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The heat capacity of solid EuQivas measured by differential scanning calorimetry from 300 K
up to the melting temperature, and beyond. These results were compared with literature data and
fitted by a polynomial temperature dependence. The enthalpy of;Hu€ibn was measured.
Furthermore, by combination of these results with literature data on the entropy at 298.15 K,

SO (EuCk, s, 298.15 K) and the standard molar enthalpy of formatiomgf,, HS(EuCk, s,
298.15 K), the thermodynamic functions have been calculated up to 1300 K.
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Introduction of the solid and liquid were also measured in the
same temperature range.
There exist some published experimental investi- All these new data were used to estimate the whole
gations on the lanthanide chlorides (Lgfcnd their set of thermodynamic functions.
mixtures with alkali chlorides (MCI). The enthalpy
variaﬁon and heat capacity of th_ese sqlid and "qUiﬁxperimental
chlorides[1, 2] and several stoichiometrig MiCls..,
compounds [3 - 6] that existin most LnaMCI mix-  Sample Preparation
tures were measured over a wide temperature range .
Enthalpies of mixing were also determined [7 - 11]. As described earlier [6], lanthanide chlorides can
The present work focuses on EyClndeed, on be prepared by chlorinating the corresponding lan-
solid EuC} the only available experimental ther-thanide oxides with NECI. This synthesis includes
modynamic information is the low temperature heaeveral steps with a final double distillation ensuring
capacityC, [12], the molar formation enthalpy atthat no residual oxychloride contaminates the lan-
298.15 K [13], and the temperature and enthalpy d@hanide chloride obtained in this way. However, this
fusion [14]. To the best of our knowledge no data omethod should not be used for the synthesis of EuCl
the solid above 350 K or on the liquid are reported. because of the decomposition tendency of this com-
However, from this single information afi, (tem- pound. Thus EuGlwas prepared by chlorinating the
perature range 5 - 350 K), two estimations of all themxide (Merck, 99.9%) under a stream of high pu-
modynamic functions were made not only for an exrity argon (water and oxygen content less than 2 and
tended temperature range of the solid, but also beyofid ppmV, respectively) saturated with SQ@pour
the melting temperature [15, 16]. in a quartz reactor at 793 - 813 K for 24 hours. This
A calorimetric investigation was conducted orprocedure was developed empirically. No attempt was
EuCl; in order to investigate the enthalpy changesnade to reduce the duration of the chlorinating cycle,
including the fusion enthalpy, that take place in thalthough this may be possible.
maximum temperature range compatible with the The chemical analysis of the synthesised EuCl
thermal stability of the sample. The heat capacitiesas performed by titration methods for chlorides
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Table 1. Chemical analysis of europium trichloride.

Compound cl observed Cltheoretical Euobserved Euiheoretical
mass % mass % mass % mass %
EuCl, 41.18 41.17 58.82 58.83

(mercurimetric) and lanthanides (complexometric).
These results are presented in Table 1.

All handling of chloridewas performedin an argon
glove box (water content less than 2 ppmV). Contin-
uous argon purification was achieved by forced recir-
culation through external molecular sieves.

Differential Scanning Calorimeter (DSC)

The enthalpy of fusion and heat capacities were
measured with a SETARAM DSC 121 differential
scanning calorimeter. The apparatus and the measure-
ment procedure were described in [2].

The so-called “step-method”, used for €', mea-
surements, was already described [1, 2, 4]. In this
method, small heating steps are followed by isother-
mal delays, when thermal equilibrium of the sample
is achieved. Two correlated experiments should be
carried out to determine the heat capacity of the sam-
ple. Thefirst onewith two empty cells (containers) of
identical mass, and the second with one of these cells
loaded with the sample. The heat flux is recorded as
afunction of time and temperature in both runs. The
difference of heat flux in the two runsis proportional
to the amount of heat (Q;) necessary to increase the
temperature of the sample by a small temperature in-
crement A7;. Therefore the heat capacity (C'p) of the
sampleis

Com = (Q: - M)/ (AT - m),

where my is the mass and M ¢ the molar mass of the
sample.

The same operating conditions (e. g. initial and fi-
nal temperatures, temperature increment, isothermal
delay and heating rate) are required for the two ex-
perimental runs. The original SETARAM program
performs all necessary calculations.

The apparatus was calibrated by the Joule effect.
Additionally, sometest measurementswith NIST 720
a-Al,0O4 Standard Reference material have been car-
ried out separately before investigating the lanthanide
chlorides [2]. According to this test, which gave C',
values consistent with standard data for Al,Oj, the
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step method may be considered as suitable for C'
measurements.

Measurements

Quartz cells (7 mm diameter and 15 mm long)
were filled with europium chloride in a glove-box,
sealed under vacuum and then placed into the DSC
121 calorimeter.

Fusion enthalpy measurements were carried out
with heating and cooling rates between 1 and
5K min—1,

Heat capacity measurements were performed by
the “step-method” — each heating step of 5 K was
followed by 400 s isothermal delay. The heating rate
was 1.5 K min~1. All experiments were started at
300 K and were performed only up to 980 K, since
a high pressure of chlorine gas inside the ampoule
(resulting from partial decomposition of EuCl ) could
result in explosion of the ampoule. The difference
between the mass of the quartz cells in a particular
experiment did not exceed 1 mg (mass of the cells:
400 - 500 mg). The mass of the samples was 200 -
500 mg.

Resultsand Discussion
Enthal py of Phase Transition

Analysis of several DSC curves of EuCl; showed
an interesting phenomenon presented in Figure 1.
Upon primary heating, thethermograms show oneen-
dothermic effect at 7'y, = 894 K (melting of EuCl,)
(Fig. 1a), while an additional effect appearsat 1'y,s =
796 K upon cooling (Fig. 1b). A further heating-
cooling cycle was run. The corresponding thermo-
gram evidenced that also two effects take place now
on heating at 804 K and 887 K, respectively (Fig. 1c).
Chemical analysisof the EUCI; samplesafter primary
heating showed a reduced chlorine content with re-
spect to the stoichiometric composition (EuCl,, g, in-
stead of EuCl;). Also visual observations confirmed
chlorine loss above molten samples.

This thermal decomposition of EuCl; is likely to
occur at temperatures very close to melting. When
EuCl; decomposition takes place, EuCl, is formed
and the sample under investigation turns into an
EuCl;-EuCl, mixture. On subsequent hezting, on the
thermogram two thermal effects appear. They can be
related to the eutectic temperature 7' = 804 K and the



217

L. Rycerz and M. Gaune-Escard - Thermodynamics of EuCl

‘Buresy

puooas @2 ‘Buljood 1s11) :q ‘Bureay 141 B €jpNn3 Jo seAIno 1 ‘T B

M/L
0001 006 008 00L 009 00§ 00v 00¢
L L 1 L 1 1 ow
F 0¢l
- os1 >
m/
F0€T F
m_.crﬁ .0|__
08T &
U_uuuuﬂerL | omm
08¢
6oz~ c0sts 00037 o0s0%
(§)aum
[ ooz~
o
. S Z6L
00s 1
[ ooz /_
i
, |
00e I
[ ooy w
[ oos
I M 68
009
(WwsogmE

'sanfen eusw liedxe Jo Bumiy jelwouAiod Bul| pijos
‘sanfen [elusW Liedxe 90410 uadO "€joNn3 Jo Alideded eay koA 2 B4

E:Ci

[ oot~ /

8L-

T
a
?

s2e- @ 25 o008 005¢ a60c 009
" 00—
I 521~ b, | bww

\
A p08

Sae- @2—5 0008 008L 0002 cose
[ ooe- ’
31 68




218

liquidus temperature 7' = 887 K of this EuCl,;-EuCl,
system.

The eutectic temperature agrees well with that re-
ported by Laptiev et al. [17]. These authors also ob-
served thermal decomposition of EuCl; upon melt-
ing [14].

Therefore the single peak observed upon primary
heating corresponds to real melting of EuCly, sinceit
was obtained from a decomposition-free initial sam-
ple. This melting temperature of EuCl; determined
from our experiments (894 K) agrees well with the
data of Kulagin and Laptev [14] and Moriatry [18]
(897 and 896 K, respectively). Ancther literature
source [19] gives 901 K as the melting temperature
of EuCl;, but thiswas obtained by aquestionable ex-
trapolation of experimental results from a partialy
dissociated compound.

Also the fusion enthalpy of EuCl;, A HS =
45.0 kJ mol—*, was obtained during primary heat-
ing. Thisvalueis by about 10% smaller than the pre-
vious semi-quantitative fusion enthalpy obtained by
DTA [14].

Heat Capacity

Our experimental determinations were conducted
on samples that had not been premelted. These Cp
dataare plotted against temperaturein Figure 2. In the
temperature range where the heat capacity of EuCl,
varies smoothly with temperature (300 - 800 K), the
G5 m datawere fitted to the classical equation

Com=a+b-10°T +¢-10°T 2. (1)

As dready indicated, the only other experimental
heat capacity data have been obtained by adiabatic
calorimetry [12] but, where the comparison is possi-
ble (300-350 K), they differ substantialy (by about
8%) from ours. It should be stressed that the ther-
modynamic eval uation performed by Pankratz [15] is
based on these data, while a more recent estimation
[16], taking into account the global behaviour of &l
lanthanide chloride series, givesalower heat capacity
at 298.15K (98.29 JK tmol 1), i.e. very similar to
the experimental result obtained in the present work.
As a conseguence, the heat capacities estimated by
Pankratz [15] for the high temperature solid are also
globally larger than ours (by 8% at 300 K and 11%
at 790 K), the former agreeing with the most recent
evaluation [16].
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Table 2. Thermodynamic functions of EuCl; at selected
temperatures from 298.15 to 1300 K.

T Cpm Sr% G Hzgg 15) IgT AfOOrm Af%’m
LT “Hyeg1s  Hm, ~ Cm
K —JK~™"mol ™+ — —kJmol ™ —
298.15 9852 144.10 144.10 0.00 -9354 -8554
300 98.57 144.71 144.10 0.18 -9354 -854.9
400 100.86 173.38 148.00 1015 9334 -8284
500 103.10 196.13 155.42 2035 9314 -802.4
600 105.32 215.12 163.83 30.77 9294 -776.8
700 107.54 231.53 172.36 4142 9273 -7515
765 108.97 241.14 177.80 4845 9259 -7353
765 108.97 241.14 177.80 4845 9261 -7353
800 109.74 246.03 180.68 5228 9253 -726.6
894 11181 258.33 188.20 62.69 9233 -703.4
894 15596 308.63 188.21 107.69 8783 -703.4
900 15596 309.68 189.01 10863 8779 -702.2
1000 155.96 326.11 201.92 12423 8715 -683.0
1096  155.96 340.40 213.43 139.20 -865.7 —665.2
1096  155.96 340.40 213.43 139.20 8749 -—665.2
1100 155.96 340.97 213.90 139.82 8746 -664.4
1200 155.96 354.54 225.06 15542 8684 —645.6
1300 155.96 367.03 235.51 171.01 8621 -627.2

For liquid EuCl; a constant heat capacity CS =
155.96 JK~tmol — was found, that is by about 10%
larger than literature estimations [15, 16].

Thermodynamic functions of europium trichloride
were calculated up to 1300 K using our experimen-
tal melting temperature and enthalpy together with
heat capacity data. We determined CJ ,(298.15 K)
by extrapolation of our results at 298.15 K.

The standard entropy S9,(EuCl,, s, 298.15 K) =
144.10 JK ~*mol —* was taken from literature [20].

Equation (1) was then used to calculate the molar
heat capacity Cp (1) in JK ~*mol~*, the enthalpy
increments HO(T) — H?(298.15 K) in kJ mol~1,
and the entropy SO and Gibbs energy functions
(GO(T) — HY(298.15))/T in J K~tmol~, both for
solid aswell asliquid EuCl ;. Thecorresponding equa-
tions are given below. The results for selected tem-
peratures are presented in Table 2.

Solid EuCl3, 298.15K < T < 894 K:
€Y., =92.199 + 21.967-10~37 -0.20-10°7 2,
HY(T) - H?(298.15) = 92.199-10°T
+10.983-107°72 + 0.20-10°7 1
SO(T)=92.199InT +21.967-10 3T
+0.10-10°7"2 — 387.87,
~GO(T) — HY(298.15))IT =
91.199In 7"+ 10.983-10 3T
—0.10-10°7—2 + 2853371 — 480.07.

—28.53,
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Whilethe C° m given above was used up to 894 K,
the coeffici ents were obtained by least-squaresfitting
up to temperature 802 K, where the sharp heat capac-
ity jump indicates that decomposition takes place.

Liquid EuCls, 894 K < T < 1300 K:

G0, = 155.96,

HO(T) — HY(298.15) = 155.96-103T — 31.73,

SO(T) = 155.96 In T —751.22,

~GO(T) — H®(298.15))/T = 155.96 In T
+31735 71 - 907.15.

From these thermodynamic functions for EuCl,
one can calculate the thermodynamic functions of
formation as a function of temperature. Formation of
EuCl; from the elements can be described by the re-
action

Eu(s) + 1.5 Cl,(g) = EuCly(s)), @)

The thermodynamic functions of metallic Eu and
gaseous Cl, (CJ, and S, at 298.15 K), necessary
for the calculation, were taken from [16]. The also
required enthalpy of EuCl; formation at 298.15 K,
ArormHI(EUCH5, s, 298.15 K) = —935.4 kJ mol 1,
was taken from Cordfunke and Konings[13].

There are some phase changes which occur in the
system (2): first EuCl; melting at 984 K, second solid-
solid phase transition of Eu at 765 K with the related
molar enthalpy 0.2 kJ mol—%, and third its fusion at
1096 K with an enthal py of 9.2kJmol ~*[16]. Accord-
ingly, the formation enthalpy A, HS (kJ mol—1)
and Gibbs energy of formation Ay, G2, (kJ mol 1)
of EuCl; are described by the following equations:

Solid EuCl3 solid, 298.15K < T < 765K:

Ao H2 = 3.035-1073T + 20.460-106772
—6.288-10°7T~1 —7.950-10~°7" — 935.8,

AtomG2, = 296.141-103T — 20.460-10~°72
—3.144-10°T~1 + 3.975.10°7°
—-3.0351037'In T —935.8.
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Solid EuCl3 solid, 765K < T < 894 K:

Ao HS, = 3.035-10~37" + 20.460-10-672
—6.288-10°7 1 - 7.950-10 °7° - 936.0,

ApomGO, =296.141-10 3T — 20.460-10 672
—-3.144-10°T~1 + 3.975.107°73
—-3.035-10 %7 In T —935.8.

Liquid EuCl3 solid, 894 K < T < 1096 K:

Ao HY, = 66.796:103T + 9.477-107672
—6.488-10%7 1 —7.950-10 97 - 939.2,

Aporm GO, = 723.514-1073T —9.477-107672
—3.244-10°T 1 + 3.975-10 °1°
—66.796-10 37" In T'— 939.3.

Liquid EuCl3 solid, 1096 K < T < 1300 K:

AjomHS = 62.536-10~37 - 0.188-10°772
—4.268-10°T-1—-942.8,

A¢orm GO, = 691.061-10 37" + 0.188-10 °77
—2.134-10°T 1 -62.536-10 3T InT —942.9.

These results are also tabulated at selected tempera-
turesin Table 2.

The heat capacity measurements confirmed the
decomposition of EuCl; a higher temperatures.
The sudden increase of Com @ 802 K up to
160 K ~tmol 1 (T geic IN Flg 2) corresponds well
to the temperature of an additional thermal effect at
804 K observed onthe DTA curvesduring asecondary
heating of EuCl; (Fig. 1c).
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