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ABSTRACT

Using a high-temperature Calvet calorimeter as a differential enthalpic analyser Li,SO,
was investigated in the temperature range 800-1200 K. One transformation in the solid state
was observed at 847 K with a corresponding enthalpy increment of 24.2 kJ mol™'. The
solid-liquid transition was found to occur at 1131 K with an enthalpy of fusion of 7.74 kJ
mol ™!, Furthermore, the analysis of the corresponding thermograms supports the presence of
the premelting effect which was evidenced by other techniques. A critical comparison with
previous results in the literature is given.

INTRODUCTION

A recent bibliographic survey showed that the values of the temperatures
and enthalpies of the solid—solid and solid-liquid transitions of lithium
sulfate, Li,SO,, are very scattered. However, an accurate knowledge of the
entropy increments related to these high-temperature transformations is of
much interest, for instance, in:

(1) the use of Li,SO, as an electrolyte for high-energy batteries. Indeed, a
plastic phase with a very high ionic conductivity has been found [1];

(2) some projects on thermal energy storage using this material [2], since a
fairly large enthalpy increment is related to the high-temperature solid—solid
transformation;

(3) thermodynamic calculations where some inconsistencies were reported
for Li,SO,-containing mixtures [3]; as for us, also in this field, we will use
the values of the transformation entropies of Li,SO, to calculate the phase
diagrams of the ternary reciprocal molten salt mixtures (Li*+ A"+ F~+
SO77) (A = Na,K) which have been calorimetrically investigated in a previ-
ous work [4]. ‘

Therefore, the temperatures and enthalpies of transformation of Li,SO,
were measured using differential enthalpic analysis (DEA) which was al-
ready shown to be a suitable technique for such determinations.
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The present paper reports experimental results together with a statistical
estimate of their accuracy and a comparison with those reported in the
literature.

EXPERIMENTAL
Apparatus

The apparatus used in this work was a high-temperature microcalorimeter
of the Calvet kind [5] which was utilized as a differential enthalpic analyser.
We have already described the experimental details and also showed how the
great sensitivity of this apparatus allied to its small heating rate allow to
detect, separate and estimate the order of magnitude of thermal effects
however small and close in temperature [6,7].

For the sake of clarity, we will recall here only certain experimental points
of interest to this kind of experiment.

When a thermal effect occurs in the calorimetric cell, the corresponding
amount of heat, Q,, at constant pressure is proportional to the surface of the
thermogram, S (recording the EMF of the thermopiles against time)

0,=KS

When the thermal effect is related to a phase transition of the material
contained in the calorimetric cell, the above equation can be written as

0,=KS=nAH, (1)

where n and AH, are the number of moles and the molar enthalpy of
transformation, respectively.

The constant K is obtained during a previous calibration of the calorime-
ter. This operation is performed with materials having a well-known AH,,
and with operating conditions similar to those used during the experiment.

Systematic investigations have been carried out in our laboratory [7,8]
which have evidenced the importance of an identical location in the calorim-
eter of the cell containing either the sample or the calibrating material.

The rate of temperature variation (heating or cooling) is linear against
time and about 8 K h™".

Sample preparation

The lithium sulfate used was suprapur (Merck) with the formula (Li,SO,-
H,0). The molecule of water was removed using the following thermal
treatment: maintainance under vacuum at room temperature for 24 h;
heating under vacuum at 450 K for 24 h.
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The salt was weighed before and after these operations to control the
elimination of the total water. It was then melted under an argon atmo-
sphere. After cooling, only transparent crystals were selected and used.
During the experiment Li, SO, was contained in a crucible made of platinum
which was closed with a platinum lid.

Experimental accuracy

The different experimental quantities under examination were measured
several times under the same conditions; therefore, for each of them we can
calculate [9]:

(1) An arithmetic mean value, X

= (1/n) ¥,

i=1

(2) A calculated standard deviation, s

n 1/2
s=| X (x,=%)/(n—1)

i=1
where x; is the result of the i-th measurement and n the total number of
measurements.

(3) A confidence interval where the exact value of x is ascribed to a
probability range, in connection with Student’s coefficient, ¢_. The limits of
this interval are: (x —¢_s/ Vn) and (X +t.5/Vn). In the present work, we
used the 7, values, given in tables in ref. 10, corresponding to the usual
probability 0.95.

In the following, our results are presented under the equivalent form

x=X+ts/Vn

When the quantity to be measured is dependent on many independent
experimental parameters, like A H,,, we will calculate the relative uncertainty
with the following equation which was deduced from a statistical evaluation
of experimental errors in calorimetry [11]

A(AH,)/AH, = [(An/n)* +(80,/0,)]]

1/2

1/2

= [(Am/m)* +(AS/S) +(AK/K)’] )
The calculation of (AK/K) is performed in the same way
AK/K = {[A(AH(C)/AH, (O] +[am(C) /m(C)]* +(as/S)’}  (3)

In this relation, however, m(C) and AH (C) are the mass and the molar
enthalpy of transformation of the calibrating substance, respectively.
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TABLE 1

Calibration of the calorimeter with antimony (a.u. = arbitrary unit)

Number Melting Area of the Calibration
in the temp., T thermograms constant
set (K) (au) kJ/(a.w))
1 903.0 8152 . 4.86x1072
2 903.5 8367 ; 474x107?
3 903.5 8530 4.64x107?
4 903.5 8510 4.65x1072
RESULTS

Solid—solid transformation

Calibration

The calibrating substance was antimony and was contained in a sealed
silica ampoule. This metal has a large undercooling and, accordingly, only
heating experiments were selected. Our experimental results are given in
Table 1. From the values of the melting temperature reported there for
antimony, we found T;(Sb,) = 903.4 + 0.4 K. Since this value is in excellent
agreement with that given in the literature (903.5 K [12]), the validity of the
experimental technique was concluded for measuring transition tempera-
tures.

The calibration constant, K, was calculated from the value of the enthalpy
of fusion reported for antimony by Kubaschewski [12]. The results in Table
1 lead to the value K=0.047 1+ 0.0016 J/(a.u.) (a.u. = arbitrary surface
unit).

Temperature and enthalpy of transformation

The experimental results concerning the temperature and enthalpy of the
solid-solid high-temperature transformation of Li,SO, are given in Table 2.
We obtained the temperature of transition, 7,, = 847.0 + 0.4 K.

TABLE 2

Solid-solid transition of Li,SO,: sample weight, 1.92777 g; a.u. = arbitrary unit
Number in Transition temp., T (K) Area of the

the set thermograms (a.u.)
1 848 9020

2 847 8880

3 847 9165

4 847 8954

S 847 9194

6 847 8810
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In Table 3 we report the values found in the literature; it can be noted
that the temperatures given in refs. 15, 16, 19 and 20 differ noticeably from
the others. The experimental method, the so-called drop method, which was
used in ref. 15 is not very suitable for measuring the temperature of a phase
transition since the latter is obtained by extrapolation of the experimental
temperature ranges before and after the phase transition. Neither does the
temperature obtained in ref. 16 have a high accuracy due to the very fast
heating rate (600 K h™!) of this thermal analysis. As for the values reported
in refs. 19 and 20, the difference can be attributed either to the miscalibra-
tion of the detecting thermocouples or the purity of the chemicals which
were used. ,

All the remaining values range between 846 and 851 K and it is difficult
to choose one value from the other temperatures; however, we calculated the
mean value and its related confidence interval 7,, = 848.3 + 1.5 K, and it can’
be stressed that our experimental value pertains to this interval. Also, taking
into account that we obtained, under the same experimental conditions, the
melting temperature of antimony within 0.1 K of that reported in the
literature, it can be concluded that this value (847 K) is the most probable.

We indicated in Table 2 the values of the surfaces of the thermograms
corresponding to the transformation of Li,SO,; they correspond to the mean
value S = 9003 + 161 a.u. (a.u. = arbitrary unit).

Using eqns. (1) and (2) we obtained for the enthalpy increment related to
this transition, AH, = 24.1 + 0.95 kJ mol~'. A comparison with the values

TABLE 3
Solid-solid transition of Li,SO,: results reported in the literature
Temp., Enthalpy Experimental Ref.
T (K) (kJ mol™ 1) method
851 23.54 DTA and DSC 2
23.0-234 Cryoscopy 13
849 25.02 DTA and 14
drop method
859 27.32 Drop method 15
865-832 28.45-26.36 DTA 16
848 25.56 Drop method 17
848 TA 18
858 TA 19
842-839 29.12-28.32 TA 20
846 DTA 21
848 - 22
850 21-25°% Cryoscopy 23
847.3 Cryoscopy 24
851 Cryoscopy 25
847 2424 DEA This work

# Calculated by Grjotheim and Urnes [31].
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in the literature (Table 3) indicates that, as for the temperature of transfor-
mation, the results obtained in refs. 15, 16 and 20 differ from those reported
in the other references. Those values [2,13,14,17,22] are within our confi-
dence interval.

Solid-liquid transformation

Calibration

Since the calibration constant of the calorimeter, K, is temperature
dependent it should be determined at a temperature very close to that of the
expected phase transition.

Therefore, calibration was carried out with sodium chloride. This salt was
enclosed in the same platinum crucible already used for Li,SO,. Our
experimental results are given in Table 4.

It can be noted that a difference of about 3 K exists between the fusion
and solidification temperatures. This difference is probably related to a
slight undercooling of the salt, which is not unusual for a solidifying molten
salt. Accordingly, we determined the temperature of fusion from the heating
thermograms and obtained 7; = 1073.7 + 0.8 K.

The value given in the JANAF tables (1073.5 K) [26], which compiles
several bibliographic references, is in very good agreement with ours. In this
temperature range our technique provided a reliable value for the transition
temperature under investigation.

Since the constant K was determined from experiments with NaCl
samples of different masses, we indicated in Table 4 the corresponding
values of (S/n) with S the surface of the thermogram related to the fusion
of n moles of NaCl. Using relations (1) and (3), we obtain K = 0.064 + 0.0019

J/(an.).

Temperature and enthalpy of fusion
The results obtained for the solid-liquid phase transition of Li,SO, are
reported in Table 5.

TABLE 4

Calibration of the calorimeter with sodium chloride

Number Transformation temp. (K)

in the set Heating Cooling (S/n)x1073
1 1073.5 1069 4213

2 1072.5 1070 4.444

3 1075 1070.5 4497

4 1073 1070.5 4.502

5 1074 1070.5 4.391

6 1074 1070.5 4.332
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Fig. 1. Thermograms of fusion of: (I) NaCl; (II) Li,SO,.

The analysis of the thermograms of fusion of Li,S0O, seems to indicate the
existence of a premelting phenomenon.

Indeed, the difference of the shapes of the thermograms relative to the
fusion of NaCl (curve 1) and of Li,SO, (curve II) is evident from Fig. 1. On
the latter, a difference of about 12 K exists between point A (beginning of
fusion) and point B (melting point); this difference is only 4 K for NaCl.

This premelting phenomenon has already been observed by several authors
using different techniques, such as electrical conductivity measurements [27],
Brillouin scattering [28], X-ray diffraction [29), and heat capacity measure-
ments [30], which evidenced a plastic phase before the fusion of Li,SO,.

TABLE 5

Melting of Li,SO,: sample weight, 2.72503 g; a.u. = arbitrary unit

Number Melting temp. (K) Crystallisation

in the Beginning Melting Area of the T (K) thermograms

set of thermograms thermograms
melting (a.u.) (a.u.)

1 1114 1129 2770 1131 2875

2 1118 1130 2875 1132 2912

3 1118 1130 2780 1132 3000

4 1118 1130.5 2845 1130 3110

5 1118 1129 2830 1130 3088
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TABLE 6

Melting of Li,SO,: results reported in the literature

Temp., Enthalpy Experimental Ref.
T (K) (kJ mol™ 1) method

1126 7.36 DTA /drop method 13
1133 7.65 Drop method 14
1132 - TA 15
1130 9.33 Drop method 16
1132 - TA 17
1129 TA 18
1133 DTA 20
1133 ‘ ~ 21
1131 8.20° Cryoscopy 22
1131 - Cryoscopy 23
1129 - Cryoscopy 24
1133 7742 Cryoscopy 32
1133 8.26 Cryoscopy 33
1132 7.74 DEA This work

? Calculated by Gryotheim and Urnes [31).

Table 5 also gives the temperatures observed for the beginning of fusion.
The mean value obtained for the temperatures of fusion and of solidifica-
tion, 1129.7 and 1131 K, respectively, are nearly identical.

Since the beginning of solidification is sharper than the beginning of
fusion, we think that the value of 1131 K is the more accurate (it should be
noted that in the present case no undercooling takes place since the solidifi-
cation temperature is higher than the fusion temperature). From the values
given in Table 5 we obtain 7;=1131 +1 K. The 7; values found in the
literature range between 1126 and 1133 K, while the mean value is 1131 K,
in excellent agreement with the one we propose in this work.

Due to the premelting phenomenon in Li,SO,, the determination of the
surfaces of the corresponding heating thermograms was not very accurate.
Therefore, the enthalpy of fusion was only obtained from the crystallisation
thermograms. From the experimental values reported in Table 5 and using
relations (1) and (2), we obtain AH;=7.74 + 0.50 kJ mol~'. All the values
from the literature (Table 6), except that given in ref. 17, belong to our
confidence interval.

CONCLUSION
Our experimental results, together with those reported in the literature,

allowed us to conclude that the most probable values of the temperature and
enthalpy increase of the high-temperature phase transitions of Li,SO, are
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=847+04 K and AH,=242+095 kJ 1‘1101‘1 for the solid-solid

transformation, and T;=1131+1 K and AH;=7.74 + 0.50 kJ mol~! for
the solid-liquid transformation.
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