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ARTICLE INFO ABSTRACT

Keywords: K,COs is a promising salt for thermochemical heat storage. For a high performance, the thermochemical reaction
Hydration of salts must take place as close as possible to the equilibrium, while ensuring sufficient reaction rates. In this work, we
K,CO3

studied the near-equilibrium hydration kinetics of K,CO3 and other salts (CuCl,, MgCl, and LiCl). We proposed a
generic two-step mechanism for the hydration of salts, consisting of (1) adsorption of water vapour and disso-
lution of ions from the initial phase (a wetting film) and (2) formation of the hydrate crystal (crystallisation from
the wetting film). The two steps are assumed to be in momentarious balance during the hydration process. As a
result, nucleation is rate limiting at low supersaturations of water vapour (inside the metastable zone), and water
diffusion to the wetting film is rate limiting at high supersaturations (outside the metastable zone). We have seen
that the vapour pressure of the wetting film stabilises at the metastable zone boundary p*. The driving force for
hydration outside the metastable zone (MZ) is therefore the pressure difference between the atmospheric vapour
pressure and the vapour pressure of the wetting film, p — p*. Non-Parametric Kinetic analysis of the hydration of
K,CO3 indicates that nucleation plays a central role inside the metastable zone (at low supersaturations) as
expected. Outside the MZ, the analysis suggests a steady conversion rate, in agreement with a water vapour
diffusion limitation. The diffusion limited process at high supersaturations hardly depends on the temperature,
but mainly on the pressure difference, as expected. It is further shown that the diffusion limited process can be
characterised with an apparent activation energy. However, this apparent activation energy is in fact the hy-
dration enthalpy and does not refer to a real energy barrier.

Thermochemical energy storage
Non-parametric kinetic analysis
Nucleation

therefore necessary and have been studied extensively [14,15].

K2CO3 has an energy density of 1.28 GJ/m® when fully dehydrated
by heating to 100 °C. Based on cyclic measurements, the compound can
store 15-66 GJ annually, repeated over at least 20 years [7]. The salt has
a reversible reaction from anhydrous to sesquihydrate:

1. Introduction

Thermochemical heat storage is a proven concept for compact do-
mestic heat storage and is based on the reversible reaction of the solid
thermochemical material and a gas. Heat can be stored virtually loss-
free in the absence of the gas and can be extracted at domestic usage

KzCO}(S) + ISHQO(g);\K2CO315H20(S), (l)

temperatures, typically between 30-70 °C [1,2].

Recently, KoCO3 was identified as one of the most promising salt
hydrates for thermochemical heat storage [3]. The compound is chem-
ically and physically robust compared to other candidates which have
been studied in detail such as MgCl, [4-7], CaCly [8,9], MgSO4 [10,11]
and NayS [12,13,7]. The latter compounds, in contrast to KoCOs, loose
their heat storage capacity due to chemical degradation (MgCly, NasS
[71) or due to clogging (MgCly, CaCl,, MgSO4). Mitigation routes are
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where the anhydrous phase is referred to as a and the sesquihydrate is
referred to as . The reaction is in equilibrium at 59 -C at a partial water
vapour pressure p of 12 mbar. That means that the material could deliver
a temperature of 59 °C when exposed to water vapour of 12 mbar (a
typical water vapour in winter in Western Europe, i.e., a water source of
10°C [3]).

However, the reaction rate is inhibited above 45 -C, which is 14°C
below the equilibrium temperature [16,17]. As a consequence, the
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Nomenclature Roman symbols
a, b stoichiometric coefficients
Acronyms D diffusion constant, m?1/s
DSC differential scanning calorimetry d boundary layer thickness, m
MZB metastable zone boundary AG Gibbs free energy of hydration per mole water, J/mol
MZ metastable zone fla) conversion dependency, reaction model
TCES thermochemical energy storage J molar flux, mol/m?s
TES thermal energy storage Jnuce nucleation rate, 1/s
TGA thermogravimetric analysis h(...) driving force dependency
SDTA simultaneous differential thermal analysis k(D) temperature dependency, 1/s
p0 reference pressure, 10° Pa
Greek symbols ) P partial pressure of gas, Pa
@ convt'ersmn p* partial pressure at metastable zone boundary, Pa
da/dt reactlohn rate, 1/5 Deq equilibrium partial pressure of gas, Pa
AH;’ hydrat{on enthalpy per mole water, J/mol s partial pressure at the film, Pa
AS hydration e‘zntropy Per mole water, J/mol K R universal gas constant, J/mol K
Ap difference in chemical potential, J/mol T temperature, K
u chemical potential of water, J/mol ¢ time, s
maximum temperature at which heat can be extracted under working
conditions is 45 °C with a peak power of 130 W/kg at 33°C [3,7]. I L - L
The performance of a thermochemical material is defined by tem- ~ { " \ .
perature and reaction rate. The temperature at which heat can be LA e %\6 R
(o) .
extracted is limited by the reaction equilibrium. For a high performance, o\\)\\ . \\
the storage must be operated as close as possible to the equilibrium, — S N (1)
while ensuring sufficient reaction rates. Thus, knowledge of the reaction a 104 \\
kinetics in close vicinity of the equilibrium is required to design an O
efficient heat battery. & §
Also for other salts, the conversion rate was found to be inhibited at ~ o R
vapour pressures close to equilibrium [17-19]. Recently, the Q 9 3 i 0,\9\
near-equilibrium zone was framed as a metastable zone (MZ) where AN \\ :
nucleation and growth processes play a role. It was hypothesised that the !
hydration proceeds through a wetting layer, that is, a mobile wetting \ 1
film with water and ions from which the new phase can crystallise [17]. 1 \ ‘ : :‘1_
In this work, a generic hydration mechanism is proposed for salts, 20 30 40 50 '50 70
based on which we formulate the rate-limiting step in the hydration T(°C)
process. We evaluate our hypothesis using an independent tool, non- (a)
parametric kinetic analysis, as described by Birkelbach [20]. Two
different driving forces are considered in order to test our assumptions
about the rate-limiting step in the hydration process.
P T Loading dL/dt
25+ 0.10
2. Materials and methods 1201 . s
201 i '
K5CO3-1.5H20 (pro analysis) was purchased from Sigma-Aldrich. r0.05
CuCl,-2H50, MgCl,-6H20 and LiCl (pro analysis) were purchased from 15 1001 L1o
Merck. All salts were sieved to 50-164 pm size fraction, which is the L 0.00
typical powder size used to compact KoCOj3 in the form of granules for 104 80
thermochemical heat storage application. The salts were sieved to the 05
same size for experimental comparison and were used without any 5] 60 1-0.05
further purification. Loo
A thermogravimetric analyser of type Mettler-Toledo TGA/SDTA 04
851e was equipped with a home-built humidity generator. Humidified 40 0 40‘00 8000 12000 -0

nitrogen was used as reactive gas (500 mL/min). The reactive gas was
brought to the desired water vapour pressure by mixing dry gas (0% RH)
and wet gas (100% RH) at a controlled temperature of 21 -C. The water
vapour pressure was calibrated with an accuracy of +0.5 mbar using the
gravimetric signal at the deliquescence point of LiCl-H>0, CH3COOK,
K2C03-1.5H20, MgC12'6H20 and Mg(N03)2~6H20 at 25 -C and LiCl-HzO
at 40; 50; 55; 60 oC [21]. Temperature calibration was performed using
the Simultaneous Differential Thermal Analysis (SDTA)-signal of
melting points of Indium, Zinc and Aluminium. In case of an endo-
thermic process such as melting, a differential signal is observed [22].
Approximately 5mg of the hydrated salt was placed in a 40 pL

t(s)
(b)

Fig. 1. (a) p-T-phase diagram of K,COj3 indicating the experimental conditions
(indicated by the bullets) in isothermal-isobaric experiments. The metastable
zone is hatched. (b) Example of a hydration experiment, conditions shown by
the arrows in (a). The sample dehydrated at T=115°C and p = 0 mbar. After-
wards, the temperature is changed to T = 58 "C. Next, the pressure is adapted to
p=20mbar - point (1) — to induce hydration. The hydration onset (2) and
maximum rate of conversion (3) are indicated.



L.-C. Sogiitoglu et al.

Pags P Peg R
S
100+ et \\\t\‘\
I S
\ W W
) QR IS
g 10 E e =~ P & \\\\
£ - \\\
Q \\\\\\\
14 N
e
NN el e
0 1 \\\\\ = - IvY.etasitalezénebandary. & )

0 20 40 60 80 100 120

T(°C)

Fig. 2. Experimental phase diagram of K,CO3. The following transition lines
are indicated: deliquescence pressure of KyCO3-1.5H,0 pqe (dotted line);
metastable zone boundary p* (dashed lines); hydration equilibrium pressure peq
(solid line). The region where K>CO3-1.5H,0 is stable is shown in solid grey.
The region where K,COj is stable is hatched.

Mettler-Toledo standard aluminium pan without lid. As reproducibility
check, isothermal-isobaric hydration experiments were performed twice
on K3CO3-1.5H0. The experiment was performed at the following
temperatures: T = 40, 50 and 58 -C (experiment 1) and T = 25, 40 and
50 -C (experiment 2) at vapour pressures between 4-20 mbar.

A typical hydration experiment is shown in Fig. 1. The p-T-conditions
of the experiments are indicated by the bullets in the phase diagram in
Fig. 1a. The sample was prepared in anhydrous phase (KoCOs3) by drying
at p=0mbar and T=115°C. After the drying step, the temperature is
changed to the hydration temperature, T = 58 "C. When the temperature
is stable at 58 °C, the hydration pressure (20 mbar) is applied to start
hydration. Fig. 1b shows that a relatively short induction period passes
after applying the hydration pressure, point (1). Hydration starts at
point (2) and the hydration rate typically reaches a maximum after half
conversion, point (3). For further details, we refer to the Data in Brief.

3. Current view on the hydration process
3.1. Phase behaviour of salt hydrates

The hydration of a salt involves a complex solid-solid phase transi-
tion, where the starting lattice of the a-phase reorganises to the more
stable lattice of the f-phase by incorporation of fluid water. The generic
equilibrium reaction is

MX-aH,0 (s) + (b — a)H,0(g)=MX-bH,0 (s), @

where MX-aHy0 represents the lower hydrated phase a,
MX - aHoOMX - bH0 represents the higher hydrated phase $ and (b — a)
is the stoichiometric coefficient of the water.

From a thermodynamic perspective this reaction is characterised in
standard conditions by the reaction Gibbs free energy AG® [J/mol]

AG" = AH® — TAS® = RTIHES, 3)
P

where AH® [J/mol] is the reaction enthalpy per mole water at standard
conditions, T [K] is the absolute temperature, AS° [J/mol K] is the re-
action entropy per mole water at standard conditions, R [J/mol K] is the
gas constant, peq [Pa] is the partial pressure of vapour in equilibrium
with the salt and p° = 10° Pa is the standard pressure.

The water vapour pressure at which the gaseous phase and the
condensed phase are in equilibrium, peq [Pal, is then described by the
following thermodynamic relation:
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p water vapour

water and ions

d (1)

, =
-
Peq™ s\ B W&\

Fig. 3. Schematic cartoon illustrating the two-step hydration process. (1)
Adsorption of water and dissolution of ions from the original phase a. (2)
Formation of the new crystalline hydrated phase f. p is the partial pressure of
the water vapour in the atmosphere, ps is the vapour pressure of water in
equilibrium with the wetting film (hatched) and pq is the vapour pressure of
water in equilibrium with the hydrate. The boundary layer thickness between
atmosphere and wetting film is indicated with d.

Peq = plexp( — AS° /R)exp(AH’ /RT). O]

There is a thermodynamic driving force for hydration if p > peq. Le.,
when p > peg, the f§ phase is thermodynamically more stable than the a
phase. Water will be taken up by the salt and § will be formed. At p < peq
the opposite holds. The phase behaviour of KoCOs is given in the phase
diagram in Fig. 2 [17]. The p-phase is stable until it dissolves as a result
of a second transition, called deliquescence. At the deliquescence point,
Ddel, the p-phase forms an aqueous solution by further water uptake.

Reaction (2) does not always start instantaneously at water vapour
pressures p > pPeq. This is because the initial formation of the new phase
can form a barrier for the hydration transition [17]. The initial stage of a
phase transition, in which small nuclei of the new phase are formed is
called nucleation. If nucleation proceeds very slowly, the old phase is
said to be metastable. The upper dashed line (the metastable zone
boundary) in Fig. 2 marks the limit of the metastable zone: above that
line, the a-phase is unstable. The metastable zone boundary (MZB) is
indicated by p*. Note that the f-phase is also metastable (lower dashed
line).

3.2. The proposed mechanism of hydration

Building on the current view of hydration and water-salt interaction
[17,18,23], here we hypothesise the mechanism of hydration as a
two-step process. The hypothesis is schematically illustrated in Fig. 3.
The hydration process is viewed in total, i.e., the travel of a water
molecule from the atmosphere to its final position in the lattice. We can
cluster the travel in two steps: Step (1) — adsorption to the surface from
atmosphere and Step (2) — inclusion from the surface into the final lattice
position.

In step (1) sub-processes occur such as diffusion from atmosphere to
wetting layer; adsorption of water; mobilisation/dissolution of ions;
exclusion of water from the initial phase. In step (2) inclusion of water
into the final phase and formation of the crystalline structure (crystal-
lisation) will play a role.

The cartoon in Fig. 3 is simplified in the sense that it suggests nuclei
of the crystalline § phase in a wetting layer. However, it is more likely
that there is no real a and f phase in proximity of the mobile wetting
film, but rather a disordered cluster of ions and water, resembling the
final crystalline $ phase.

The basic driving force for process (1), adsorption onto the wetting
layer, is the difference between the chemical potential of water vapour
in the air 4 and the chemical potential of water vapour in equilibrium
with the wetting film y. Since the chemical potential can be described in
terms of the vapour pressure p at low vapour pressures

Apgy = p = py = RTin(p/py), ®)
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where p and pyare the partial pressures of water vapour in the air and of
water vapour in equilibrium with the wetting film respectively.

The driving force for process (2), incorporation of water from wet-
ting film into the hydrate crystal, is the difference between the chemical
potential of water vapour in equilibrium with the wetting film y¢and the
chemical potential of water vapour in equilibrium with the hydrate i,

A/’t(z) = Hp— Heq = RTln(Pf/Peq)v 6)

where peq is the partial pressure of water vapour in equilibrium with
hydrate crystal.

We will address the rate of the two processes in terms of the vapour
pressure of the film, py. After that, we will discuss the rate limiting step
based on the steady-state approximation. The two-step mechanism is
expected in general, disregarding the crystallite size or shape, because
the fundamental phenomena of surface wetting and nucleation of the
new phase hold for any type of crystallite.

For the rate of water adsorption onto the film, we first consider the
mean-free-path of a gas molecule in atmospheric pressures (tens of
nanometers) [24]. The stagnant air layer d at the particle surface will be
much thicker than the mean-free-path and therefore Fick’s law is a
decent approach to express the rate of water adsorption. Here, we

Nucleus

B a

Reaction interface

B a

interface
~.
i}
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
A1 - 1D nuclei-growth R1 - no contraction
— — A2 - 2D nuclei-growth — — R2 - contracting area
A3 - 3D nuclei-growth «------- R3 - contracting volume
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MZ Fig. 4. (a) The adsorption rate J(y) as a function
* of the film vapour pressure py. (b) The hydrate

formation rate Jo) as a function of the film
4 vapour pressure py. (c) Steady-state situation
where intersections represent adsorption of
water molecules in balance with incorporation
of water molecules. In the metastable zone
(MZ), the conversion rate is dictated by the
nucleation rate (intersections indicated with
crosses). Above the metastable zone boundary
(p*), the conversion rate is dictated by the
adsorption rate (intersections indicated with
circles).

Py
(c)

assume that the water directly deposits in the wetting layer once it has
reached it. I.e., no specific binding sites or grade of surface coverage is
assumed. Fick’s law follows by using the gradient of the chemical po-

tential of water vapour g—i with 0 <x < d:

D

Joy = g —pr) )

where, D [mz/s] is the diffusion constant and d [m] is the boundary layer
thickness. The resulting rate dependency as a function of py is sche-
matically plotted in Fig. 4a. At p = py, the adsorption rate is zero. This is
illustrated for five different pressures p, from low (1) to high (5) vapour
pressure p.

The rate of water incorporation as a function of pyis shown in Fig. 4b.
Earlier work indicates that this rate is subjected to a nucleation barrier
[17] as a result of favourable bulk and disfavourable surface contribu-
tions of the nucleus. Therefore, the pressure dependency of the rate is
described by the nucleation rate:

—2

K
Jo) = EexP(—lnzp /p ) 8)
eq

with x [s"1] a kinetic parameter, A [-] a thermodynamic parameter, and

Fig. 5. Reaction models relevant to this work.
The cartoons show a schematic illustration of
the start and end situation of a primary crys-
tallite, with a the reactant phase and g the
product phase. The diagrams show typical
shapes of isothermal isobaric reaction trajec-
tories where left: nucleation and growth rate is
limiting, middle: The advancement of the re-
action interface is rate limiting, right: diffusion
through the product layer is rate limiting. The
reaction model codings A(1-3,) R(1-3) and D
(1-4) [25] are used in this work.

B a

diffusion

D1 - flat plane

D2 - cylinder

D3 - sphere (Jander)
D4 - sphere (Ginstling)
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Fig. 6. Illustration of the tensor NPK method. Experimental data (a) is separated into the contributions of the independent variables conversion dependency f(@) (b)

and temperature dependency k(T) (c).

c [-] a constant [17]. At ps=peq, there is virtually no nucleation. When
the vapour pressure of the film approaches the critical pressure p*, the
nucleation rate increases drastically. That means, when ps=p*, hydrate
formation rapidly increases as nucleation is no longer inhibiting the
process.

Combining the rate of water adsorption J(1) and the rate of water
incorporation Jio), the actual conversion rate J is drawn in Fig. 4c. The
intersections between the two rates J;) and Jioy indicate the actual
conversion rate J as a function of py. It is visible that inside the MZ, the
conversion rate J is limited by the nucleation rate, J(2). Outside the MZ,
the conversion rate is limited by the adsorption rate, J(;). As can be seen
in Fig. 4c, the vapour pressure of the film py stabilises at p* outside the
metastable zone (p > p*), because of the drastic increase of the nucle-
ation rate at the critical pressure p*. The rate of hydration outside the
metastable zone is therefore

D
Jiy=——=(p—p*). 9

" dRT
4. Non-parametric kinetic analysis
4.1. Relevant kinetic models

A nucleation limitation typically influences the conversion de-
pendency of a reaction. With the goal to differentiate between the
possible reaction progresses we consider three fundamentally different
models which determine the conversion dependency. Typical shapes
have been derived for nucleation, (A), reaction interface (R) and diffu-
sion through the product layer (D) (see [25] for an extensive review). By
comparing the experimental conversion dependency with the theoreti-
cally derived reaction models, we are able to evaluate our hypothesis of
nucleation and vapour diffusion limitation.

In case of (A), a nucleation and growth limited process (Fig. 5, left),
the initial conversion rate is slow due to the time required for a signif-
icant number of nuclei of the new phase f to form and begin growing.
During the intermediate period the transformation is rapid as the nuclei
grow into particles and consume the old phase while nuclei continue to
form in the remaining parent phase. Once the transformation is almost
complete, there remains little a phase material for further nucleation
and the production of j particles begins to slow. Additionally, the g
phase particles begin to touch one another, forming a boundary where
growth stops. Avrami-like equations are used to demonstrate the pres-
ence/absence of accelerating kinetics due to nucleation-growth

phenomena, coded as A1, A2 and A3 respectively [26,27].

For (R), a reaction interface limitation (Fig. 5, middle), the initial
conversion rate is high, because there is initially maximum interface to
react. When the interface contracts due to inwards advancement of the
reaction interface, less surface is available to react and the production of
new g phase slows down. The different models according to this scenario
are coded as R1, R2 and R3.

When (D), diffusion through the product layer is rate-limiting (Fig. 5,
right), the initial conversion rate is high, because there is initially no
product layer, which forms a barrier for diffusion of reactants. The
conversion rate rapidly decreases with the build-up of product and
typically stagnates when the transformation is almost complete, because
a thick product layer inhibits the supply of reactants. The different
models according to this scenario are coded D1, D2, D3 and D4. It should
be noted that this model holds for diffusion of the reactants (water),
through the solid product, not for diffusion of water through the
atmosphere.

4.2. Algorithm

In order to compare our two-step hydration hypothesis with known
kinetic models, we made use of non-parametric kinetic analysis as
described by Birkelbach et al. [28]

Due to the complexity of gas-solid reactions, it is not practical, if even
possible, to model all the individual processes taking place during the
reaction. Issues range from collecting sufficient data, distinguishing the
effects in experimental data to finding the right models for each process.
As a solution, we use the common simplification to the single step
approximation. It is applicable, when one of the processes is signifi-
cantly slower than all the other ones. Then this process determines the
overall rate of the reaction and it is referred to as the rate limiting step.

The single step approximation formula for gas-solid reactions is
essentially a synthesis of solid-state and homogeneous reaction rate
models:

da

= F@ KT hp). (10)
This rate formula is usually referred to as the general kinetic equation
[29], where f(a) is the effect of the advancement of the reaction front in
the solid as a function of the conversion «a, often referred to as reaction
model (Section 4.1). k(T), is the effect of the absolute temperature and h

(p) is the driving force term as a function of the partial vapour pressure p
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Fig. 7. Pressure dependencies of the maximum hydration rate in isothermal-
isobaric experiments. The maximum rate is plotted against (a) the partial
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chemical driving force Inp/peq.
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[Pa].
The temperature dependency k(T) is usually expressed by the
Arrhenius equation,

k(T) = Aexp(—E,/RT) an

with A [s~1] the pre-exponential factor and E, [J/mol] the apparent
activation energy.

Various variants for the driving force term h(p) have been proposed
[30-32]. For non-parametric modelling, only an expression for the
driving force of the rate-limiting step is required. In accordance with our
theoretical considerations in Section 4.1, we chose two characteristic
driving forces: in case the chemical reaction is rate limiting, we use the
unitless thermodynamic driving force of the reaction AG

h(p,peg) = h(AG)oxh (mﬂ) . (12)
qu
Since this equation is based on the assumption, that essentially a
chemical reaction is limiting the overall rate, the equation will be
referred to as the chemical driving force.
In case the diffusion through the gas bulk is rate limiting, we use Eq.
(13) in analogy to Fick’s law in Eq. (9)

h(p,py) = h(” ;0” *) a3)

with p° as an arbitrary reference pressure (here, we use the IUPAC
standard pressure 10°Pa). Here we used the critical pressure p* as the
vapour pressure of the film (see Eq. (9)). This equation will be referred to
as the diffusion driving force.

The tensor NPK method [20] which we use in this work, separates
the effect of the conversion, temperature and pressure on the reaction
rate based on the General Kinetic Equation. It is model-free, in the sense
that no assumption about the functional form of any effect is made be-
forehand. Only the characteristic variables for each effect, i.e. conver-
sion, temperature and a driving force, are required. The shape of the
functions f, k and h is then determined from the experimental data with a
data-driven algorithm. Fig. 6 displays an illustration of the tensor NPK
method, a typical conversion dependency plot (Fig. 6b) and temperature
dependency plot (Fig. 6¢) is shown.

5. Results and discussion
5.1. Conversion and temperature dependency

Hydration rates were obtained at constant driving force by per-
forming experiments in isobaric, isothermal conditions. Rates were
measured below and above the metastable zone boundary with p — p*
between —5 and +15 mbar. The maximum hydration rate in isothermal-
isobaric conditions is plotted as a function of vapour pressure p (Fig. 7a).
Here it is visible that the rate increases monotonically with the vapour
pressure. A linear relation between pressure and rate is observed,
especially at vapour pressures below 12 mbar. The rate is generally
higher at lower temperatures. When the rate is plotted as a function of
the diffusion driving force (Fig. 7b), the linearity remains, but no clear
temperature dependency is visible. When the dataset is plotted against
the chemical driving force (Fig. 7c), an exponential relation between
rate and driving force is recognised, the rate is generally higher at higher
temperatures.

The data were further analysed with the tensor NPK method. We will
focus here on the conversion and temperature dependency. The vapour
pressure dependency of the rate based on NPK analysis using the
diffusion driving force and the chemical driving force can be found in
the Data in Brief. The vapour pressure dependency found in NPK ana-
lyses is in line with the observations in Fig. 7.

The chemical driving force (Eq. (12)) was used first for NPK analysis.



L.-C. Sogiitoglu et al.

0 0.2 0.4 0.6 0.8 1
o

(a)

Thermochimica Acta 695 (2021) 178819

0.08

0 0.2 0.4 0.6 0.8 1
a

(b)

Fig. 8. Conversion dependency of the hydration reaction of KoCO3 according to the chemical driving force. (a) Isobaric isothermal conditions, (b) isobaric (non-
isothermal) conditions. Features of nucleation-growth phenomena (arrows) and a reaction interface (*) are visible.
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Fig. 9. Temperature dependency of the hydration reaction of K;CO3 according to the chemical driving force. (a) Isobaric isothermal conditions, (b) isobaric (non-

isothermal) conditions.

Table 1

Hydration enthalpies of the considered salts and apparent activation energies
identified in this work. The hydration enthalpies are calculated from p, T data
published in a previous study [17] using the basic thermodynamic equation for
equilibrium between a condensed phase (solid or liquid) and the vapour phase of
a pure substance, under conditions of low pressure [33].

Salt AHC (kJ/mol water) E, (kJ/mol water)
K,CO3 (isothermal, isobaric) 63.4 65.6 = 18.2

67.4 £10.5

621 +7.1
K,CO3 (isobaric) 75.5 + 6.4
CuCl, (isobaric) 61.4 79.1 £10.2
LiCl (isobaric) 58.2 529+ 4.3
MgCl,-4H,0 (isobaric) 56.9 52.1+7.8

The conversion dependency (Fig. 8a) shows typical features of acceler-
ating kinetics due to nucleation phenomena. However, it also shows a
plateau(*) at medium conversion, which is rather a characteristic of a
reaction interface. In order to have a comprehensive view on the con-
version dependency, the experiment was repeated under isobaric, non-
isothermal conditions. For experimental details of the isobaric experi-
ment we refer to the Data in Brief. We found that the isobaric experiment
agrees well with the isobaric-isothermal experiment (Fig. 8b). In both

experimental conditions, the conversion dependency shows features of
nucleation-growth phenomena (indicated by the arrow) and an anomal
plateau (*), which indicates a steady reaction front. It should be noted
that diffusion through the product layer is ruled out as reaction model on
the basis of this analysis, since the experimental conversion dependency
does not match this model.

The underlying assumption of the chemical driving force is that the
rate limiting step is a chemical reaction with a single and constant en-
ergy barrier. Consequently, the temperature dependency, shown in
Fig. 9, is interpreted in terms of the Arrhenius equation (11). The
identified temperature dependency is well described by the equation
and the apparent activation energy is 62.1 &+ 7.1 kJ/mol for the isobaric-
isothermal experiment and 75.5 + 6.4 kJ/mol for the isobaric experi-
ment. The identified apparent activation energies of various salts are
gathered in Table 1, for experimental details we refer to the Data in
Brief. It is interesting that the value of the apparent activation energy is
in most of the cases similar to the hydration enthalpy.

Using the same dataset, a kinetic model with the diffusion driving
force (Eq. (13)) was derived. The conversion dependency (Fig. 10) is
once again identified as showing features of both nucleation-growth
phenomena (indicated by arrows) and a steady reaction front (indi-
cated by the asterisk). Like in the first analysis, diffusion through the
product layer is ruled out as reaction model, since the experimental
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Fig. 10. Conversion dependency of the hydration reaction of K,CO3 according to the diffusion driving force. (a) Isobaric isothermal conditions, (b) isobaric (non-
isothermal) conditions. Features of nucleation-growth phenomena (arrows) and a reaction interface (*) are visible.
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Fig. 11. Temperature dependency of the hydration reaction of K;CO3 according to the diffusion driving force. (a) Isobaric isothermal conditions, (b) isobaric (non-
isothermal) conditions.
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Fig. 12. Conversion dependency of the hydration reaction of K2CO3 (a) according to the chemical driving force inside the metastable zone — accelerating kinetics due

to nucleation-growth phenomena is visible. (b) According to the diffusion driving force outside the metastable zone - features of nucleation-growth phenomena
(arrows) and a reaction interface (*) are visible. Isobaric isothermal conditions.
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Fig. 13. Temperature dependency of the hydration reaction of K;CO3 (a) according to the chemical driving force inside the metastable zone, (b) according to the
diffusion driving force outside the metastable zone. Isobaric isothermal conditions.

conversion dependency does not match this model.

The temperature dependency in the case of the diffusion driving
force has a clear difference with respect to the chemical driving force.
There is no temperature dependency which can be interpreted in terms
of the Arrhenius equation (Fig. 11). As expected, a description based on
diffusion limitation mainly depends on the pressure difference and
hardly on the temperature.

Lastly, for separate analysis of the hydration rate in the metastable
zone, the isothermal-isobaric dataset was split into data inside the MZ
and data outside the MZ. The chemical driving force is used to model the
data in the MZ, the diffusion driving force is used to model the data
outside the MZ, in line with the two-step hypothesis; the resulting
models are shown in Figs. 12 and 13.

Inside the metastable zone (Fig. 12a), the conversion dependency
shows no clear limitation due to a reaction interface, the conversion
dependency is well fitted with the mathematics. The apparent activation
energy is 84.7 + 20.4 kJ/mol (Fig. 13a).

Outside the metastable zone (Fig. 12b), the plateau (*) in the con-
version dependency indicates that a constant reaction interface (a non-
contracting phase boundary) is involved. The rate does not depend on
the reaction coordinate anymore after circa 15% conversion. That points
towards a limitation other than nucleation. Comparison with the basic
conversion dependencies (Fig. 5) shows that other processes such as the
continuous advancement of a reaction front or build-up of a product
layer are not limiting either. This is in agreement with the view that
water diffusion to the wetting layer is the limiting process at high su-
persaturations. Furthermore, migration of the solid is expected during
the crystallisation, introducing air-solid surface area while the reaction
proceeds [34].

A model involving surface and phase-boundary controlled reactions
was originally formulated by Mampel [35], recently reconstructed [36]
as nucleation and anisotropic growth model, and the differential kinetic
equations for this type of consecutive reactions have been derived by
Ogasawara and Koga for dehydration [37]. The use of Mampel’s model
in isothermal and isobaric conditions [38,39] for hydration offers
therefore an interesting field for further study.

5.2. Link between the chemical and the diffusion driving force

Reconsidering the outcome of the NPK analysis: Why does the
chemical driving force Inp/peq lead to a consistent model with clear
activation energies (Figs. 9 versus 11), when diffusion should be the rate
limiting step outside the MZ? Only one step can be rate limiting at a
time. As it turns out, the Arrhenius like temperature dependency is
simply an artefact of the reaction equilibrium. Consequently, the

apparent activation energy in that analysis must not be interpreted in
terms of a classical energy barrier.

It can be shown that there is a link between the chemical and the
diffusion driving force. By rearranging the General Kinetic Equation
with the diffusion driving force in Eq. (13), one arrives at a similar
functional form as the classic kinetic equation with the chemical driving

force in Eq. (12):
cPa|P _px
P° |Peq Peg

where C [-] is a constant. When we make use of Eq. (4) to substitute %,

da
dr

f@c? ;0”*

= f(a) 14)

the term in square brackets is aggregated as h(p, peq)
da AS° AH®
@ =f(a)Cexp (T) exp( - ﬁ) h(p, peq)

Comparing the result with the Arrhenius rate equation (11), one dis-
covers the similarity:

(15)

o :f<a>Aexp( - %) Hpope) a6

In other words, if the rate limiting step is diffusion to the wetting
layer and the classical kinetic model in Eq. (16) is used to model the
kinetics, one will still find an Arrhenius-like temperature dependency.
Only, the apparent activation energy would not be related to the energy
barrier, but simply to the enthalpy of the reaction, that is, E; > AHC. A
typical example of this artefact can be seen in [40].

6. Conclusion

In this work, we hypothesised a generic mechanism for hydration,
which includes two steps: (1) water adsorption and ion dissolution (a
wetting film on the salt), and (2) hydrate crystallisation. The two steps
are assumed to be in momentarious balance during the hydration pro-
cess. Based on this, nucleation is rate limiting at low supersaturations of
water vapour (inside the metastable zone) and diffusion to the wetting
layer is rate limiting at high supersaturations (outside the metastable
zone). We have seen that the vapour pressure of the wetting film of the
salt crystal stabilises at the metastable zone boundary p*. The driving
force for hydration outside the metastable zone is then the pressure
difference between the atmospheric vapour pressure and the vapour
pressure of the wetting film, p — p*.

The two-step hypothesis is supported by the results of a kinetic
analysis with the Tensor NPK method. Three basic models were
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considered to fit the conversion dependency: nucleation, a reaction
interface and diffusion through the product. The vapour pressure de-
pendency was considered in two different ways: as a chemical driving
force, which assumes that the chemical reaction is rate limiting and as a
diffusion driving force, which assumes that diffusion of vapour to the
reacting surface is rate limiting.

NPK analysis of KoCOs3 indicates that nucleation plays a central role
inside the metastable zone (at low supersaturations) as expected.
Outside the metastable zone (at high supersaturations) the reaction rate
is constant and irrespective of the reaction coordinate after circa 15%
conversion. That points towards a limitation other than nucleation. The
analysis shows that other processes such as the continuous advancement
of a reaction front or build-up of a product layer are not limiting either.
These results agree with the concept of water diffusion to the surface
wetting layer as limiting process at high supersaturations.

Interestingly, the kinetics of hydration can be modelled both with the
chemical and the diffusion driving force. It could be shown, that even if
diffusion is rate limiting (outside the metastable zone), an Arrhenius like
temperature dependency can be observed. In this case the apparent
activation energy is equal to the hydration enthalpy per mole water and
must not be interpreted as an energy barrier — it is an artefact of the
reaction equilibrium.
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