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A DFT based equilibrium study on the hydrolysis and the dehydration
reactions of MgCl, hydrates

B. Smeets, E. lype, S. V. Nedea,? H. A. Zondag, and C. C. M. Rindt
Energy Technology, Eindhoven University of Technology, The Netherlands

(Received 24 May 2013; accepted 9 September 2013; published online 30 September 2013)

Magnesium chloride hydrates are characterized as promising energy storage materials in the built-
environment. During the dehydration of these materials, there are chances for the release of harmful
HCI gas, which can potentially damage the material as well as the equipment. Hydrolysis reactions
in magnesium chloride hydrates are subject of study for industrial applications. However, the infor-
mation about the possibility of hydrolysis reaction, and its preference over dehydration in energy
storage systems is still ambiguous at the operating conditions in a seasonal heat storage system. A
density functional theory level study is performed to determine molecular structures, charges, and
harmonic frequencies in order to identify the formation of HCI at the operating temperatures in an
energy storage system. The preference of hydrolysis over dehydration is quantified by applying ther-
modynamic equilibrium principles by calculating Gibbs free energies of the hydrated magnesium
chloride molecules. The molecular structures of the hydrates (n = 0, 1, 2, 4, and 6) of MgCl, are
investigated to understand the stability and symmetry of these molecules. The structures are found
to be noncomplex with almost no meta-stable isomers, which may be related to the faster kinetics
observed in the hydration of chlorides compared to sulfates. Also, the frequency spectra of these
molecules are calculated, which in turn are used to calculate the changes in Gibbs free energy of
dehydration and hydrolysis reactions. From these calculations, it is found that the probability for
hydrolysis to occur is larger for lower hydrates. Hydrolysis occurring from the hexa-, tetra-, and di-
hydrate is only possible when the temperature is increased too fast to a very high value. In the case
of the mono-hydrate, hydrolysis may become favorable at high water vapor pressure and at low HCl
pressure. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822001]

. INTRODUCTION ence of strong hydrogen bond networks catalyzing the for-
mation of meta-stable states.®’-'* However, fewer accounts
exist on the molecular structure of MgCl, hydrates. Crys-
talline structures of the hygroscopic magnesium chloride
hexa-hydrate (also known as Bischofite) are reported from
Neutron Diffraction studies by Agron and Busing.!> Sugi-
moto et al.'® report X-ray diffraction studies for the crys-
talline refinement of three hydrates of magnesium chloride
MgCl, - nH,O; (n = 1, 2, 4). In their experiments, they iden-
tified the presence of several phases of magnesium chlo-
ride hydrates during dehydration. However, most of these
phases do not posses a distinguishable crystalline structure.'®
The most crystalline phase among these is the tetra-hydrate
(MgCl, - 4H,0). A DFT (Density Functional Theory) study'’
reports the molecular structures of MgCl, - nH,O; (n =0, 1,
2, 4, 6). Information about the crystalline structures of other
hydrates (n = 5, 3) are not reported in the literature, suggest-
ing that these hydrates are unstable.

Due to the industrial importance of the hydrates of
MgCl,,'® 1 a number of experimental studies have been per-
formed on the dehydration reactions of MgCl, - 6H,0.!%20
Magnesium chloride hexahydrate is the main raw material
for the production of Mg metal by electrolysis of molten
MgCl,.?! Often, the dehydration process for the production
of anhydrous MgCl, from MgCl, - 6H,O is challenging due
to the release of HCI gas from the hydrolysis reaction.’®??
DElectronic mail: s.v.nedea@tue.nl Kelley® pointed out that hydrolysis is inevitable during the

Magnesium salt hydrates are potential candidate ma-
terials for seasonal energy storage systems in the built
environment.! MgCl, - nH,O and MgSO, - nH,0, where
n=1{1,2,...6}, are particularly interesting due to their high
energy storage densities (roughly 2-3 GJ/m?)? and their wide
availability. Solar energy collected in summer can be stored
as the energy of dehydration, and in winter, the system is
hydrated to retrieve the stored energy. However, the perfor-
mance of such systems is dependent on the material proper-
ties and the kinetics of the hydration and dehydration reac-
tions. The crystal structure, surface defects and dislocations
present in these hydrates significantly influence the hydra-
tion/dehydration kinetics.> The MgSO, hydrates are known
to exhibit slow kinetics, arguably due to the presence of meta-
stable states,* whereas the hygroscopic magnesium chloride
generally undergoes faster hydration and dehydration reac-
tions, essentially increasing the power output in a seasonal en-
ergy storage system. However, the dehydration of MgCl, hy-
drates is usually accompanied by a hydrolysis® reaction with
the release of HCl, which can potentially damage the material
as well as the equipment.

Molecular structures of MgSO, hydrates have been sub-
ject of investigation in the literature,®'* especially the pres-
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dehydration of MgCl, - 6H,O. Many studies have been car-
ried out to understand the process of hydrolysis during the
dehydration step.'®23-25 Hydrolysis in MgCl, hydrates is
usually avoided by performing dehydration in the presence
of HC1.>?¢ Alternative methods to the direct dehydration
of MgCl, - 6H,O are being proposed for the production of
MgCl,%"?8 in order to avoid hydrolysis. In energy storage
systems, this hydrolysis reaction poses a challenge, due to
the release of harmful HCI gas, to the salt hydrates as well
as to the equipment. However, in most of the experiments
mentioned above, the dehydration for industrial applications
is performed at relatively high temperatures (above 600 K),
whereas in seasonal energy storage systems, the dehydration
is carried out at a maximum temperature of 450 K. Kirsh and
Shoval,” in their experiment, did not see hydrolysis when
dehydrating below 473 K, whereas Huang et al.?® observed
hydrolysis when calcining MgCl, - 6H,O isothermally within
the range from 440 K to 476 K. Partial hydrolysis was also
observed at 473 K when dehydrating MgCl, - 4H,0 in the
absence of HCI pressure. Thus, the information about the
possibility of the hydrolysis reaction, and its preference over
dehydration remains ambiguous. A study based on the ther-
modynamic equilibrium principles via the Gibbs free energy
of the reactions is therefore necessary, to determine the pref-
erence of hydrolysis over dehydration, especially when the
experimental observations remain inconclusive.

The objective of this study is to identify the formation of
HCI at the operating temperatures in an energy storage sys-
tem. The preference of hydrolysis over dehydration needs to
be quantified by applying thermodynamic equilibrium princi-
ples. First, we study the molecular structures of the hydrates
(n=0,1, 2, 4, and 6) of MgCl, to understand the stabil-
ity and symmetry of each of the molecules. Subsequently,
the frequency spectra of these molecules are used to study
the equilibrium of the hydrolysis reactions. Changes in Gibbs
free energy of various reactions are calculated and thereby
equilibrium concentrations of the reactants and products are
computed.

Il. METHODOLOGY

DFT?*3! using the generalized gradient approximation
with the Perdew Wang 91 (PW91) functional®> implemented
in the Amsterdam Density Functional (ADF) program is used
for computing the optimized structures and the energies of
MgCl, - nH,O (for n = 0, 1, 2, ...6). This method is, suc-
cessfully, applied for studying molecular systems involving
magnesium,’ chlorides,’*3* and hydrogen bonds.>> A spin-
restricted Kohn-Sham method is used with a doubly polar-
ized triple-¢ basis set, while keeping the integration accuracy
to the maximum throughout the calculation. Molecular struc-
tures of the hydrates for n =0, 1, 2, 4, 6 were optimized such
that the final geometries resemble the atomic orientations in
the crystalline structures reported in the literature'® for the re-
spective hydrates. In addition, the geometries of H,O, HCI,
and MgOHCI were also optimized using the same method.
The harmonic frequencies were calculated for all the final
geometries in order to find their vibrational contributions to
the molecular energy and entropy. Bader charges® were also
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calculated for each atom in the final geometries to study the
changes in the charge distribution around the atoms.

For the free energy calculation, the ideal poly-atomic gas
assumption’” is used for each molecule. In reality, the hy-
drated MgCl, reactants and products remain in the solid state
except the water vapor and the HCI gas. The periodic unit
cells of the hydrates include a large number of atoms (6, 24,
18, 30, and 42 for n = 0, 1, 2, 4, and 6, respectively), which
makes it relatively expensive to calculate the energies of opti-
mized geometries and, especially, the frequencies with a satis-
factory accuracy. In addition, the crystal structure of MgOHCI
is difficult to identify and therefore, little information is avail-
able about the structure of this product.'® Nevertheless, in
reality, the reactants and products may not be in pure crys-
talline states. It is regarded that hydrolysis is more likely to
happen in the liquid phase compared to the solid phase,?® and
thus the equilibrium hydrolysis and dehydration curves ob-
tained for molecular structures may be regarded as safety lim-
its for the equilibrium temperatures in seasonal heat storage
systems. These were the reasons for using gas phase molec-
ular structures of the hydrates for this calculation instead of
the crystalline structures. With this assumption, we try to ex-
tract as much information as possible about the behavior of
the system during dehydration reactions.

The dehydration reactions considered for analysis are

heating

MgCl, - nH,0 —— MgCl, - (n — 2)H,0 + 2H,0
{n==6and4},

MgCl, - nH,0 2“8 MgCl, - (n — 1)H,0 + H,0
{n=2and1}.

Hydrolysis reactions have been observed experimentally
when the dehydration starts from MgCl, - 6H,0% as well as
from MgCl, - 4H,0,3 although, the most common observa-
tion is when dehydrating MgCl, - 2H,0.%?° Therefore, the
hydrolysis steps considered in our study, assuming they are
one-step reactions, include

heating

MgCl, - nH,O —— MgOHCl + (n — 1)H,0 + HCI

{n=26,4,2,1}.
The change in Gibbs free energy is calculated as

AG=YG,- Y G, (1)
p r
G(T,p)=U + pV — TS, )
U(T) = Usrans + Uror + Uvip + Uzpg + Ugec, (3)
S(T, P) = Stmns + Srnt + Suiha (4)

pV =nRT. (5)

In these equations , T is the temperature, p is the absolute
pressure, and V is the volume. The internal energy and the en-
tropy are given by U and S, respectively, each consisting of a
translational, rotational, and vibrational part. U, represents
the ground state electronic energy of the molecules at 0 K and
Uyzpg is the zero-point energy. The general expression for the
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entropy and the internal energy can be written in terms of the
canonical partition function, q, as shown in Egs. (6) and (7),
respectively,

dlng
S =RI RT , 6
ng + ( 3T ) (6)
3l
U=rr?(L24). %)
aT

The partition functions for the different contributions are
given below?’

kgT (2nMkpgT
trans = BT <TB> s (8)
; I 872%kgT
linear __ B
rot - ; "2 s (9)
JALIT, (87°ksT
qrot = o n2 s (10)

1
ain =[] 5= exp (—hv; [kpT)’ (n

l
In the above equations, I,, I, and I, are the three prin-
cipal moments of inertia of the molecules and v; represents
the frequency for each vibrational mode i. M is the total mass
of the molecule and o is the symmetry number defined by
the number of ways that the polyatomic molecule can be ro-
tated into itself. The Boltzmann constant, Planck’s constant,
and the universal gas constant are, respectively, given by kg,
h, and R. Substituting Egs. (8)—(11) into Egs. (6) and (7) re-
sults in the expressions for the entropies and internal energies
for the individual contributions, as shown below

ksT (27MkgT\?\ 3
Strans(T, P) =R|In + =, (12)
p h? 2

2 3
ST~ R [m («/n{:_lblc (871 kBT> ) . g} )

h2 2
. I 87%kpT
Silor;ear(T) =R |:1I1 <;h—23) + 1] 5 (14)
3N—-6
hvi/kBT
S i T = R
vin(T) ; [exp(hvi/kBT)_l]
3N—-6

—R Z [[n(1 —exp(—hv;/kgT))], (15)

i=1

3
Utrans(T) = ERT, (16)
3
Uro(T) = ERT’ (17
U'inear(Ty = RT, (18)

19)

3N—-6
~ hv; / kg
Uvib(T) =R lz:l: [@xp(hv,/kBT) - 1:| .
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The zero-point energy Uzpg is calculated using Eq. (20)

3N—-6

hU,’
Uspp = R — . (20)
=R Y ]

The principal moments of inertia and the vibrational
frequencies are determined by DFT calculations and subse-
quently used to determine, respectively, the rotational and vi-
brational contributions to the internal energy and the entropy
in addition to the zero-point energy.

lll. RESULTS

A. Molecular structures of MgCl, - nH,O;
(n=0,1,2,4,6)

Figure 1 shows the optimized structure of the MgCl,
molecule along with the bond lengths and the atomic charges.
The structure is linear with the two Cl atoms separated by
a Mg atom in the middle, which is similar to the crystalline
structure of MgCl,'¢ as well as an ab initio study® reported
in the literature. The Mg — Cl distance in the molecule is
2.18 A after a geometry optimization which is also consis-
tent with the literature.>® The addition of a water molecule to
the MgCl, molecule results in the structure of MgCl, - H,O,
which is shown in Figure 2. This results in the bending of the
CI-Mg—Cl angle to 156.3° along with the stretching of the
Mg — Cl bond to 2.21 A. The coordination length between
the Mg atom and the O atom in water is found to be 2.05 A.
The electronic energies, U,., of the structures are given in
Figures 1-6.

For MgCl, - 2H,0, two structures were considered. The
first structure is the lowest energy isomer as shown in
Figure 3. This structure is slightly different from the known
structure in the literature'® of crystalline MgCl, - 2H,O. The
structure in Figure 3 has a C1 — Mg—Cl angle of 146.1° along
with an average Mg—Cl bond length of 2.265 A. The struc-
ture involves two hydrogen bond interactions between both
the water molecules and the two Cl atoms, and therefore the
structure is not fully symmetric with respect to a plane pass-
ing through the CI-Mg—Cl atoms. The other structure consid-
ered is a planar symmetric structure, as shown in Figure 4,
which is consistent with the crystalline structure.'® However,

FIG. 1. Molecular structure of MgCl,. U = —201.39 kcal/mol. Atomic
(Bader) charges and bond lengths are also given. Mg = lime, Cl1 = green.
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FIG. 2. Molecular structure of MgCl, - HyO. Ugee = —553.73 kcal/mol.
Bond lengths and the atomic charges are given. Mg = lime, Cl = green,
O =red,H = white.

FIG. 3. Molecular structure of MgCl, - 2H>0. Uejee = —903.94 kcal/mol.
Mg = lime, Cl = green, O = red, H = white.

FIG. 4. Molecular structure of MgCl, - 2H>O with planar symmetry. Ugjec
= —899.38 kcal/mol. Atomic charges and bond lengths are also given.
Mg = lime, Cl = green, O = red, H = white.

FIG. 5. Molecular structure of MgCl, - 4H>0. Ugjec = —1592.53 kcal/mol.
Atomic charges and bond lengths are also given. Mg = lime, Cl = green,
O =red,H = white.

this planar symmetric structure possesses an imaginary fre-
quency corresponding to the rotation of the H;O molecules
with respect to the axis passing through the O atoms, parallel
to the C1-Mg—Cl atoms. The bond lengths in the two struc-
tures of MgCl, - 2H,O are not significantly different. We will
use the planar symmetric geometry of Figure 4 (discarding the
imaginary frequency) for the Gibbs free energy calculation
in order to make sure that our calculation is consistent with
crystalline structures. Bader charges for Mg in these struc-
tures seem to have slightly increased from 1.62 (Figure 1) to
1.68 (Figure 4), while the charges for CI atoms increased only
0.02. Overall charge transfer appears to be negligibly small
and therefore, the coordination between water molecules and
the Mg atoms may be considered as more of a Coulombic
interaction.

For the structure with four water molecules, Figure 5, an
octahedral geometry is obtained after optimization with four
water molecules on the plane and both the Cl atoms at the
axial positions. The shape of this structure is in accordance
with experimental observations.'® The Mg—Cl bond length is

FIG. 6. Molecular structure of MgCl, - 6H>0. Ugjec = —2281.90 kcal/mol.
Atomic charges and bond lengths are also given. Mg = lime, Cl = green,
O =red,H = white.
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0.57
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FIG. 7. Molecular structure of MgOHCI. U, = —373.61 kcal/mol. Atomic
charges and bond lengths are also given. Mg = lime, Cl = green, O = red,
H = white.

increased to 2.43 A. The four water molecules have an av-
erage coordination length of 2.15 A. This octahedral distor-
tion is due to the larger size of the Cl atom compared to the
O atom in water and not due to the Jahn-Teller distortion.*’
The structure in Figure 5 is not symmetric, but the octahe-
dron is distorted by the influence of hydrogen bonds between
water and Cl atoms. Thus, hydrogen bonds appear to have a
small influence on the structures of MgCl, hydrates, but not as
much as compared to MgSO, hydrates.” Also, the hydrates of
MgCl, appear to be noncomplex without the presence of any
unusual low energy isomers. This difference in the influence
of hydrogen bonds to form meta-stable states may possibly
be regarded as the reason for the faster hydration kinetics in
MgCl, as observed by Ferchaud et al.*! in comparison with
MgSO,.

For the optimized hexahydrate molecule of MgCl,,
Figure 6, the water molecules seem to be at the corners of
a regular octahedron and the two chlorine atoms are placed
along the axial direction, although the Cl atoms are not
bonded to the Mg atom. The two chlorine atoms are, clearly,
stabilized by the hydrogen bonds formed with the coordinated
water molecules. Along with the significant change in the in-
teraction length between Mg and Cl, the charge around the
Cl atom is also decreased to —0.71. Song et al.** reports an-
other isomer of MgCl, - 6H,0, where the water molecules are
stabilized at three different levels with three different coordi-
nation lengths. In their study, at least two water molecules
were not coordinated directly with the Mg atom. Formation
of such isomers may be caused by the presence of hydrogen
bonds. Nevertheless, the MgCl, - 6H,O structure obtained in
this study appears to be closer to the experimentally predicted
octahedral structure of MgCl, - 6H,0.!°

Figure 7 shows the optimized structure of the MgOHCI
molecule along with its bond lengths and atomic charges. The
Mg—Cl bond length and the atomic charge of the Cl atom are
close to those in the structure of MgCl,. On the other side of
the Mg atom, the OH fragment is bonded with an Mg—O bond
length of 1.78 A. The magnitude of atomic charges of the Mg
atom and the O atom are larger than is seen for the MgCl,
hydrates, resulting in a smaller Mg—O bond length. Due to
the low crystallinity of this material, the crystal structure of
MgOHC! could not be determined experimentally.'® There-
fore, various initial geometries are considered in order to find
the lowest energy isomer, all resulting in the same structure
as given in Figure 7. The Cl-Mg—O bond angle is nonlin-
ear with an angle of 176.1°, and the H-O-Mg bond angle is
148.2°.

The energies of the chemical reactions for dehydration
and hydrolysis are shown in Table I. The dehydration ener-
gies, AEgenyararion, Per release of water molecule are calcu-

J. Chem. Phys. 139, 124312 (2013)

TABLE 1. Energies of the molecules and the dehydration (per release of
water molecule) and hydrolysis reactions.

Energy AEdehydmti()n AEhydroly.vis
Molecule (kcal/mol) (kcal/mol) (kcal/mol)
MgCl, - 6H,0 —2281.9 14.8 119.3
MgCl, - 4H,0 —1592.5 16.7 89.7
MgCl, - 2H,0 —899.4 15.7 46.3
MgCl, - H,O —553.7 224 40.5
lated using the equations below:

0.5 x Emgcy,.(n-2H,0+

EHZO —0.5 x EMgClz.nHZO, lf n = 6, 4

AEdehydration =
Ewmgct,.(n-1nH,01
EHzo - EMgClz.nH207 ifn=2,1

Similarly, the hydrolysis energies, AEjyqro1ysis, are given by

AEhydrolyxix = EMgOHCl + (I’l - 1) X EHZO

+Enct — Emgel, nb,0. (21)

In the above equations, the energies of stand alone H,O
and HCI molecules (i.e., Ey,0 = —329.8 kcal/mol and Ey
= —139.6 kcal/mol) are used. It can be seen that, during the
dehydration process, the first two water molecules are the eas-
iest to be removed because the energy of dehydration of the
first step is the lowest. The third, fourth, and fifth also have
similar dehydration energies. The last water molecule is the
most difficult to be removed. Looking at the fourth column in
Table I, the energies of hydrolysis reactions are lower for
lower hydrates. This is consistent with experimental evi-
dences, which shows that the chances of hydrolysis is more
for lower hydrates.

B. Vibrational frequency spectra

The O-H and Mg—Cl vibrational frequencies are plot-
ted in Figures 8 and 9. The calculated peak positions for the
H,0O molecule correspond well with the results found in the
literature.** The eigen modes corresponding to the Mg—Cl,
Mg-0, and O-H vibrations are indicated specifically in the
figures for clarity. From Figure 8, it follows that the O-H vi-
brational frequencies in the molecules did not change when
n (the hydration number) is increased from 1 to 2. However,
the peak corresponding to symmetric stretch has been shifted
to the left for n = 4 and still further for n = 6, presumably
due to the influence of hydrogen bonds in the molecule.**
In Figure 9, the asymmetric stretch of the Mg—Cl vibrations
was shifted to the left from » = 0 to n = 2. In the case of
MgCl, - 6H,0, the intensity of the Mg—Cl vibration, denoted
with the o marker, is almost zero. The Cl atoms are stabi-
lized by the H atoms by hydrogen bonds. Therefore, this vi-
bration may be interpreted as the hydrogen bond vibrations
between [Mg(H20)6]2+ and CI*~ instead of Mg-Cl vibra-
tion, thus resulting in an increased frequency compared to
the Mg—Cl stretch in the case of MgCl, - 4H,0. The peak
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FIG. 8. IR spectra of the hydrates in the O-H frequency range. The signs
indicate symmetric O—H stretch (x) and asymmetric O-H stretch (o).

corresponding to CI-Mg—Cl bend, marked with x, disappears
in Figure 9.

C. Equilibrium curves for dehydration reactions

From Eq. (1), it is understood that the change in Gibbs
free energy AG for a reaction is a function of temperature
T and pressure p, i.e., AG = AG(T, p). At equilibrium,
AG = 0, which implies that we can calculate the equilib-
rium pressure of the reactants and products as a function of
temperature, i.e., p = p(T). Such equilibrium curves for the

599 1
MgCl, 6H,0
O L 4
633} 1
= MgCl, 4H,0
€ _0r I
T 331t |
=,
>
2 MgCl, 2H,0
g of 1
£ 220} 1
MgCl, H,
O L 4
153} |
MgCl, k
0 1 1 L L 1 1

0 100 200 300 400 500 600 700 800
Wavenumber [cm'1]

FIG. 9. IR spectra of the hydrates in the Mg—Cl1 vibrations range. The signs
indicate C1-Mg—Cl bend (%), Mg—Cl stretch (o), and Mg—O stretch (A).
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15 ‘ : : , : :

—f— MgCl,:6H,0 & MgCl,4H,0 + 2H,0(g)

1k . . : : E
MgGl,-4H,0 < MgCl,:2H,0 + 2H,0(q)

|| —s— MgCl,2H,0 & MgCl,-1H,0 + H,0(g)

log(P,, o [atm])

28 'STOO 320 340 360 380 400 420 440 460 480
Equilibrium Temperature [K]

FIG. 10. Equilibrium water vapor pressures for the dehydration reactions of
the MgCl, hydrates.

dehydration reactions, mentioned in the introduction, are cal-
culated to show the effect of temperature and pressure on the
reaction equilibrium. Figure 10 shows the equilibrium water
vapor pressure vs temperature for the three dehydration reac-
tions: (from hexa-hydrate to tetra-hydrate, from tetra-hydrate
to di-hydrate and from di-hydrate to mono-hydrate). In this
calculation, only the partial pressure of H,O is changed and
the partial pressures of the hydrates are kept constant at 1 atm.
In real experiments, only the partial pressures of H,O and
sometimes HCI are the controlled variables and the changes
in concentrations of the hydrates are not important. This is the
reason for using constant hydrates pressure.

The equilibrium curves in Figure 10 match approxi-
mately with the results found in the literature.>>° Accord-
ing to Figure 10, the dehydration of higher hydrates occurs at
lower temperatures and vice versa for lower hydrates, which
is consistent with experiments.>?" In addition, the slopes of
the equilibrium lines are equal to those found in the literature.
However, an offset of 25 K is observed in the temperature axis
in Figure 10 compared to values found in the literature. This
difference may be the consequence of the ideal poly-atomic
gas assumption involved in the calculation. From the curves,
it may be understood that the first two reaction steps in the
dehydration mechanism proceed relatively at ease (lower tem-
peratures) within the temperature range of interest. The figure
shows that the dehydration becomes increasingly difficult as
the water vapor pressure increases.

D. Equilibrium curves for hydrolysis reactions

A similar analysis is performed to obtain the equilib-
rium curves for the hydrolysis reactions starting from hexa-
hydrate, tetra-hydrate, di-hydrate, and the mono-hydrate.
Figure 11 shows the equilibrium water vapor pressure as a
function of temperature for the four hydrolysis reactions, in
which the HCI pressure is kept constant at 0.001 atm for this
calculation. The concave curves show that the hydrolysis re-
action is increasingly difficult as the water vapor pressure in-
creases. The hydrolysis reaction for the mono-hydrate does
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FIG. 11. Equilibrium H,O pressures for the hydrolysis reactions of the
MgCl, hydrates. ppc) = 0.001 atm.

not depend on the water vapor pressure as water vapor is not
a product of the reaction. Therefore, the corresponding equi-
librium curve is a vertical line in Figure 11.

Comparing Figures 10 and 11, it can be seen that at a
given water vapor pressure and HCI pressure, the equilibrium
temperatures for the hydrolysis reactions are higher than those
for the dehydration reactions. This implies that the dehydra-
tion reaction is always favorable compared to the hydrolysis
reaction for this HCI pressure of 0.001 atm. Another observa-
tion is that the equilibrium temperature difference between the
hydrolysis reaction and the dehydration reaction for a given
water vapor pressure, or in other words, the offset of the hy-
drolysis line in Figure 11 with respect to the dehydration line
in Figure 10 for each hydrate, decreases with the hydration
number. From this, one should expect that hydrolysis becomes
less favorable for lower hydrates. However, experiments do
show that hydrolysis happens mostly for the lower hydrates.
Now, Figure 12 shows the changes in the equilibrium HCI
pressure as a function of temperature for the hydrolysis re-
actions with the H,O pressure kept constant at py,0 = 0.023
atm. From Figure 12, it can be seen that the changes in the
equilibrium temperature is more for lower hydrates for a given
change in the HCI pressure. This is because the molar ratio
between HCI and H,O in the hydrolysis products increases
with a decrease in hydration number. This implies that low-
ering the HCI pressure indeed favors the hydrolysis reaction
for lower hydrates and thus decreases the temperature offset
between the hydrolysis and the dehydration reaction, so that it
eventually becomes smaller for the lower hydrates. This is the
reason why we observe more hydrolysis for lower hydrates,
which is consistent with experiments.2%2438

E. Preference of hydrolysis over dehydration

A comparison between the hydrolysis reaction and the
dehydration reaction, to understand the preference of one
over the other for different combinations of HCI and H,O
pressures, is shown here. Figure 13 shows the equilibrium
lines for the dehydration reaction as well as the hydrolysis

J. Chem. Phys. 139, 124312 (2013)

b —_— MgCI2-6H20 = MgOHCI + HCI + 5H20(g)

MgCl,4H,0 = MgOHCI + HCI + 3H,0(g)
_Q_ MgCl,2H,0 = MgOHCI + HCI + 1H,0(g)
—A— MgCl,-1H,0 = MgOHCI + HCI

-2

4+

_5 ]
400

i i
1000 1200

Equilibrium Temperature [K]

1400

FIG. 12. Equilibrium HCI pressures for the hydrolysis reactions of the
MgCl, hydrates. py,0 = 0.023 atm.

reaction of the magnesium chloride mono-hydrate. It shows
the equilibrium water vapor pressure as function of the tem-
perature for different HCl pressures. It can be seen that the
equilibrium temperature decreases as the HCI pressure is de-
creased. In principle, hydrolysis becomes favorable when the
HCI pressure becomes low, such that the hydrolysis curve
crosses over to the left of the dehydration curve. For instance,
the maximum HCI pressure required for the hydrolysis curve
to cross the dehydration curve, at py,o = 0.023 atm, is about
prcl = 1077 atm. Similarly, the maximum HCI pressures be-
low which the hydrolysis becomes favorable for the di-, tetra-,
and hexa-hydrate, at py,0 = 0.023 atm, are 10~!7, 1072!, and
10725 atm, respectively. Thus the equilibrium curve analysis
shows here that the hydrolysis reactions are, usually, thermo-
dynamically less favorable compared to dehydration reactions
especially in the operating conditions of a seasonal energy
storage system.

Figure 14 shows the equilibrium H,O and HCl pressures
for the dehydration and hydrolysis reaction for MgCl, - HO

15 : : : - :
MgCl,-H,0 & MgCl, + H,0(g)
1r :Z: MgCl,-H,0 = MgOHCI + HCI 1

0—1

g

=Y

y = L\‘ l—\‘ u‘ y = .
800 900 1000 1100 1200 1300 1400
Equilibrium Temperature [K]

log(p,, , [atm)

7406 44-5 4 -3 -2
PHCI=1P 1A0 jO jO A10 1AO
;

FIG. 13. Equilibrium H;O pressures for both reactions for MgCl, - H,O.
The HCI pressure is varied from 1077 to 107! atm.
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FIG. 14. Equilibrium H>O and HCI pressures for the dehydration and hy-
drolysis reaction for MgCl, - 1H,O as a function of temperature.

as a function of temperature. Since only either one of the
products between H,O and HCI will be formed for these re-
actions, the curves should be viewed with the correct pressure
axis. The equilibrium HCI pressure for the hydrolysis reaction
is given on the right axis in Figure 14, while the equilibrium
H,O pressure for the dehydration reaction is given on the left
axis. From this figure, it can be seen that hydrolysis is favor-
able if the equilibrium temperature of the hydrolysis reaction
is lower than the equilibrium temperature of the dehydration
reaction. Each equilibrium temperature is related to particular
values of HCI and H,O pressures. The line in Figure 15 cor-
responds to the combinations of HCI and H,O pressures with
equal equilibrium temperatures. Therefore, any combination
of pressures on the left side of the line will result in a con-
dition favoring dehydration reaction, and any combination on
the right side of the line will result in a condition favoring the
hydrolysis reaction.

Overall one can say that hydrolysis occurring from the
hexa-, tetra-, and di-hydrate is only possible when the tem-

|
IS
T

DEHYDRATION

log(P,,, [atm])
&

HYDROLYSIS

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
log(P,, , [atm])
2

FIG. 15. preference of reaction for MgCl, - H>O for different combinations
of HCI pressures and H>O pressures with equal equilibrium temperatures.

J. Chem. Phys. 139, 124312 (2013)

perature is increased too fast to a high value. For instance, if
the temperature is increased in order to dehydrate the lower
hydrates when at the same time, the higher hydrates are also
present, the temperature might reach towards the maximum
value for hydrolysis to occur from the higher hydrates. Even
then, the dehydration reaction remains favorable at every tem-
perature and pressure. However, in the case of the mono-
hydrate, hydrolysis may become favorable at high water va-
por pressure, which will counteract the dehydration reaction,
and at very low HCl pressure, which will favor the hydrolysis
reaction. Despite this, if a little HCI is formed and the HCI
pressure rises, it thwarts the formation of more HCI.

IV. CONCLUSION

Molecular structures of MgCl, - nH,0, where n = {0, 1,
2, 4, and 6}, were analyzed along with the atomic charges
in order to understand the equilibrium curves for dehydra-
tion and hydrolysis reactions observed in these salt hydrates.
Harmonic frequencies were calculated for the geometries, and
thereby the Gibbs free energies of the dehydration and the hy-
drolysis reaction are used to generate the equilibrium curves.
From the molecular structures of the hydrates, it can be seen
that the hydrogen bonds existing in the geometries are rela-
tively weak with almost no meta-stable isomers. This proba-
bly may be related to the faster kinetics observed in the hy-
dration of chlorides compared to sulfates. Gibbs free energy
calculations are performed to study the preference of hydroly-
sis over dehydration reactions. It is found that the probability
for hydrolysis to occur is larger for lower hydrates. Hydrol-
ysis occurring from the hexa-, tetra-, and di-hydrate is only
possible when the temperature is increased too fast to a very
high value. In the case of the mono-hydrate, hydrolysis may
become favorable at high water vapor pressure and at low HCI
pressure.
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