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Abstract

An equation of the liquidus curve of a stoichiometric phase has been established in a previous publication. In this work,
the obtained formula is applied to the phase diagram determination of R@MCe(PQ)3 (with M! = Li, Na, K, Rb, Cs,
Ag, Tl) systems. The temperature, enthalpy and entropy of fusion are calculated for each solid phase with the exception of
lithium and silver polyphosphates, of which crystallization fields were very limited. The enthalpy of fusion of all of these
polyphosphates is determined from the DTA curves. The melting enthalpy of @g(R@lculated from different binary
systems is approximately equal to the measured value. The calculated temperatures and compositions are in good agreemer
with experimental determinations.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Ce(PQ)3 systems (with M = Li, Na, K, Rb, Cs,
Ag, TI) are presented in this paper. Phase diagrams

The experimental study, the graphical representa- of corresponding systems have been established pre-
tion, the exploitation of phase diagrams or the critical viously [1]. This study showed the existence of two
evaluation of experimental values, involve convenient intermediate compounds: '@e(PQ)a, MECe(PQ;)5
models. The coherence of these models with ther- with M' = K, Rb, Cs, Tl and only one compound
modynamical constraints must always be checked. It M'Ce(PQ)4 with M' = Li, Na, Ag. All compounds
prevents erroneous representation of phase equilibriadecomposed peritectically upon heating.
and allows a better understanding and interpretation In order to refine and to interpret the experimen-
of experiments or the calculation of significant ther- tal data, we have applied to these systems a semi-

modynamical data. empirical equatiofi2—4] already used with success for
Analysis, processing and thermodynamic exploit- similar binary systems, and many water—salt binary
ation of solid—liquid equilibria curves of NPO3;— systems.

A complementary study using calorimetry was
"+ Corresponding author. Tek+216-72-591-906 undertaken to control thermodynam|c.values of mono-
fax: +216-72-590-566. valent metal polyphosphatg$ and cerium polyphos-
E-mail address: chokri.marhag@fsb.rnu.tn (C. Marhag). phate, determined by liquidus curve computation.
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Table 1

Melting points and melting enthalpies of Ce(®®and MPQO; (M' = Li, Na, K, Rb, Cs, Ag, Tl)

Components ng;expenmemal (K) AfusI_Ig(expenmental (kJ mol’l) AfLJSI_1I§)1(I|t(erature) (kJ m0|_1)
Ce(PQ)3 1529 75.22 Not found

LiPOs 936 24.20 25.50[4]; 24.62[6]
NaPQ 909 23.73 22.20[4,7]

KPO3 1084 13.61 10.9[4]

RbPQ 1079 9.89 11.1[4,7]

CsPQ 1006 11.52 10.1[4,7]

AgPO3 767 11.84 11.7[4,7]

TIPO3 711 14.458 17.2 [4]

aThe value given is the melting enthalpy of thephase.

2. Experimental DTA curve was considered. Pt/Pt—Rh thermocouple
was used at temperature higher than 1273K, be-

The melting enthalpies of monovalent metal poly- low this temperature, a Pt/Platinel thermocouple was

phosphates and cerium polyphosphate were deter-sufficient.

mined using a Setaram DTA 92 apparatus coupled

to a calculator allowing, through an appropriate pro-

gram, integration of area of the different thermal 1apie 3

effects. The melting enthalpies of,BO; and Cak Thermal effects in the KPE-Ce(PQ)s system

[5] were ut_ilized to c_:alibrate the apparatus. Samples 2 TP (K) TEM T (K)  Ter (K)  Tef (K)

of 0.02g, in a platinum crucibles, were used and

the heating rate of the furnace was 5K mtn This 0 1084 725
. . 2 1073 727 968
apparatus was used to measure the melting points 5 1049 795 971
of the above samples. The onset temperature in g 1025 725 973
10 1010 725 972
15 1004 725 971
Table 2 20 1062 722 971 1016
Thermal effects in the LiP&-Ce(PQ)3 system 25 1098 722 968 1020
- b c q 30 1141 722 960 1014
X e Te” (k) " 33 1146 1014
0 936 35 1151 1013
5 1028 925 40 1246 1004 1160
10 1113 923 45 1286 1000 1158
15 1163 920 50 1320 1155
20 1198 923 55 1346 1153
25 1223 923 60 1373 1150
30 1243 922 65 1399 1148
35 1253 923 1255 70 1417 1146
40 1283 916 1255 75 1441 1142
50 1348 1253 80 1462 1138
60 1403 1251 85 1480 1134
70 1438 1248 90 1499 1130
80 1478 1240 100 1529
100 1529 aMole fraction of Ce(PQ)s.
aMole fraction of Ce(P@)s. b Liquidus temperature.
bLiquidus temperature. ¢Phase transformation temperature of kPO
¢ Eutectic temperature. d Eutectic temperature.

d Peritectic temperature. € Peritectic temperature.
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Table 4 Table 6
Thermal effects in the NaP@Ce(PQ)s system Thermal effects in the CsRPOCe(PQ)3 system
X2 Te (K) Te® (K) T (K) X2 TP (K) TR TR T (K) Te® (K)
0 909 0 1006 768
2 903 900 5 970 773 933
5 897 902 10 933 768 930
8 973 900 15 984 775 925
10 1011 897 20 1028 768 938
13 1044 899 25 1086 935 1054
18 1084 898 30 1145 933 1050
25 1130 897 33 1156 1047
30 1173 895 1138 35 1173 1043
33 1211 892 1140 40 1250 1037 1181
43 1292 884 1143 45 1309 1040 1178
50 1320 1138 50 1339 1178
58 1373 1138 55 1395 1175
65 1415 1138 65 1428 1165
75 1449 1136 80 1484 1158
85 1487 1135 100 1529
100 1529
2 - 2Mole fraction of Ce(PQ)s.
bl\/!olg fraction of Ce(P@)s. bLiquidus temperature.
. Liquidus temperature. ¢ Phase transformation temperature of CsPO
g Eutectic temperature. d Eutectic temperature.
Peritectic temperature. € Peritectic temperature.
Table 7
Table 5 Thermal effects in the TIP§-Ce(PQ)s system
Thermal (-foects in the RbF{QCed(PQ)g syste;n : @ T (K T (<) o9 (K) Tor® () Tor® (K)
C
x3 TP (K)  TC(K)  Te® (K)  Te® (K)  Tp® (K) o 11 690
0 1079 673 5 728 688 704
5 1034 668 943 10 800 686 710
10 984 677 950 15 839 685 704
15 967 673 948 20 973 685 696 840
20 1056 673 946 974 25 1045 682 696 843
25 1106 669 938 990 30 1083 682 690 845
30 1139 661 930 983 33 1153 846 1087
33 1148 985 35 1173 853 1086
35 1164 983 40 1228 843 1083
40 1223 976 1175 45 1278 848 1080
45 1267 1173 50 1328 1078
50 1295 1171 55 1373 1073
60 1373 1166 60 1395 1071
70 1428 1161 70 1439 1067
80 1478 1155 80 1478 1060
100 1529 100 1529

2Mole fraction of Ce(P@)s.

b Liquidus temperature.

¢Phase transformation temperature of RBPO
d Eutectic temperature.

€ Peritectic temperature.

2Mole fraction of Ce(P@)s.

b Liquidus temperature.

¢Phase transformation temperature of THO
d Eutectic temperature.

€ Peritectic temperature.
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Table 8 Table 9
Thermal effects in the AgP£-Ce(PQ)3 system M'!'PO;—-Ce(PQ); systems: values 0}, vio In(x; /xi0)
@ TeP (K) Te (K) Tpd (K) Solid phase > vio In(x; /xi0)
0 LGl M'POy In(L - x)
> 989 765 M',Ce(PQ)3, (p =1, 2) Infr@ — )P (L + p)A+)/ pr]
10 1050 770
Ce(PQ)3 In(x)
15 1134 758 1064
20 1195 761 1061 X, mole fraction of Ce(P€)s.
25 1231 756 1061
30 1273 751 1061
35 1289 756 1055 )
40 1314 751 1061 by DTA and presented ifable 1. Some values of
45 1339 751 1061 melting enthalpies given by the literatufdss, 7]were
50 1367 1060 reported in the same table. The DTA results for the
55 1378 1055 systems MPO;—Ce(PQ)3 (with M' = Li, Na, K, Rb,
65 1411 1045 :
75 1443 1038 Cs, Ag, TI)[1] are presented ifiables 2—8. The phase
100 1529 equilibrium diagrams obtained and the liquidus curve

aMole fraction of Ce(P@)s.
b Liquidus temperature.

¢ Eutectic temperature.

d peritectic temperature.

3. Results
3.1. Thermal analysis and calorimetry

The different values of melting points and melting
enthalpies of MPO; and Ce(P@)s are determined

recalculated are describedfigs. 1-7.

3.2. Choice of a model for calculation of solid-iquid
equilibria in the M/ PO3—Ce(PO3)3 systems

3.2.1. Equation for liquidus curves

Several models have been proposed in the literature
[8-10] for the description of phase diagram.

As already stated in a previous publication con-
cerning the critical evaluation of binary systelds,
the models used for description of polyphosphates

Table 10

M'PO;—-Ce(PQ)s systems: liquidus of Ce(P{

Systems A (K) B C AtusHS ACY AtusSS, 70, (K)
(kdmol1) (IK~Lmol1) (K tmol1)

LiPOs—Ce(PQ)3 13028.62 1467  —116.11 78.22 121.98 51.15 1529

NaPG—-Ce(PQ)3 10482.78 12.39 —97.69 70.34 102.99 45.99 1529

KPOs—Ce(PQ)3 14530.66 14.87 —118.56 68.28 123.65 44.65 1529

RbPG—-Ce(PQ)3 12798.26 13.51 —107.44 65.37 112.33 42.75 1529

CsPQ-Ce(PQ)3 31265.94 27.34 —220.91 87.63 227.29 57.30 1529

AgPO;-Ce(PQ)3 5986.74 10.63 —81.85 85.35 88.367 55.82 1529

TIPOs—Ce(PQ)3 16690.01 15.59 —132.56 72.16 137.93 47.19 1529

Table 11

M'PO;—Ce(PQ); systems: liquidus of MPO; (M! = Na, K, Rb, Cs, TI)

Systems A (K) B AnusHY, ACY AnusSS, T2 (K)
(kImot1) (IK-1mol Y (K 1mol1)

NaPQ —165986.90 —180.16 1409.92 18.24 —1497.85 20.07 909

KPOs 11183.43 12.08 —94.67 15.81 100.35 14.58 1084

RbPG 2532.67 3.60 —27.50 11.26 29.95 10.43 1079

CsPQ 443.82 1.86 —13.28 11.84 15.44 11.77 1006

TIPO3 2227.31 5.59 —39.83 14.52 46.46 20.42 711
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Table 12
M'PO;-Ce(PQ)s systems: liquidus of MCe(PQ)zy, (p =1, 2)
Systems A (K) B c AtusH? ACO AtusSO. Ts (K)
(kImot1) (IK-Lmol 1) (K 1mol 1)

LiCe(PGs)4 —759.85 7.24 —51.15 82.66 60.21 65.19 1268
NaCe(PQ)4 3900.88 10.13 —74.92 66.69 84.19 56.64 1177
KCe(PQ)4 —1897.19 1.84 —11.42 33.98 15.27 28.51 1191
RbCe(PQ)4 4169.07 6.62 —50.42 31.73 55.03 26.30 1206
CsCe(PQ)s 10721.20 11.85 —93.01 30.60 98.55 25.18 1215
AgCe(PQ)4 28545.51 38.94 —299.10 130.70 323.75 114.98 1136
TICe(PQ)4 8204.18 10.46 —80.82 31.48 86.94 27.45 1146
K2Ce(PQ)s 127315.30 133.48 —1049.72 95.67 1109.78 91.99 1040
RbCe(PQ)s —4519.22 -0.32 6.54 34.83 —2.63 33.44 1041
CCe(PQ)s —30606.47 —26.52 213.59 13.40 —220.52 12.25 1093
TI,Ce(PQ)s 3393.60 10.26 —73.41 47.09 85.27 53.32 883

1600
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1400

1200

1000 +

800 T T T T

0 20 40 60 80 100
LiPO3 % mol Ce(POy) 3
Fig. 1. Equilibrium diagram of the LiP§-Ce(PQ)s system: (—) liquidus curve recalculated)) experimental points.
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Fig. 2. Equilibrium diagram of the NaR©Ce(PQ)3 system: (—) liquidus curve recalculated)) experimental points.

systems must comply with several constraints: systems. The analytical expression perfectly describes

the liquidus of all solid phases of MO;—Ce(PQ)3

the solid phases (PO, Ce(PQ)3, M'Ce(PQ)a, systems and has the general formula:

M'ZCe(PQ)g,) are stoichiometric;

the fitting equations of liquidus curves must X A

. _— : . , )y = 1)
never be in contradiction with thermodynamic Zvloln (Xi0> r +BInT+C (
laws; i

the quel can be extended to systems presenting anwhereul-o is the stoichiometry of the speciéén the
associate liquid phase.

solid, x;0 and x; are the mole fractions of specigés
The selected model presented in a previous paperin the solid and the liquid phases, respectivélyB

[4] was re-examinedl1] and applied to molten salt andC are constants and can be calculated by a least
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Fig. 3. Equilibrium diagram of the KP©-Ce(PQ)s system: (—) liquidus curve recalculated)) experimental points.

squares method. These constants may be expressed bwhereR is the perfect gas constant aﬂrﬂs the sta-

the relations:

0 0 0
A= (Acp,mTfUS - AfusHm) —05

R
0
5 ACm
R
C = Afuercr)1 . Acg.m(l'l' In ngs) _

RTO R

fus

)

©)

(4)

ble or metastable melting point of the pure substance.
AnsHJ andACY . are the variations of heat enthalpy
and heat capacity of the pure substance at the fusion,
respectively.

Coefficientse, g and y may be expressed by an
equation of the algebraic type:

o (L) =% 4 g7 4y ©
- Yio T
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Fig. 4. Equilibrium diagram of the RobROSCe(PQ)3 system: (—) liquidus curve recalculated)) experimental points.

where y; and y;o are the activity coefficients of  3.2.2. Fitting equation
species in the liquid and the solid phase, respectively.  The first member oEqg. (1) can be easily expre-
The calculation ofA, B and C parameters is car- ssed as a function of the composition of liquid

ried out using theN experimental points (x T;) and phase. If we assume that the species of the liquid
minimizing the following expression: phase are only MPO; and Ce(P@)s, the values

N . A 2 of the left side ofEq. (1) for the solid phases of
0= Z (Z"io In (—’) - (— +BInT + C)) the M PO;—Ce(PQ)3 systems are given iffable 9,

=1\ i Xi0 T wherex is the mole fraction of Ce(P£)3 in the liquid

(6) phase.
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Fig. 5. Equilibrium diagram of the CsRECe(PQ)s system: (—) liquidus curve recalculated)) experimental points.

4. Discussion ity values, the liquidus curves must pass through
these points. The parameteks B and C of the dif-

4.1. Analysis of the liquidus curves ferent MPQs liquidus equations are presented in
Table 11.

The parameters of the liquidus equation of Ce  The stoichiometry of the intermediate binary com-
(PG3)3 were calculated for each system. They are pounds found in the different systems corresponds to
given inTable 10. the formula M, Ce(PG3)34)p With p =1 or 2.

In general, the liquidus curves of 'MO; were All these phases undergo a peritectic decomposi-
defined by a small number of experimental values. tion. Their metastable melting points were calculated
Because the melting poiangS of pure solids is and are presented ifable 12with the parameters,
more precisely known than the determined solubil- B andC.
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Fig. 6. Equilibrium diagram of the AgP2Ce(PQ)s system: (—) liquidus curve recalculated)) experimental points.

4.2. Thermodynamic exploitation of liquidus All the intermediate phases decompose peritecti-
curves cally on heating and their fusion was not studied fur-
ther by calorimetry. The thermodynamic functions of
When the liquidus equation is known, the ther- fusion were calculated at the metastable melting point.
modynamic functions characteristic of the stable or The results are displayed Table 12. These values are
metastable fusion can be calculated for the ideal given only as an indication, since they are calculated
solution (¢= g = y = 0) from Egs. (2)-(4). on the assumption that the solution is ideal and the
The values of the melting enthalpy of cerium liquid phase is only formed by NPO; and Ce(P@)s.
polyphosphate obtained in the different systems are  The liquidus study of the MPO; polyphosphates
coherent (Table 10) and in good agreement with was limited to the sodium, potassium, rubidium and
experimental data. cesium salts, whose experimental liquidus curves were
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Fig. 7. Equilibrium diagram of the TIP-Ce(PQ)s system: (—) liquidus curve recalculated)) experimental points.

sufficiently well defined to allow a thermodynamic ex- was applied with success to salt-salt system'®®4—

ploitation. Given the precision and the number of ex- Ce(PQ)sz (with M' = Li, Na, K, Rb, Cs, Ag,

perimental determinations, the calculated values of the TI).

enthalpy of fusion (Table 11) agree with the experime-  This equation is useful for an intermediate or limit

ntal ones and with results given by the previous ther- phase in the complete range of temperatures and

modynamic study of NPO;—Pr(PQ)3 systemg7]. compositions. The analytical expression obtained per-
fectly describes the experimental liquidus curves of
all the solid phases in the O;—Ce(PQ)3 systems.

5. Conclusion Moreover, the thermodynamic function characteristic
of the fusion was calculated with a simplified hy-

A semi-empirical equation of the liquidus curve, pothesis for all the solid phases whose experimental
already established in the water—salt binary systems liquidus curves have been determined. Comparison of
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the measured and calculated values of heat enthalpies [5] J. Saurel, J. Debaene, J.J. Baron, Technique de l'ingénieur

of M'PO; and Ce(P@)3 can be considered to be in
concordance.
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