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ABSTRACT: The solid-state hydration of salts has gained particular
interest within the frame of thermochemical energy storage. In this work,
the water vapor pressure−temperature (p−T) phase diagram of the
following thermochemical salts was constructed by combining
equilibrium and nonequilibrium hydration experiments: CuCl2,
K2CO3, MgCl2·4H2O, and LiCl. The hydration of CuCl2 and K2CO3
involves a metastable zone of ca. 10 K, and the induction times
preceding hydration are well-described by classical homogeneous
nucleation theory. It is further shown for K2CO3 (metastable) and MgCl2·4H2O (not metastable) through solubility
calculations that the phase transition is not mediated by bulk dissolution. We conclude that the hydration proceeds as a solid−
solid phase transition, mobilized by a wetting layer, where the mobility of the wetting layer increases with increasing vapor
pressure. In view of heat storage application, the finding of metastability in thermochemical salts reveals the impact of
nucleation and growth processes on the thermochemical performance and demonstrates that practical aspects like the output
temperature of a thermochemical salt are defined by its metastable zone width (MZW) rather than its equilibrium phase
diagram. Manipulation of the MZW by e.g. prenucleation or heterogeneous nucleation is a potential way to raise the output
temperature and power on material level in thermochemical applications.

■ INTRODUCTION

Hydration of salts has gained large interest in the past decade
for the purpose of thermochemical heat storage.1−4 In general,
heat storage is an essential aid for most of the renewable,
fluctuating energy sources. The specific concept of thermo-
chemical heat storage emerged in the 1960s,5 and although
research and development in this area remained at an early
stage for a long time, multidisciplinary studies have been
revived recently, focusing on practical aspects like the
charging/discharging temperature and volumetric storage
density of the thermochemical material.6−11

A salt acts as a thermochemical material by the following
hydration reaction:

· + − ·Fa b a bMX H O(s) ( )H O(g) MX H O(s)2 2 2 (I)

The heat is stored in the solid material MX·aH2O (phase α),
when gaseous water is desorbed and is released in the form of
binding enthalpy, when the gaseous water reabsorbs to form
solid material MX·bH2O (phase β). In this way, the salt
functions as a heat battery.
The hydration of a salt is a complex process where mass and

heat transfer accompany the exothermic binding of water, with
typical volume expansions of 50% due to drastic changes in the
crystal structure. With this complex interplay in mind, a
thermochemical salt can be described in a simplified way as a

structure α decomposing and reorganizing into structure β
upon absorption of gaseous water. The latter is known as a
structural phase transition.
Structural phase transitions and mechanisms have been

studied extensively for dehydration.12,13 However, mechanisms
of hydration are less pronounced; these studies require a well-
defined relative humidity (RH) and temperature, which can be
an experimental challenge. The hydration of pharmaceutically
active compounds is reported usually at ambient conditions,
focusing on the stability of the pharmaceutical14,15 and
hydration studies of thermochemical salts as a function of
RH are relatively scarce.16−19

Based on the present literature, two main pathways can be
hypothesized for the hydration of a crystalline salt: (I) a direct
solid−solid transition, reported for symmetry related (top-
otactic) start and end structures20 and (II) a two-step pathway,
where liquid formation mediates the solid-state transition.16

The two pathways are schematically depicted in Figure 1.
This work aims to shed light on the hydration process of

crystalline salts within the frame of thermochemical heat
storage. To this end, four salts (reactions i−iv) were studied,
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listed among the most suitable systems for heat storage in
domestic application.8

+ ·FCuCl (s) 2H O(g) CuCl 2H O(s)2 2 2 2 (i)

+ ·FK CO (s) 1.5H O(g) K CO 1.5H O(s)2 3 2 2 3 2 (ii)

· + ·FMgCl 4H O(s) 2H O(g) MgCl 6H O(s)2 2 2 2 2 (iii)

+ ·FLiCl(s) H O(g) LiCl H O(s)2 2 (iv)

In this study, it is demonstrated that reactions i and ii
proceed as a solid-to-solid phase transition according to
classical homogeneous nucleation with a metastable zone
width of ca. 10 K. In the same experimental conditions,
reactions iii and iv occur nearly instantaneous at equilibrium.
The difference in hydration behavior is considered in view of
recent literature on the dissolution of the metastable phase.
Finally, the thermochemical performance of the investigated
salts is presented in view of the present insights.

■ THEORETICAL BACKGROUND
Although it is impossible to truly detect the moment of
nucleation and the actual nucleation rate, the inverse of the
observable induction period is often taken as a measure of the
latter.21 In this section we briefly summarize the key aspects of
nucleation theory applied to hydration.22 For details, the
reader is referred to Supporting Information S1.
The induction period τ [s] is defined as the period of time

which elapses between the achievement of supersaturation and
the start of rapid desupersaturation23 and is given by

τ ≡ c
J (1)

where J [s−1] is the actual nucleation rate and c [−] is a
proportionality constant. The induction period has a stochastic
nature24 and may be considered as a sum of several parts:

τ = + + +t t t tr n g lp (2)

with tr [s] a “relaxation time” to reach a quasi steady-state
distribution of molecular clusters; tn [s] a time required to
form a stable nucleus (i.e., a cluster of critical size), and tg [s] a
time for the nucleus to grow to a detectable size. Often a latent
period tlp [s] follows tg [s], during which no noticeable change
in size is observed, until an accelerated growth period starts,
dominated by crystal growth only.23

The nucleation rate J can be expressed in the form of an
Arrhenius-like reaction rate equation, containing a kinetic
parameter κ [s−1] (not further parametrized here) and the
classical energy barrier ΔG* [J]:

κ= −Δ *i
k
jjjjj

y
{
zzzzzJ

G
k T

exp
B (3)

where kB is the Boltzmann constant [1.38 × 10−23 J/K] and T
[K] is the absolute temperature.
It is not straightforward to predict the shape and location of

the nucleus. Hydration might involve the formation of the
hydrate salt cluster on or partially in the dehydrated crystal.
Two main scenarios are possible: (1) The β cluster grows
layer-by-layer on the surface of the α phase. This is the case for
a deposition type of growth. That is, the interfacial energy
between phase β and its surrounding acts only at the radial
direction of the cluster, causing 2D layer-by-layer growth. (2)
The β cluster grows in an overlayer mode. This is the case for a
nucleation point which expands uniformly. That is, the
interfacial energy between β and surrounding acts uniformly
from all orientations, causing a 3D growth.23,25 The considered
nucleus shapes are schematically represented in Figure 2.

It should be noted that partial dissolution of the surface layer
of the crystal is possible. Further hydration of the crystal would
in this case involve transport of water to the inner parts of the
crystal via e.g. the interface between nucleus and crystal
(dotted line in Figure 2). Especially the 3D scenario may
involve partial dissolution, since there is migration of the solid.
For a 2D and 3D scenario, the critical cluster size r* and the

corresponding energy barrier for nucleation ΔG* are
γ* =

−
r

v
b a k T p p( ) ln /2D

B eq (4)

γ* =
−

r
v

b a k T p p
2

( ) ln /3D
B eq (5)

and

π γΔ * =
−

G
h v

b a k T p p( ) ln( / )2D

2

B eq (6)

ηπ γΔ * =
−

G
v

b a k T p p( ) ( ) ln ( / )3D

2 3

2
B

2 2
eq (7)

where h [m] is the height of a disclike 2D cluster, typically
angstrom-scale corresponding to a monolayer of growth units,
v [m3] is the volume of one hydrated salt unit MX·bH2O, γ [J/
m2] is the interfacial surface energy, and p/peq [−] is the
supersaturation in terms of the partial water vapor pressure p
[mbar] and the equilibrium vapor pressure peq [mbar].

Figure 1. Two possible pathways of hydration: (I) a direct solid−
solid transition and (II) a solution-mediated transition. α and β
represent different crystal structures; water molecules are represented
by the smaller filled circles.

Figure 2. Schematic cartoon (side view) of nucleus shapes. The
hydrated phase β nucleates by absorption of gaseous water from the
atmosphere. In the case of a 2-dimensional nucleus, growth proceeds
layer by layer. In case of a 3D nucleus, growth proceeds as an
expanding sphere. The nucleus has an interface (dotted line) with its
surrounding.
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Further, b [−] is the number of water molecules per salt unit in
phase β and a [−] is the number of water molecules per salt
unit in phase α. Finally, η [−] is a shape factor for the 3D
cluster, which is 16/3 for a sphere and 8/3 for half a sphere
(hemisphere). The material parameters a, b, v, and h are listed
for CuCl2 and K2CO3 in Table 1. For details on the derivation
of the equations we refer to Supporting Information S1.

■ MATERIALS AND METHODS
Sample Preparation. K2CO3·1.5H2O (pro analysis) was

purchased from Sigma-Aldrich, and CuCl2·2H2O, MgCl2·6H2O, and
LiCl (pro analysis) were purchased from Merck. Salts were sieved to
50−164 μ m size fraction and used without any further purification.
K2CO3 was preheated to 120 °C to purify the compound from any
possible bicarbonate impurity.28

Pressure−Temperature Measurements (p,T-meter). The
experimental setup to measure equilibrium phase lines is shown
schematically in Figure 3. The pressure−temperature (p−T) setup

consists of a stainless steel sample chamber which is connected to an
Arduino absolute pressure sensor via a valve to a vacuum pump.
Tubing consists of 6 mm outside diameter stainless steel and
connections are made with Swagelok fittings. The sample chamber
which needs frequent assembly and disassembly is connected via a KF
flange with a rubber O-ring, which is mated by a circumferential
clamp. The sample chamber is heated with an electric band heater and
the temperature is controlled with an Eurotherm 2216e controller.
The complete setup is heated with an electric heating wire and all
parts are insulated to avoid internal condensation. For measuring the
equilibrium phase line, approximately 1 g of the hydrated salt is
positioned inside the sample chamber. After evacuating the sample
chamber, the chamber is heated and the temperature is kept constant
until an equilibrium pressure is reached. It is assumed that the amount
of water during dehydration to arrive at an equilibrium pressure is
negligible compared with the amount present in the hydrated salt.
The temperature is increased stepwise, and the next equilibrium

pressure is determined. From these data points the equilibrium vapor
pressure line is constructed as a function of temperature.

Thermogravimetric Analysis (TGA). A thermogravimetric
analyzer of type Mettler-Toledo TGA/SDTA 851e was equipped
with a home-built humidity generator (Figure 4). The purge gas (air

flow with a rate of 500 mL/min) was brought to the desired water
vapor pressure by mixing dry gas (air with 0% RH) and wet gas
(100% RH) at a controlled temperature of 21 °C. The water vapor
pressure was calibrated with an accuracy of ±0.5 mbar using the
gravimetric signal at the deliquescence point of LiCl·H2O,
CH3COOK, K2CO3·1.5H2O, MgCl2·6H2O, and MgNO3·6H2O at
25 °C and LiCl·H2O at 40, 50, 55, and 60 °C.29 Temperature
calibration was performed using the simultaneous differential thermal
analysis (SDTA) signal of melting points of indium, zinc, and
aluminum. In the case of an endothermic process such as melting, a
differential signal is observed.30 Approximately 5 mg of the hydrated
salt was placed in a 40 μ L Mettler-Toledo standard aluminum pan
without a lid, and samples were dehydrated and rehydrated at fixed
water vapor pressure p at various heating/cooling rates: 0.1, 0.2, 0.5,
1, 2, and 5 K/min. Actual sample temperatures were recorded at the
bottom of the pan and the relative humidity was recorded at the
outlet of the TGA oven using a Sensirion capacitive humidity sensor.

■ RESULTS AND DISCUSSION
Metastable Zone. The phase diagram of salt hydrates

(Figure 5) was mapped by plotting the partial water vapor
pressure p of the salt against the temperature T of the salt. The
thermodynamically distinct phases were identified based on
the sample mass and validated using powder XRD.
Equilibrium (p,T) values were obtained using the p,T-meter,

by measuring absolute vapor pressures at steady sample
temperature (Figure 6a). The experimental values match the
equilibrium pressures in literature to a satisfactory extent.31−34

Metastable zone width (MZW) values were measured using
TGA, by heating/cooling the salt at a fixed vapor pressure and
detecting the onset temperature at various heating/cooling
rates (Figure 6b).
Based on Figure 5, a clear difference between the

equilibrium pressure and the thermogravimetric onset pressure
(called the critical pressure p* hereafter) for hydration and
dehydration are observed for CuCl2 (a) and K2CO3 (b). An in-
depth study on the dehydration of CuCl2 appeared recently.13

The rest of the paper focuses on the hydration behavior only.
For CuCl2 and K2CO3, the critical pressure for hydration is

significantly higher than the equilibrium phase line. MgCl2 (c)
and LiCl (d) on the other hand have a much smaller to
virtually no difference between the equilibrium pressure and
the critical pressure. Among the investigated compounds,
K2CO3 hydration was reported earlier (1984) as kinetically
hindered, without further experimental elaboration on the low
vapor pressure region.19

Table 1. Nucleation Rate Parameters for CuCl2·2H2O and
K2CO3·1.5H2O

a

CuCl2 K2CO3

a 0 0
b 2 1.5
v (m3) 112.3 × 10−30 124.0 × 10−30

h (m) 7.414 × 10−10 7.1093 × 10−10

aThe height h is taken here as the unit cell axis which is parallel to the
layer of water molecules in the hydrated structure.26,27

Figure 3. Schematic representation of the pressure−temperature
measurement setup, used to measure equilibrium phase lines of salt
hydrates. The system is thermally isolated. Sample and surrounding
are brought to the same temperature simultaneously using heater 1
and 2, respectively. After equilibration, the water vapor pressure is
measured using a pressure sensor.

Figure 4. Schematic representation of the thermogravimetric analyzer,
used to measure hydration (and dehydration) onset points of salts.
The sample is placed inside the oven, and the oven is cooled (and
heated) with typical rates of 0.1−5 K/min while the oven is purged
with air with fixed water vapor pressure.
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Nucleation and Growth. After mapping the equilibrium
phase line and the critical pressure p*, hydration experiments
were performed on CuCl2 and K2CO3 at supersaturations
below p*.
Conversion below p* proceeds only after an induction

period, illustrated for CuCl2 in Figure 7. When a super-
saturation (Figure 7a) is applied at point A in time (Figure
7b), an induction period τ passes until accelerated water
uptake begins at point B. Point B denotes the extrapolated
onset point of the hydration and was taken as the induction
period τ.35

A second observation below p* is the following: if the
induction period at a supersaturation (I) is not completed
(Figure 8), but the salt is allowed to induce at a higher

supersaturation (II), conversion proceeds instantaneously
when the pressure is readapted to supersaturation (I) where
initially no reaction was observed. The absence of induction
after the partial conversion points toward a nucleation barrier
below the critical pressure. Other possible rate-limiting
processes, like e.g. diffusion or surface reorganization, do not
explain the observation in Figure 8.
The critical pressure found in isobaric cooling experiments

(dashed line in Figure 9a, c) was compared with isothermal
induction time experiments as a function of the supersaturation
(Figure 9b, d). The induction time increases exponentially
close to equilibrium and is on the order of minutes at the
metastable zone boundary. The present findings support the

Figure 5. Experimental phase diagrams of (a) CuCl2, (b) K2CO3, (c) MgCl2·4H2O, and (d) LiCl. p is the partial water vapor pressure. Solid
symbols represent equilibrium pressures at steady sample temperature. Open symbols represent the onset temperatures for hydration at fixed vapor
pressure. Equilibrium pressures and critical pressures were plotted with the Clausius−Clapeyron relation as a guide to the eye, displayed by the
solid and dashed lines, respectively. Equilibrium pressures from the literature are indicated by the dotted lines.31−34 The inactive (metastable) zone
is hatched.

Figure 6. Example of an equilibrium (a) and kinetic (b) measurement for construction of pressure−temperature phase diagrams: (a) equilibrium
pressures of CuCl2·2H2O, equilibration time 2 h; (b) heating and cooling of CuCl2·2H2O at water vapor pressure p = 7, 10, and 12 mbar. Heating/
cooling rate 0.1 K/min.
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idea of a nucleation event during the induction period, where
p* is the metastable zone boundary.
Nucleation. Based on the surface to volume consideration

of a cluster of a hydrated salt unit, the induction time τ is
expected to have the following relation with respect to the
supersaturation p/peq:

τ κ λ= −
[ ]

− i
k
jjj

y
{
zzzc p p

ln( ) ln
1

ln( / ) n
1

eq (8)

with n = 1 and 2 for 2D and 3D nucleation respectively, κ [s−1]
the so-called kinetic parameter (not further elaborated), c[−]
is a constant, and λ [−] is the thermodynamic parameter,
which contains the interfacial surface energy γ and relates to
the energy barrier for nucleation:

λ π γ=
−

h v
kT b a( ) ( )2D

2

2
(9)

and

λ ηπ γ=
−

v
kT b a( ) ( )3D

2 3

3 2 (10)

Figure 10 shows the linear fit according to eq 8 for hydration
experiments of CuCl2 and K2CO3. The experimental fit is in

accordance with both a 2D and 3D nucleation model. Figure
11 shows the interfacial energy as a function of temperature,
assumed to be isotropic and determined using the slopes in
Figure 10.
The γ-value is in both hydration experiments 10−15 mJ/m2

when a spherical (3D) geometry is assumed and amounts 20−
25 mJ/m2 in the assumption of a disc (2D) geometry.
Comparable γ-values were found for the interfacial energies of
salt/solution interfaces, e.g. Na2CO3, KI, and Ni-
(NH4)2(SO4)2·6H2O.

21,36,37 A decrease of the interfacial
energy with increasing temperature is expected based on the
literature,36 and CuCl2 shows an anomaly in this respect at 44
°C. It is noteworthy that the γ-values in this study are
significantly lower than typical interfacial energies of liquid−
gas or solid−gas interfaces.38
Finally, the critically sized cluster was evaluated as a function

of supersaturation, shown in Figure 12. At the critical pressure
(i.e., the metastable zone boundary), the critically sized cluster
is one to several salt units and the corresponding free energy of
nucleation is ΔG* is 5−20 kJ/mol. It should be noted that the
critical cluster size based on the induction time is a
thermodynamic quantity and does not reveal any detail
about, e.g., the reversibility of the surface absorption or the
chemical reaction in the bulk.

Figure 7. (a) Phase diagram indicating T = 44 °C and p = 12 mbar. (b) Thermogram of CuCl2 at the conditions in part a. Supersaturation is
created at point A by applying p = 12 mbar at 44 °C after 20 min of dehydration using dry air (p = 0 mbar) at 120 °C.

Figure 8. (a) Phase diagram indicating T = 36 °C and p = 6 and 6.8 mbar. (b) Thermogram of CuCl2 showing the hydration progress at the
conditions in part a.
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At supersaturations >3, the nucleus size decreases at some
temperatures below one water−salt unit, which cannot be
interpreted on the basis of the classical nucleus formation. The
corresponding nucleation barrier ΔG* is ca. 2.7 kJ/mol (which
is the thermal energy at 50 °C). In other words, the available
thermal energy at this supersaturation is sufficient for a
continuous conversion irrespective of the nucleus.

Growth. To investigate the relation between nucleation and
growth, isothermal conversion rates at 40 °C for K2CO3 were
plotted as a function of the supersaturation (Figure 13a, b).
The conversion rate was also plotted as a function of the
inverse of the preceding induction time (13c).
The rate of conversion increases monotonically with the

supersaturation: the near-equilibrium hydration rate starts low

Figure 9. (a, c) Phase diagrams of CuCl2 and K2CO3 showing the metastable zone based on isobaric cooling experiments in TGA. The metastable
zone is hatched. (b, d) Induction times of CuCl2 and K2CO3 respectively plotted against the driving force p/peq in isothermal experiments.

Figure 10. Dependence of the induction time on the supersaturation degree. Linear fit according to 2D nucleation (top) and 3D nucleation
(bottom). Samples and temperatures are indicated in the legends.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.8b01908
Cryst. Growth Des. 2019, 19, 2279−2288

2284

http://dx.doi.org/10.1021/acs.cgd.8b01908


at 10−4 mol H2O/mol K2CO3·min and increases rapidly at the
metastable zone boundary to 10−2 mol H2O/mol K2CO3·min
(Figure 13b). Figure 13c shows that below the metastable zone
boundary, the conversion is proportional to the nucleation
rate: nucleation seems to limit the overall conversion in the
metastable region.
Figure 14 shows the change in Gibbs free energy as a

function of cluster size at different supersaturations, scaled with
respect to the thermal energy kBT. As expected from the
limited conversion rate, the nucleation barrier in the
metastable zone is significantly higher than the available

thermal energy and reaches the order of the thermal energy at
the critical supersaturation p*/peq ∼ 2.7. Above p*, the
conversion rate is linear with the supersaturation with typical
values of 10−1 mol H2O/mol K2CO3·min.

Dissolution of the Metastable Phase. In this section,
the present results on nucleation and growth are viewed in
light of literature. In a recent study by Steiger et al., it was
reported for the hydration of MgSO4·H2O (phase α) to
MgSO4·6H2O (phase β) that the mechanism and kinetics of
hydration depend on the climatic conditions (T and RH).16,18

It was concluded that above the thermodynamically predicted
deliquescence humidity of phase α, the hydration kinetics is
fast as hydration occurs via a solution-mediated mechanism,
while below the calculated deliquescence humidity, the
hydration proceeds extremely slow as it has to involve a
solid-state reaction. The authors further mentioned that
hydration via the solid-state reaction is kinetically hindered.

Figure 11. Interfacial energies γ obtained after fitting the induction
time against supersaturation according to a 2D disc and 3D
hemisphere nucleation model: CuCl2 (squares) and K2CO3 (circles).

Figure 12. (a) Nucleus size as a function of supersaturation for
K2CO3 (solid lines) and CuCl2 (dashed lines). The average critical
pressure is indicated by the vertical lines. (b) The Gibbs free energy
for nucleation as a function of supersaturation. A nucleus size below
one water−salt unit cannot be interpreted on the basis of the classical
nucleus formation and is rather a stage with continuous conversion,
irrespective of the nucleus size.

Figure 13. (a) Rate of hydration as a function of supersaturation p/
peq for K2CO3. Measurements with noticeable induction times are
shown by solid symbols; measurements with instantaneous con-
version (i.e., no significant induction time) are shown by open
symbols. The metastable zone is hatched. (b) Log-scale plot of the
boxed region. (c) Conversion rate plotted against the induction time.
The corresponding supersaturations are indicated as labels.

Figure 14. Change of Gibbs free energy for nucleation at different
supersaturations as a function of the cluster size.
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Since no direct measurements of the deliquescence pressure
are available for the α-phases, these pressures were calculated
at room temperature for a “slow hydrating” salt (K2CO3) and a
“fast hydrating” salt (MgCl2·4H2O). This calculation requires
the knowledge of the solubility products of the respective
phases and the ability to calculate the activity coefficients and
water activities in their saturated solutions. Solubility products
can be calculated from the solubility products of the respective
β-phases and the equilibrium pressures of their hydration
transitions.39 The ion interaction (Pitzer) model40 was used to
calculate activities. Details of the calculations are provided as
Supporting Information S2 and S3. The deliquescence
pressures of K2CO3 and MgCl2·4H2O were compared with
their critical pressure p* at which instantaneous hydration
occurs. The result is included in the phase diagram in Figure
15.

Figure 15 shows that for K2CO3 and MgCl2·4H2O the
calculated deliquescence pressure (point 3) is roughly 2 times
higher than the pressure needed for spontaneous hydration, i.e.
hydration without induction time (point 2). Indeed, no
macroscopic liquefaction was observed during the hydration
experiments. We conclude that the observed metastable zone
boundary at p/peq ∼ 2.5 for K2CO3 is not the pressure for bulk
dissolution of the metastable phase since deliquescence is
expected at p/peq > 8. However, a wetting layer below the
deliquescence point of the metastable phase is expected41,42

and should be considered when interpreting the induction
period and metastable zone.
The wetting layer is expected to be an inherently present

layer of water and ions which interacts with the ionic surface at
low vapor pressures equivalent to the water monolayer regime,
as a result of the strong water-cation interaction.43 The
thickness and mobility of this wetting layer increases with
increasing vapor pressure. That is, a correlation between the
deliquescence pressure pd and the wetting layer mobility at p <
pd. Around the critical pressure p* (where noticeable
conversion rates start) the surface wetting layer is expected
to be thick and any depositing water molecule is expected to
lead to conversion. In view of classical nucleation, the wetting
layer is a part of the pre-exponential factor κ (i.e., not
influencing the energy barrier ΔG*) in the rate equation.
The small metastable zone in MgCl2·4H2O is explained by

the correlation between the deliquescence pressure pd and the
film mobility at p < pd. The deliquescence at room temperature
of MgCl2·4H2O (2.61 mbar) is at lower water activity
compared to K2CO3 (6.02 mbar); i.e., the film mobility of
MgCl2·4H2O is high with respect to K2CO3 at the equilibrium
pressure peq (point 1), which is roughly the same for MgCl2·
4H2O and K2CO3: 0.93 mbar and 0.71, respectively. As a
result, the conversion of MgCl2·4H2O is, for a similar energy
barrier ΔG*, is still higher than the conversion of K2CO3 due
to the surface mobility.
The generic hydration process is summarized schematically

in Figure 16. The interfacial energy γ relates to the mobile salt-

solution interface. The interface is expected to be more thick
and mobile when the pressure approaches the thermodynamic
deliquescence pressure of phase α.

Impact on Thermochemical Heat Storage. The
atmospheric flow conditions in TGA resemble an open reactor
system (open system).10 As a comparative analysis of
thermochemical performance, the lab scale temperature and
power output of the four investigated salts are listed. Figure 17
shows the power output as a function of the salt temperature at
a working pressure of p = 10 mbar, when the sample is cooled
with a rate of 0.1 K/min.
Table 2 is an overview of the temperature and power output

of each salt. Although the operation temperature in
equilibrium is expected at ca. 60 °C (48 °C for CuCl2), the
power−temperature characteristic is different for each salt as a
result of the water mobility-related nucleation and growth.
For CuCl2 and K2CO3, the metastable zone leads in open

reactor conditions to a negligible power output at near-
equilibrium pressures and decreases the temperature of
maximum power output significantly with respect to the
equilibrium temperature; i.e., the output temperature and

Figure 15. Phase diagrams of K2CO3 (a) and MgCl2 (b). At 25 °C
the following transitions are indicated: hydration transition at
equilibrium (1), instantaneous conversion (i.e., critical pressure p*)
(2), deliquescence of phase αcalculated via the Pitzer equation (3),
and deliquescence of phase β (4), adapted from the literature and
included for completeness.29

Figure 16. Schematic illustration of the hydration process of a
primary crystallite of phase α. The hydration can be regarded as a
solid−solid phase transition from phase α to phase β aided by a
wetting layer.
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working pressure of a thermochemical salt are limited by its
MZW rather than its equilibrium phase diagram.
In order to have a sufficient power output at near-

equilibrium temperatures, a crystallite should have nuclei
which are able to grow. The crystallite can be triggered by
nucleation at e.g. a vapor pressure above the metastable zone,
followed by hydration at higher temperature inside the
metastable zone (i.e., a prenucleation). Another possibility is
to maintain nucleation sites (via operation by partial
dehydration or, e.g., the addition of heterogeneous nucleation
sites). It should also be noted that growth requires, besides
nuclei, the transport of water to the hydrated crystallite; i.e.,
the surface mobility of water molecules is an important factor
for power output besides the nucleus density and deserves
further study.
Finally, we note that the MZW depends on reactor aspects

such as atmosphere, flow speed, and system size. Therefore,
the actual impact of the MZW on reactor performance should
be investigated under reactor conditions. Further research
should address the MZW in vacuum conditions (closed
system).

■ CONCLUSION
In this work, the hydration of four thermochemical salts
(CuCl2, K2CO3, MgCl2·4H2O, and LiCl) has been studied. By
combining equilibrium and nonequilibrium hydration experi-
ments, phase diagrams as a function of vapor pressure and
temperature were obtained and induction time studies as a
function of supersaturation could be performed.
On the one hand, it is demonstrated for CuCl2 and K2CO3

that the near-equilibrium region involves a metastable zone
which can be described by classical homogeneous nucleation

theory. On the other hand, it is demonstrated that MgCl2·
4H2O and LiCl hydrate at near equilibrium conditions. It is
further shown for K2CO3 (metastable) and MgCl2·4H2O (not
metastable) through solubility calculations using the Pitzer ion
model that the phase transition is not mediated by bulk
dissolution.
It is concluded that the hydration proceeds as a solid−solid

phase transition, mobilized by a wetting layer, where the
mobility of the wetting layer increases with increasing vapor
pressure. At the metastable boundary (where noticeable
conversion rates start) instantaneous nucleation is expected.
In view of heat storage application, the finding of

metastability in thermochemical salts reveals the impact of
nucleation and growth processes on the thermochemical
performance. Moreover, it demonstrates that the output
temperature and power of a thermochemical salt in
atmospheric flow conditions (open system) are limited by its
metastable zone width (MZW) rather than its equilibrium
phase diagram. Further study should address the MZW in
vacuum conditions (closed system). Manipulation of the
MZW of salt hydrates by, e.g., prenucleation or heterogeneous
nucleation is a potential way to raise the output temperature
and power on material level in thermochemical applications.
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Brüggerhoff, S.; Kirchner, D. Hydration of MgSO4·H2O and
generation of stress in porous materials. Cryst. Growth Des. 2008, 8,
336−343.
(17) Aandersson, J. A. N. Y.; de Pablo, J.; Azoulay, M. Kinetics Of
the Rehydration of Sodium Sulphide Dehydrated In Situ, Under
Formation of Its Pentahydrate. Thermochim. Acta 1985, 91, 223−234.
(18) Linnow, K.; Niermann, M.; Bonatz, D.; Posern, K.; Steiger, M.
Experimental studies of the mechanism and kinetics of hydration
reactions. Energy Procedia 2014, 48, 394−404.
(19) Stanish, M.; Perlmutter, D. Kinetics of hydration-dehydration
reactions considered as solid transformations. AIChE J. 1984, 30,
557−563.
(20) Englert, U.; Ganter, B.; Wagner, T.; Klaüi, W. Reversible
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