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ABSTRACT

Experimental melting enthalpies and entropies of a great number of salt hydrates (MX-n
H,0) are reviewed and/or determined by differential scanning calorimetry (DSC).

Experimental and theoretical correlations and evaluations are proposed for melting
entropies correlated with the number of water molecules, n.

INTRODUCTION

Full-scale utilisation of solar energy, using phase change materials, is
dependent on various techniques and storage strategies, which are exten-
sively studied in numerous research centers.

For temperatures between 10 and 100°C, storage is possible using materi-
als with a solid-liquid phase transition. It may be accomplished essentially
by hydrated salts (hereafter designated by the general formula MX - n H,0).
These salts must be evaluated along several parameters: melting or crystallis-
ing temperature, enthalpy of fusion, volume change upon melting, specific
heats of liquid and solid, thermal conductivity, surfusion and segregation
phenomena, corrosion, prices, etc.

This paper deals with the determination of enthalpies of fusion of numer-
ous salt hydrates.

RESULTS AND DISCUSSION

The enthalpy of fusion, AH,, of a salt hydrate (MX - n H,0) defines the
thermal energy which must be furnished to provoke the fusion of one mole

0040-6031 /83 /$03.00 © 1983 Elsevier Science Publishers B.V.



168

of (MX - n H,0), or, inversely, the energy recoverable during the crystalliza-
tion of one mole of (MX -n H,0), at a given pressure (generally, p = 1 atm)
and, in the absence of surfusion, at a given temperature, 8. (AH_ is
generally expressed in kJ mole™! or in kcal mole™!, and 6_ in °C).

Potentially valuable systems will be based on high values of AH_, but this
simple affirmation should in fact be attenuated. For practical applications,
AH_ values, which refer to molar quantities, are generally not easily han-
dled.

Different expressions of the expected energy released during the crystalli-
zation process of a compound MX:-n H,O will be presented: one is
expressed relative to mass unit and denoted by AH, ,,in J kg™, the other is
expressed relative to the volume unit, AH,_ ,, in kJ m™> or in terms of
storage density, AH, ,, (kW hm™).

Values of fusion enthalpies and melting temperatures

A broad survey of the literature, scientific journals and contract reports
(refs. 1-24), has been made. Several difficulties must be outlined.

(1) The original experimentalists are frequently not mentioned. This leads
to the situation presented in Table 1, for three salt hydrates, chosen for
illustration. In this table, fusion enthalpies are given relative to 1 g of salt,
and are denoted by AH_ . At first sight, one might believe that many
experiments had led to these values. This is not true, and unfortunately
many of the different values found in the literature are often linked with
trivial errors in transcription, or in conversion between different systems of
units. Most AH_ and 6, values are related to quite old experimental
determinations, and for a number of salts are missing altogether.

(2) The phenomenon of melting, as recorded from differential scanning
calorimetry (DSC), is not always very simple. One has to be well aware of
how experiments must be performed, for results from experiments open to
the atmosphere may be completely different from those performed under
vacuum or argon, or with tightly closed samples. Some complications may
occur, such as allotropic transformations in a temperature region near the
melting zone, or partial dehydration in a very narrow temperature interval,
etc.

Table 2 shows some useful values for evaluating the potential applications
of a number of compounds (MX:n H,O), in relation to increasing the
values of the number of water molecules, n. The molecular weight, M, of
MX - n H,O is expressed in grams, the melting temperature, 8, in °C, and
the molar enthalpy of melting, AH_, in kcal mole ™. Relative errors of 10%
on the most reliable values may be expected. Included in Table 2 are some
recent determinations from this laboratory (DSC measurements, to be pub-
lished), marked with asterisks.

From AH_ determinations, the molar entropies of melting, AS , were
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TABLE 1

Comparative values of 8, and AH , compiled from the literature, for three salt hydrates

Compound 0., AH,, Ref.
O (calg™")
Ca(NO),),-4 H,0 43 39 6
a .
S 334
38.7
47 7
33.9
42.6(a
(o) 33.5 14
39.7(8B)
39-42 333 15
43 37 17
40-42 50 20
47 34 21
427 36.7 23
KF-4 H,O 18.5 55.4 16,17
18.5 78.9 18
CaCl,-6 H,0 29 40.6 6
29-39 41.7 7
30.5 42.2 8
29.5 40.6 15
28.5 32 17
29.48 40.6 18
36
45.6 19
27
29 50.5 20
29 40.7 21
calculated.
AH,
AS, == (1)

m

where 7, = 6_, + 273, and is given in K, AH_ is in cal mole” ' and AS,,, is in
cal mole™! K~'. The AS_ values are reported in Table 2.

In practical applications, the energy which may be released from the
crystallization process of MX - n H,O compounds is expressed relative either
to the mass unit of the compound, AH,, ,, (in kJ kg™"!), or to the volume
unit, AH, , (in kJ m~?). In order to calculate the latter quantity one needs
to know the density, d, generally recorded for solids in scientific literature.
For solar energy applications, AH,, ,, is often expressed in kW h m ™3, with

AH, ,,(kWhm™)=AH,_ ,(Jg™')xdx027778 (2)

When expressed in kW h m™3, AH, ,v 1s commonly designated as the
storage energy density.
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All the quantities mentioned are also reported in Table 2.

In contrast to some thermodynamic functions such as C,, AH,, orisations
etc., it is impossible to predict values of AH  theoretically. Some correla-
tions between experimental values of AH_ and AS, and the number of
water molecules in the hydrated compounds MX-»n H,0, n, have been
proposed by Furbo and Svendsen [6]. From fourteen determinations they
proposed linear correlations (correlation coefficient = 0.944) given by

AH,, =1.62n+0.41 (3)
AS,, =5.48n - 1.16 (4)

From the (more numerous) values in Table 2 (60 values) for linear correla-

100} o i
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Fig. 1. Experimental values of AS = f(ny o). —— corresponds to eqn. (6) and - - - - - -

to eqn. (4).
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tions (correlation coefficient = 0.911), it is found that
AH =1.692n + 1.314 (5)

m(experimental)
AS

m(experimental) = 489” + 635 (6)

All the experimental values of the function AS,, = f(ny_o) are presented in
Fig. 1, where straight lines corresponding to eqns. (4) and (6) are drawn. This
figure explains quite well the poor correlation coefficient obtained. This is
not surprising, considering the preceding remarks about the experimental
precision of AH_ and sometimes . Nevertheless, eqns. (5) and (6) may be
considered as a good approximation to the mean values to be expected for a
compound MX-n H,0, if n is known. This is noteworthy since a linear
correlation cannot be expected a priori.

Equation (4) leads to an extrapolated value of AS, for n=0, which
appears to be negative (—1.16). On the other hand, eqn. (6) leads to a
positive value of 6.35. This corresponds approximately to the mean value
observed for pure compounds, MX [1-3], which seems more reasonable.

Theoretical approach to fusion entropies of MX - n H,0 compounds

The fusion phenomena of a hydrated compound (MX -»n H,0) may be
formally described by
0..AH,,
(MX-nH,0), =2 (MX-nH,0), (7)
where M is the metallic ion, in a definite oxidation state; X is the anion
corresponding to an element in the oxidation state correlating that of the
cation M, or complex anion; (MX-n H,0), is the hydrated salt, with »n
water molecules of constitution, in the solid state; and (MX - n H,0), is the
same hydrated salt, in the liquid state.
It is assumed then that the melting process described in (7) corresponds to
some developing degrees of freedom, e.g. vibration, translation [linked to the
breaking of crystal, and suppression of long distance order in the solid state,

and the subsequent formation of short-ordered aggregates symbolized by
(M- x H,0),,, (X -y H;0),,], following the general scheme of eqn. (8)

MX,, +n H) O, 2 MXj,+n H,0,, (8)
which might be considered as the addition of the two sub-equations (9a) and
(9b)

MX,, 2 MS, (9a)
n H,0,, 2 n H,0, (9b)
In other words it is assumed that eqn. (10), reflecting simple additivities of
entropies, reads

(ASy ) = ASH(MX) +nAS, (H,0) (10)
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TABLE 3
Theoretical values of AS,, calculated from eqn. (10), for salt hydrates MX-n H,0

n
1 NaOH  H,SO, NaHSO, HNO,

11.5 13.6 10.7 16.1

2 KF LiBr BaBr,
16.5 14.02 17

3 LiNO, ZnCl, Lil NaBr CaBr, LiClO,
27.1 25.8 20.5 219 22.7 254

3,5 NaOH
24.6

4  Ca(NO,), MnCl, KF CdBr, Cd(NO;),
26.2 30.1 26.8 30.5 28.6

6 Mg, AlBr, AlCl, FeCl, NaNO, CaCl, CaBr, SrBr,
42 389 49.6 49.4 38 37.3 384 374
Cal,
41.06

7  MgSOo, K,PO,
393 43.3

8 LiBO, Ba(OH),
49.5 48.7

9  Na,SiO,
56.5

10  Na,CO, Na,B,0, Na,SO, Na,(CrO,
58.8 71.7 60.6 58

where (AS,),, is the fusion entropy of one mole of MX - n H,0, calculated
by eqn. (10); AS_(MX) is the fusion entropy of one mole of MX compound;
and AS,,(H,0) is the fusion entropy of one mole of water.

Equation (10) is formally analogous to eqn. (11)

AS,.(A,B,)=pAS,(A) +gAS,.(B) (11)

A and B being elements of the periodic table [13,14,26]. This relation has
already been used by M. Telkes et al. [26], particularly for MX salts where
X = Cl, Br and 1. However, this author used theoretical values, which depart
significantly from experimentally measured values, for AS, (MX). This point
will be outlined again later.

From eqn. (10), we calculated (AS,,),, for a number of MX-n H,O
compounds. The AS_(H,0) value is 5.26 cal mole™! K~' and AS, (MX)
values are experimental determinations from the literature [1-3,9.11]. Values
of (AS,,),, are reported in Table 3, and from them, coefficients of the linear
relationship (AS,),, = g(n H,0) were determined (correlation coefficient
0.970), leading to

(AS,,),, = 5.52n+7.03 (12)
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A number of hydrated compounds in Table 2 do not appear in Table 3. This
is generally due to the absence of any experimental determination of
AS,_(MX) for the anhydrous compound. In general, the latter decomposes
before melting, or its melting temperature is too high for a correct de-
termination of AH_ . Conversely, Table 3 shows hydrated compounds which
are not included in Table 2: this reflects the absence, to our present
knowledge, of any A H_, determination, and/or @,,,.

Equation (12), considering all the previous hypotheses, may be considered
as quite interesting for a qualitative evaluation of AS, of MX.rn H,O
compounds, and consequently of AH_, if 8 is known.

The difference between the mean values of AS,, given by eqns. (12) and
(6), i.e. between a theoretical mean value and the corresponding experimen-
tal mean value, for a given number of moles of water, for compounds MX - n
H,0, reaches a maximum of 10%. Despite the rough simplicity of the model
used, its efficiency for predictive evaluations has to be recognized. It must be
noted that for n =0, AS,, values are of the same order of magnitude (7.03
and 6.35).

TABLE 4
Compound x — y (x—y) ASL AS»=» (AS)), ASS*P (AS2), AS?
(MX) (H0) (MX)
Na,SO, 10 -0 10 838 526 61 63.5 62.3 9.7
Ba(OH), 8§ —0 8 6.65 42.08 48.07 64.5 52.8 10.7
FeCl, 6 -0 6 15.4 31.56 47 47.1 46.9 15.3
38.8
Na,5,0, 5 =0 5 26.3 37 423 1
NaAc 3 -0 3 7.3 15.8 23.1 26.7 26.1 10.3
28.4
LiNO, 3 -0 3 12.1 15.8 279 28.9 29 13.2
KF 2 -0 2 6.0 10.4 16.4 18.8 15.5 5.1
NaOH I =0 1 11.41 5.3 16.7 11.2 16.6 11.4
NaHSO, 1 -0 1 5.45 5.3 10.7 12.8 11.1 5.8
H,PO, 05-0 05 10.1 2.6 12.7 8.2 20 17.4
Na,HPO, 12 -2 10 52.6 72.8 71.3 18.7
Na,PO, 12 -2 10 52.6 58 719 19.3
Na,CO, 10 -1 9 10.3 47.3 57.6 56.6 65.6 18.3
Na,CrO, 10 -4 6 5.5 31.6 37 48.6 50.4 18.9
46
MgSO, 7 =1 6 2.5 31.6 34.1 37.5 40 8.4
CaCl, 6 —2 4 6.44 21 27.5 29.4 31.2 11.1
MgCl, 6 -4 2 10.44 10.5 20.9 21.6 21.7 11.2
Ca(NO,), 4 -2 2 6.8 10.5 17.3 22,6 25.7 15.2
MnCl, 4 -2 2 9.8 10.4 20.2 25.5 21.6 11.2
KF 4 -2 2 6.0 10.4 16.44 35.2 15.54 5.1
Cd(NO;}, 4 >3 1 7.6 5.3 12:9 235 19.3 14
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A deeper examination of the fusion phenomena, for salt hydrate com-
pounds, would have to take into account that in their melting, not only the
dissolution of MX in the » moles of constitution water occurs, but often also
the formation of another hydrate (MX : x H,0), with x < »n, more or less
dissolved in (#n — x) moles of H,O, is observed. It is to be noted that x =0
corresponds to the particular case described previously.

These facts have been more specifically studied by Telkes et al. [26]. Using
their model

(ASrln)th = ASm[l\d)( ’ (n - -x) Hzo]
_ AS, (MX) + (1 — x)AS,(H,0) (13)

In Table 4, the theoretical values calculated from eqn. (13) which have been
quoted are (AS}),. when AS, (MX) experimental values are used, and
(AS?),,, for calculations made by Telkes et al. [26], using theoretical values
of AS_(MX) predicted by these authors.

Equation (13) evidently leads, for x = 0, to the same results for (AS}),,, as
those already reported in Table 3 (first part of Table 4).

When comparing either (AS]),, or (AS2),, values with the experimen-
tally determined AS,, large deviations may generally be noted. For instance.
for melting KF -4 H,O which gives KF-2 H,0+ 2 H,0, and melting
KF -2 H,O which gives KF + 2 H,0, eqn. (13) leads to identical predictions
for (AS,,),,- Experimentally we note a very large difference in corresponding
AS_, values.

Some comments should be made on the model used by Telkes et al. {26].

(1) This type of calculation will apply only if MX - x H,0 is completely
insoluble in the (7 — x) moles of water. This is not generally so, and a better
description of the liquid phase would correspond to the mechanism sym-
bolized by eqns. (9a) and (9b).

(2) Some calculated values of (AS2),, by Telkes et al. [26] may seem to
correspond quite satisfactorily with experimental determinations. This is a
complete artefact, linked to the use of calculated AS, (MX) values, which
may differ by a factor of 2 or even 3 from corresponding experimental
AS_(MX) values.

This is particularly unfortunate, especially for predictive work, and in
particular where salts with oxy anions (e.g. NO; , SO;~, PO}, COi
ClO; , CIO; ) are concerned. On the other hand, it should be remembered
that experimental AS, (MX) values are often unknown, or not very precisely
determined.

CONCLUSIONS

The study of experimental melting enthalpies and entropies of about sixty
salt hydrates (MX - n H,0) allows semi-empirical correlations, enabling the
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estimation, for a given value of » (number of moles of constituent water), of
the value of the melting entropy [eqn. (6)], and melting enthalpy (if melting
temperature is known), for any salt hydrate.

These correlations have been used in conjunction with a very simple
model, giving a theoretical prediction, which compares (with a 10% margin
of error) with experimental determinations.

This analysis will be refined using new experimental results actually
performed, especially with compounds such as CuSQO, -5 H,0, A[(NO,),-9
H,O0. vitriol series M(II)SO, - 7 H,O (M = Mg, Fe, Ni, Co, Zn) and alums.
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