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Abstract .  The phase equilibria of the La-Me-Co-O systems (Me = Ca, Sr and Ba) were studied in 

air at 1100 ~ Two types of solid solution of general composition LavxMexCoO~_8 and (Lal.y 

Mey)2CoO 4 were found to exist in the systems. The limiting composition of Lal_xMexCoO3 ~ lies at 

x = 0.8 for Me = Sr, Ba and between 0.3-0.5 for Me = Ca. It is shown that the rhombohedral dis- 

tortion of the perovskite type Lal_xMe• decreases while x increases. Lal_xMexCoO3_~ (Me = 

Sr, Ba) shows an ideal cubic structure at x - 0.5. The stability range of (La1_yMey)2CoO 4 was found 

to be 0.25 < y < 0.35 for Me = Ca, 0.3 _<y < 0.55 for Me = Sr and 0.3 < y < 0.375 for Me = Ba. 

All phases have tetragonal K2NiF4-type crystal structure. Based on the XRD and neutron diffraction 

patterns of quenched samples, the phase diagrams (Gibbs triangles) are constructed for all systems. 

The phase equilibrium at low oxygen pressure is shown for the example of the La-Sr-Co-O 

system. The decomposition mechanism of Lal_xSrxCoO3_ ~ at 1100 ~ for the samples with 0.5 < x 

< 0.8 within the oxygen pressure range -0.678 > log(Po2) > -2.25 can be written as follows: Lal_ x, 

Sr• ~, = n Lal_x,,Srx,,CoO3_5,, + m SrCoO2.5 + q/2 O: where x' > x". The decomposition 

mechanism of Lal_xSrx CoO3_~ for the samples with x < 0.5 within the oxygen pressure range -2.25 

> log(Po2) > -3.55 changes and can be written as follows: Lal_xSr• ~, = r Lax_x,Srx,COO3_5,, + w 

(Lal_y,Sry,)2CoO 4 + v CoO + f/2 02. The results are shown in "logPo2-composition" diagrams. 

1 .  I n t r o d u c t i o n  

Alkali earth substituted lanthanum cobaltates with the 

perovskite-type structure have received considerable atten- 

tion in recent years due to their potential application as 

electrodes, catalysts, membranes etc. Successful use of 

any material in the wide range of temperature and pressure 

require detailed knowledge of the stability boundaries of 

the phases and the phase equilibria. However, a number of 

papers concerning the synthesis procedure, crystal and 

electronic structure, catalytic activity and magnetic proper- 

ties [1-8] do not give much information about phase equi- 

libria and stability ranges of the single phases in the 

systems. Such phase equilibria data are usually given by 

the appropriate phase diagrams. The phase equilibria of 

quasibinary systems were studied earlier: La-Co-O system 

in [9-12], Me-Co-O systems (Me-= Ca, Sr, Ba) in [13-15], 

La-Me-O systems in [15]. In this study, we will represent 

the phase diagrams of La-Me-Co-O systems (Me -- Ca, Sr 

and Ba) at 1100 ~ in air. The phase equilibria at low 

oxygen pressure will be shown for the example of the La- 

Sr-Co-O system. 

2. E x p e r i m e n t a l  M e t h o d s  

Lanthanum oxide La203 (99.99 % purity), alkali earth 

metal carbonates MeCO 3 and cobalt oxide Co304, all of 

"pure for analysis" or "special purity" grade were used as 

starting materials. All of them were initially annealed: 

La203 at 1200 ~ MeCO 3 at 500-700 ~ Co304 at 700 

~ The samples for investigation (except some special 

cases, which will be described later) were prepared by 

mixing the starting materials in appropriate ratios. The 

mixtures were grinded in an agate mortar and fired in air at 
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Fig. 1. Pseudocubic unit cell parameters of La]_xMexCoO3_8. 

850 ~ for 24 hrs., at 950 ~ for 24 hrs. and finally at 

1100 ~ for 70-400 hrs. with intermediate grinding in 

alcohol after every 24 hrs. After each stage the samples 

were quenched to room temperature on a cold massive 

copper plate. A number of samples was fired later at 1100 

~ in atmospheres with different oxygen partial pressures 

for 24-100 hrs. It was performed in a special cell which 

kept and controlled the required constant oxygen partial 

pressure and temperature over long periods of time. The 

samples were quenched finally under constant Po2. In order 

to identify the phase composition, all samples were 

examined by X-ray diffraction, using a DRON-3 diffracto- 

meter with Cu-K~ radiation or Guinier camera with Cu- 

K~I radiation. The equilibrium state was considered to be 

reached when the phase composition (i.e. X-ray patterns) 

remained unchanged during a few last gtages of firing. In 

some cases, powder neutron diffraction experiments were 

made to determine the crystal structure of the single 

phases. Powder neutron profiles were measured at the 

research reactor IVV-2, located near Ekaterinburg, Russia, 

on the D7A diffractometer with a double monochromator - 

(002) reflection of a single crystal of pyrolytic graphite 

and (333) reflection of germanium. The wavelength em- 

ployed was 1.515 A. Collected data were refined by the 

Rietveld profile method using the "DBWS4911" and 

"Fullpof' programs. 

Due to the fact that the oxygen content and oxidation 

state of the cobalt ions change as a function of the metal 

ratio, a composition in the phase diagram is represented as 

a relative mole fraction of the metal content, for example 

~co = nco/(nLa+nMe+nco). The oxygen content in the solid 

phases has not been taken into account. 

3. Results  and Discuss ion  

3.1. Phase Diagrams of La-Me-Co-O Systems at 1100 ~ 

in Air. The only phases found in all quasiternary systems 

were LavxMexCoO3_a and (Lal_yMey)2CoO4. All attempts to 

substitute the lanthanum ions for alkali earth ion in 

La4Co3010 failed at least in air at 1100 ~ 

The homogeneity range of Lat_xMexCoO3_a in air at 

1100 ~ was found to be 0 < x < 0.8 for Me = Sr, Ba and 

0 < x < 0.3 for Me = Ca. In all cases the rhombohedral 

distortions of perovskite-type Lal_xMe• 8 (space group 

R 3c) decrease while the alkali earth metal content in- 

creases; however, the unit cell parameter a decrease for Me 

= Ca and increases for Me = Sr and Ba. In both Sr and Ba 

substituted cobaltates the unit cell became ideal cubic at x 

= 0.5. The parameters of the pseudocubic unit celt of Lal_• 

MexCoO3. a samples quenched from 1100 ~ in air are 

shown in Fig. 1. All solid solutions with perovskite-type 

structure were oxygen deficient oxides. The value of 
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Table 1. The unit cell parameters of (La~_yMey)2CoO 4 

Me composition qr a, ~ c, A 

Ca 0.25 3.8188(7) 12.304(2) 

0.30 3.8143(7) 12.285(2) 

Sr 0.300 3.8305(1) 12.5184(2) 

3.8285(1)* 12.5169(1)* 

0.312 

0.325 

0.350 

0.400 

0.500 

3.8296(1) 12.5131(2) 

3.8175(1) 12.5046(5) 

3.8095(3) 12.489(1) 

3.8160(1) 12.4803(1) 

3.8161(2)* 12.4833(8)* 

3.8056(1) 12.4942(3) 

3.8026(2)* 12.488(1)* 

0.525 3.8019(1) 12.4986(3) 

Ba 0.300 3.8565(7) 12.812(5) 

0.325 3.8544(1) 12.805(1) 

0.350 3.8539(1) 12.817(1) 

0.375 3.8506(2) 12.820(1) 
*Results, obtained from the neutron diffraction 
measurements. 

oxygen deficiency slightly increases from Ca- to Ba-sub- 

stituted lanthanum cobaltate. 

La2Co2+O4 could not be obtained in air [9-12]. How- 

ever, partial substitution of La 3~ ions for Me 2+ increased 

the average oxidation state of the cobalt ions in (Lal_y 

Mey)2CoO 4. Single phase samples of (La~_y Mey)2CoO 4 

composition were obtained within the range 0.25 < y < 

0.35 for Me = Ca; 0.30 < y < 0.55 for Me=St and 0.300 

< y < 0.375 for Me = Ba. All of them had tetragonal 

K2NiFn-type structure. The unit cell parameters are listed 

in Table 1. According to the results of neutron diffraction 

measurements at least Sr- and Ba-substituted (Lavy 

Mey)2CoO 4 solid solutions have their oxygen content 

close to stoichiometric composition for all values of y. 

It should be noted that the time required for preparation 

of single phase or equilibrium samples in La-Ca-Co-O 

system was much longer than in the case of Sr- or Ba- 

substituted systems. 

La-Ca-Co-O system. Samples of the overall composition 

Laj_xCaxCoO3_ ~ with x = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 

were annealed at 1100 ~ in air. The samples with x = 0.1 

and 0.2 show single phases after 150 hours, the sample 

with x = 0.3 after 300 hours. The samples with x > 0.4 

remained multiphases even after 480 hours of firing. The 

samples with x = 0.4 and 0.5 can be easily obtained 
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as single phases at every stage at 1100 ~ by annealing 

them in pure oxygen for 20 hours. These facts and phase 

composition of some other samples (between Lat_xCax 

CoO3_ ~ and (Lal_yCay)2CoO 4 inside the Gibbs triangle) led 

as to the conclusion that the homogeneity range of Lal_ x 

CaxCoO3_ ~ have to be somewhere between x = 0.3 and 

0.4. at 1100 ~ in air. 

The XRD patterns of the (Lal_yCay)2CoO 4 samples 

with y = 0.15, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6 and 0.8 

show that the formation of the (Lal_yCay)2CoO 4 phase has 

taken place; however, none of the samples has been ob- 

tained as a single phase even after 500 hours of firing at 

1100 ~ in air. It should be noted that during the last 

stages the samples with y = 0.8, 0.6 and 0.5 look as if 

they reached their equilibrium state, whereas those with y 

< 0.4 slowly changed from stage to stage. In order to 

accelerate the process of synthesis some of the composi- 

tions were prepared by the coprecipitation method. For 

this purpose, La203, CaCO 3 and Co (obtained by reducing 

of CoO in the flux of hydrogen at 400 ~ mixed in 

appropriate ratios were dissolved in concentrated hot HC1. 

Coprecipitation was achieved by the addition of 20 % 

KOH solution. Precipitations were left for a couple of 

days for recrystallization. Then, they were filtered and 

washed by a large amount of water until full removal of 

C1- ions. Then, the coprecipitated samples were slowly 

heated up to 1100 ~ (with intermediate grindings). After 

120 hours firing at 1100 ~ the samples with y = 0.25 

and 0.30 became single phases. 

The existence of La2CaO x as a single phase for the 

conditions under investigation is confirmed. XRD data 

were in good agreement with [16]. 

Based on the results of XRD patterns of about 40 

samples the Gibbs triangle was divided into 9 fields. The 

phase diagram of the La-Ca-Co-O system at 1100 ~ in 

air is shown in Fig. 2. The regions of limited solubility 

of CaO in CoO and vice versa are shown as reported in 

[131. 

La-Sr-Co-O System. Single phase samples of Lal_x 

SrxCoO3. ~ with 0 < x < 0.8 and (La~_ySry)2CoO 4 with 0.3 

< y < 0.55 can be obtained after 60-150 hours of firing at 

1100 ~ in air. All samples of Laj_xSrxCoO3_~ with 

compositions of x > 0.8, starting from x = 0.825 were 

found to be mixtures of Sr-saturated perovskite phase and 

8r2Co205. The process of La~xSrxCoO3_ 5 synthesis 

occurred via LaCoO 3 (or LavxSrxCoO3_ ~ with a small value 

of x) and SrzC0205 as intermediate products. In further 

stages they interacted forming single phase Lal_xSrxCoO3_~ 
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Fig. 2. The phase diagram of La-Ca-Co-O system at 1100 ~ 
in air. The phase composition in the fields are: I - Lavx 
Ca~CoO3 + solid solution of CaO in in CoO; II - saturated 
solid solution of CaO in CoO + saturated solid solution of 
CoO in CaO + Ca-saturated La~_xCaxCoO3.~; I I I -  LazO 3 + 
LaCoO3. ~ + limiting composition (Ca-poor) of (Lavy 
Cay)~CoO4; IV - LaCoO3_ ~ + (La~_yCay)~CoO4; V - LaCoO3_ ~ + 
limiting composition (Ca-rich) of (La~_yCay)~CoO 4 -9 sa- 
turated solid solution of CoO in CaO; VI - saturated solid 
solution of CoO in CaO + La~_xCa~CoO3_~; VII - La~O 3 + 
La2CaO~ + limiting composition (Ca-poor) of (La,_y 
Cay):CoO~; VIII - LazCaO x + limiting composition (Ca-poor) 
of (La~_yCay)2CoO 4 + CaO; IX - (La~_~Ca~)2CoO 4 + solid solu- 
tion of CoO in CaO. 
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Fig. 3. The phase diagram of La-Sr-Co-O system at 1100 0(2 
in air. The phase composition in the fields are: I - CoO + 

Laj. x SrxCoO3.~; II - CoO + La0.zSr0.sCoO3_ ~ + Sr2C020~; III - 

Lal_xSrxCoO3_~+(Lal_ySry)2CoO4; IV - Lao.2Sro.sCoO3~+ (Lao.45 
Sr0.55)2C004 + Sr2Co2Od V - (Lao.45Sro.5~)2CoO 4 + Sr2C0205 + 
Sr3CozO~;  g I  - (Lao.asSro.55)2CoO4 + Sr3C0206+ 8 + SrO; VII - 

La203-SrO solid solution + La~_~Sr~CoO3_ ~ (0 < x _< 0.06); VIII 

- La095Sr005CoO3_ ~ + (La0.TSr0.3)zCoO 4 + La203-SrO solid so- 
lution with fixed composition; IX - La203-SrO solid solution 
+ (La~_ySry)2CoO4; X - (La0.45Sr0..~.02CoO 4 + La203-SrO solid 
solution with fixed composition + SrO. 

The samples of  (Lal ySry)2CoO 4 with the composit ion of  y 

< 0.3 were mixtures of  (La0.7Sro.3)2CoO4, La~_x,Srx,CoO3_5 

with x' = 0.06 and La203-SrO solid solution with ftxed 

composi t ion within the composi t ion range 0 < ~Sr < 0.05. 

The samples with x > 0.55 were mixtures of  Sr-saturated 

(L~.7Sro.3)2CoO4, 8r3C0206+ 8 and SrO. 

An existence of  8 r 2 C o 2 0 5  and 8r3Co206+ ~ as single 

phases in the conditions under investigation is confirmed. 

XRD data were in good agreement with [17,18]. 

Based on the results of  XRD patterns of  about 70 

samples, the Gibbs triangle was divided into 10 fields. 

The phase diagram of  the La-Sr-Co-O system at 1100 ~ 

in air is shown in Fig. 3. 

La-Ba-Co-O System. Preparation of  single phase samples 

of  (Lal_yBay)2CoO 4 with composit ions of 0.3 < y < 0.375 

took, s imilarly to the Sr-containing system, about 100~ 

150 hours of  firing at 1100 ~ in air. The time required to 

synthesize La~_xBaxCoO3_~ single phase with 0 < x < 0.8 

depended strongly on the composit ion (x). Preparation of 

the single phase samples with x < 0.4 took about 50-70 

hours at 1100 ~ while for 0.65 < x < 0.8 100-200 

hours were necessary. Main difficulties arose for the 

preparation of  single phase samples with 0.45 < x < 0.6. 

XRD patterns from different stages of  firing show that at 

first stages a mixture of  phases of  Laj_xBa~CoO3_~ with 

small and large values of  x were formed. Coexistence of 

these phases is easily determined because of  the 

considerable difference in lattice parameter. Further 

annealing led to equalization of  the Ba content i n ,  

coexisting phases. Only after a series of  annealing of  a 

total time of  500-600 hours the samples with 0.45 < x < 

0.6 were transformed to single phases. 

Special attention has been paid to the ability of  Ba- 

substituted lanthanum cobaltate to be nonstoichiometric 

in the metal ion sublattices reported for La0.7_ x Sr0.3CoO 3 

(Xm~x = 0.15) [19]. Precise X-ray and neutron diffraction 

showed that all samples with "Laos_xBa0.2CoO3~" (x = 

0.02, 0.05, 0.07, 0.10 and 0.13) and "La0.6_ x Ba~1.4CoO3_5" 

(x = 0.02, 0.05, 0.07, 0.10) as nominal composi t ions 

were mixtures of  Lal_xBaxCoO3_~ and CoO. Therefore, it  

was concluded that the La deficit in Lal_xBaxCoO3_~, if  it is 

possible,  did not exceed 0.02. The smallest deviation of 

stoichiometry in the metals ratio towards the enrichment 

of  either lanthanum or barium (strontium) always led to 
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Fig. 4. The phase diagram of La-Ba-Co-O system at 1100 ~ 
in air. The phase composition in the fields are: I - Lal_ x 
Ba,CoO3_ ~ + CoO; II - La0.zBa0.sCoO3_ 5 + CoO + BaCoO3_ 8 III - 

Lat_,Ba~CoO3_ 5 (0.06 < x < 0.8) + (La~_yBa~)2CoO4 (0.3 < y < 

0.375); IV - Lao.zBa08CoO3_~ + (La0.625Ba0.375)2CoO 4 + 

BaCoO3_5; V-  (La0.625Ba0.37.02CoO 4 + BaCoO3_ ~ + Ba2CoQ;. 
VI - Lal.~Ba,CoO34 (0 <x < 0.06) + LazO3-BaO solid solu- 

tion; VII - La0.94Ba0.06CoO3_ 8 + (La0.TBa0.3)2CoO 4 + La203-BaO 
solid solution with fixed composition; VIII - (La~.y 
Bay)/CoO4 (0.3 < y < 0.375) + La203-BaO solid solution; IX 
- La203-BaO solid solution + (La0.625Ba0.375)zCoO 4 + La2BaO4; 
X - (L%.6zsBao.375)2CoO 4 +La2BaO 4 + Ba2CoO4; XI - La2BaO 4 + 
BazCoO 4 + BaO. 

the formation of  (Lal_yBay)2CoO 4 (or (Lal_ySry)2CoO 4 in 

the Sr-containing system). 

The existence of  La2BaO x, BaCoO3_ ~ and Ba2CoO z as 

single phases under the conditions of  investigation was 

confirmed. XRD data were in good agreement with [14, 

2O]. 

Based on the results of  XRD patterns of  about 80 

samples, the Gibbs triangle was divided into 13 fields. 

The phase diagram of the La-Ba-Co-O system at 1100 ~ 

in air is shown in Fig. 4. 

Some Comparison of La-Me-Co-O Phase Diagrams 

Lower solubility of  calcium in LaCoO 3 in comparison 

with strontium and barium reflects in some sense the 

differences in the Ca-Ca-O and Sr (or Ba)-Co-O quasi- 

binary systems under the conditions of  investigation: an 

absence of  intermediate phases in the former and two 

ternary oxides in both later systems. On the other hand, 

smaller sized Ca ions do not allow to reach a high value 

of  oxygen nonstoichiometry in Laj_xCaxCoO3. 5 which is 

increased together with Ca content. 

A more narrow solubility range of  Ca and Ba occured 

in comparison to Sr-substituted (LaFyMey)2CoO 4 caused 

by the existence of  ternary oxides such as La2CaO 4 and 

La2BaO4. 

3.2. The Phase Equilibria of La-Sr-Co-O System at 1100 

~ and Low Oxygen Pressure. The phase equilibria at 

1100 ~ in the atmospheres with low oxygen pressure 

were studied using the samples with ratios (nLa+ns,)/nco = 

1 and (nLa+ns,)/nco = 2, or in other words, samples for 

which the overall composition can be written as Lal_x 

SrxCoOw and (Lal.ySry)2CoO u. 

The gradual decrease of  oxygen pressure leads to an 

increase of  the stratification region between Lal_xSrxCoO3_~ 

and 8r2Co205, i.e. it leads to the decrease of Sr content in 

Lal_x.Srx.COO34. (where x' represents the limiting compo- 

sition of  solid solution at fixed T and Po2, corresponding 

to the point "b" on the phase diagram, Fig. 3). During the 

first stages of oxygen pressure decrease (-0.678 > log 

(Poz/atm) > -2.25) the boundary of  La~.xSrxCoO3_ 5 shifted 

towards LaCoO 3 according to the reaction: 

Lal.xSrxCoO3_~, 

= n Lal_x,Srx,CoO3_~,. + m/2 Sr2Co205 + q/2 0 2 (1) 

where x' and x" (x > x') are limiting compositions of 

perovskite-type solid solution at Po2' and Po2" respec- 

tively (Po2' > Po2"), n=(1-x')/(1-x"), m=(x'-x")/(l-x") and 

q=(3-fi')-(3-8")n-xm. 

The decrease of  oxygen partial pressure in this region 

did not affect much Sr-rich limiting composition of  (Lal_y 
Sry)2CoO 4 (y = 0.55 in air), although the decomposition 

reaction can be written as follows: 

(Lal_y,Sry,)2CoO4 

= n'(Lal.y,,Sry,,)2CoO 4 + m'  Sr3Co206+ 8 + k'/2 02 (2) 

where y' and y" (y' > y") are limiting compositions of  the 

K2NiF4-type solid solution at Po2' and Po2" respectively 

(PO2' > Po2"), n'=(1-y')/(1-y"), m'=2(y'-y")/{3(1-y')} and 

k'=4-4n'-(6+8)m'. 

The changes of  the value x' in the oxygen pressure 

region -0.678 > log(Poz/atm) > -2.25 was much larger in 

comparison with z'. Such dynamics of  the changes of  Sr- 

rich limiting compositions of  La~_xSrxCoO3_~ and (Lavy 

Sry)2CoO 4 transformed to two-phase phase boundaries 

(shown in Fig. 3 as "ab" and "bc") into the straight line at 
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Fig. 5. The cross-sections of La-Sr-Co-O phase diagram: a) 
along La~_xSrxCoO w , b) along (Lal.ySry)2CoO u. 

log(Po2/atm = -2.25. It means that in this conditions x' = 

z' = 0.5. The phase composition of  each sample is shown 

in Fig. 5. 

Further decrease of oxygen pressure (-2.25 > log 

(Po2/atm) > -3.55) made y' > x'. This changed the general 

view of the phase diagram (Fig. 6) and produced a me- 

chanism of Lal .xSrxCoO3_ s decomposition: 

(COO) 

\ 11oo~ 
/ ' ~ I '  / ~ l o g ( P o / a t m ) ~ - 2 . 5  

L coo  2 -  ...Xs  co os0 

o.0 & o:4 o,~ o,~ 1.o 
l/2(La2Oa) (SrO) 

~s~ 

Fig. 6. The phase diagram of La-Sr-Co-O system at 1100 ~ 
and log (Po2/atm) =-2.5.  The phase composition in the 
fields are: I - La1_xSrxCoO3. ~ + CoO; II - Sr-saturated Lal. 
x,Srx,CoO3_ ~ + Sr-saturated (Lal_y,Sry,)2CoO 4 + C o O ;  III - Sr- 
saturated (La~.y, Sry,)zCoO 4 + Sr2Co205~ + CoO; IV - La~O3-SrO 
solid solution + Lax.xSrxCoO3_8; V - La203-SrO solid solution 
with fixed composition + La~.xSrxCoO3_ 8 with fixed 
composition + limiting composition (Sr-poor) of (Lal.y, 
Sry,)2Co04; VI - Lal.xSrxCoO3_ ~ + (Lal.ySry)2Co04; VII - Sr- 
saturated (Lai_y,Sry,)zCoO 4 + Sr2C0205_ ~ + Sr3C0206+8; VIII - 
La203-SrO solid solution + (Lal.y Sry)2Co04; I X  - Sr-saturated 
(Lal_ySry)2CoO 4 + La2Oa-SrO solid solution with fixed 
composition + SrO; X - Sr-saturated (La~.ySry)2CoO 4 
+Sr3Co206+ 8 + SrO. 

Lavx,Srx,Co03_~, 

= r Lal.x.Srx,,Co03.~,, + w(Lavy, Sry,)2CoO 4 + vCoO + f/2 02 

(3) 

where x'=rx"+2wy', r+w+v = 1 and f = 3-5'-r(3-5")-4w-v. 

The Sr-poor limiting composition of  (Lal.ySry)2CoO 4 

Ymm also changed while the oxygen pressure decreased. Its 

value strove to zero and it reached zero at P o  2 -- 3.8 atm, 

where La2Co04 appeared to be stable [11,12]. The thermo- 

dynamic stability range of  (Lal.ySry)2Co04 as a function of 

P o  E is shown in Fig. 5. It is not possible to specify all 

other multi-phase fields of  this cross-section due to the 

difficulties in understanding of the Sr-Co-O phase equi- 

libria at low oxygen pressure. 

It should be noted that the reactions (1)-(3) do not 

represent exact thermodynamic equilibria. The left side of 

each equation represents an equilibrium composition at 

s t a r t i n g  P o  E and the final right side - equilibrium com- 

position differs by infinitesimal lower P o  E . 
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