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A B S T R A C T   

Potassium carbonate is shown to be a promising salt for thermochemical heat storage. For a thermochemical 
reactor application, the salt hydrate is manufactured in mm-sized particles. It is known that salt hydrate particles 
undergo swelling and cracking during cyclic testing. Therefore, in this work the influence of cycling on structural 
and morphological evolution is investigated and the resulting impact on the hydration performance. It is found 
that the incremental volume increase during cycling is independent of the density at which a particle is produced. 
With lower starting relative density particles are found to be stable for more cycles compared to particles pro-
duced with high starting relative densities. Powder formation at the particle surface starts as soon as the particle 
density is close to values reported for percolation thresholds. The morphological changes during cycling result in 
formation of isolated pores and a highly tortuous pore system. As a result, the effective diffusion coefficient for 
cycled particles is lower compared to what is predicted for as produced particles with similar porosity resulting in 
lower power output than expected based on porosity. The results from this work help in understanding the 
reasons for swelling, cracking, powder formation and decreased performance with cycling, laying the foundation 
for mitigating these unwanted effects.   

1. Introduction 

In the period 2000 till 2018 an average energy of about 300 PJ of 
energy is used for residential space heating in the Netherlands only [1]. 
Even though this energy is largely generated from fossil fuels, over the 
last years energy generation using photovoltaic (PV) and wind energy 
have been increasing exponentially [1]. To stay within the temperature 
limits agreed on in the Paris agreement, the contribution of renewable 
energy will increase even further [2]. 

A major downside to PV and wind energy is that they are an inter-
mittent, location, and time dependent source of energy [3]. Therefore, 
storage is required for the surplus of energy generated during peak 
production and release during peak consumption. An example is solar 
energy, which is abundant in summer and must be stored until winter for 
heating purposes. Energy storage using salt hydrates is a viable option to 
store energy during peak supply and release this energy during peak 
demand due to its high energy density and loss free storage [4]. 

Salt hydrates release energy in the form of heat during hydration by 
means of incorporation of water molecules inside their crystal lattice. 

The reverse process (dehydration) occurs when heat is supplied, and the 
water molecules are removed from the crystal lattice. 

A promising salt hydrate identified for seasonal heat storage is po-
tassium carbonate (K2CO3) considering energy density, user conditions, 
costs and safety [5]. The reversible hydration reaction is given by 

K2CO3 (s)+ 1.5 H2O (g)⇌K2CO3⋅1.5 H2O (s). (1) 

For useful application of salt hydrates in a thermochemical reactor 
bed, salt hydrate powder cannot be used. Reactor beds of powder result 
in a too high pressure drop, decreasing the reactor performance [6]. 
Therefore, the salt hydrate must be manufactured into larger mm-sized 
particles. 

Several studies on the kinetic behavior of potassium carbonate exist. 
Kinetics on powder level has been investigated by Fisher et al. (2021) 
[7] and Gaeini et al. (2019) [8]. The exact mechanism of hydration as a 
two-step process and the existence of a metastable zone have been 
elucidated by Sögütoglu et al. (2019) [9]. A detailed study of the hy-
dration kinetics of mm-sized particles was presented by Aarts et al. 
(2022) [10]. 
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Cyclic experiments on powder performed by Sögütoglu et al. (2018) 
showed that potassium carbonate powder is cyclically stable with 
respect to hydration enthalpy [11]. When larger (irregular) grains were 
used, Beving et al. (2020) showed that these grains suffered from 
swelling and cracking over multiple cycles [12]. 

Due to the promising nature of K2CO3 as thermochemical material 
different composites containing K2CO3 have been manufactured to sta-
bilize the material. The most used host matrix found for K2CO3 is 
vermiculite. By impregnating K2CO3 into vermiculite the commonly 
observed stability issues could be mitigated. Due to the porous nature of 
the host matrix enhanced reaction kinetics were observed and it was 
possible to use the deliquescence transition [13,14]. The fast vapor 
diffusion in the host matrix results in the overall hydration becoming 
nucleation limited (at 25 ◦C) and phase-boundary control (at 40 ◦C), in 
contrast to diffusion limited for pure salt particles [7]. Impregnation of 
K2CO3 into expanded graphite resulted in an increase in thermal con-
ductivity in addition to the increased kinetics [15]. 

Recently modeling approached for K2CO3 packed bed have been 
developed to study the heat and mass transfer in packed bed reactor 
configurations. Mahmoudi et al. (2021) shows how heat transfer from 
neighboring particles may affect the hydration kinetics of a single par-
ticle [16]. The effect of a honeycomb heat exchanger on reactor bed 
performance is investigated by Kant et al. (2021) and the effect of bed 
diffusive properties on bed performance is investigated by Mikos- 
Nuszkiewicz et al. (2023) [17,18]. 

Although numerous literature research on K2CO3 has been per-
formed, a detailed cyclic study of well-defined mm-sized particles has 
not yet been performed, even though understanding the effect of cycling 
on particle integrity and performance is important for long term 
application. 

Therefore, in this work well defined mm-sized K2CO3 particles, as 
studied in previous work to elucidate the hydration mechanism [10], are 
subjected to cyclic hydration/dehydration tests to examine the effect of 
cycling on the geometry, morphology and kinetic performance. The 
approach from this work is aimed at providing a deeper understanding 
of the changes that occur with cycling and the impact of these changes. 
The results provide new insights into possibilities for material manipu-
lation, keeping in mind the targeted application. 

2. Materials and methods 

2.1. Particle manufacturing and cyclic tests 

Potassium carbonate sesquihydrate (provided by Evonik Functional 
Solutions GmbH) has been milled using a Fritsch planetary ball mill and 
sieved into a 300–500 μm fraction. Pressing of cylindrical particles was 
performed using a PO-Weber PW-40 2 column press (pressure range of 
1–9 kbar). This resulted in cylindrical particles with a radius of 6.1 mm 
and variable heights (~2.2 mm) and densities (86–96 %). Lower pres-
sures (<1 kbar) result in mechanically unstable particles and are 
therefore not used. It was confirmed no water was pressed out of the 
particle during pressing by comparing the powder weight to the particle 
weight. 

The density of particles was determined by dividing the weight of the 
particle by its volume measured with a Mitutoyo digital caliper. The 
relative densities were calculated by dividing the measured density 
ρg

[
g⋅cm− 3] by the theoretical crystal density ρc

[
g⋅cm− 3] (2.18 g⋅cm− 3 

for hydrated and 2.43 g⋅cm− 3 for anhydrous material) [19,20]. The total 
porosity εt [− ] is defined as 

ρrel =
ρg

ρc
= 1 − εt. (2) 

The absolute error in density measurements is estimated to be 0.01 
(1 % when the density is expressed in percentages). 

Dehydration was performed overnight at 130 ◦C in an oven. Full 

dehydration was confirmed by measuring the weight loss. Hydration 
was performed at 20 ◦C and 33 % relative humidity (RH, saturated 
MgCl2 solution [21]) inside a desiccator until full conversion was 
reached. Full conversion was determined by comparing the final uptake 
with the theoretical value based on the anhydrous mass. The anhydrous 
particles were placed inside the desiccator with one side (bottom) 
shielded from water vapor to ensure 1D water vapor diffusion. The 
particle weight was recorded by briefly taking it from the desiccator, 
weighing it and putting it back with the same side down as before. The 
measurement conditions were chosen such that deliquescence condi-
tions and nucleation problems due to metastability are avoided [9]. To 
ensure a homogenous distribution of water vapor a small ventilator was 
placed inside the desiccator. Using this set-up with static RH conditions, 
possible fluctuations in measurement conditions were prevented as 
much as possible. 

Fig. 1A shows the schematic set-up of the desiccator in which the 
particle (orange) is placed above a saturated MgCl2 solution together 
with a fan for effective distribution of the humidity (33 % RH). Fig. 1B 
shows the general procedure from the starting material to the cyclic 
testing as described in this section. 

2.2. Morphology analysis using Scanning Electron Microscopy (SEM) 

SEM analysis was performed on a FEI Quanta 600 using high vacuum 
(<10− 4 mbar) and 10–20kV beam voltage. When analyzing mm-sized 
particles, prior to analysis the particles were cryogenically (liquid N2) 
fractured to be able to analyze the particle cross section. 

2.3. Compressive behavior 

Compressive tests are performed at a compressive strain rate of 0.5 
mm⋅s− 1 on a TestWinner 922. For measurements the cylindrical particle 
is placed on its curved side (Fig. 2). Compression in this direction is 
believed to be the most realistic compressive direction in a device 
application. In a real application curved instead of flat particles will be 
used. 

2.4. Skeletal density pycnometer measurements 

The skeletal density and inaccessible porosity were measured on a 
Micromeritics AccuPyc II 1340 with Helium, Nitrogen and Argon gas all 
of grade 5 purity. The sample chamber was flushed 5 times using the 
specified analysis gas prior to the actual measurements. The sample 
density was measured 10 times of which the average and standard de-
viation were computed. 

2.5. Effective diffusion coefficients using wet cup experiments 

Wet cup experiments were performed according to the following 
procedure. A vial was filled partially with a saturated solution of LiCl. A 
surplus of LiCl powder was added to ensure a continuous saturated so-
lution and constant RH (11 % [21]) throughout the complete experi-
ments. A completely hydrated particle was placed on the inside of a 
screw cap which had a hole drilled in the top. Against the bottom of the 
particle a rubber ring was placed with an outer diameter equal to the 
inside of the screw cap and an inner diameter equal to the diameter of 
the hole in the top of the screw cap. The screw cap (containing the 
particle and rubber ring) was then screwed onto the vial containing the 
saturated LiCl solution so that the rubber ring pressed the particle firmly 
against the top of the screw cap. The connection was then wrapped in 
parafilm after which the vial was placed in a desiccator with saturated 
MgCl2 solution (33 % RH [21]) (Fig. 3). 

After specific time intervals the weight was recorded, and a perme-
ability was calculated as follows [22] 
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P =
Δm
Δt

l
AΔp

. (3) 

Here P
[
g⋅Pa− 1⋅s− 1⋅m− 1

]
, l [m], A [m2] and Δp [Pa] are the perme-

ability, thickness, surface area, and pressure difference, respectively. 
Lastly, Δm [g] and Δt [s] represent the mass and time difference, 
respectively. 

Using Fick’s law the permeability was then converted into an effec-
tive diffusion coefficient as follows 

Deff =
P⋅R⋅T

M
. (4) 

Here Deff [m2⋅s− 1] represents the effective diffusion coefficient, M
[
g⋅ 

mol− 1] the molar mass of water, R
[
J⋅mol− 1⋅K− 1] the universal gas con-

stant and T [K] the temperature. 

2.6. Macro pore analysis using Mercury Intrusion Porosimetry (MIP) 

MIP was conducted on a Micromeritics AutoPore IV 9500 using a 
mercury pressure range from 7 * 10− 4 ± 0.1 % MPa to 228 ± 0.1 % MPa. 
Hydrated particles were measured as they were pressed or hydrated 
without further treatment. 

Fig. 1. Schematic set-up of the desiccator in which the particle (orange) is placed above a saturated MgCl2 solution (33 % RH) together with a fan (A). Flow chart of 
the procedure taken from the fresh powder to the cyclic tests (B). 

Fig. 2. Schematic illustration of performed compression tests on cylindrical 
mm sized K2CO3 particles. 

Fig. 3. Picture and schematic illustration of the used wet cup system.  
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3. Results and discussion 

3.1. Structural evolution during cycling 

First the external structural evolution is examined using mm-sized 
particles made with different initial densities (porosities). The volume 
increase ΔV [%] is measured relative to the starting material as pro-
duced (hydrate at cycle number 0) as follows 

ΔV =
Vi

V0
⋅100%. (5) 

Here Vi [m3] and V0 [m3] represent the cycled and initial particle 
volume, respectively. In Fig. 4 the volume increase over cycling for the 
hydrous and anhydrous state of the particle is given for various initial 
densities. A single cycle (cycle number) is considered as full dehydration 
followed by full hydration. 

The volume increase of the salt hydrate particles is independent of 
their initial density and can be approximated with a linear fit for both 
the hydrous and anhydrous material (dashed lines in Fig. 4). Comparing 
the slopes of both linear lines, a slope of 15.5 ± 0.5 % and 14 ± 1 % is 
found for the hydrous and anhydrous material, respectively. Since the 
86 % initial density particle started to lose powder after 6 cycles, only 
the volume increase for the first 6 cycles is given in Fig. 4. 

The fact that the volume increase in hydrated and dehydrated state 
are independent of the starting density (porosity) suggests that the 
volumetric changes originate from something which is similar in all 
samples, and not the macroscopic porosity. Therefore, the nature of the 
particle swelling must be searched for in the individual grains within the 
particles. 

Because of particle swelling, degradation occurs after several cycles. 
The particle appearance and degradation varies for different initial 
(hydrate) densities (Fig. 5). 

The maximum number of cycles the TCM particle can sustain de-
creases with increasing initial (hydrate) density. Whereas the particle 
with 96 % density already fractures after 4 cycles, the particle produced 
with 86 % density fractures after 12 cycles. 

This is underlined by comparing compression tests of uncycled par-
ticles with different densities (Fig. 6). Here the strain ω [%] is calculated 
by dividing the displacement d [mm] by the initial particle diameter 
d0 [mm] and multiplying with 100 %. 

The particles with the lowest hydrate density (88 %) show contin-
uous cracking with increasing strain. Some of these small cracks are 

visible during compaction. For the intermediate density (94 %) initially 
a steep increase in force is observed, followed by a steep decrease in 
force. Parts of the particle broke off from the parent particle, after which 
the remaining particle completely cracked at around 10 % compressive 
strain. The particles with the highest density (97 %) showed the steepest 
increase in force, after which they violently cracked from top till bottom 
and broke into multiple smaller chunks. Similar results are found in 
literature for porous ceramics with varying porosities [23]. 

The findings from Fig. 6 support the observations in Fig. 5. A lower 
density particle is better at accommodating cracks formed, independent 
of the crack origin, due to the internal porosity. This porosity results in 
crack tip blunting when a crack encounters a pore, decreasing the length 
of the formed crack and increasing the fracture toughness [24]. With 
increasing density (lower porosity), therefore a lower fracture toughness 
is observed, and crack propagation is easier once the required stress is 
achieved. As a result, due volume changes during cyclic dehydration/ 
hydration, a lower density particle shows continuous cracking before 
complete fracturing at higher cycle number, and a higher density par-
ticle will show instantaneous cracking at a lower cycle number. 

Another observation made in Fig. 5 is the formation of a cauliflower 
type of structure on the surface of the particle (see Fig. 7). During further 
cycling the particle rapidly loses powder from its surface possibly due to 
this cauliflower structure. 

The loss of powder can also be seen in Fig. 8 where after cycle 6 for 
the lower density particle (86 %) a decrease in particle mass is observed 
due to the loss of powder. The other two particles with higher densities 
show a constant mass over cycling. 

After cycle 6 it was still possible to measure the relative density of the 
particle with an initial hydrate density of 86 % by using the new mass 
(decreased due to powder loss) and slowly decreasing volume (due to 
powder loss). After 6 cycles the relative density of the hydrous material 
stabilizes around a density of 35–38 % (Fig. 8). The same holds for the 
anhydrous density which stabilizes around a density of 30–33 %. These 
densities are equal to the volume fraction of salt within the total particle 
(salt volume and pore volume). 

Since stabilization of the relative density is occurring, the loss of 
powder is countered by a decrease in volume which indicates a 
threshold density (salt volume fraction) for particle stability exists. This 
threshold could be explained using percolation theory. In percolation 
theory the percolation threshold (threshold of volume occupied by 
particles) is the volume fraction of particles required to make long range 
connected structures (clusters). Passing the percolation threshold is 
general associated with drastic changes in materials properties, and is 
sometimes defined as a kind of phase transition [25]. An example often 
found in literature is related to conductivity which drastically increases 
above the percolation threshold of a certain additive [26,27]. 

The percolation thresholds for various 3D geometries, which can be 
used to approximate the grain geometry inside a salt particle, are given 
in Table 1. The percolation thresholds for these geometries are just 
below the relative density of the hydrous (35–38 %) and anhydrous 
(30–33 %) material. Therefore, the loss of powder from the larger par-
ticles is most probably associated with passing the percolation 
threshold, losing long range structural connectivity. Due to the loss of 
powder, the relative density of the remaining structure remains constant 
and above the percolation threshold. 

3.2. Internal morphological changes during cycling 

To shed further light on the powder formation during cycling the 
internal structure of the particles was investigated. SEM images on cross 
sections of hydrated material as produced, after 1 cycle and after 5 cy-
cles were taken and are given in Fig. 9. For all three samples a porous 
structure is observed which is retained over cycling. However, on the 
grain level morphological changes occur. The grains in the particle as 
produced have a smooth surface whereas the grains after 1 hydration 
consist of multiple smaller grains. After 5 hydrations the picture has not 

Fig. 4. Volume increase relative to the starting material (as produced in hy-
drated state; hydrate at cycle 0). The dashed lines represent a linear fit through 
the hydrous and anhydrous data. Hydrous and anhydrous datapoints are dis-
played as closed and open symbols, respectively. 
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changed compared to a single hydration. Images giving similar results 
obtained from the particle surface can be found in Supplementary in-
formation SI 1. 

When using a larger magnification, the grains forming the parent 
grains are found to have sub-micron size (Fig. 10). After 5 hydrations 
these sub-micron grains seem to have decreased in size. The formation of 

these grains might be the basis for the powder loss at the surface during 
cycling at higher cycle numbers, due to crossing of the percolation 
threshold. 

The fact that the sub-micron grains are all similar in size suggests that 
nucleation of the hydrate phase occurs homogenously throughout the 
formed wetting layer during hydration. The wetting layer is a liquid 

Fig. 5. Visual inspection of cycled tablets made with various initial (hydrate) densities. No visual cracks were observed before complete fracturing to the particle.  

Fig. 6. Force versus compressive strain for particles with varying hydrate densities. The average height of all particles was equal to 6.8 ± 0.3 mm. For compression 
the particles were placed on their curved side while using a compression rate of 0.50 mm/min. For each density three samples were tested for reproducibility. 

Fig. 7. Close up for a particle with an initial density of 86 % after 6 cycles.  
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boundary layer containing water and dissolved ions which forms on the 
surface of the anhydrous material during hydration. Since hydration 
proceeds outside of the metastable zone, nucleation is also instanta-
neously after which the nuclei grow equally in all directions [9,29]. The 
exact shape and size are then determined by the precise supersaturation 
conditions [30]. 

To better characterize the pore structure nitrogen sorption and 
mercury intrusion were performed. Nitrogen sorption showed the 
absence of micro and mesopores and further analysis was therefore 
abandoned. Mercury intrusion was conducted to investigate the macro 
pore evolution after hydration (Fig. 11). It is observed that the cumu-
lative pore volume has increased after a single hydration which matches 
with the observation of a porosity increase. When comparing the pore 
size distribution, it is observed that broadening of the distribution occurs 
with an emphasis towards smaller pore diameters. Therefore, it can be 
concluded that the macropore structure changes towards the formation 
of smaller pore diameters, as also observed with SEM, while the grains 
themselves change into sub micrometer structures. 

3.3. Impact of cycling on effective diffusion coefficients 

Finally, the effect of cycling and the associated particle geometry and 
morphology changes on the reaction kinetics is investigated. Three 
particles with different initial densities were cyclically tested. Hydration 
was performed in a desiccator at 20 ◦C and 33 % RH until full conver-
sion. Dehydration occurred overnight in an oven at 130 ◦C. The pene-
tration depths of the 1D hydration front according to Aarts et al. (2022) 
[10] over various cycles are given in Fig. 12. 

Fitting of the penetration depths in Fig. 12, to find the effective 
diffusion coefficients Deff

[
mm2⋅s− 1], was done in the same manner as 

described in previous work [10]. The results are plotted in Fig. 13 with 
the respective hydrate particle density (porosity) at the x-axis. 

In Fig. 13 the effective diffusion coefficient of the first hydration 
matches with the measured values from Aarts et al. (2022) for non- 
cycled particles [10]. However, with cycling the effective diffusion co-
efficient starts to deviate from the measured values of freshly prepared 
particles with the same porosity resulting in much lower values. Several 
reasons may cause this: a decrease in accessible porosity and an increase 
in tortuosity or an increase in surface adsorption. 

First the possibility of isolated pore formation with cycling is 
investigated. Gas pycnometer experiments were performed using 
various gases with various kinetic diameters. The kinetic diameter of gas 
molecules is determined by molecular sieves experiments and de-
termines the minimum pore diameter the molecule can enter [31]. 

Pycnometer experiments were performed using helium, argon, and 
nitrogen gas. Helium can be used to find pores isolated for water vapor, 
due to a similar kinetic diameter, whereas argon and nitrogen are used 
to find pores still accessible for water vapor but in which diffusion will 
be slow [32–37]. The relative skeletal density was calculated by dividing 
the measured skeletal density by the maximum skeletal density of 2.18 
g⋅cm− 3 for hydrated potassium carbonate [20]. 

The skeletal densities found are independent of the used gas, which 
indicates that the pores giving the lower relative densities are solely 
isolated pores. When using Helium gas, the non-cycled (as produced) 
sample resulted in a relative skeletal density of 100 %, whereas the 
samples after 1 and 5 hydrations have a relative skeletal density of 97 
and 94 % respectively. Now the ratio of closed pore volume Vc

[
m3] over 

the total pore volume Vp
[
m3] can defined as 

Vc

Vp
=

εs(1 − εt)

(1 − εs)εt
. (6) 

Here εs [− ] and εt [− ] equal the skeletal and total porosity, respec-
tively. The results for the pycnometer measurements using Helium are 
summarized in Table 2. 

The non-cycled (as produced) particles do not have any closed pores 
and the full pore space is accessible for water vapor, whereas the cycled 
samples contain a significant number of closed pores reducing the 
available pore space for water vapor transport. However, this relatively 
small fraction of inaccessible pores cannot be solely responsible for the 
large difference of the effective diffusion coefficients. 

Next, the possibility of an increase in tortuosity resulting in lower 
diffusion coefficients is discussed. In the uncycled samples the grains are 
non-porous, and diffusion occurs only through the main pores. When the 
sample is subjected to a hydration cycle these large grains turn into an 
assembly of multiple smaller grains with sizes very small (1 μm) 
compared to the parent grain (100–200 μm, Figs. 9 and 10). 

Fig. 8. Hydrous (closed symbols) and anhydrous (open symbols) sample mass at full hydration and dehydration for various cycles (A). The grey dashed line rep-
resents cycle number 6. Relative density of the hydrous and anhydrous particle (with initial density of 86 %) over cycling (B). The solid black lines represent a linear 
fit through cycle number 0 till 6 and 7 till 11 for the hydrated material. The dashed black lines represent a linear fit through cycle number 1 till 6 and 7 till 12 for the 
anhydrous material. 

Table 1 
Site percolation threshold values for various 3D geometries [28].  

Geometry Site percolation threshold [− ] 

Sphere 0.3418 
Cube 0.2443–0.2485 
Cylinder h = 2a 0.4669 
Spherocylinder h = 2a 0.2972 
Icosahedron 0.3030 
Decahedron 0.2949 
Oblate spheroid a = c = 2b 0.3022–0.3050 
Prolate spheroid a = c = b/2 0.3022–0.3035  
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Since the small grains are much smaller in diameter than the parent 
grain, the main pore can be considered as a straight pore with a tortu-
osity of 1 considering the length scale of a single small grain. As a result, 
the assembly of smaller grains is a more tortuous system in which the 
effective diffusion coefficient is expected to be significantly lower 
compared to the main pores (Fig. 14). 

In addition, formation of blind pores can lower the effective diffusion 
coefficient by increasing the tortuosity of the system. 

A final possible explanation is the adsorption and diffusion of water 
on the additional surface created during cyclic testing. For NaCl particles 
it is know that at vapor pressures far below the deliquescence water 
vapor pressure, adsorption of surface water occurs [38]. This surface 

water can translate across the salt surface resulting in the transport of 
water molecules which possibly affects the overall effective diffusion 
coefficient [39]. Recent work by Houben et al. (2022) shows that similar 
adsorption of water on the hydrate surface occurs for K2CO3 [40]. 

To further illustrate the effect of morphological changes during 
cycling on Deff , wet-cup experiments using fully hydrated cylindrical 
particles were performed, in which only transport occurs in the absence 
of hydration. The results for the effective diffusion coefficients are given 
in Fig. 13. It is found that the effective diffusion coefficients for the non- 
cycled (as produced) and cycled samples match with the observed trends 
for both materials. This results in two conclusions: 

First, the studied systems are fully diffusion limited during hydration 

Fig. 9. Cross-section SEM images of hydrated K2CO3 particles made from a 300–500 μm powder fraction with 78 ± 1 % initial density as produced (A and B), after 1 
hydration (C and D) and after 5 hydrations (E and F). The scale is indicated by the white bar. 
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experiments. If this would not be the case the effective diffusion co-
efficients from kinetic analysis (hydration experiments) and wet cup 
experiments would differ. Second, the difference in diffusion coefficients 
for uncycled and cycled samples only originates from morphological 
changes (and not chemical), since hydration is absent during wet cup 
experiments. 

To investigate the effect of swelling and decreased water vapor 
diffusion on particle performance, the average power output per hy-
drous volume P50%

[
W⋅m− 3] or kilogram of anhydrous material 

P50%

[
W⋅kg− 1

]
at 50 % conversion can be calculated as 

P50% =
Nwater⋅ΔH

t50%⋅V
, (7)  

P50% =
Nwater⋅ΔH

t50%⋅ma
. (8) 

Here Nwater [mol] represents the reacted number of moles of water at 
50 % conversion, t50%[s] the time it takes to reach 50 % conversion, ΔH 
the reaction enthalpy and V [m3] and ma [kg] the total hydrated volume 
and anhydrous mass of the particle at the specific cycle, respectively. 
The reaction enthalpy is obtained from literature to be ΔH∘ = 63.6 kJ⋅ 
mol− 1 [41]. The calculated power output in W⋅m− 3 and W⋅kg− 1 is given 
in Fig. 15. 

From the figure it is visible that the power output per volume for the 
86 % density particles does not change with cycling and even decreases 
during cycle 2. For the 93 % particle cycle 2 and 3 are lower compared to 
cycle 1 and after cycle 3 an increase in power is observed. For the 96 % 
particle a continuous increase is observed. 

The reason for the decrease in power output (per volume and mass) 
for the 86 % and 93 % sample in cycle 2 is that the effective diffusion 
coefficient has decreased. This increases the time to reach 50 % con-
version. In the remaining cycles for the 86 % and 93 % particle the slow 
increase in diffusion coefficient does not outweigh the volume increase, 
resulting in minimal changes in power output per volume with cycling. 
After 4 cycles the power output of the 86 % density particle slightly 
decreases. For the 96 % particle a continuous increase is observed. Since 
the initial porosity and effective diffusion coefficient are so low, small 
internal cracks formed during cycling aid the water vapor diffusion and 

Fig. 10. Cross-section SEM images of hydrated K2CO3 particles made from a 300–500 μm powder fraction with 78 ± 1 % initial density as produced (A) and after 5 
hydrations (B). The scale is represented by the white bar. 

Fig. 11. MIP intrusion curves of a pristine particle with 78 ± 1 % initial density 
and a particle with initial density of 78 ± 1 % which underwent 1 hydra-
tion cycle. 

Fig. 12. Penetration depth versus time over cycling for various tablets with different initial densities. Fitting was performed as described in our previous work [10]. 
The data points represent measurement points whereas the solid lines correspond to the fits. 
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are not canceled out by the increase in volume. 
For the power output per kilogram the trend for the 93 % and 96 % 

particle is like that of the power output per volume. For the 86 % particle 
the power per kilogram is now continuously increasing after cycle 2. 
This indicates that in a reactor system, where the total reactor volume 
and mass remains constant, the overall particle power output increases 
with cycling for all three initial particle densities. 

Cycling mm-sized particles leads to an increase in total porosity, 

whereas some of this porosity is isolated and inaccessible for water 
vapor. Due to morphological changes the effective diffusion coefficient 
decreases compared to values known for uncycled particles. The fact 
that cycled samples perform worse as would be predicted from the as 
produced samples due to morphological changes opens pathways to find 
solutions to this problem. 

4. Conclusion 

Different well defined mm-sized K2CO3 particles with varying rela-
tive densities were subjected to cyclic hydration/dehydration cycles. 
The macroscopic and microscopic changes during different cycles have 
been assessed as well as the impact of these changes on the performance 
of the material. 

The macroscopic volume increase of the particles was monitored 
with every cycle and found to be independent of the initial particle 
density. However, the cyclic lifetime was found to be influenced by the 
initial particle density. Particles with high relative densities were found 
to fracture at earlier cycles, whereas particles with lower relative den-
sities lose powder upon cycling after which fracturing occurs. 
Compressive tests showed that particles with lower relative densities are 
better at accommodating crack formation, hence the longer cyclic 
lifetime. 

The microscopic structure of the particle was studied using SEM 
which showed a morphological change occurring with cycling. It was 
observed that the internal morphology changes and the non-porous 
grains change into an assembly of micrometer sized smaller grains. 
With additional cycling the structure remains similar with a slight 
decrease in grain size. 

Cycling hydration experiments showed that the effective diffusion 
coefficient for cycled particles was lower than that for non-cycled (as 
produced) particles with similar porosity. This results in a lower per-
formance as is predicted for non-cycled (as produced) particles. Three 
possible reasons are given for the lower diffusion coefficients related to 
the observed morphological changes. First, isolated pores are formed. 

Fig. 13. Effective water vapor diffusion coefficients for various relative den-
sities over cycling for particles with different initial densities (solid points). The 
effective diffusion coefficients were obtained from fitting Fig. 12. The solid 
black line represents the fit from Aarts et al. (2022), for non-cycled particles for 
which the measured values lay within the patterned area [10]. The open square 
and triangular symbols represent the effective water vapor diffusion coefficients 
from wet-cup experiments for as produced and cycled particles respectively. 

Table 2 
Geometrically determined relative particle density, pycnometer relative skeletal density and fraction of the total porosity closed to water vapor using Helium gas.  

Particle state Relative particle density [%] Relative skeletal density [%] Percentage of porosity closed [%] 

As produced  77 99.9 ± 0.1  0 
1 hydration  72 97.1 ± 0.5  8 
5 hydrations  53 94.4 ± 0.8  7  

Fig. 14. Schematic illustration of the pore space and pathways for diffusion in an uncycled system (as produced) and after it underwent a full hydration 
cycle (cycled). 
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Second, an internal pore system with higher tortuosity than the non- 
cycled (as produced) system is produced. Third, additional surface for-
mation results in additional surface adsorption and surface transport. 
Future research must be conducted to examine to which extend each 
effect contributes. 

Since the morphological changes affecting the particle performance 
and stability are most probably related to the crystallization behavior of 
the hydrate during hydration, the results from this work open new 
possible pathways to mitigate these effects. Such possibilities could be 
addition of additives to influence the crystallization behavior of the 
hydrate material during hydration. Furthermore, these results and 
methodology can be expanded to other salts as well to investigate the 
influence of cycling on the behavior of mm-sized particles made of 
different salts. 

The presented work provides new insights into the volumetric and 
morphological changes occurring during cyclic testing of K2CO3 and the 
effects on the particle performance. 

As a final remark it is important to note that particle behavior on a 
single particle level may vary from particle behavior inside a reactor 
bed. Additional effects like agglomeration could occur and the swelling 
behavior might change under confinement. Therefore, extensive cyclic 
studies on particle beds must be performed to accurately model and 
design a cyclically stable thermochemical reactor bed. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2023.109806. 
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