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The phase diagram of the La--S-O system at 1073 K was established with the 
vacuum seal technique. Six phases exist at this temperature: La.,Oa (B-type), LaS.,, 
La2Sa, La202SO4, La20.,S and La20.,S2. The thermodynamic functions for the reaction 
La.,O2SO4 = La203 + SO., + 1/2 O2 were determined by using the emf method at 
temperatures from 1123 to 1373 K. The mechanisms of the oxidation reactions in the 
La-- S-- O system under different partial pressures of oxygen (-- 4.4 < log Po~ < -- 0.7) 
were also investigated by means of DTA, TG and powder X-ray diffractometry. 

Many phases have been reported to exist in the L a - S -  O system at high tem- 
peratures, e.g. La2Os, LaS2, La2Sz, La202SQ, La202S, LazO2S2, La2(SOa)z etc. 
La203 has five polymorphs [1-4]:  A-type (hexagonal), B-type (monoclinic), 
C-type (cubic), H-type (hexagonal at high temperature) and X-type (structure un- 
known). The temperature range of stability for each La203 other than the B-type 
has been already established [5]. Three polymorphs of La2S3 [6-8] are known: 
c~-phase, fi-phase and 7-phase. Stable fi-La2Sa exists at temperatures between 923 
and 1623 K. Recently, Besanr et al. [9-12] discovered Lal0Sl~O with a tetra- 
gonal structure and reported that this compound forms a solid solution with 
p-La2S3. LaS2 with a cubic structure has been synthesized by Flahaut et aL [13] and 
orthorhombic LaS2 has been reported by Dugue et al. [14] and Benazeth et aL [15]. 

The thermodynamic data on the formation of Laz03 in the range of temperature 
from 298 to 1200 K and those for La2S3 from 298 to 2400 K have been compiled 
by Barin et al. [16, 17], and those for La202S have been reported by Laptev et al. 
[18]. Moreover, thermodynamic studies on the La2OzSO4-La2(SO~)z and La203- 
La,,O2SOa systems have been carried out by Kellogg [19] and Grizik et aL [4], re- 
spectively. Wendlandt et aL [20, 21] investigated the thermal decomposition of 
La2(SO4)a �9 9 H20. 

In the present paper, the phase relations in the L a - S  - O  system at 1073 K were 
investigated by using the vacuum seal technique, and the thermodynamic functions 
for the reaction La202SO4 = La203 + SO~ + 1/20~ were estimated by the emf 
method using calcia-stabilized zirconia. Further, the mechanisms of the reactions 
of oxidation for each compound existing in the L a - S - O  system were studied 
under different partial pressures of oxygen by means of DTA, TG and powder 
X-ray diffraction. 
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Experimental 

Preparation of starting material 

a) Lanthanum oxide, La2Q 

Reagent grade La203 from Wako Pure Chem. Indust. Ltd. was used as starting 
material. It was heated at 1073 K in air for two days to convert the negligible 
amount of La(OH)3 present as impurity into oxide, and we thereby obtained hydrox- 
ide-free La203. The material was characterized by powder X-ray diffraction as 
A-type La20.~. 

b) Lanthanum oxide sulfide, LaioSi~+xOl_x (/3-La2S3 phase) 

The stoichiometric/LLa2S3 could not be synthesized, but La10S14+xOl_~, a solid 
solution of tetragonal/?-La2Sa, was prepared by heating LazOa in H2S (1 ml/s) at 
1073 K for one day. The composition x was determined to be 0.06 by thermo- 
gravimetry. 

c) Lanthanum oxide sul fiate, La202SOa 

La202SO4 was prepared by heating~La203 in SO2 (1 ml/s) at 1073 K for one day. 
It has an orthorhombic structure [22]. 

d) Lanthanum disulfide, LaS2 

LaSz with a cubic structure was prepared by heating LazOa in H2S (1 ml/s) at 
873 K for three days. The exact composition was LaS1.92. 

e) Lanthanum oxide sulfide, La202S 

La202S with a hexagonal structure was prepared by heating reagent grade 
La2(SO4) �9 9 H20 in Ha (1 ml/s) at 1173 K for one day. 

f) Lanthanum oxide sulfide, La202S2 

La2OzS2 was prepared by heating LaSz in air at 873 K for two days. The single 
phase La2OzSz could not be obtained, but instead a mixed phase with La202SO4. 
Accordingly, the mixed phase sample was used for DTA and TG measurements. 

Determination of phase diagram 

The above materials and crystalline sulfur were mixed in the desired proportion. 
50 vacuum-sealed ampoules containing about 200 mg of sample mixture of various 
composition were prepared. They were heated at 1073 K for two weeks, followed 
by quenching to ice temperature. The phase of the quenched sample was identified 
by powder X-ray diffraction. No evidence of the reaction of any of the samples with 
the silica tube was found after the experimental runs. 
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Thermodynamic study 

In order to determine the standard Gibbs energy change of  the thermal decom- 
position of  La202SQ 

La202SO4 = La203 + SO2 + 1/2 02 (1) 

the equilibrium partial pressure of  oxygen (Po~) was measured by  the usual emf 
method, using one end closed calcia-stabilized zirconia (c. s, ~. with 15% CaO) as 
a solid electrolyte in the temperature range from 1123 to 1373 K. As a reference 
material a mixture &nickel and nickel oxide was put inside the c:s.z, tube. The c.s.z. 
tube was inserted into the mixture of La20~ and La202SO4 contained in a silica 
crucible. In order to prevent the oxidation of the sample, oxygen-free nitrogen gas 
(purified with an oxygen pump made of  c.s.z.) was passed onto the surface of  the 
mixture. The emf at each temperature was measured with a high-impedance micro- 
voltmeter. When the emf remained constant for three hours, it was considered that 
the equilibrium state in the system had been attained. The equilibrium partial pres- 
sure of oxygen for the mixture of  nickel and nickel oxide as a function of  temper- 
ature is obtained from the JANAF Thermodynamic Tables [23] as follows: 

log Po2(Ni + NiO) = -24507/T(K) + 8.829. (2) 

The Po.. for reaction (1) is calculated via the following equation : 

log Po2(sample) = log Po~(Ni + NiO) - 20.157/T(K) •  (3) 

where E and T are the emf and absolute temperature, respectively. At the end of  
the experiment, both the initial phases of the sample were reidentified. The sample 
reacted neither with the c.s.z, tube nor with the silica tube. 

Meehanisms of oxidation reactions in the L a - S - 0  system 

The mechanisms of  the reactions of oxidation in the L a -  S - O system on heating 
under a Po~ (Po, range from 10-0.7 to 10 -4.4 arm) were investigated by means of  
DTA, T G  and powder X-ray diffraction. The materials studied were Lal0Sa~+xOl_x, 
LaS2, La20~S, La~O2S2, Laz(SO~)3 " 9 H20 and La~O2SO4. DTA and T G  were si- 
multaneously measured with a Thermoflex R �9 T G - D T A ,  Rigaku Co. Ltd. The 
oxygen pressures were controlled by passing N2, air and a mixture of 02 an N2. 
Oxygen present as impurity in a commercial N2 cylinder was determined by means 
of  the emf method to have log Po, = - 4.4, while that in air had log Po, = - 0.7. 
The experimental conditions for DTA were as follows; reference material: ~-A12Oa, 
flow rate: 1.6 ml/s, heating rate: 10~ sample weight: 1 5 -  30 rag. Samples were 
quenched to slightly above or below the temperature at which the DTA peak ap- 
peared, and the coexisting phases were identified by powder X-ray diffraction. 
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Results and discussion 

Phase diagram 

Table  1 shows the  compos i t ions  and phases  o f  the  quenched samples.  F r o m  these 
values the  phase  d i a g r a m  for  the  L a - S  - O  system at 1073 K was de te rmined ;  this 
is shown in Fig.  1. The  fo l lowing seven phases existed s tably under  the  present  ex- 
per imenta l  condi t ions :  fl-La2S~, LaS2 (cubic), LaSz (or thorhombic) ,  La2OzSz, LazO3 
(B-type) and  La~O2SOa �9 La~OS~, r epor ted  by  Verkhovets  et el. [24], was no t  found  
in the  present  exper iment .  Only  the  fl-La~S3 and LaS~ phases  fo rmed  solid solut ions 
with oxygen.  Besongon et al. [ 9 -  12] have r epor t ed  tha t  oxygen a toms  could  sub- 
st i tute sulfur a toms  in fl-La~S3 up  to  4 tool  %. The  exact compos i t ion  o f  LaS~ in the  

Table 1 

Results of firing samples in vacuum-sealed tubes at 1073 K for 2 weeks 

Component  Phases Component  Phases 

Lao,1oSo.65Oo,z5 B + C 
LaoaoSo.7oOo,2e B --}- C 
Lao.loSo.8oOo.~o A + A'  + B 
LaoaoSo.s~Oo-o,s A'  + B + C 

Lao.22So.30Oo.,a8 B + C 
Lao.22So.3.sOo.4a B + C 
Lao-22So.40Oo.3s B + C 
La0-22S0.4500.33 B + C 
Lao,2eSo-soOo.~s B + C 
Lao.~2So.60Ooa8 A + B 
Lao.eeSo.6~O0.13 A + B 
Lao.~So.70Oo.os A + B 
Lao.~So.7~O0.03 A + B 
Lao.~aSo.7~O0.0~ A 
Lao.~So.6500.~.o A' + B 
Lao.~SoaTO0.~9 B + C 
Laoe~So.zTOoao B + C 
Lao.~So~Oo.s~ B + C 
Lao.~sSoa~Oo.~a C 
Lao..%S~ nOo-~ C + F 

La0.30S0.6800.0~ A 
Lao.80So.snO0.15 A + B 
La0.30S0.4100.29 A' + B 
La0.30S0.3600.34 B 
La0.30S0.~700.~3 B + C + D 

Lao.17So.4oOo4~ B + C 
Lao.17So.45Oo.38 B + C 
Lao.17So.5oOo.~3 B + C 
Lao.17So.~sOo.~8 B + C 
Lao.lvSo.60Oo.2z B + C 
Lao.i7So.6sOo.ls B + C 
Lao.i7So.soO0.03 A + B 

Lao.e9So.2oOo.~l B + C + D 
Lao.29So.45Oo.z~ A + B 
Lao.29So.5oOo.2j A q- B 
Lao.29So.ssOoa6 A + B 
Lao.20So.6oOo.11 A + B 
Lao.298o.65Oo.o6 A + B 
Lao.3oSo..~1Oo.49 B + C + D 
Lao.3oSoa:Oo.s3 C + D 
Lao 3oSo.loOo.6o C + D + F 

La0.37S0.6~O0.02 A + E 
La0.3780.5600.07 A + D + E 
Lao.37So.50Ooa a A q- D q- E 
La0.3750.3600.~7 A + D 
Lao.~7So.22Oo.41 C q- D 
Lao.37So.laOo.aa C + D 
Lao.37So34Oo.49 C + D + F 
Lao.37So.ozOo.~ 8 C + D + F 

A: LaS2(cubic), A' :  LaS2 (orthorhombic), 
B: La~OzSz, C: La202SO 4, D: La202S, E: La10S14+xOl_x, F: La203 

o r . T h e r m a l  A n a l  2 5 ,  1 9 8 2  
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Fig. 1. Phase diagram on the La-- S-- O system at 1073 K 

present study was found to be LaS1.92. However, here we could not determine the 
amount of  substituting oxygen atoms in the LaSs. Consequently, the LaSs region is 
indicated by the broken line in the phase diagram. LaSs usually forms a cubic struc- 
ture, but in a sulfur-rich composition it is transformed to an orthorhombic struc- 
ture. However, the sulfur pressure could not be determined in the present experi- 
ment. According to the literature [5], the A-type La2Oa is stable at temperatures 
from 873 to 2373 K, but under the present experimental conditions the La203 was 
of  B-type. 

Thermodynamic considerations 

Figure 2 shows the relation between the logarithm of  the equilibrium partial 
pressure of oxygen and IO~/T, measured by the emf method for the following reac- 
t ion : 

La202SO4 = L%Oa + SO2 + 1/2 02. (4) 

The equilibrium partial pressures of  sulfur dioxide were calculated by using 
Eq. (5), derived from the mass balance and the equilibrium constant K 6 of  
reaction (6): 

6p2 2 2 2 8 - K6Po~ (5) so, + K~Po,Pso2 2 = 0 

1/2 $2 + 02 = SOs (6) 

The mass balance of  each element in the gas phase could be expressed as follows: 

S; P~o, = Pso~ + Pso, + 2 Ps2 (7) 

O; 3 P  i = 3 + 2 + 2 P o ,  sos Pso~ Pso, - (8) 
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Fig. 2. Equilibrium partial pressure of oxygen vs. 1/T for the La202SO~-- La203 system. Open, 
solid and shaded symbols correspond to a consecutive increase, decrease and again increase 

of temperature, respectively 

where i is the initial value. K 6 is then obtained as 

K ,  = e s o ] ( P s ~ e o 2 ) .  (9) 

Equation (5) was solved by the elimination of Pso,, Pso~ and Ps~ from Eq. (8) by 
using Eqs (7) and (8). The general expression for Ks was calculated from literature 
data [23] by the least squares method as 

log/(6 = -4.4739 + 19001/T + 0.1894 x log T .  (10) 

The expression for the equilibrium constant of reaction (4) was determined via the 
Po, measured and Pso, calculated from Eq. (5) as 

log/s = 50.93 - 7.6524/T (1123 K < T < 1373 K).  (11) 

From the above equations, the thermodynamic functions of the reaction studied 
were calculated as follows: 

A G  ~ = 1.465x 106 - 7.6524x T 

A H ~  1465 (kJ/mol) 

A S  ~ = 975.2 (J/deg. mol). 

(J/mol) (1123 K < T < 1373 K) (12) 

(13) 

(14) 
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A thermodynamic study of the thermal decomposition of La2S2-SO4 has also 
been carried out by Grizik et al. [4], but their experimental procedure was different 
from ours. They studied reaction (15) 

2 La2Oa + 3 SO~ = 2 LazOzSO4 + 1/2 S2 (15) 
The standard Gibbs energy change and other functions of reaction (4) were calcu- 
lated by converting their results for reaction (15) in the following way: 

AG ~ = 1.643 x 105 - 30.09 x T (J/tool) (973 K < T < 1473 K) (16) 

A H ~  164.3 (kJ/mol) (17) 

AS ~ = 30.09 (J/deg. mol) (18) 

There is a large disagreement between our results and those of Grizik et aL [4]. 
Grizik et al. [4] reacted La203 with SO2 at various temperatures. They calculated 
the Ps~ by weighing the solid sulfur trapped during the first five minutes. The Pso2 
was estimated by subtracting both the weight gain of the starting material and the 
weight of the trapped sulfur from the quantity of sulfur dioxide passed during the 
five-minute period. This procedure is based on the assumption that the mixed gas 
composition stayed in the equilibrium state on passing from higher temperature to 
lower temperature. This seems to be unreliable. Furthermore, the sulfur deposited 
during a five-minute period may not be enough to weigh accurately. 

In the emf measurement used in the present study, good reproducibility was ob- 
tained. According to the literature [20, 21 ], La202SQ decomposes to La203 in air 
at temperatures between 1523 and 1573 K. From the present experiment, the de- 
composition temperature was estimated to be 1481 K and this value is close to that 
cited in the literature. These facts suggested that our results may be much more 
reliable. 

Mechanisms o f  oxidation reactions in the L a - S -  0 system 

The oxidation reactions of all compounds in the L a -  S - O system were investi- 
gated by changing Po,. However, here we will discuss only the oxidation mecha- 
nism of LaS2 in detail as a typical example, and processes for all other compounds 
will be summarized in Table 2 on the basis of Po~. 

a) Reactions under the condition log Po~ > - 1.3 

Figure 3 shows the DTA and TG curves for five compounds in the log Po, range 
higher than - 1.3. LaS2 corresponds to the curve shown in Fig. 3(b). In the DTA 
curve two sharp exothermic peaks were detected between 740 and 780 ~ The TG 
curve shows an abrupt weight loss and a subsequent weight gain at about 750 ~ fol- 
lowed by a continuous weight gain from 790 to 900 ~ while above 900 ~ the weight 
remained constant. The powder X-ray diffraction pattern of the sample quenched 
at 740 ~ showed the existence of LaSz, La20~S and LazOzSz, and the sample quench- 
ed at 750 ~ was composed of La202S, La.,O2S2 and La202SO~. The final product at 

J. Thermal Anal. 25, 1982 



286 KITAZAWA et al.: PHASE EQUILIBRIA AND OXIDATION MECHANISMS 

Table 2 

Reaction processes in La -  S -  O system 

(1) log Po~ > -- 1.3 
740 ~ 750' 

LaS.~ > La.~O~S2 -+ La20~SO~ 

7 4 0 ~  ~ ;[ 
1720 ~ ~\,,~ ~ 900~ 

LaloS14+xOl-x ~ La2QS 

La2(SO4)z " 9 HeO ~140o La2(SO,)s " 2 HzO ~ La.(SO~)a 

(2) -- 2.4 < log Po2 < -- 2.0 

LaSs 6 ~ 0 ~ - ~  La202S2 La20~SO~ 

,00~ t \ / 900~ 
LaloS14+xO~-x 6oo--~ -~ La202S 7ooo~- La208 

La2(SO~)3.9 HzO 1~o ~ La2(SO~)~. 2 H20 2-~o~ La2(SO4)3 

(3) log Po~ < -- 2.7 

LaS2 La~O2S~ 

1oooo io oo 
LaloSl~+xOl-x ~ La20~S >-9o~ La~Oa 

La2(SOa)3 " 9 H20 ~ La~(SO~)3 " 2 HzO 
270 ~ 

La~O2SO~ 

'1900~ 

�9 La~(SO4)3 

900 ~ was identified as La202SOa. From these facts, the following reactions may be 
proposed for the first exothermic peak: 

2 LaS2 + 4 02 ~ La202S + 3 SO2 (19) 

2 LaS2 + 30~  ~ La20~S2 + 2 SO2. (20) 

Considering the abrupt weight loss in the first stage, reaction (19) may be thought 
to be predominant. The following reactions are considered responsible for the 
second exothermic peak: 

La202S + 2 02 ~ La~O2SO~ (21) 

La202S2 + 3 0 z  ~ La202SO~ + SOz, (22) 

The change in weight agreed well with the theoretically estimated weight difference 
between LaS2 and La202SO~. The present oxidation process is in agreement with 
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Fig. 3. DTA and TG curves for the La--S--O system at log Po~ > -- 1.3. (a) Lal0Sl~+xOt-x 
(LazS3), (b) LaSms~(LaS~), (c) LazO2S, (d) LabOrS2, (e) La.,(SO~)3 �9 9 H~O 

the result reported by Toide et aL [25], except for the peak temperature noted by 
them. 

b) Reactions under the condition -2 .0  > log Po, > -2 .4  

The DTA and TG curves for four compounds at - 2 . 0  > logPo ,  > - 2 . 4  are 
shown in Fig. 4. In the DTA curve for LaS2 (Fig. 4(b)), a broad exothermic peak 
was detected at temperatures between 630 and 750 ~ In the TG curve a weight loss 
between 630 and 700 and a subsequent weight gain from 700 to 1000 ~ were ob- 
served. The products at 1000 ~ were identified as a mixture of  La202SO~ and La203 
(A-type). The powder X-ray diffraction patterns of  samples quenched at tempera- 
tures between 680 and 900 ~ reveal that the first weight loss is caused by the reaction 

2 LaS2 + 4 02 ~ La202S + 3 SO2 (23) 

while the second is due to reactions (21) and (24) 

LazO2S + 3/2 O~ ~ La20 ~ + SO~. (24) 

o r. Thermal  A n a l  2if, 1982 
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Fig.  4. D T A  and T G  curves for  the L a - - S - - O  system at - - 2 . 0  > log Po~ > - -  2.4. 
Lal0St~+xOl_x(La2S3),  (b) LaSL91s((LaS~), (c) La~O2S, (d) La.~O2S2 

(a) 

In this case the weight gain phenomenon in the TG  curve supports the predomi- 
nance of  reaction (21). 

c) Reactions under the condition log Po,  < - 2.7 

Figure 5 shows the DTA and T G  curves for four compounds at log Po, < -2 .7 .  
In the DTA curve for LaS2 (Fig. 5(b)), two broad exothermic peaks were observed 
at 600-720 ~ and 720 -800  ~ The T G  curve also showed two steps of  weight loss, 
in agreement with the DTA peaks. The profile of  the weight loss was parabolic 
at temperatures between 600 and 720 ~ , and at temperatures above 720 ~ it was 
linear. The powder X-ray diffraction patterns of the samples quenched at 720 ~ 
and 850 ~ showed the existence offl-La2S3, LaS2 and La202S, and of B-La2Sa and 
La202S, respectively. On the basis of these results the following two reactions may 
be considered to take place: 

2 LaS2 + 02 ~ LazS3 + SOz 

2 LaS2 + 4 0 2  ~ La202S + 3 SO2. 

In the second step the reaction may be as follows: 

La~S3 + 3 02 ~ La202S + 2 SO2. 

(25) 

(26) 

(27) 
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Fig. 5. DTA and TG curves for the La-- S-- O system at log Po2 < -- 2.7. (a) Laa0014+xSl-x 
(La2S3), (b) LaS1.gm(LaS2), (c) La2OzS, (d) La202S~ 

As seen f rom Table 2, the phases of  the final products were dependent on  the Po,. 
La2OzSO 4 was the only compound stable in air in the present experiment. F rom the 
phase diagram in Fig. 1, we can predict the order of  increasing activity of  oxygen 
for the final three compounds as La2OzSO4 > La2Oa > La202S. This agrees well 
with the results observed in the present study, of  the oxidation steps depending on 
the Po,. 
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ZUSAMMENFASSUNG - -  Das Phasendiagramm des La--S--O-Systems bei 1073 K wurde be- 
stimmt. Bei dieser Temperatur liegen 6 Phasen vor, und zwar LasO3 (B-Typ), LaSs, LasSz, 
La202SO~, LasOsS und LasOsS2. FiJr die Reaktion LasOsSO4 = LasO8 + SOs + I/2 O2 
wurden die thermodynamischen Funktionen im Temperaturbereich von 1123--1373 K nach 
der EMF-Methode bestimmt. DTA, TG und Pulver-R6ntgendiffraktometrie wurden zur 
Untersuchung der Mechanismen der im La--S--O-System verlaufenden Oxydationsreaktio- 
nen herangezogen, wobei der Sauerstoffpartialdruck in den Grenzen von -- 4.4 < log Po~ < 
< --0.7 variiert wurde. 

Pe3ioMe - -  C nOMOILrblO BaKyyMtIO~ rI3ozIHpoBarmo~ TexI3/4IffI 6bizIa ycxanoBaeaa qba3oBa~i 
jlI~arpaMMa CaCTeMbI L a - - S - - O  npa 1073 K. IIpI~ awo~ weMnepawype cymecwByer IuecT~ qba3: 
La2Oz (13-:rrina), LaS2, LasS ~, LaeO2SO 4, LasOsS ri LasO~Ss. Flcnom,3yz MexoJl a. )X. c., 6biJi, onpe- 
~le~ermi wepMo~lrmaMauecrd~e napaMexpI, i peaI~tran La~OsSO~ ----= L%O3 --k SO2 -t- 1/2 O s B WeM- 
nepaxypaoM gnxep6a~ie 1!23--1373. C noMoon,m )ITA, TF ~ nopoIIrKoBo~ penrrerto- 
~l~qbpaKTOMeTpm~ ~tcc3Ie~oBaru, t Mexarm3M_bI pear, i g ~  B cncreMe L a - - S - - O  6 o6~acwa 
napIlrmsmm, rx )laBaerIrn~ r, ac3iopojxa ---4.4 < log Po~ < --0.7. 
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