorption behaviour can be described
for zeolite 13X and what type of front we can expect based on the sorption
isotherm. A packed bed, with schematically the density of water in the air- and
solid-phase, is schematically presented in Figure 7.3.

Figure 7.3: Schematic description of the water adsorption in a packed bed, at x the mois-
ture front is located. The water vapour density is indicated in the air phase
with ρa and in the solid phase with ρs , φ is the porosity. Before the front the
material is hydrated and after the front the material is dry.
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Based on the sorption isotherm, the front behaviour in a reactor can be
predicted since the sorption isotherm determines how much water is adsorbed.
The adsorbed amount of water in the solid phase, ρs [mol/m3], in equilibrium
can be described by;

ρs = ρs
(
pw ,T

)
(7.2)

wherein, pw [Pa] the water vapour pressure and T [K] the temperature.
The total amount of water before and after the front of a bed can be de-

scribed by;

ρ = ρaφ+ (
1−φ)

ρs . (7.3)

With ρ [mol/m3], the total water vapour density in the system, ρa [mol/m3]
the water vapour density in the air phase, φ the porosity [-] and ρs [mol/m3]
the density in the solid phase. To check if diffusion is playing a role in the mass
transport process, the Peclet number is calculated. The Peclet number is defined
as the ratio of the rate of advection and the rate of diffusion in a flow over a
characteristic length, and is expressed as;

Pe = Lu

D
. (7.4)

With L [m] the characteristic length, u [m/s] the flow velocity and D [m2/s]
the diffusion coefficient of water vapour in the air. With a bed length of 75 mm,
a diffusion coefficient of 0.242 m2/s (20 °C) and for 1.25, 2.5 and 5 l/min i.e.;
a flow velocity of 0.0074, 0.015 and 0.3 m/s dividing by the surface area of the
reactor with a diameter of 60 mm (Reynolds number 1.9 - 7.6). This results in
a dimensionless Peclet number in the range of 23 - 93. Therefore, since Pe >1,
diffusion is not playing a role in the experimental conditions and convection
predominates.

Using the continuity equation, wherein diffusion is neglected and no trans-
port of water in the solid phase is assumed, the motion of the moisture front
can be described by advection only, which occurs by the forced airflow;

∂ρ

∂t
+ ∇· (ρau

)= 0, (7.5)
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in which the velocity of the air u [m/s] is expressed as;

u = q/φ, (7.6)

and q [m/s] is the volume flux of the air. This results in the transport equa-
tion;

∂ρ

∂t
=−q

φ

∂ρa

∂x
. (7.7)

Assuming that q does not vary over the bed length and the transport occurs
only in the x-direction, the change in water concentration in the total volume
can be expressed in terms of the total concentration of water in the air;

∂ρ

∂t
= ∂ρa

∂t
· ∂ρ
∂ρa

, (7.8)

assuming instant equilibration. Rewriting equation 7.3 results in

∂ρ

∂ρa
= 1+ (φ−1 −1)

∂ρs

∂ρa
. (7.9)

Using equation 7.5 in 1D, equation 7.8 and 7.9, the water transport can be
rewritten as;

∂ρa

∂t
=−q

φ

 1

1+ (φ−1 −1)( ∂ρs
∂ρa

)

 ∂ρa

∂x
(7.10)

In which the following term is effectively a retardation factor F(x):

F (x) =
 1

1+ (φ−1 −1)( ∂ρs
∂ρa

)

 . (7.11)

Considering the sorption isotherm of zeolite 13X as shown in Figure 7.4;
it can be seen that in the wet region all water has been adsorbed, therefore;

∂ρs
∂ρa

∝ 0 and in the dry region ( ∂ρs
∂ρa

)dr y >> ( ∂ρs
∂ρa

)wet [115]. This implies that all
water is being adsorbed in a sharp hydration front.
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Figure 7.4: Sorption isotherm of zeolite 13X at 25 °C, Figure adapted from [115].

7.3.2 Moisture front velocity

The front velocity can theoretically be approximated from the balance of the
supplied amount of water vapour and the sorption capacity of zeolite, i.e. the
loading. Based on the isosteres in Figure 7.1, the loading i [mol H2O/kg zeo-
lite] can be determined as a function of the supplied water vapour pressure and
the sample temperature. With this loading, the front velocity v [m/s] in a zeo-
lite 13 X bed can be determined, assuming that all supplied water is adsorbed
instantaneously (based on the sharp front derivation);

v = ṅ

i ·ρzeol i te · A
(7.12)

With ρzeol i te [kg/m3] the density of the zeolite, A [m2] the cross-sectional
area of the reactor and ṅ [mol H2O/s] the moles of water adsorbed per second
by the Zeolite. Assuming that all supplied water is adsorbed instantaneously,
the moles of adsorbed water is equal to the number of moles of water supplied.
The latter can be determined by the ideal gas law;
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ṅad sor bed = ṅsuppli ed = pV̇

RT
. (7.13)

With p [Pa] the water vapour pressure, V̇ [m3/s] the volumetric flow rate,
R [m3/Pa/mol] the gas constant and T [K] the temperature.

7.3.3 Temperature lift packed bed

Next to the maximum temperature lift that can be achieved according to the
phase diagram of the zeolite, the temperature lift is determined by the heat
capacity of the airflow. The heat release from the bed can be calculated with:

Q̇i n = ṁw

Mw
·∆Hr eacti on , (7.14)

in which, Qi n [W] is the system input power delivered by the zeolite, ṁw [kg/s]
the effective rate of water supplied, ∆Hr eacti on [J/mol] the reaction enthalpy
and Mw [kg/mol] the molar mass of water. The heat is then transferred to the
gas, which determines the energy output, Qout [W] of the system:

Q̇out = ṁg as · cp ·∆T, (7.15)

where ṁg as [kg/s] is the gas mass flow, cp [J/(kg·K)] the specific heat capacity
and ∆T [◦C] the temperature increase of the gas. The gas mass flow can be
written as:

ṁai r =Φ ·ρ. (7.16)

Where Φ [m3/s] is the volume flow rate of the gas. The energy balance over
the reactor can then be written as:

Q̇i n = Q̇out ·ε, (7.17)

in which the energy transfer coefficient ε, is the efficiency of heat transfer. As-
suming ε equals 1, indicating no losses to the ambient, the energy balance can
be written as:
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ṁw

Mw
·∆Hr eacti on = ṁg as · cp ·∆T, (7.18)

resulting in a temperature increase of the gas according to

∆T = ṁw ·∆Hr eacti on

ṁg as · cp,g as ·Mw
. (7.19)

Since the rate of water vapour and gas are linearly proportional, a different
gas flow rate cannot increase the temperature lift. This will only increase the
output power. Given a selected material, the temperature lift is fully defined by
the cp of the carrier gas (assuming ε=1).

7.4 NMR setup

In this section, the basics of Nuclear Magnetic Resonance (NMR) and the signal
calibration are described. The setup is described in 2.2.8.

7.4.1 NMR principle

In a constant magnetic field, the magnetic moment of nuclei, such as 1H can be
manipulated by Radio Frequency (RF) pulses, when the oscillation frequency
matches the resonance condition. The resonance frequency is called the Larmor
frequency ( f1) and is proportional to the applied magnetic field [116].

f1 = γh

2π
B0 (7.20)

where γh is the gyromagnetic ratio of the 1H nuclei (42.19 MHz/T) and B0 is
the applied magnetic field.

The signal intensity S of a Hahn spin-echo sequence is proportional to the
number of hydrogens and can be described by [116], [117];

S(te ) = ρexp

(
− te

T2

)(
1−exp

(
− tr

T2

))
, (7.21)
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where ρ is the density of the hydrogen nuclei and hence proportional to the
moisture content, T1 the spin-lattice relaxation time, T2 the spin-spin relaxation
time, tR the repetition time and tE the echo time. Assuming pores are satu-
rated, the signal intensity S(tE ) will be proportional to the porosity, i.e., it will
give a direct indication of the void ratio. When a constant magnetic gradient
is applied, the resonance condition (equation 7.20) will be dependent on the
position. Hence, by changing the resonance frequencies one can measure a
moisture profile without moving the sample.

In order to correct for the non-homogeneous sensitivity of the RF coil, first,
the moisture profile of a reference sample with a homogeneous moisture profile
is measured.

7.4.2 Signal intensity calibration

The total signal is normalized to the moisture content of a completely hydrated
zeolite reactor bed. To determine if the signal is representative of the adsorbed
amount of water, the T2 is evaluated. At a fixed position the T2 is measured as a
function of adsorbed water over time, i.e. as a function of the hydration profile
over time (Figure 7.5).

For every measured profile, the T2 relaxation time is determined and plotted
on the y-axis versus the intensity of the first echo on the x-axis. The average
T2 time is 1.3 ms, at low amounts the water seems to be stronger bound as the
relaxation time is shorter. The measured T2 time is over the most part of the
signal constant, therefore, the amount of signal loss is also constant and can be
determined with;

S(te ) = S0 exp

(
− te

T2

)
(7.22)

At the average T2 of 1.3 ms, this results in an underestimation of 24 %.
Furthermore, except for the first 2 profiles, T2 times are in the range of 1 to
1.6 ms, resulting in an over- or under-estimation, with an error range of 5%
of the total moisture content. This is considered acceptable, as is on the front
behaviour. For the first two profiles, we take into account that the total adsorbed
amount of water is underestimated.

More importantly, apart from the first two profiles, the signal loss is constant
and, therefore, not dependent on moisture content in the packed bed.
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Figure 7.5: The measured T2 relaxation as a function of the signal intensity of the first
echo. The signal intensity of the first echo is a reference for the amount of
water adsorbed, only for the first two echoes’s the T2 is significantly lower.

7.5 Results & Discussion

7.5.1 Loading profiles

This section addresses the moisture adsorption in a packed bed and the shape
and position of the moisture front in particular. Initially, the bed is pre-dried
at 160 °C. After cooling down to room temperature, an airflow of 5 l/min and
98 % RH is supplied at the inlet of the reactor. Water adsorption in the bed is
measured using NMR. Figure 7.6 shows the results, the loading (on the y-axis)
versus the position (on the x-axis).
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Figure 7.6: The loading as a function of position. Profiles are measured every 30 min,
and hydration is complete after 15 hours. The inlet is at x=0. An airflow of
5 l/min with 98% RH is supplied. The red lines at the x-axis indicated the
thermocouple positions.

The inlet is positioned at x = 0 and the airflow is from left to right. The time
between two consecutive profiles is 30 minutes. A hydration front develops,
travelling from the inlet towards the exit of the reactor. After the front has
passed the loading remains at a high fully hydrated level. When the hydration
front moves to the right the loading before the front remains high as the zeolite
is fully hydrated. After 15 hours the maximum hydration is reached and the bed
is saturated. 15 hours of hydration is in the expected range with an airflow of 5
l/min. At 5 l/min we supply 4 grams of water per minute. With a total zeolite
mass of 156 grams and an adsorption capacity of 30%, a total of 47 grams of
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water can be adsorbed, in the case of a homogeneous flow, this will take up to
12 hours.

Before the hydration front passes, the loading is low. When time progresses,
however, loading increases, even before the front passes (indicated by the circle
in Figure 7.6). It is hypothesised that this increase in loading is presumably
caused due to wall effects, supporting observations are discussed in the follow-
ing sections, but the hypothesised mechanism is discussed here first.

The increase in loading is possibly caused by wall effects, since, a substan-
tially higher local porosity causes a much faster local progressing front. This is
numerically investigated by Atmakidis and Kenig [118]. Due to this wall effect,
hydration near the wall can occur ahead of the hydration front in the bulk. This
implies that there are effectively two fronts: the main front in the centre of the
reactor and a front near the wall. Schematically this is shown in Figure 7.7.

Figure 7.7: Schematic presentation of the two fronts present. Front 1 represents the
main front and front 2 is the front near the wall. Note that this is representing
an axisymmetric shape, with the symmetry axis in the longitudinal direction.

Alongside hydration before the main front (Figure 7.6) the outlet RH also
indicates that there are multiple transitions in the adsorption process. This
transition is correlated to the two hydration fronts as shown earlier, the RH can
be seen in Figure 7.8.

The star markers indicate the inlet RH, which is constant at 98 % RH. The
circular markers indicate the outlet RH, and the arrows indicate two points
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Figure 7.8: RH as function of time at the in- and outlet of the zeolite bed. In- and outlet
RH are measured every 30 min.

where a sudden change in RH increase can be observed. The first transition
point (t1) in time can be correlated to the breakthrough of the wall front. At
this point in time, unreacted air leaves the reactor causing a sudden increase in
outlet RH. Still, there is some hydration but at a lower rate. Zeolite 13X has a
very steep sorption isotherm but the last roughly 20 % of adsorption capacity
occurs at a lower rate over a broad relative pressure range (Figure 7.4).

Therefore, after the breakthrough of the main front, there is still some water
adsorption. At this breakthrough, this wall front is hydrated for roughly 80 %,
and the last 20 % is only hydrated at point t2 in Figure 7.8.

After this point, there is again an increase in RH at the outlet as no water is
being adsorbed near the wall and the boundary layer is fully hydrated.
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7.5.2 Temperature profiles

In conjunction with the moisture profiles, the temperatures are measured over
time, at 8 different positions; i.e. at in- and outlet and at 6 positions in the
zeolite bed, Figure 7.9.

Figure 7.9: Temperature measured at the different thermocouple locations, of which the
x-position is indicated (depth of 20 mm in the bed). The lines with the star
markers are the in- and outlet temperatures respectively.

The solid lines indicate the sample temperature at the thermocouple position
(with their x-position). The curves with the markers represent the in- and outlet
temperature before and after the zeolite bed. From this, the temperature lift
over the bed can be determined. The temperature front travels from inlet to
outlet through the reactor, from x=0 to x=75 mm. The outlet temperature is
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lower than the maximum bed temperature.

The temperature plot as a function of time can be converted to temperature
as a function of position-plot, similar to the loading as a function of position
(Figure 7.6). The loading and temperature profiles at t = 5 hours are shown in
Figure 7.10.

Figure 7.10: Loading and temperature profiles combined in a single plot at t = 5 hours.

The dashed line corresponds to the left y-axis, indicating the loading as a
function of position. The solid line corresponds to the right y-axis, indicating the
temperature as a function of position. Clearly, the temperature front precedes
the moisture front, at this moment in time (t = 5 hours).
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7.5.3 Front velocity

The front velocity of both moisture and temperature profiles can be determined
from the loading and temperature profiles. For the loading profiles, the front
velocity is determined by tracking the front position at half height (see mark-
ers in Figure 7.6). For the temperature, this is done by taking the maximum
temperatures from the temperature profiles per position (see Figure 7.9).

The front position of the moisture and temperature distribution is shown in
Figure 7.11. By fitting the linear part of this curve we estimate the front velocity.

Figure 7.11: The moisture and temperature front position as a function of time, from
which the velocities are determined.

The front velocity of the moisture front is 1.7 µm/s and the velocity is of the
temperature front is 2.2 µm/s. The temperature front thus moves faster through
the packed bed than the moisture front. Consequently, the temperature front is
ahead of the moisture front as can be seen in Figure 7.10 and 7.11.
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From equation 7.12, the theoretical front velocity can be determined. In this
experiment an RH of 98 % is generated at 18 °C, creating a vapour pressure of
20 mbar. The maximum bed temperature bed is 68 °C, resulting in a maximum
loading of 16 mol H2O/kg. This results in a theoretical front velocity of 1.9
µm/s. This is in agreement with the measured front velocity of 1.7 µm/s.

The same experiment is performed at different flow rates; 1.25, 2.5 and 5
l/min. In Figure 7.12, the measured moisture front velocity and the theoretical
front velocity are shown for these flow rates.

Figure 7.12: The measured moisture and temperature front velocity with the theoreti-
cally predicted moisture front velocity.

The theoretical prediction nicely reproduces the flow rate dependency of the
adsorption front velocity
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7.5.4 Temperature lift bed

To understand how adsorbed water vapour and subsequent heat release trans-
late to power output in a packed bed, we have to determine the temperature
lift from the inlet to the outlet over the bed. Equation 7.19 predicts the max-
imum theoretical temperature lift. At a vapour pressure of 20 mbar and inlet
temperature of 19 °C , the maximum theoretical temperature lift is 45.5 °C. The
measured temperature lift is shown in Figure 7.13.

Figure 7.13: The measured temperature lift for three flow rates (1.25, 2.5 and 5 l/min)
at an inlet temperature of 19 °C and 20 mbar water vapour pressure.

Firstly, the actually measured temperature lift is lower than the theoretical
temperature lift. Secondly, the flow rate is determining the temperature lift.
This is not in agreement with equation 7.19, which states that the temperature
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lift is independent of the flow rate.

7.6 Discussion on temperature lift

In section 7.5.1 the moisture profiles indicate that hydration already occurs
ahead of the hydration front. Moreover, when analysing the in- and outlet
relative humidity of the packed bed it is shown that there are two moments
of breakthrough, indicating that there are two fronts present. As porosity near
the wall is substantially higher due to a local higher void fraction, channelling
may occur at the wall region [118]. The aspect ratio of the bed, which is the
ratio of the bed diameter over the particle diameter, is determined by;

Ar ati o = D

Dp
(7.23)

The ratio in our packed bed reactor study is 30, where Ar ati o = 50 is often
suggested as a reasonable value to distinguish between a low and high aspect
ratio bed [119]. In low aspect ratio beds, as in this work, the network of flow
through is highly disordered due to inhomogeneous packing. This results in
two flow regions, a wall region and a centre region, with a faster-travelling
front near the wall (due to a higher porosity) and a slower main front near the
centre of the bed. Gaeini et al. [111] who also analysed zeolite 13X using NMR,
observed increasing flow channeling. Gaeini et al. [111] has also found that
flow channelling increases at lower flow rates.

In our work, the consequences of two fronts have been studied in more detail
by measuring simultaneously the temperature. The main practical and critical
consequence of the two fronts, and their distinct moments of breakthrough, is
that the temperature lift over the whole packed bed is reduced.

In this work, we hypothesise that this is caused by the mixing of reacted
(dry) with an unreacted (wet) airflow, due to the effect of wall channelling,
this is supported by two observations; hydration before the main front and two
moments of breakthrough in the RH measurements. After the breakthrough of
the first front near the wall, the air (containing water vapour) flowing through
this part will not increase in temperature anymore, as the zeolite in this region
is completely hydrated. The air, flowing through the part where still water ad-
sorption occurs, increases in temperature due to the hydration reaction which
is still present in this region. At the outlet, the airflow of the reacted and unre-
acted air will mix and the temperature lift is determined by the mixing ratio of



132 Wall Channelling Reduces the Power Output in Zeolite 13X Packed Beds

the two air flows. Basically, the wall region is short-circuiting. This process is
schematically illustrated in Figure 7.14.

Figure 7.14: Schematic illustration of the effect of wall channelling; after a breakthrough
of the wall region front, cold (wet) air mixes with hot (dry) air, resulting in
a lowered outlet temperature.

7.7 Conclusion

In this chapter, wall channelling and an increase in wall channelling for lower
flow rates have been observed. In our work we focus on both moisture ad-
sorption behaviour and temperature output as we them simultaneously, thereby
focusing on the effect of wall channelling and the temperature and power out-
put of a packed bed. The main question is if the power output is affected by
wall channelling.

This work aimed to get a more detailed understanding of moisture adsorp-
tion, the shape of the moisture front and if wall channelling occurs. This is
then coupled to the temperature output in a packed bed. Therefore, both the
moisture adsorption front and the released temperature front are analysed si-
multaneously in a packed bed using NMR and local temperature measurements.

It has been shown that the temperature front position is ahead of the mois-
ture front position. Analysing the moisture front velocities, assuming 1D instant
adsorption, results in an accurate prediction of the front velocity with respect
to the measured moisture front velocity. Comparing the temperature front ve-
locity to the moisture front velocity, it has been shown that the temperature
front travels faster than the moisture front. That the temperature front leads
the moisture front can be understood since the temperature front velocity is
dictated by the forced airflow velocity and the moisture front velocity is deter-
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mined by the forced airflow velocity multiplied by a retardation factor (caused
by the sorption behaviour of zeolite).

Analysing the moisture uptake in greater detail showed that there is hydra-
tion ahead of the moisture front caused by a second hydration front. This has
also been observed in the relative humidity at the outlet, where multiple points
of increase are observed. An increase in RH indicates that less water is being ad-
sorbed, which is caused by a front breakthrough. This confirms that two fronts
are present, the main front and a wall front due to wall channelling caused by
a local higher porosity.

Analysing the temperature lift over the packed bed reactor showed that the
temperature lift is lower than expected based on energy conservation between
input power and output power. It is hypothesised that this is caused due the
presence of two fronts, the wall front travels at a higher velocity and at the
moment a breakthrough occurs of this wall front, the outlet air is a mixture
of reacted from the main front and unreacted air from the wall front. The air
temperature from the wall front is thus lower since no hydration occurs in this
region, mixing of these two airflow results in a lower temperature compared to
single hydration front behaviour. Further investigation is required in order to
generalize and quantify the effect of wall channelling.

Further research must be performed to underlie which effect causes a change
in temperature lift as a function of flow. What can be stated, however, is that
the wall effect is reducing the effective output temperature of a packed bed
reactor. This work demonstrates that this is extremely important for optimizing
heat battery performance, with respect to power output and temperature lift,
and that channelling along the wall is well understood and mitigated.





Chapter 8
Conclusions & Outlook

8.1 Conclusions

In this work, it has been shown that power can be controlled and accelerated in
a thermochemical energy system (TCES). Controlling power is essential for the
development of a heat battery with constant power output. Power can be accel-
erated and controlled on system as well as material level. On the material level
power is directly linked to the reaction kinetics of the TCM. By using dopants
we accelerated and created a steady power output, focusing on the salt hydrate
K2CO3. On a system level, power and temperature output can be controlled if
a homogeneous front is created. The system conclusion is discussed first and
subsequently the material conclusions.

In packed beds the wall effect can dramatically decrease the temper-
ature lift. This system operates by forcing a carrier gas over a packed bed, to
understand the relation between moisture absorption in the hydration front and
temperature lift over the bed, moisture and temperature fronts are analysed si-
multaneously using NMR. This showed that in low aspect ratio packed beds, two
hydration fronts are present. After the breakthrough of the fastest front, mixing
occurs and the temperature lift is not determined by the hydration reaction, but
by the mixing ratio of the two airflows. (Chapter 7).

On the material level hydration only starts when the surface of the crys-
tal is covered with a water film facilitating sufficient ion mobility. Before
introducing mechanisms to increase the power output on the material level, it
is crucial to understand how the hydration transition proceeds. Therefore, we
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have evaluated the hydration transition under pure water vapour conditions.
Here we have demonstrated that the hydration transition commences only when
both sufficient mobility is introduced and the energy barrier for nucleation can
be overcome (Chapter 4). Understanding this hydration mechanism gave us
handles to alter the phase transition by adding dopants that increase this mobil-
ity of salt hydrates. The total ion mobility is driven by two factors, the mobility
of the ions and the number of mobile ions.

Dopants can accelerate the hydration rate of K2CO3 due to enhanced
water adsorption. It has been shown that more mobility can be introduced,
leading to an acceleration of the hydration rate. Using organic dopants it is
shown that the mobility can be increased by 1 to almost 4 orders of magni-
tude for potassium acetate and potassium formate respectively (at 0.1 H). Using
Cs2CO3-doping the acceleration rate is quantified, which shows that on powder
level the water adsorption rate during hydration of K2CO3, is increased with
almost a factor of 10. The hydration rate is 1.9×10−3 and 2.2×10−4 mol H2O
per mol K2CO3 per second for caesium doped K2CO3 and pure K2CO3 respec-
tively. Furthermore, it has been demonstrated that this is caused by the lowered
deliquescence RH (DRH) of the dopant. It is shown that other dopants with
low DRH, like HCO2K, can increase the hydration rate via the same mechanism
(Chapter 6).

The hydration rate can also be increased by increasing the available re-
action surface area. Dopants not only work via increasing surface mobility but
also via increased surface area. Doping with organic CH3CO2K, introduces more
surface area by affecting the crystallization behaviour. This results in increased
water adsorption and ion mobility. During hydration-dehydration cycles pure
K2CO3 recrystallizes and builds in porosity, effectively increasing the surface as
well. By adding dopants that introduce more mobility directly after preparation
the power output is increased significantly in these critical first cycles and no
energy-intensive material pre-treatment is required (Chapter 6).

Increasing ionic mobility generates, besides a higher peak power, a con-
stant power output. Peak power is significantly increased but even more im-
portant, the hydration rate over the whole conversion is almost constant. It has
been shown that both mechanisms increase water uptake and ion mobility, it
has been shown that this is caused by a change in reaction mechanism whereby
the diffusion-limited process changes to a reaction-limited process with an al-
most constant hydration rate over the whole conversion. This is not the case for
pure K2CO3 and where the power drops significantly during conversion. This
constant hydration rate is crucial since it results in a more stable power out-
put of a heat battery. In summary, this work covers critical topics that have
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been addressed on how to accelerate performance on both system and material
levels.

8.2 Outlook

In this section, we discuss open questions that emerged from the results of this
research, which we were not able to answer. But which are relevant for the
successful development of thermochemical energy storage.

8.2.1 Mobile layer quantification

In this thesis, we have qualitatively verified the existence of a mobile surface
layer containing water and dissolved ions using EIS. It is suggested to quan-
tify this surface layer and its properties extensively to make a more profound
understanding of the properties of this layer and its behaviour. To that extent,
the surface area and morphology can be analysed before and during the water
absorption process. Surface layer properties can be analysed using Brunauer
Emmett Teller (BET), Dynamic Vapor Sorption (DVS), Atomic Force Microscopy
(AFM) and Scanning Polarization Force Microscopy (SPFM). With BET in com-
bination with DVS, we could determine the adsorption layer thickness as a func-
tion of supersaturation. To probe the crystal surface, atomic force microscopy
(AFM) can be used, in order to map the crystal surface structure including sur-
face defects. This can be performed in combination with scanning polarization
force microscopy (SPFM), for non-contact measurement with a liquid water
layer on the surface. Non-contact is crucial for imaging of liquid structures
(films, droplets), to not disturb the mobile surface [120], [95]. For material
preparation, fresh cleaved crystal surfaces can be used to investigate surfaces
with defects and dislocation present at lattice scale resolution [121].

In this work, mobility was probed using EIS. The conductivity is used as an
indirect measurement of the surface properties. To quantify the surface prop-
erties, the above-suggested methods can be used in order to get an even more
profound insight into the surface behaviour and the location of water adsorp-
tion. Insights into the location of water adsorption and mobility can open up
possibilities of different dopants strategies i.e. creation of defects on the crys-
tals, as it is expected that water adsorption occurs at defects and dislocations
on the crystal surface.
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8.2.2 Surface mobility and nucleation

In chapter 4 it has been shown that both mobility and the presence of nuclei are
prerequisites to start the hydration process. The relation between mobility and
growth however is not extensively investigated. The effect of introducing nuclei
on the growth rate should be verified in order to have a more profound under-
standing of the relation between supersaturation and growth, and therefore of
the relation between supersaturation and power output.

Relation between mobility and nucleation & growth

In Chapter 4, we have shown that in the metastable zone, hydration is limited
by both a nucleation barrier and limited mobility. In the work of Sögütoglu
et al. [40] it has been demonstrated that nucleation is a prerequisite for the
phase transition of K2CO3 and CuCl2. In a nucleation experiment performed by
Sögütoglu et al. [54], on CuCl2, it was shown that if nuclei are present inside
the metastable zone, hydration can still occur. This was then generalized onto
K2CO3. However, in this work, we have done some preliminary experiments
which show that introducing nuclei is not sufficient to continue hydration in-
side the metastable zone. In pure K2CO3, nuclei can be introduced by starting
a hydration experiment outside the metastable zone, where hydration is not ki-
netically hindered. After these nuclei have formed the experimental conditions
can be changed to inside the metastable. This type of experiment will be re-
ferred to as a nucleation preconditioning experiment. A preliminary nucleation
preconditioning experiment on potassium carbonate shows that only the pres-
ence of nuclei is not sufficient to continue hydration inside the metastable zone,
see Figure 8.1.

On the left y-axis loading (blue) and on the right y-axis sample temperature
(red) and water vapour pressure (purple) are shown. Initially, the sample is
dehydrated at 130 °C, then the temperature is reduced to 39 °C and after 1
hour of thermal equilibration, a water vapour pressure of 12 mbar is supplied.
The 12 mbar and 39 °C condition is outside the metastable zone, therefore,
instantaneous hydration occurs as the loading increases (blue).

When the water vapour pressure (purple) is reduced at a rate of 0.05 mbar/min,
the water uptake completely stops (the loading remains constant over time).
The point where the loading stops is indicated at the vertical dashed line, which
corresponds to a water vapour pressure of 6.7 mbar and matches exactly at the
metastable zone boundary. At this point the loading is 1.0 mol water per mol
K2CO3, therefore, nuclei are present, but this is not sufficient to continue hydra-
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Figure 8.1: Nucleation preconditioning outside the metastable zone of pure K2CO3, by
decreasing the water vapour pressure at a constant temperature. On the left
y-axis the loading (blue) and on the right y-axis sample temperature (red)
and water vapour pressure (purple).

tion. Since there is no mobility inside the metastable zone, and both mobility
and the presence of nuclei are a prerequisite for the phase transition. As shown
by Sögütoglu et al. [40] nucleation preconditioning for CuCl2 was sufficient to
continue hydration inside the metastable zone. The question arises why nu-
cleation preconditioning for CuCl2 is sufficient and insufficient for K2CO3. To
understand if this is mobility related, the surface mobility of CuCl2 should be
measured using electrochemical impedance spectroscopy.
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Affecting nucleation or growth by dopants

It should be verified if hydration can be enhanced by introducing dopants which
act as nucleation agents. Or that is only possible to enhance the hydration by
introducing more mobility as shown in Chapter 5 and 6.

In either case, mobility-related or not, it should be investigated to get a more
profound understanding of the nucleation and growth process during hydra-
tion. If mobility is not limiting in the metastable zone of CuCl2, dopants which
introduce mobility will not affect the hydration behaviour of CuCl2. Dopants
which promote nuclei formation should be investigated in that particular case
i.e. introduction of inert particle which introduces heterogeneous nucleation
(nano-particles).

If mobility is limiting, the same dopants can be used as in the case of K2CO3,
i.e caesium, potassium formate or potassium acetate dopants. However, then
both in K2CO3 and CuCl2, mobility is limited in the metastable zone. But for
CuCl2, introducing nuclei results in a constant growth inside the metastable
zone. And for K2CO3 the hydration stops at the metastable zone boundary as
shown in Figure 8.1. Is this due to the dopant, or due to the nucleation con-
dition (inside vs outside the metastable zone)? If it is method-dependent, it is
interesting why nucleation preconditioning outside the metastable zone (at a
higher supersaturation) results in a complete hydration stop at the metastable
zone boundary. And nucleation preconditioning inside the metastable zone (at a
lower supersaturation) results in a constant growth rate as shown by Sögütoglu
et al. [40]. Detailed nucleation experiments should therefore be performed
at different starting supersaturation (p/peq). Possibly, there is a relation be-
tween the initial supersaturation and the number of stable nuclei formed and
the thereby resulting growth rate. Eventually, this can help in a more targeted
approach to introducing dopants.

8.2.3 Surface mobility and stability

Since surface mobility is a function of supersaturation, it is suggested to investi-
gate particle stability as a function of supersaturation. In the small-scale reactor
experiments, it is observed that the particles during cycling expand and agglom-
erate. This has an effect on the bed stability and finally on the pressure drop
over a packed bed as the bed porosity reduces and thereby the permeability of
the bed.

In this work, it has been shown that for the hydration transition, mobility
must be introduced. The old solid phase partly dissolves and then the new solid
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phase can crystallize from the local dissolution. It can be hypothesized that
the thickness of the mobile layer (water and dissolved ions) has an effect on
the crystallization pressure exerted on the adjacent crystals. Assume that at the
interface the old phase (the anhydrate) dissolves, then if a nucleus is formed
and the hydrate starts the grow in this dissolved layer, the thickness of the
layer determines how mobile water and ions are, and how the new phase (the
hydrate) can grow. Growth can be constrained by adjacent crystals or by the
transport of water and ions, both are influenced by the thickness of the mobile
layer. Possibly, higher mobility reduces the crystallization force on adjacent as
there is more mobility in between the grains, schematically this is illustrated in
Figure 8.2.

Figure 8.2: Crystallization pressure resulting from the growth of nuclei in the local dis-
solution; left) sufficient mobility (water and dissolved ions), right) limited
mobility.

In salt weathering-induced damage in porous stones and monuments, ex-
tensive research is performed on the mechanism of salt crystallization and the
crystallization pressure [122], [123]. As well as on the generation of stresses in
porous materials, in general, [45]. Although the confinement boundary condi-
tions are different, the crystallization pressure and hydration mechanism follow
similar pathways. Desarnaud, Bonn, and Shahidzadeh [124] have shown that
the crystallization-induced damage is more visible upon cycling, this is simi-
lar for stability-related issues on particle level upon cycling. In the work of
Rodriguez-Navarro and Doehne [122] it is stated that the amount of salt dam-



142 Conclusions & Outlook

age due to crystallization pressure is largely determined by the solution super-
saturation ratio and the location of crystallization. In our work, we have seen
that mobility is a function of supersaturation and thus crystallization pressure
exerted in the interior of a particle can be a function of supersaturation, which
thus can play an important role in the stability of the particles. For future work,
it is thus suggested to extensively investigate particle stability as a function of
supersaturation (p/peq). Even possibilities should be explored to introduce an
excess of mobility (local deliquescence) to investigate the effect on stability.
This can be achieved using highly deliquescent dopants such as caesium and
potassium-formate. It should be noted however that this can reduce the tem-
perature operating window as complete deliquescence should be avoided.

8.2.4 Power: from powder to tablet

For future research on dopants is suggested to measure the effect of dopants
at the tablet level. By tablet we mean, its final shape as a millimetre-sized
particle produced using a powder compacting method. It is crucial to determine
if tablet kinetics is determined by the transport of water inside the tablet or by
the reaction speed at the crystal level.

In this thesis, the main topic that has been addressed is how to acceler-
ate the hydration rate of K2CO3. It has been shown that dopants can enhance
the hydration rate on a powder level (50-160 µm). However, in a final ap-
plication, manufactured millimetre-sized porous particles will be used as the
pressure drop over a bed will be too high using powder [125]. Particles can be
compressed using a punch and a die, which can be done manually or fully au-
tomated. However, by using tablets, diffusion limitations can affect the overall
reaction kinetics [126],[127]. The question that arises is how an enhancement
on a powder level translates to power on a tablet level. In a preliminary test, we
produced 6 mm convex particles with and without caesium doping. Preliminary
TGA measurements at 12 mbar and 40 °C, show that also on the particle level
an effect of the dopant can be observed, see Figure 8.3. It can be seen that in
green the hydration rate of the caesium doped sample is higher compared to
that for pure K2CO3 in orange.

It must be noted that on the powder level, we have seen that caesium dop-
ing changes the hydration mechanism from a diffusion-dominated hydration
mechanism towards a reacting interface mechanism. On the powder level, the
transport of water vapour towards the reacting surface is not limited. This can
be different in a tablet however, the internal tablet porosity can limit the trans-
port of water vapour towards the reacting surface. Probably there is a limit
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Figure 8.3: Loading versus time for pure K2CO3 and caesium doped-K2CO3 tablets. The
tablet is convex-shaped and 6 mm in diameter.

where an increase in reaction kinetics on the crystal level does not increase the
kinetics on the tablet level, as the limiting factor is then caused by the trans-
port of water vapour through the internal porosity of the tablet. For the latter,
this assumes that the transport of water in the internal structure of the tablet is
dominated by vapour transport, it is however possible that water transport also
occurs through mobile films (water and dissolved ions) on the internal surface
of the tablet.

To compare internal vapour transport the internal porosity should be taken
into account. In Figure 8.3, the relative density of pure K2CO3 is 94 vs 92% for
caesium doped K2CO3. This means that the porosity increases from 6 to 8%,
which is relatively a significant increase (30%) and can have an effect on the
vapour transport.
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For future kinetic investigations on doped tablets, it is crucial to isolate the
intrinsic reaction kinetics from internal water transport. To that extent, the in-
ternal porosity and pill dimensions must be kept as equal as possible. Therefore,
the tablet pressure must be controlled accurately and reproducible. A manually
controlled tablet press should therefore be avoided. Moreover, vapour transport
is not solely determined by the porosity, but by the permeability. The perme-
ability is also a function of particle size and size distribution. It is recommended
to use a narrow particle size distribution using a sieving procedure.

It is crucial to determine if tablet kinetics is determined by the transport
of water inside the tablet or by the reaction speed at the crystal level, since if
the transport is the limiting factor an increase in the crystal reaction kinetics
does not increase the overall tablet kinetics (assuming that the dopants do not
affect the vapour transport). Dopants can then only be used to affect the tablet’s
stability.

8.2.5 Doping economics

In this work, it has been shown that, on the material level and on a lab-scale,
dopants can enhance the material performance. However, for large-scale imple-
mentation of dopants in salt hydrates, one must take into account the price of
the dopant. Thereby considering the added value of the dopant and the relative
price increase of the composite TCM. As a base case, we take a price of 1.4 €/kg
as discussed in chapter 2. From which the price of pure K2CO3 is about 90 %,
resulting in a price of 1.26 €/kg for K2CO3.

On the market, caesium carbonate can be purchased starting from 50 €/kg
[128]. Using 2 molar % (4.6 wt %) caesium carbonate, results in a TCM com-
posite price of 3.5 €. Which almost triples the price. For domestic applications
of heat batteries total salt quantities can range up to 1m3, therefore a tripling
of price puts a heavy load on the total system costs.

Moreover, caesium is a relatively rare element and is found in approximately
3 parts per million in the Earth’s crust [129]. For caesium, there were no of-
ficial sources of caesium production data. For the production of pollucite in
Australia, Namibia and Zimbabwe, caesium is produced in small quantities as
a byproduct of lithium mining operations. Mining large quantities of caesium
carbonate is therefore not possible. Caesium carbonate is used in the alkyla-
tion of organic compounds and in energy conversion devices, such as fuel cells,
magneto-hydrodynamic generators, and polymer solar cells [130]. Competing
with high-tech technologies put even further constraints on using caesium car-
bonate in large quantities for heat battery applications.
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Looking at organic dopants i.e., potassium formate, the price starts from
0.5 €/kg. Using 2 molar % (1.2 wt %) potassium formate, results in a TCM
composite price of 1.25 €/kg. And, therefore, does not increase the price of the
total composite.

Moreover, for the production of potassium formate, potassium hydroxide is
the main ingredient (same as for K2CO3). The worldwide production equals
42 million tonnes and the worldwide reserve of recoverable ore of potassium
hydroxide is 3.900 million tonnes [131]. With a single heat battery containing
1 ton TCM, the worldwide production capacity is abundant for using a base
material and dopant produced from potassium hydroxide.
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Acronyms

ACS American Chemical Society

BET Brunauer, Emmett and Teller

DRH Deliquescence relative humidity

DVS Dynamic Vapor Sorption

EIS Electrochemical Impedance Spectroscopy

ESD Energy Storage Density

HMIS Hazardous Material Identification System

MSDS Material Safety Data Sheet

MSZ Metastable Zone

NCG Non Condensable Gasses

NMR Nuclear Magnetic Resonance

SEM Scanning Electron Microscopy

TCM Thermochemical Material

TGA Thermogravimetric Analysis
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XRD X-Ray Diffraction

Constants

π Mathematical constant 3.142

Kb Boltzmann constant 1.381 ×10−23 J/K

R Gas constant 8.314 J/K/mol

Other Symbols

∆G∗ Critical energy barrier J

∆G∗
2D Two-dimensional critical energy barrier J

∆G∗
3D Three-dimensional critical energy barrier J

∆H 0 Reaction enthalpy at standard conditions J/mol

∆HL Specific latent heat of fusion J/mol

∆S0 Reaction entropy at standard conditions J/mol/K

ṅ Adsorption rate mol/s

Q̇i n Input power J/s

Q̇out output power J/s

γ Interfacial energy J/m2

γh Gyromagnetic ratio of the 1H nuclei MHz/T

κ Kinetic prefactor s−1

νA∗ Molecular addition rate s−1

ν Volume of one hydrated salt unit m3

φ Porosity -

ρa Vapour density in the air phase mol/m3

ρcomp Composite density kg/m3

ρcr y s Crystal density kg/m3
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ρs Vapour density in the solid phase mol/m3

ρv Supersaturated vapour density kg/m3

τ Induction time s

ε Heat transfer efficiency -

A Cross-sectional area m2

a Number of water molecules in the lower hydrate -

b Number of water molecules in the higher hydrate -

BO Applied magnetic field T

Cp Specific heat capacity J/kg/K

ca Concentration in aqueous phase mol/m3

D Diffusion coefficient m2

F Retardation factor -

h Height of a disc shape cluster m

Hcp Atmospheric Henry’s law constant mol/m3/Pa

i Loading zeolite mol H2O/kg zeolite

J Nucleation rate s−1

L Characteristic length m

m Mass kg

n Mole mol

P Pressure Pa

p Partial pressure Pa

peq Equilibrium pressure Pa

pw Water vapour pressure Pa

Pe Peclet number -
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QLHS Latent heat J

QSHS Sensible heat J

QTC S Thermochemical heat J

RH Relative humidity %

T Temperature K

t Time s

Tdeh Dehydration temperature K

Thy Hydration temperature K

u Velocity m/s

V Volume m3



Summary

Accelerating Thermochemical Energy Storage by
Doping

Since fossil fuels are the primary greenhouse gas contributors and cause global
warming; a transition has to be made from a fossil fuel-based, society to a re-
newable energy-based society. The development of efficient energy systems is
one of the main challenges in making the energy transition. Introducing renew-
able energy is inherently connected to the intermittent behaviour of the sun
and wind. Moreover, to increase energy efficiency, energy production should
be as close as possible to the end-user, thus decentralising the energy system.
For these decentralised systems based on renewable energy, energy storage is a
necessity to match demand and supply in time, power and space.

For thermal energy storage, there are several techniques present, which can
be subdivided into three main categories; sensible, latent and thermochemical
heat storage. Sensible heat storage is based on increasing the temperature of
a material, latent on the energy accommodated in a phase transition and ther-
mochemical on the energy in a physical or chemical reaction of two substances.
Thermochemical energy storage is a promising candidate for advanced energy
storage as it offers a high energy storage density and negligible heat loss.

A promising subclass of thermochemical materials (TCMs) are salt hydrates, as
they feature a high energy density, a hydration/dehydration temperature suit-
able for domestic applications and a safe sorbate (i.e. water vapour). Salt hy-
drates incorporate water in the crystal lattice, the hydration reaction is exother-
mic and the output temperature is dependent on the water vapour pressure.
Currently, a disadvantage of salt hydrates is that they exhibit relatively slow
kinetics, especially compared to adsorption materials like zeolites or silica gel.



168 Summary

To improve kinetics and, additionally, overcome metastable behaviour, doping
might be used to enhance material performance. Doping refers to the introduc-
tion of small amounts of alien ions/molecules to the base material to promote
nucleation and thereby improving the kinetics of the base material.

In this study, we explore the possibilities of enhancing the power output of a salt
hydrate-based thermal battery by doping. The aim of this study is to understand
the basic mechanisms underpinning doping effects on phase transitions and to
find possible doping candidates that improve the hydration behaviour of K2CO3.
To that extent, we need a profound understanding of the phase transition and
power output. In this work, it is shown that mobility is key in understanding and
accelerating the power of salt hydrates. Mobility is a necessity to initialise the
phase transition and using dopants we can enhance this mobility. Concluding,
heat battery power can be accelerated using dopants by enhancing the surface
mobility.

In Chapter 3, the suitability of K2CO3 is investigated in a specific reactor type,
i.e. a closed system operating under pure water vapour conditions. It has been
shown that the metastable behaviour found under atmospheric conditions is
also present under pure water vapour conditions. In the metastable zone, nu-
cleation limits the hydration rate, thus limiting the temperature operating win-
dow. Furthermore, it has been shown that K2CO3 composites can be used in a
closed reactor system operating under pure water vapour pressure, only when
both material and water are free of impurities.

In Chapter 4, we get a more detailed understanding of the hydration mech-
anism and determine the link between surface mobility and metastability of
K2CO3. To that extent, ionic mobility is probed and linked to the hydration
mechanism using electrochemical impedance spectroscopy (EIS). It has been
shown that surface mobility is a prerequisite for nucleation and that the mecha-
nism of cluster formation probably occurs via the attachment of ions. Therefore,
sufficient mobility must be introduced for the diffusion of ions and water. The
metastable zone is therefore, both a consequence of the energy barrier for nu-
cleation and low ion mobility at the surface at low vapour pressures.
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In Chapter 5, the possibilities to improve the material performance are ex-
plored, focusing on two aspects; improving the kinetics outside the metastable
zone and reducing the metastable zone width. This work shows that doping
with Cs2CO3, improves both. Moreover, the dopant enhances the hydration rate
by introducing mobility due to local deliquescence. This lays the foundation
for further material research using dopants to enhance the performance of salt
hydrates

In Chapter 6, we further exploit the effect of introducing surface mobility, fo-
cusing on readily available and low cost organic dopants. We focused on highly
soluble organic dopants as potassium-formate and -acetate. It has been shown
that these dopants can enhance the hydration rate by two mechanisms: intro-
ducing surface mobility due to adsorbing more water vapour or by introduc-
ing more surface area. This work opens up targeted exploration for organic
dopants.

In Chapter 7, it has been investigated how power output on a material level,
translates to power and temperature output on a particle bed level. Considering
the effect of wall channelling. It is demonstrated that channelling along the wall
should be mitigated to optimize heat battery performance.

In this work, we have successfully demonstrated that the reaction rate of K2CO3

on powder level can be improved by doping. Doping has therefore opened up
the possibility for accelerating material performance on bed and system level.
This means that in a thermal storage device the charging power can be in-
creased. Therefore, doping can accelerate the implementation of thermochemi-
cal energy storage and thereby accelerate the energy transition.





Samenvatting

Versnellen van Thermochemische Energie Opslag
door Doping

Omdat fossiele brandstoffen de hoofdbijdrage leveren aan de uitstoot van broei-
kasgassen en dit de oorzaak is van de opwarming van onze aarde, moet er een
energietransitie gemaakt worden van een fossiel gedreven energiesysteem naar
een op duurzame bronnen gebaseerd energiesysteem. Het ontwikkelen van ef-
ficiënte energiesystemen is een van de hoofduitdagingen in de energietransitie.
Bij het introduceren van duurzame energie moet het onlosmakelijke fluctue-
rende karakter van duurzame bronnen, zoals de zon en wind, worden meegeno-
men. En om de efficiëntie van systemen te verhogen moet de energie productie
zo dicht mogelijk bij de eindgebruiker liggen, daarmee is het noodzakelijk om
het energienetwerk te decentraliseren. Voor decentrale energie systemen geba-
seerd op duurzame bronnen, is energieopslag een noodzakelijkheid om vraag
en aanbod in tijd, vermogen en locatie te matchen.

Voor thermische energieopslag zijn er verschillende oplossingsprincipes die ver-
deeld kunnen worden in drie categorieën; voelbare, latente en thermochemi-
sche warmteopslag. Voelbare warmteopslag is gebaseerd op het verhogen van
de temperatuur van een materiaal, latente warmte op de energie die gepaard
gaat met een faseovergang en thermochemische warmte opslag, op de energie
in een fysische of chemische reactie van twee componenten. Thermochemi-
sche energieopslag is een veelbelovende kandidaat omdat het een hoge energie
dichtheid heeft en nagenoeg geen verliezen.

Een veelbelovende klasse van de thermochemische materialen zijn de zout hy-
draten, omdat deze een hoge energie dichtheid hebben, een hydratatie/dehy-
dratie temperatuur geschikt voor de gebouwde omgeving en een veilig absorp-
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tiemiddel (namelijk waterdamp). Bij zouthydraten wordt water in het kristal-
rooster ingebouwd, de hydratatie reactie is exotherm en de afgiftetemperatuur
is afhankelijk van de waterdamp druk. Momenteel is de trage reactiesnelheid
een nadeel van zouthydraten, vooral wanneer je het vergelijkt met adsorptie-
materialen zoals zeoliet en silicagel. Om de reactiesnelheid te verhogen en
daarbij het metastabiel gedrag te verminderen, kan doping gebruikt worden om
de materiaal prestaties te verbeteren.

In dit onderzoek, analyseren we de mogelijkheden om het uitgangsvermogen
van een zouthydraat-warmteopslag apparaat te verhogen door middel van do-
ping. Het doel van deze studie is om kandidaten te vinden die de prestaties van
K2CO3 verbeteren en om inzicht te krijgen in de onderliggende mechanismen
waarop doping een invloed heeft. Daarvoor moeten we de faseovergang en
de relatie tot vermogen grondig begrijpen. In dit onderzoek hebben we aange-
toond dat mobiliteit cruciaal is in het begrijpen en verhogen van het zouthydraat
vermogen. Concluderend, in een warmteopslag apparaat kan het vermogen ver-
hoogd worden door gebruik te maken van doping.

In Hoofdstuk 3, is de geschiktheid van K2CO3 beoordeeld bij het gebruik in een
specifiek reactor type, namelijk het gesloten reactor concept dat werkt onder
pure waterdamp condities. Het is aangetoond dat het metastabiele gedrag dat
is gevonden onder atmosferische condities, ook aanwezig is onder pure water-
damp condities. Binnen deze metastabiele zone, beperkt nucleatie de hydratatie
snelheid, waardoor het temperatuur bereik beperkt wordt. Verder is er aange-
toond dat K2CO3 composieten alleen gebruikt kunnen worden in een gesloten
systeem wanneer zowel het materiaal als het water vrij is van onzuiverheden.

In Hoofdstuk 4, krijgen we een gedetailleerder begrip van het hydratatie me-
chanisme en wordt de relatie onderzocht tussen oppervlakte mobiliteit en me-
tastabiliteit van K2CO3. Daarvoor wordt ion mobiliteit gemeten en de relatie
met het hydratatie mechanisme onderzocht door middel van elektrochemische
impedantie spectroscopie (EIS). Het is aangetoond dat oppervlakte mobiliteit
een vereiste is voor nucleatie en dat clusterformatie waarschijnlijk plaatsvindt
door diffusie van ionen. Daarvoor moet er voldoende oppervlakte mobiliteit ge-
ïntroduceerd worden om de diffusie van ionen en water mogelijk te maken. De
metastabiele zone is daardoor zowel een gevolg van een energie barrière voor
nucleatie als van lage ion mobiliteit aan het oppervlakte bij lage waterdamp
drukken.
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In Hoofdstuk 5, worden de mogelijkheden om materiaal prestaties te verbete-
ren onderzocht, waarbij de focus ligt op twee aspecten; het verbeteren van de
reactie snelheid buiten de metastabiele zone en het versmallen van de metas-
tabiele zone. Dit werk toont aan dat Cs2CO3 doping beide aspecten verbetert.
Verder wordt aangetoond dat doping de reactiesnelheid verhoogt door het in-
troduceren van mobiliteit. De mobiliteit wordt verhoogd door lokale vervloei-
ing (deliquescentie) te introduceren. Dit legt de basis om vervolg onderzoek te
doen naar andere doping kandidaten die prestaties van zouthydraten kunnen
verbeteren.

In Hoofdstuk 6, benutten we de bevinding van het introduceren van opper-
vlakte mobiliteit verder, door te zoeken naar beschikbare en goedkope organi-
sche doping kandidaten. We focussen hierbij op de goed oplosbare organische
zouten kalium-formiaat en kalium-acetaat. Het is aangetoond dat deze doping
kandidaten de reactiesnelheid kunnen verhogen door twee mechanismen; het
introduceren van oppervlakte mobiliteit door het adsorberen van water, of door
meer oppervlakte te creëren. Door deze resultaten kunnen we nog gerichter op
zoek gaan naar andere doping kandidaten.

In Hoofdstuk 7, is er onderzoek gedaan naar hoe vermogen op materiaal ni-
veau zich door vertaald naar vermogen en uitgangstemperatuur op bed ni-
veau. Hierin wordt het wandstromingseffect meegenomen. Er is aangetoond
dat wand-effecten, in een bed met deeltjes, moeten worden tegengegaan bij het
optimaliseren van de prestaties van een warmteopslag systeem.

In dit onderzoek hebben we succesvol aangetoond dat de reactiesnelheid van
K2CO3 op poeder niveau kan worden verhoogd door doping. Doping maakt
het daardoor mogelijk om materiaal prestaties op bed en systeem niveau te
verhogen. Hierdoor kan het ontlaad vermogen in een warmteopslag systeem
worden verhoogd. Daardoor kan doping zorgen voor het versneld toepassen van
thermochemische energie opslag en daarmee de energie transitie versnellen.
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