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Abstract: Potassium carbonate (K2CO3) is a promising material for the long-term storage of renewable
energy. A reactor vessel filled with K2CO3 can potentially be used as a domestic heat battery. The
hydration and dehydration reactions of salt hydrates in a reactor vessel are generally described
using a one-process model, such as the ‘Arrhenius- f (α)’ model. However, this modeling approach
cannot always be applied correctly. If the reaction does not proceed in a pseudo-steady state, and/or
when nucleation and growth processes are simultaneously active during the transformation from an
anhydrous to a hydrated state, the one-process modeling approach should not be applied. In this
paper, it is investigated using simultaneous thermal analysis (STA) experiments whether the pseudo-
steady state approximation is valid during the hydration reaction of K2CO3. Additionally, ‘jump
experiments’ using STA are employed to investigate the rate-determining step (RDS) of the hydration
reaction by applying step-wise changes in partial water vapor pressure. The presence of nucleation
and growth processes during the hydration reaction is investigated by fitting isotropic models to STA
data. The STA results showed that indeed the hydration of K2CO3 happens in a pseudo-steady state,
and the reaction can be described using a RDS. An isotropic nucleation and growth model shows that
the hydration reaction can be described by assuming instantaneous nucleation followed by diffusion-
limited growth. This leads to the general conclusion that the one-process modeling approach, such as
the Arrhenius- f (α) model, is valid to describe the hydration reaction of K2CO3 particles.

Keywords: thermochemical materials; reaction modeling; nucleation and growth; hydration; potas-
sium carbonate

1. Introduction

Fossil fuel depletion and climate change are becoming increasingly hot topics in
Europe. A large number of countries signed the Paris Agreement in 2015 [1], dedicating
themselves to restraining greenhouse gas emissions. Renewable energy sources are to be
promoted to limit the global temperature rise below 2 degrees Celsius compared to pre-
industrial levels. A total of 20% of the final energy consumption is used in the residential
sector [2]; 66% of this energy consumption was used for space and water heating in 2017.
Since the domestic heating demand is largely met by fossil-fuel-powered boilers, it is
evident that a large reduction in emissions can be gained by introducing renewables in
the residential sector. Popular renewable energy sources, such as solar and wind energy,
are intermittent, which results in a mismatch in supply and demand. Thermal energy
storage is one solution to the supply and demand mismatch. Excess solar thermal energy
produced during sunny periods can be used to charge a so-called heat battery. Discharging
the battery when the demand is high can provide the thermal energy required for the
residential sector [3]. Thermal energy storage in thermochemical materials (TCMs) is a
promising technique to store thermal energy in a compact and quasi loss-free way. TCM
systems can be charged by adding thermal energy collected by, for example, solar thermal
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panels. This energy initiates an endothermal dissociation reaction and separates the sorbent
(dry TCM) and the sorbate (often water vapor). Keeping the sorbent and sorbate separate
allows thermal energy to be stored for a prolonged time since the energy is not stored
in sensible or latent form, but as a chemical potential. Recombining sorbent and sorbate
triggers the exothermal discharge reaction and discharges the stored energy. For low
temperature sorption thermal energy storage systems, a distinction between adsorption
(e.g., zeolites [4]) and absorption (e.g., salt hydrates [5,6]) is made. Adsorption is used to
describe the binding of a gas on the surface of a solid or porous material. Absorption can be
defined as a phenomenon in which a liquid or gas penetrates the surface layer and enters a
solid or liquid [7]. While both adsorption and absorption TCMs can be used for the creation
of a heat battery, in terms of theoretical energy density, salt hydrates are more promising
compared to zeolites [8]. In the work of Donkers et al. [6], 563 reactions were evaluated
based on criteria such as hydration temperature, dehydration temperature, energy density,
safety and costs. Their study concluded that potassium carbonate (K2CO3) is one of the
best candidates for thermal energy storage applications.

K2CO3 is reported to be chemically robust [9]. Charging and discharging 1 m3 of the
material 12–52 times (monthly to weekly) yields a yearly base energy of 15–65 GJ. This
makes the material a good candidate for a domestic heat battery. Because of its chemical
robustness and high potential to be used in a heat battery, K2CO3 is studied in this paper.
The hydration and dehydration reaction of K2CO3 is described by

K2CO3(s) + 1.5H2O(g) 
 K2CO3 · 1.5H2O(s) + ∆HR, (1)

where ∆HR is the reaction enthalpy, which is equal to 65.8 kJ/mol [6,10]. The literature
suggests only two stable hydration states, namely anhydrate (no H2O) and sesquihydrate
(1.5 H2O) [6,9,11–13].

A numerical model that describes the reaction rates of a heat battery is required for
proper design and optimization purposes. An in-depth understanding of the local reaction
rate inside the reactor is of major importance. The reaction rate of the material in the reactor
vessel depends on the sorption material, the local temperature, the local concentration, and
the state of charge [14,15]. The power output of the thermal battery containing K2CO3 can
be maximized by hydrating the material at temperatures and partial water pressures close
to the deliquescence conditions. These conditions are displayed in the phase diagram of
K2CO3 [16]. The hydration rate is maximized at these conditions and therefore also the
thermal power output of a K2CO3 heat battery. The hydration reaction rate of sorption
particles can become limited if insufficient water vapor is transported to the particles [16].
This can become an issue when water vapor has to diffuse through multiple particle layers.
To study the hydration on the particle level, effort should be made to ensure that water
vapor transport to the sorption particles is not limiting the hydration rate.

Often, the so-called ‘Arrhenius- f (α)’ model is employed to describe the reaction rate
of a salt hydrate. This modeling approach is generally assumed to be valid to describe the
rate reaction of salt hydrates. The limitations of the Arrhenius- f (α) models are elaborated
in the work of Pijolat et al. [17]. They describe an experimental method to determine
if the Arrhenius- f (α) modeling approach is valid to describe solid–gas reactions (e.g.,
salt hydrates) [18,19]. The models and experimental methods described by Pijolat et al.
were applied successfully in the literature and led to a greater understanding of different
reactions [20–26]. However, these models and experimental methods have not yet been
employed to study K2CO3.

This work aims to investigate if the hydration of K2CO3 as thermal energy storage
material can be described using the Arrhenius- f (α) model on particle level. To do so, it
is important to exclude the influence of vapor transport to the particle. First, Section 2
provides background information about the elementary steps, nucleation and growth
processes and solid–gas reaction models. Sections 2.1 and 2.2 explain the pseudo-steady
state approximation and nucleation and nuclei growth, respectively. In Section 2.3, the
commonly used ‘Arrhenius- f (α)’ modeling approach is explained, and its limitations
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are discussed. In particular, three important requirements for the correct usage of the
‘Arrhenius- f (α)’ equation are given. Section 2.4 explains the one-process and two-process
models and their relation to the ‘Arrhenius- f (α)’ equation. The materials and experimental
methods are explained in Section 3. The hydration reaction of K2CO3 is studied using
TGA/DSC experiments. Different hydration-limiting mass transport phenomena, such
as water vapor transport to the K2CO3 particles and diffusion of water vapor through
hydrated K2CO3 are investigated in Section 4. Finally, it is checked whether the hydration
reaction of K2CO3 can be described by a one-process modeling approach, and whether the
‘Arrhenius- f (α)’ equation can be applied to the hydration of K2CO3.

2. Theoretical Background
2.1. Elementary Steps

The hydration and dehydration reaction of K2CO3 as described in Equation (1) is the
result of one or more intermediate reactions called ‘elementary steps’. Intermediates are
created and consumed during these elementary steps but are not shown in the overall
reaction. If the generation of intermediates is larger than the consumption of intermediates,
there is a net buildup of intermediate species. If a reaction has a significant buildup of
intermediates, multiple elementary steps are affecting the overall reaction at the same
time. This requires multiple elementary steps to be taken into account when describing the
overall reaction [24]. If there is no net buildup of intermediate species, a heterogeneous
reaction is said to be in a pseudo-steady state, and only one elementary step limits the
overall reaction. If only one elementary step is determining the overall reaction rate,
the reaction can be described using the rate-determining step (RDS) for this elementary
step. The reaction mechanism is the sequence of elementary steps that are required to go
from reactant to product. Two types of mechanisms exist for hydration and dehydration
reactions; mechanisms for nucleation, and mechanisms for nuclei growth.

2.2. Nucleation and Nuclei Growth

Nucleation and growth processes are present during the hydration reaction of K2CO3 [27].
Nucleation is the initiation of the reactant–product interface, and involves the transfor-
mation of a small amount of a reactant (here: anhydrous K2CO3) into a stable product
(K2CO3 sesquihydrate) [28]. Here, nucleation is defined as the spontaneous formation of a
stable nucleus, which is defined as an aggregate grown to a critical size [29]. A nucleation
mechanism can be depicted by a series of elementary steps, such as defect formation, their
migration across the surface of the solid, and finally the aggregation of defects leading to a
stable nucleus [24]. An example of defect formation is the addition or removal of a water
molecule from the crystal structure in the case of a hydration or dehydration reaction. The
size of a stable nucleus depends on the temperature and partial vapor pressure. The nucle-
ation process is expected to only occur on the surface of the solid [17,24]. The nucleation
rate depends on the total area that has not reacted yet and the thermodynamic conditions
such as temperature and pressure. Additionally, the mechanism for the nucleation of solid–
gas reactions can also depend on the surface characteristics of the solid, such as roughness,
edges, and peaks [17,21,24]. Once a stable nucleus has formed, it can start to grow. The
interface advance of the reactant into product following nucleation is called nuclei growth.
Elementary steps of growth are, for example, surface gas adsorption or desorption, internal
interface reaction and diffusion through the product layer. Nahdi et al. [23] found that the
growth rate depends differently on temperature and pressure than the nucleation rate. This
suggests that nucleation and growth are separate mechanisms.

2.3. Solid–Gas Reaction Models

Models describing the reaction rate of salt hydrates have been established and de-
scribed in literature, and are often of the following form:

dα

dt
= k(T) f (α)h(P), (2)
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where k(T) is the Arrhenius term [s−1], f (α) is a reaction model term [-], and h(P) is a
pressure term [-] [11,15,30]. f (α) is a mathematical function depending on the kind of
transformation model (e.g., shrinking core—R3, diffusion—D3, first order—F1, etc.) [31,32].
The conversion α of a salt hydrate is defined as the extent of hydration or dehydration in
terms of mass, and its value lies between 0 and 1. The conversion of K2CO3 based on mass
difference is given by

αm(t) =
m(t)−m0

m∞ −m0
, (3)

in which m(t) is the mass [mg] of the sample at time t, the dehydrated sample mass is equal
to m0 [mg], and the fully hydrated sample mass is equal to m∞ [mg]. The conversion can
also be based on the amount of heat released (Q) during the hydration, and is given by

αQ(t) =
Q(t)

∆HRn0
. (4)

∆HR represents the reaction enthalpy for the hydration of potassium carbonate. n0 is the
number of moles of K2CO3. Both αm and αQ range between 0 and 1.

The Arrhenius- f (α) modeling approach is recommended by the ICTAC Kinetics Com-
mittee [30] and employed frequently in the literature to model solid–gas reactions [11,15,33].
The rate constant is a function of temperature according to the Arrhenius equation:

k(T) = A · exp
[
− Ea

RT

]
(5)

where A is the pre-exponential factor [s−1], Ea is the apparent activation energy [J mol−1], R
is the gas constant [J mol−1K−1] and T is the temperature [K]. Ea and A can be determined
using isoconversional methods [30,34,35]. The Arrhenius- f (α) model comes with some
limitations: it cannot take into account simultaneous nucleation and growth processes [17],
while generally, solid–gas reactions consist of both nucleation and growth processes. Fur-
thermore, the Arrhenius- f (α) model does not shed any light on the influence of morpho-
logic variables, as these are lumped in the pre-exponential factor A. In the literature, a
pressure ratio term is added to the Arrhenius- f (α) model to account for the anhydrous-
hydrated equilibrium pressure, and the partial water vapor pressure [30,33,36–38]. The
pressure term is given by

h(P) = 1−
Peq

Pwv
, (6)

where Peq is the equilibrium pressure [mbar] and Pwv is the water vapor pressure [mbar]
measured or applied during an experiment. The anhydrous-hydrated equilibrium pressure
Peq is calculated using the Clausius–Clapeyron equation.

To describe solid–gas reactions, Equation (2) only holds if three conditions are met:

1. There should be no accumulation of intermediate species; the reaction is in a pseudo-
steady state [17].

2. The reaction is a single-step reaction [17,18]. In other words, there should be one
elementary step that is rate-determining and controlling the reaction from α = 0 to
α = 1. The activation energy Ea should not vary with changing α, as this would suggest
a multi-step reaction.

3. The reaction can be described using a one-process model. This means that either
nucleation or growth can be considered instantaneous during the reaction [17,18,22,39]

It is of major importance to investigate if the three mentioned conditions are met
before the Arrhenius- f (α) equation can be applied to correctly describe the hydration or
dehydration of salt hydrates.

Pijolat et al. [17] suggest a more generalized approach to describe the reaction rate.
Their proposed ‘separation model’ can be applied to model gas–solid reactions regardless
of morphological characteristics or the type of reaction. These separation models do not
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require k(T) to depend on temperature according to the Arrhenius equation, or require the
dependence of f (α) on α. Separation models are successfully applied to describe different
heterogeneous reactions [20,22–25,40]. The separation models consist of two separate
functions and hold if the pseudo-steady state approximation and the single-step reaction
conditions are met. The conversion rate of the separation model is described by [14,17]

dα

dt
= φ(T, P)Sm(t, . . .), (7)

where φ(T, P) is the ‘areic growth rate’ [mol m−2s−1], Sm(t, . . .) is the so-called ‘space
function’ [m2mol−1] and t is the time [s]. Equation (7) allows the separation of thermody-
namic and morphological variables. The areic growth rate φ(T, P) takes into account the
dependency of the conversion rate on thermodynamic variables, such as temperature and
pressure [24]. φ(T, P) does not depend on the morphological variables. The space function
Sm(t, . . .) takes into account the morphological variables. It describes the ‘molar active
surface area’ at which the reaction takes place [14,24].

2.4. One-Process and Two-Process Models

Generally, two families of models can be distinguished: one-process models and two-
process models. One-process models are employed when either nucleation or nuclei growth
happens so fast it can be considered instantaneous after the reaction starts. Instantaneous
nuclei growth is a rather uncommon process and therefore, only instantaneous nucleation
is taken into account for the hydration of K2CO3. When the nucleation rate is extremely
high, the particles are instantly covered with a very thin (negligibly small) layer of product.
An example of a one-process model with instantaneous nucleation limited by growth is the
diffusion (D3) model. The reaction rate for spherical particles and adopting the notation
used in Pijolat et al. and Favergeon et al. [24,41] can be rewritten as

dα

dt
= φ(T, P)Sm(t, . . .) =

φ(T, P)VmA
r0

f (α) =
φ(T, P)VmA

r0

3(1− α(t))2/3

2(1− (1− α(t))1/3 , (8)

where VmA is the molar volume of a dry solid reactant (e.g., anhydrous K2CO3 in the case
of a hydration reaction) [m3 mol−1], r0 is the particle radius [m] and f (α) is the D3 model
obtained from the literature [32].

If the hydration reaction proceeds in a pseudo-steady state, has a RDS during the
complete reaction and proceeds according to a one-process model, the Arrhenius- f (α)
modeling approach (Equation (2)) can also be applied to correctly describe the hydration
reaction [24].

A two-process model describes both nucleation and growth, simultaneously. If a
reaction as a function of time has a sigmoidal shape, it is a strong indication that both
nucleation and growth processes are simultaneously active [21]. In the case of two-process
models, the nucleation process is not instantaneous. The nucleation rate may depend
strongly on temperature and partial pressure. The total reaction rate is a function of both
the rate at which nuclei appear on the surface of the material and the growth rate of
each one of these nuclei. The kinetic rate when both nucleation and growth processes are
simultaneously active can be described by [17,24]

dα

dt
=
∫ t

0
γ(T, P)SL(τ)φ(T, P)sm(t, τ)dτ, (9)

where τ is the birth time of a nucleus [s], and γ is the areic rate of nucleation [nuclei m−2s−1].
Nuclei born at time τ, τ < t, are formed on the material surface with frequency γ(T, P)SL(τ)
[nuclei s−1]. SL(τ) is the remaining unreacted particle area available for nucleation [m2]
at time τ. The ‘history’ of the reaction should be considered when calculating Sm. For
this reason Sm cannot be written as a function of α, and therefore, for two-process models,
Equation (2) cannot be used to describe the reaction rate [17,24]. In the following sections, it
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is investigated whether K2CO3 should be modeled by a one-process or a two-process model.
This is done experimentally by employing the ‘ f (α)-test’ (Section 4.3.2) and numerically by
using two-process models (Section 4.4.2) to fit experimental hydration conversion data.

3. Materials and Experimental Methods
3.1. Sample Preparation

Previous multi-cyclic studies on K2CO3 particles showed that the hydration reaction
rate strongly depends on the number of charge- and discharge cycles [42]. This cycle
dependency was attributed to changes in particle morphology, such as crack formation and
particle volume growth. To exclude the cycling effect on the hydration reaction rate, a large
batch of dry K2CO3 particles was created. For each experiment, a small sample was taken
from this large batch. The particles consist of mechanically pulverized K2CO3 particles
(Sigma-Aldrich). The pulverization was done in a grinding machine. The machine uses
spherical grind stones to grind down the K2CO3 particles from 700–1000 µm in diameter to
25–38 µm in diameter after sieving. SEM images of the K2CO3 particles are displayed in
Figure 1a,b.

(a) (b)
Figure 1. (a) SEM image of the uniform particle batch of K2CO3 particles sieved to have a diameter
of 25–38 µm. (b) Zoom-in of one particle.

It is observed that the particles are agglomerates of multiple tiny crystals, despite
being pulverized. Information on the particle size distribution was obtained using optical
microscopy. A dry, uncycled sample was taken from the large batch and analyzed in a micro-
climate chamber (Linkam THMS-600 Stage) with a Zeiss SteREO Discovery V20 microscope.
The humidity in the micro-climate chamber was set to 0% RH and the temperature to 60 ◦C
to prevent hydration. Pictures were taken with the microscope and processed using
MATLAB’s image toolbox. A total of 575 particles were analyzed. From Figure 1a, it can
be concluded that most of the particles have a spherical shape. This is not always clearly
visible, as particles are stacked on top of each other. In this study, it is assumed for the
modeling that the particles are perfect spheres.

The particle diameter is calculated using Dparticle =
√

4Aparticle/π, where Aparticle

is the projected surface area of the particle determined by the microscope. The particle
size distribution is shown in Figure 2. It is observed that the batch is comprised of an
approximately uniform distribution within the range of 22–46 µm in diameter.
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Figure 2. The particle size distribution of the uncycled, anhydrous sample batch.

According to Figure 2, some particles have a diameter larger than 38 µm, which is
larger than the sieve size. This is because some particles are not spherical but, for example,
elliptical in shape. Those particles are able to pass through the 38 µm sieve mesh if the
minor diameter of the ellipse is smaller than 38 µm, even if the major diameter is larger
than 38 µm.

3.2. STA Experiments

The hydration reaction rates of K2CO3 are measured using a simultaneous thermal
analysis (STA) device (Netzsch STA 449 F3 Jupiter). An STA measurement is done using
two crucibles placed on top of a very sensitive balance. One crucible is filled with the
sample and one remains empty as a reference. Aluminum crucibles without a lid with
a mass of approximately 26 mg, a diameter of 6 mm and a height of 3 mm are used.
Both crucibles are close to each other and, therefore, exposed to the same environmental
conditions, such as temperature and partial water pressure. The mass change of the
sample due to water absorption is measured, using thermogravimetric analysis (TGA). The
thermal energy released by the sample due to moist absorption is measured by differential
scanning calorimetry (DSC). Small thermocouples below the aluminum crucibles register
the temperature of both the empty reference and the sample crucible. A temperature
difference between the two crucibles is caused by the exothermic hydration reaction of
K2CO3. Both crucibles are surrounded by a temperature-controlled copper furnace with an
accuracy of ±0.1 K. This allows one to heat the sample.

The sample can be actively cooled by a separate heat exchanger connected to a vortex
cooler. The vortex cooler generates cool air by expanding pressurized air at 7 bars. This air
flows through the heat exchanger tubes surrounding both crucibles. The crucibles are not
in direct contact with this cooling stream.

A thermal bath at 25 ◦C ensures that the balance of the STA is kept at isothermal
conditions at all times. The STA is calibrated before use. A modular humidity generator
(MHG ProUmid) connected to the STA is used to supply water vapor to the sample. The
humidifier uses an adjustable flow rate of dry air as a carrier gas. A flow of liquid water
from a water reservoir is combined with a flow of dry air in a mixing chamber. The flow
coming from the mixing chamber is a constant air stream with a set partial water pressure.
The flow rate of humidified air can be set from 0 to 450 mL/min. The humidified air stream
in the STA furnace flows from top to bottom through the furnace, directly on top of the
sample crucibles. A typical STA run is schematically displayed in Figure 3. To start a
measurement with a dry sample, the prepared batch of mechanically pulverized K2CO3 is
dehydrated and stored in a sealed container prior to a measurement. After taking a small
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sample from this container, it is loaded quickly (less than 1 min exposure to environmental
air) in the STA furnace, while a constant stream of dry air from the humidifier is flowed
through the furnace. This minimizes the amount of water that the sample can absorb prior
to the measurement.

Figure 3. Representation of a typical STA run (not to scale). The partial water pressure is indicated by
the solid and dashed lines. The temperature is indicated by the dotted line.

First, the K2CO3 sample is heated from the environmental temperature T0 to
Tdeh = 120 ◦C, with a heating rate of 1 K/min. This is followed by an isothermal to
ensure complete dehydration of the sample. Typically, this isothermal lasts for 1 h, which
is enough to fully dehydrate the sample. Next, the sample is cooled down to 40 ◦C with
a cooling rate of 1 K/min. A stabilization period of 40 min following the cooling process
ensures an isothermal sample with a temperature of 40 ◦C. After the stabilization period,
the water vapor is increased from Pwv,deh = 0.2 ± 0.2 mbar to Pwv,hyd = 12 ± 0.2 mbar, at
time thyd,ini. This initiates the hydration reaction of the sample. Typically, the sample is
hydrated for 120 min, during which the conversion factor is measured from (3) or (4).

4. Results and Discussion
4.1. Flow Rate Dependency

Since water transport from the humidifier to the sample can be a hydration-limiting
process [16], the effect of the moist air flow rate on the hydration time of K2CO3 is inves-
tigated by STA. The average hydration time is defined as the time it takes to hydrate a
sample from α = 0.05 to α = 0.95. The experimental procedure is shown schematically in
Figure 3. Samples are taken from the large batch and loaded in the STA.

Hydration measurements are performed using three different sample masses: 4.0 mg,
2.0 mg and 1.5 mg. Different sample masses are used to exclude the effect the powder bed
thickness has on the hydration time. The water partial pressure is set to 12 mbar, and the
flow rate is set to 350, 400 or 450 mL/min at all three sample masses. For each measurement,
a new sample was taken from the large batch. The average hydration time was measured
three times at each flow rate. The hydration time is evaluated using the DSC signal (αQ(t),
Equation (4)). The result is displayed in Figure 4.
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Figure 4. Hydration time for different flow rates and different sample masses. The measurements
were executed at a water partial pressure of 12 mbar. The set flow rates were flow rates of 350, 400
or 450 mL/min. Measurements indicated by circles and crosses are shifted slightly horizontally to
enhance visibility.

Figure 4 shows that a sample mass of 4.0 mg results in a constant hydration time of
approximately 40 min. This hydration time is independent of the flow rate. However,
decreasing the sample mass from 4 to 2 mg shows a decrease in hydration time from 40 to
about 30 min. Further reduction in the sample mass from 2.0 to 1.5 mg does not decrease
the hydration time. Additionally increasing the flow rate from 350 to 450 mL/min does
not affect the hydration time, indicating that particle hydration is not hindered by the
inter-particle flow. This highlights the importance of the powder bed thickness, which
can strongly affect kinetic curves [14,43–45]. Figure 5 shows the powder beds in the STA
crucibles for the three different measured sample masses.

(a) (b) (c)
Figure 5. Pictures of the powder bed for a 4.0 mg (a), 2.0 mg (b) and 1.5 mg (c) sample. The pictures
were taken with a zoom factor of 19.2 using a Zeiss SteREO Discovery V20 microscope. The dark
areas on top are caused by a non-uniform light source.

It is observed that the 4.0 mg sample (Figure 5a) has significantly more K2CO3 powder
in the crucible than the 2.0 and 1.5 mg sample masses. The powder bed thickness is
estimated using an average particle diameter of 36 µm, a particle density of 2.43 mg mm−3,
and the crucible surface area of 28 mm2. A single layer of approximately 28,000 particles
completely covers the bottom surface of the crucible. The estimated number of particles in
the crucible for each measured sample mass is shown in Table 1.
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Table 1. Estimated number of particles and particle layers in the crucible.

Sample [mg] # Particles [-] # Layers [-]

4.0 ∼67,000 2.4
2.0 ∼33,000 1.2
1.5 ∼25,000 0.89

It is observed from Table 1 that the 4.0 mg sample consists of well over two particle
layers in the STA crucible. The water vapor needs to diffuse through at least one layer
before reaching the second layer of particles. This makes the bottom layer of particles
less accessible to water vapor and, therefore, the overall hydration time is increased for
thicker powder beds. The 2.0 and 1.5 mg samples are estimated to have a bed thickness
of approximately one layer. The 1.5 mg sample has a layer thickness of 0.89. This means
that there are ‘holes’ in the powder bed, which is also observed from Figure 5c. A layer of
approximately one-particle thickness ensures that the water vapor does not need to diffuse
through multiple particle layers. This results in a faster hydration time. This is supported
by the data shown in Figure 4. In this study, water transport to the particles is excluded as a
possible limit for the hydration rate by making sure the particle bed is only one layer thick
(the sample mass is 1.5 ± 0.2 mg) in combination with a high flow rate of 450 mL/min.

The hydration of K2CO3 was recently studied by Sögütoglu et al. [16]. Crucibles were
used with a surface area of approximately 28 mm2, similar to the crucible area used in this
work. The authors used 50–164 µm particles and a sample mass of approximately 5 mg, so
the crucibles in their study contained 3.3 particle layers. This is an important difference
with this study. The authors concluded that for their case, the hydration limitation is water
diffusion to the particle surface.

4.2. Pseudo-Steady State Assumption

One of the requirements to accurately describe the hydration reaction using Equa-
tion (2) is that there should be no accumulation of intermediate species. The reaction should
be in a pseudo-steady state [19,24,46,47]. During a pseudo-steady hydration reaction, the
heat released during the reaction is linearly related to absorbed water. To investigate the
pseudo-steady state assumption, four K2CO3 samples of 1.5 ± 0.2 mg are taken from the
large batch. The measurement procedure and conditions are similar to Section 3.2. The
hydration conversion was determined using TGA (Equation (3)) and DSC (Equation (4)). A
reaction is in a pseudo-steady state if αm(t) ≈ αQ(t) [24]. The result of the pseudo-steady
state check is displayed in Figure 6.

0 500 1000 1500 2000 2500 3000

time [s]

0

0.2

0.4

0.6

0.8

1

 [
-]

m

Q

Figure 6. Validation of pseudo-steady state conditions for Thyd = 40 ◦C and Pwv,hyd = 12 mbar.
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It is observed from Figure 6 that within experimental accuracy αm(t) = αQ(t) and,
therefore, the hydration reaction indeed occurs in a pseudo-steady state. This satisfies the
first requirement for the use of Equation (2).

4.3. RDS Assumption—Jump Experiments

The second requirement for the use of Equation (2), is that there should be a rate-
determining step throughout the complete hydration reaction. To validate this, so-called
‘jump experiments’ are performed. During these experiments, the temperature or the partial
water pressure is suddenly changed [18,19,22,24]. Jump experiments can be employed to
perform two different tests: the ‘φSm-test’ and the ‘ f (α)-test’.

4.3.1. The ‘φSm-Test’

The φSm-test can be employed to check whether the complete hydration reaction can
be described using a RDS [19,22,23,39,46–48]. The test is performed by performing jump
experiments by changing the temperature or pressure at different α. The reaction rate
before and after the jump is then determined. If the ratio of the reaction rates after (Ra) and
before (Rb) the jump is identical, then the elementary step controlling the reaction rate is
the same during the complete transformation. If the jump is executed fast enough, the Sm
term is eliminated and the ratio Rab becomes

Rab =
Ra

Rb
=

(
dα
dt

)
a(

dα
dt

)
b

=
φ(Thyd,b, Pwv,a)Sm(tini,jump)

φ(Thyd,b, Pwv,b)Sm(tend,jump)
≈

φ(Thyd,b, Pwv,a)

φ(Thyd,b, Pwv,b)
. (10)

If the ratio Rab is constant for various α, then Equation (7) is valid [24].
In this paper, a jump in partial pressure is imposed. The jump procedure is visualized

in Figure 7. A sample of 1.5 ± 0.2 mg is taken from the large batch and dehydrated for
60 min at 120 ◦C and Pwv,deh = 0.2 ± 0.2 mbar. After dehydration, the sample is cooled
down to Thyd = 40 ◦C, and the partial water pressure is kept stable at 2 ± 0.1 mbar to
prevent hydration. At a time indicated by symbol x in Figure 7, the hydration is initiated
by increasing the partial water pressure to 10 mbar. This is reached at the time indicated by
symbol o in Figure 7. From this moment, the hydration starts. After a certain hydration
duration, the jump is initiated at symbol� in Figure 7, corresponding to a certain conversion
α by suddenly increasing the partial water pressure from 10 ± 0.1 mbar to 12 ± 0.2 mbar.
This jump in partial water pressure takes approximately 30 s. Here, the jump is at t =
540 s. The jump is started at 10 mbar and 40 ◦C to ensure that the hydration reaction is
ongoing. Reaction 1 is shifted completely to the right, so the sesquihydrate is being formed.
Jumping from 10 to 12 mbar at 40 ◦C ensures that the jump takes place when the particles
are hydrated. The jump ends at symbol ∇.

A relatively small jump of 2 mbar is chosen because the jump needs to be large enough
to be able to measure the change in hydration rate, but small enough to make the jump fast.
The reaction rate as a function of the conversion for a typical jump experiment is displayed
in Figure 8, which corresponds to the jump procedure presented in Figure 7.

We start with dα
dt = 0 at t = 300 s. The reaction rate increases, peaks at less than 10%

conversion when the partial water pressure has reached 10 mbar, and gradually decreases
afterwards. At t = 540 s and α = 0.45, the jump is initiated causing dα

dt to increase again.
From the plot, we notice that the ratio Rab is approximately 1.5 in this case.
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Figure 7. Representation of a ‘jump experiment’ performed using the STA.
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Figure 8. αQ versus the hydration conversion rate for a single jump experiment. Pwv,b = 10 mbar,
Thyd,b = 40 ◦C. Pwv,a = 12 mbar, Thyd,a = 40 ◦C.

Several jump experiments are performed at multiple αQ. Jumps at different values αQ
are obtained by allowing the sample to hydrate longer before initiating the jump. During
the 30 s jump duration, the conversion is already affected by the change in partial water
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pressure before the end of the jump is reached. Ideally, the jump is made instantaneously,
but due to the experimental setup limitations, this is not possible. The jump duration is
7–8 times smaller than the time of hydration it takes to reach 50% conversion. Therefore,
reliable results can be achieved as the hydration reaction progresses to larger values of α.

Figure 9 displays the results from experiments at 40 ◦C, and jumping from a partial
water pressure of 10 to 12 mbar. It is observed that for 0.37 ≤ α ≤ 0.92, Rab is approximately
constant. It is concluded that the hydration reaction of K2CO3 can be described using a
RDS. This meets the second condition for the use of Equation (2).

0 0.2 0.4 0.6 0.8 1

Q
 [-]

0

0.5

1

1.5

2

R
a
b
 [
-]

Figure 9. Jump ratio Rab as a function of the conversion αQ. The values lie within 10% of the mean
(dashed line) value 1.63.

4.3.2. The ‘ f (α)-Test’

A second test that employs jump experiments is the so-called ‘ f (α)-test’ [18,22,23,39,46,48].
With this test, one can determine if the hydration reaction rate can be described using a
one-process model (instantaneous nucleation), or if a two-process model (nucleation and
growth are simultaneously active) is required.

The f (α)-test is executed by performing two experiments at 40 ◦C using a flow rate of
450 mL min−1 and a sample mass of 1.5 ± 0.2 mg. In the first experiment (the one without
a jump), a partial pressure of 12 mbar is applied. The second experiment is performed at a
partial pressure of 10 mbar, and after a certain moment, a jump is made to 12 mbar. If the
conversion rate, after jumping from 10 to 12 mbar, overlaps the curve where no jump is
performed, a one-process model can be used to describe the reaction, and Equation (2) can
be used.

Figure 10 shows the results of the f (α)-tests. The grey curve shows the conversion rate
at Thyd = 40 ◦C and Pwv,hyd = 12 mbar without jumps. The initial conditions of the four black
curves are Thyd = 40 ◦C and Pwv,hyd = 10 mbar. At four different α values, the partial water
pressure is rapidly increased from 10 to 12 mbar. We note that all black curves catch up
with the grey curve sooner or later.
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Figure 10. The conversion rate dα/dt as function of αQ for the f (α)-test. Y2 shows the conversion rate
at Thyd = 40 ◦C and Pwv,hyd = 12 mbar without jumps. Y1 starts at Thyd = 40 ◦C and 10 mbar, and after
a certain moment, the partial pressure is rapidly increased from 10 to 12 mbar, causing a ‘jump’.

We conclude that not only is there a rate-determining step as previously discussed,
but also this RDS is only a function of α as given in Equation (2).

4.4. Modeling

In this section, it is further investigated if a one- or two-process numerical model
should be used to describe the hydration reaction of K2CO3. This is done by fitting a
numerical model to experimentally obtained data. The particles in the model are assumed
to be perfect spheres with a homogeneous particle size distribution, similar to the large
sample batch (Figure 2). The particle radius ranges from Dmin = 22 µm to Dmax = 46 µm.
The molar volume VmA of dry K2CO3 is 6.0352 × 10−5 [m3 mol−1].

The model is fitted on the experimental data by using the optimization tool ‘fminsearch’
in MATLAB. The experimental data is obtained by averaging the conversion of 6 complete
hydration reactions, performed at Pwv,hyd = 10 mbar and Thyd = 40 ◦C. The coefficient of
determination R2 is used to assess the accuracy of the fitted model.

4.4.1. One-Process Model—Instantaneous Nucleation Limited by Diffusion

First, a one-process diffusion model is used to describe the hydration conversion of
K2CO3. The D3 diffusion model (Equation (8)) is employed and the difference between the
experimental data and the model is minimized by fitting the areic growth rate φ. The result
is displayed in Figure 11:

Figure 11 shows the hydration conversion α versus time using a one-process diffusion-
limited model. The model is compared to an STA measurement. Both numerically and
experimentally obtained values of α are compared. It is observed from Figure 11 that the fit
of the D3 model to the experimental data is particularly good, resulting in an R2 of 0.9872.
The model underestimates the experimentally obtained conversion slightly from 200 to
800 s. Afterward, it slightly overestimates the conversion from 800 to 5000 s.
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Figure 11. The hydration conversion versus time for the one-process diffusion-limited model (D3).
Fitting results: φ = 6.9975 × 10−5 [mol m−2s−1], R2 = 0.9872.

4.4.2. Two-Process Models—Simultaneous Nucleation and Growth

For completeness, we also investigate simultaneous nucleation and growth. We chose
to solve the isotropic two-process model (Equation (9)) by the method as explained in
the work of Helbert et al. and Favergeon et al. [21,49]. Their approach is adopted in this
work. At the start of the simulation, nucleation is initiated at the surface of the K2CO3
particles. Nucleation is assumed to follow a space–time Poisson distribution with a mean
areic frequency λ, applied in a similar way to the work of Helbert et al. [49]. Nuclei
appear on the surface and grow deterministically and isotropically toward the center of the
particles. The main advantage of modeling this way is that the model can be applied to any
geometrical particle shape.

In the case of diffusion-limited growth, the diffusion of water through the hydrated
K2CO3 layer into the particles limits the conversion rate. Numerical models are employed
to calculate the penetration depth by each formed nuclei at time t. The penetration depth
ri(t, τi) [m] by the nuclei’s diffusion-limited growth (see Figure 12) into the particle at time
t is given by [42]

ri(t, τi) =
√

D(t− τi) for t > τi. (11)

with τi the birth time of the ‘ith’ nuclei formed on the particle surface. The difference
between experimental data and the model is minimized by fitting the diffusion coefficient
D [m2s−1] and the nucleation rate γ.
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Figure 12. Schematic 2D representation of the penetration depth ri that originates from nuclei i, with
i = 1:4. Nuclei are indicated with red dots. The blue areas indicate hydrated K2CO3; the grey areas
indicate anhydrous K2CO3.

The conversion of a single particle αp is calculated based on the ratio of transformed
over original K2CO3. The conversion of multiple particles is determined by incorporating
the particle size distribution (Figure 2) as a weight function using the volume of the
individual particles [49]. The modeled hydration conversion is then given by

α(t) =
1

Vtot

ptot

∑
p=1

Vpαp(t)), (12)

with Vtot the total volume of all particles [m3], Vp the volume of particle p [m3], and ptot
the total number of simulated particles.

The two-process diffusion-limited model is compared to the experimental data. For
the penetration depth, Equation (11) is employed. The model is optimized for the diffusion
coefficient D and the nucleation rate γ. The result is shown in Figure 13.

It is observed that the two-process diffusion-limited model almost perfectly fits
the experimentally obtained hydration conversion of K2CO3 for the optimized values
D = 9.80 × 10−14 m2s−1 and γ = 3.40 × 109 nuclei m−2s−1. For these values, an R2

of 0.9997 is found. To see the effect of the nucleation rate on the conversion α, the op-
timized diffusion coefficient D = 9.80 × 10−14 m2s−1 is kept constant, and the nucle-
ation rate is changed by one order of magnitude from γ = 3.40 × 106 nuclei m−2s−1 to
γ = 3.40 × 109 nuclei m−2s−1. For each nucleation rate, the hydration conversion is cal-
culated and also displayed in Figure 13. It is observed that the higher the nucleation rate,
the more the modeled conversion curve moves to the experimentally obtained curve. It
is also observed that for lower nucleation rates, the S-shape of the modeled conversion
curve becomes evident. This S-shape is typical for conversions of a material where both
nucleation and growth processes are simultaneously active.
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Figure 13. Isotropic diffusion-limited model. The effect of the nucleation rate shown by increasing
γ from γ = 3.40 × 106 nuclei m−2s−1 to γ = 3.40 × 109 nuclei m−2s−1 (D = 9.80 × 10−14 m2s−1).
For γ = ∞, the optimized diffusion coefficient becomes D = 7.18 × 10−14 m2s−1. At γ = ∞, all the
surface points of the particles are nucleated instantly.

Finally, the nucleation rate is set to γ = ∞, and the diffusion coefficient is optimized to
fit the experimental data. This results in D = 7.18 × 10−14 m2s−1. It is observed that for
infinitely high values of γ (instantaneous nucleation), the model is in excellent agreement
with the measurement data. The differences between the curve for γ = 3.40 × 109 nu-
clei m−2s−1 and the curve of γ = ∞ and the experimental data are very small. The diffusion
coefficient of 7.18 × 10−14 m2s−1 translates to the same growth rate obtained in Figure 11
using φ = D

rmean∗VmA
, with rmean the mean particle radius [m]. This proves that the isotropic

diffusion-limited model reduces to the D3 model for instantaneous nucleation.
This confirms that the hydration of K2CO3 is governed by instantaneous nucleation

and can be described using a one-process model. It is concluded that the hydration reaction
of K2CO3 at Pwv,hyd = 12 mbar and Thyd = 40 ◦C is governed by instantaneous nucleation
and diffusion-limited growth. The results in Section 4.2 show that the hydration reaction of
K2CO3 happens in a pseudo-steady state. The results from Section 4.3 show the existence
of a RDS. Together with the observation that the hydration can indeed be described using a
one-process model, this proves that Equation (2) is valid to describe the hydration reaction
of K2CO3 at Pwv,hyd = 12 mbar and Thyd = 40 ◦C.

The effect of cycling on the hydration is not investigated in this work. In our previous
work [42], we showed that the hydration rate of K2CO3 particles increases over multiple
charge and discharge cycles due to crack formation and volume increase in the salt hydrate
particles. We showed that this behavior is captured well by a one-process diffusion-limited
model in which crack formation is included.

5. Conclusions

This paper aims to improve the understanding of the hydration reaction of K2CO3.
It is investigated if the hydration reaction can be described using the commonly used
‘Arrhenius-f (α)’ equation. To this end, the hydration of K2CO3 particles is investigated by
STA experiments and nucleation and growth models.

It is shown that the hydration time is independent of the flow rate for a sample mass
of less than 2 mg and at flow rates higher than 350 mL/min. The hydration temperature is
40 ◦C, and the partial water pressure Pwv,hyd is 12 mbar. The powder bed thickness should
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be at maximum one-particle-layer thick to make sure water vapor transport toward the
particles is not limiting the reaction.

A comparison of TGA data (αm) and DSC data (αQ) shows that the hydration of K2CO3
happens at a pseudo-steady state. There is no significant buildup of intermediate species.
This satisfies the first requirement for the use equation of the ‘Arrhenius- f (α)’ equation.

So-called ‘jump experiments’ are performed at a constant hydration temperature of
Thyd = 40 ◦C. The partial water pressure is rapidly changed from 10 to 12 mbar during these
experiments. The results show the existence of a rate-determining step for 0.37 ≤ α ≤ 0.92.
This satisfies the second requirement for the use of the ‘Arrhenius- f (α)’ equation.

A one-process diffusion-limited model (D3) was used to model the conversion of
the hydration reaction. This model implicitly assumes instantaneous nucleation. A good
agreement between the model and the experiment was found.

Next, an isotropic two-process model was considered in which both nucleation and
diffusion-limited growth were simultaneously active. The main advantage of this model is
that it is applicable to any geometrical particle shape. The two-process model reduces to a
once-process model at γ = ∞. At this γ, an excellent agreement with the measurement data
was found. Therefore, it is concluded that the hydration reaction can indeed be described
using instantaneous nucleation and diffusion-limited growth. This satisfies the third and
final requirement to use Equation (2) to describe the hydration reaction at Thyd = 40 ◦C and
Pwv,hyd = 12 mbar, and leads to the general conclusion that the hydration reaction of K2CO3
particles can be modeled by a one-process model, such as the ‘Arrhenius- f (α)’ equation.
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