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Two-Liquid-Phase Boundaries and Critical Phenomena at 275-400 
"C for High-Temperature Aqueous Potassium Phosphate and Sodium 
Phosphate Solutions. Potential Applications for Steam Generators 

Wllllam L. Marshall 
Chemistry Division, Oak Ridge National Laboratoty, Oak Ridge, Tennessee 37830 

Two-liquid-phase boundarles at temperatures between 275 
and 400 OC were determined for potasslum phosphate and 
sodium phosphate aqueous soiutlons for compositions from 
0 to 60 wt % dissolved salt. The stolchlometrlc mole 
ratios, K/P04 or NaIPO,, were varled from 1.00 to 2.12 
and from 1.00 to 2.16 for the potassium and sodlum 
systems, respectively. Liquid-vapor crltlcal temperatures 
were also determined for most of the dilute liquid phases 
that formed. The mlnlmum temperatures (below whlch a 
slngie solution existed) of two-llquld-phase formatlon were 
360 OC for the potasslum system and 279 OC for the 
sodium system at mole ratios of 2.00 and 2.16, 
respectively. For the sodium system at mole ratlos 
greater than 2.16, solids crystallized at lower 
temperatures as expected from earlier studles. I n  
contrast, potassium solutions that were explored at mole 
ratios from 2.12 to 3.16 and at temperatures below 360 
OC did not produce solid phases or Iiquld-llquld 
immlsclbllltles. Aslde from the generally unusual 
observatlons of two lmmlscible liqulds in an aqueous 
inorganic salt system, the results could posslbly be applled 
to the use of phosphate additives In steam power 
generators. 

Introduction 

High-temperature aqueous sodium phosphate solutions of 
very low concentrations (0-1 00 ppm) have been applied to 
reducing scale formation in power plant steam generators as 
critically reviewed by Garnsey (7 ) .  However, in recent times 
a particular corrosion of steam generator tubes in nuclear 
pressurized water systems (the corrosion commonly defined as 
"thinning") was attributed in part to sodium phosphate additives. 
Consequently, their use in nuclear pressurized water power 
plants was greatly reduced, which appeared to diminish the 
problem of thinning. I n  some steam generators corrosion 
subsequently occurred to form oxides in the holes of support 
plates through which steam generator tubes passed. Continued 
corrosion has "dented" steam generator tubes and has even 
necessitated costly replacement of some of the steam gener- 
ators. 

After the discovery by Broadbent et al. (2) that aqueous 
solutions of disodlum hydrogen phosphate form two immiscible 
liquids at temperatures near 300 OC, Garnsey ( 7 )  proposed that 
the resulting concentrated and strongly corrosive solution, 
possibly produced by boiling concentration, may have corroded 
the steam generator tubes to cause thinning. Recently, the 

analogous dipotassium hydrogen phosphate-water system has 
been studied at this laboratory at temperatures from 100 to 400 
OC (3), motivated by the earlier work of Broadbent et al. (2), 
by the proposals of Garnsey (I), and by knowledge that at 
temperatures below 100 OC potassium salts are more soluble 
than the analogous sodium salts (4, 5). This recent work 
showed that aqueous KAPO, solutions at high temperatures still 
were much more soluble than those of Na,HPO,. A two-liq- 
uid-phase region was also discovered but with a minimum 
temperature of 380 OC, which was approximately 85 OC higher 
than that estimated for corresponding Na,HPO, solutions (2). 
Substitution of potasslum phosphate for sodium phosphate as 
an additive would therefore prevent the formation of a second 
liquid phase in the region of steam generator operation 
(275-325 "C) that otherwise could have caused thinning as 
proposed by Garnsey (7).  This substitution might again make 
phosphates useful in eliminating particular problems of conosion 
(including denting) as suggested earlier (3). 

The present study on liquid-liquid immiscibilities expands upon 
those presented previously by Broadbent et al. (2), very recently 
by Wetton (6 ) ,  and by Marshall et al. (3) to quantitatively d e  
scribe comparative temperature-composition immiscibility 
boundaries for aqueous sodium phosphate and potassium 
phosphate solutions of mole ratios, Na/PO, and K/P04, varying 
from 1.0 to just above 2.0. The two systems are explored at 
higher mole ratios and show the expected formation of soli 
phases for the sodium system (6- 70) but none for the potas- 
sium system over the range of exploration. 

Experlmentai Procedures 

Reagents. Dipotassium hydrogen phosphate (K,HPO,) and 
tripotassium phosphate hydrate (K3P0,.n H,O) used were J. T. 
Baker Chemical Co. analyzed reagent grade, and potassium 
dihydrogen phosphate (KH,PO,) was Fisher Scientific Co. cer- 
tified ACS grade. Disodium hydrogen phosphate (NadPO,) and 
trisodium phosphate hydrate (analyzed to be Na,,,,- 
(OH),,,,P04.12H20) were obtained from Fisher Scientific Co., 
and sodium dihydrogen phosphate hydrate (NaH,PO,.H,O) was 
obtained from J. T. Baker Co.; these salts were the same 
grades of purity as those for the potassium phosphates. 

Liquid-Liquid Immlsclblllty. Several series of solutions, 
each of a given constant mole ratio, K/PO, or NaPO,, but with 
differing weight percents for each solution, were prepared 
gravimetrically from the above solids and distilled water. Some 
compositions with high weight percent solid were not entirely 
soluble at 25 OC, as expected from the literature (4, 5). These 
particular compositions were heated at 50-75 OC in order to 

0021-9568/82/1727-0175$01.25/0 0 1982 American Chemical Society 



176 Journal of Chemical and Engineering Data, Vol. 27, No. 2, 1982 

fully dissolve the solids. Upon being recooied to 25 OC, some 
of these solution mixtures (containing either potassium or so- 
dium) rather quickly recrystallized, in contrast to the observed 
metastable behavior of concentrated K,HPO,-H,O solutions (3). 
Consequentiy, the filing of capillary tubes with the concentrated 
solutions, for using the synthetic method, needed to b? per- 
formed rapidly with warmed tubes. The synthetic method, by 
which solutions of known compositions are sealed in glass tubes 
and the temperature at which a phase change occurs is re- 
corded, was used for the present study. The procedure and the 
phase-study apparatus (1 7 )  were described in the previous 
work (3). Fused silica capillary tubes were used for containing 
the solutions. 

For several experiments with highly alkaline solutions of mole 
ratios, K/P04 or Na/PO,, greater than 2.2, a semiclear Teflon 
(tetrafluoropolyethylene) tube liner was inserted into a 25-cm 
long fused silica tube of 2-mm inner diameter. A solution of 
sufficient volume to nearly fill the tube at high temperatures was 
sealed within the silica tube. This tube was inserted into the 
phase-study apparatus, with the ends projecting out for cool- 
ness, and the phase behavior of the solution (protected by the 
Teflon liner from silica dissolution) was observed at tempera- 
tures up to 310 OC. 

A chromel-alumel thermocouple together with a digital- 
readout unit (Doric 412A; Emerson Electric Co.) was used for 
temperature measurement. The thermocouple was calibrated 
to 0.1 "C over the range from 0 to 400 "C. When the ther- 
mocouple was positioned in the apparatus, many separate 
experimental determinations of the liquid-vapor critical tem- 
perature of pure water gave the accepted value of 374.2 O C  

( 12) to a precision of fO. 1 O C .  This temperature was redet- 
ermined periodically during the measurements for assurance of 
accurate readings. 

The temperatures at which a second liquid phase formed (or 
disappeared) were obtained by observing the phase change 
with both slowly increasing and decreasing temperatures. The 
precision in determination of each value is included in the tables. 
Bolh the precision and the accuracy of measurement may differ 
for each composition generally because of (a) the different 
volume ratios of the two liquids upon appearance of immisci- 
bility, (b) some small amount of reaction (a very large amount 
at mole ratios greater than 2.2) with the fused silica containment 
tube interfering with the observations, and (c) at the highest 
temperatures some concentration of the liquid phases due to 
loss of water to the vapor phase. Generally, the tubes were 
approximately 1/2 to full upon appearance of immiscibility. 
With these considerations, the accuracy of each value probably 
is less than the precision but may be within 0.5-1.0 OC. 

Liquid-Vapor Crifical Phenomena. Liquid-vapor critical 
temperatures for the dilute liquid phases (that is, the tempera- 
ture at which the vapor phase becomes identical with the dilute 
liquid phase, and therefore the meniscus between these two 
phases disappears with rising temperature) were determined 
similarly with both increasing and decreasing temperature. 
Since the true critical temperature (t,) is obtained only when 
the dilute liquid phase (L,; for these experiments) approaches 
exactly the same volume as the vapor at the critical tempera- 
ture (13, 14), the results obtained generally may not be as 
accurate (but probably within 1.0-1.5 OC) as those for immis- 
cibility. Precisions of measurement are included in the tables, 
with the best precisions obtained (fO.l-0.2 "C) for those ex- 
periments for which the L, to vapor volume ratio appeared to 
be very close to unity and the temperatures of disappearance 
(or appearance) of the meniscus were very sharp. These 
values should be also the most accurate. 

Results and Dlscusslon 
General Resuns. Tables I and I1 give the experimentally 

obtained values for the potassium phosphate and sodium 
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Flguro 1. Two-liquid-phase regions for aqueous solution mixtures of 
potassium phosphates for mole ratios, K/PO,, from 1.00 to 2.12: (0, 
0, 0) present study; (0) Marshall et at. (3). 
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phosphate systems, respectively, for boundary limits of liquid- 
liquid immiscibility. Values derived from plots shown in previous 
studies (2, 6, 8 ,  9) are given also. Liquid-vapor critical tem- 
peratures are included for most of the dilute liquid phases that 
formed at lower temperatures. The solutions prepared were 
of mole ratios, K/PO, or Na/PO,, of 1 .O, 1.2, 1 5, 2.0, 2.12 (for 
K), and 2.16 (for Na). For a given series of solutions of constant 
mole ratio but of differing weight percents, immiscibility was not 
observed for some of the solutions of highest weight percent. 
As indicated in Tables I and 11, these solutions were taken to 
a temperature of 410 "C. At this temperature, the concen- 
trated liquid phase remained a clear liquid of moderately high 
fluidity. Since the dilute liquid never formed at lower tempera- 
tures, there was no critical temperature to be observed. 

Pot8s.shnn Phosphate Aqueous Phase Behavior. Figure 1 
shows the plots of boundary temperatures of two-liquid-phase 
formation for aqueous solutions of potassium phosphates for 
the several constant mole ratios, K/PO,, as given in Table I and 
reported earlier for K,HPO,-H,O (3). Two points at 20 and 30 
wt % K2HP04 were rerun in this work (Table I), and these have 
been substied for the earlier values (3), the temperatures for 
which appeared to have been reversed. The temperature scale 
is greatly expanded and shows the extent of excellent corre- 
lation of individual measurements with each other (f0.25 "C). 

The determined critical temperatures for each series of so- 
lutions of a constant mole ratio, K/PO,, represent the approx- 
imate critical temperature for the dilute liquid at a composition 
estimated by extrapolating the immiscibility curve upward to the 
reported values of t,. Thus, after formation of the two liquid 
phases, the dilute phase becomes more dilute with rising tem- 
perature, finally reaching an estimated composition (at A in 
Figure 1 for a mde ratio of 1.0) where the critical phenomenon 
(for thii phase) is observed. Conversely, the concentrated liquid 
becomes more concentrated with rising temperature, and re- 
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Table I. Aqueous Potassium Phosphate Solutions of Mole Ratios, K/PO,, from 1.00 to  2.12, Temperatures of Appearance (with Rising 
Temperature) of Second Liquid Phases, and Liquid-Vapor Critical Phenomena (for the Dilute Liquid Phases) 

immiscibility boundary critical phenomenon 

solute stoichiometry solute wt %a t ,b  "C phase appearingC t ,  "C est wt % soluted 

KH,PO, (K/PO, = 1.00) 5.05 386.8 t 0.2 LZ 389.0 f 0.5 2.2 
10.09 385.6 t 0.1 L, 388.5 f 0.5 2.2 
14.8 385.7 f 0.1 LZ 389.0 t 0.5 2.2 
20.0 386.1 f 0.2 L* 
25 .O 386.9 +_ 0.4 L, 

388.9 f 0.2 2.2 
388.7 t 0.5 2.2 

29.5 387.8 +_ 0.4 L; 389.0 t 0.5 2.2 
3 3d 38gd L. 38gd 2.2 
41.5 

10.3 
15.1 
20.2 
25.1 
30.2 
35.1 

40.2 
50.1 

K,~zHl~,PO, (K/PO, = 1.20) 5.07 

39d 

K,.,H,.,PO, (K/PO, = 1.50) 5.02 
10.05 

K,HPO,f (K/PO, = 2.00) 

15.1 
20.1 
30.2 
39.8 
45.2 
49d 
50.3 
10.3 
20.0 
5 6d 

e 
376.0 f 0.3 
371.8 .e 0.2 
371.0 t 0.1 
370.9 5 0.2 
372.0 t 0.2 
373.0 t 0.1 
374.9 f 0.1 
384.5d 
e 
e 
369.0 5 2.0 
364.0 f 1.0 
362.7 f 0.1 
361.7 0.1 
362.5 f 0.1 
365.0 t 0.5 
372.5 0.5 
380d 
e 
362.4 t 0.4 
360.0 f 0.2 

369.4 f 0.2 
361.4 +- 0.5 
360.9 f 0.2 
362.1 f 0.2 

377d 

e 
384.0 t 0.5 
383.9 t 0.3 
384.9 t 0.2 
384.0 f 0.5 
385.0 0.2 
384.5 t 0.5 
385.1 t 0.1 
384.5d 
e 
e 
380.1 f 0.1 
380.0 f 0.5 
380.0 f 0.5 
380.0 t 0.5 
380.0 f 0.5 
380.5 t 0.5 
380.0 t 0.2 
380d 
e 
375.9 f 0.2 
376.8 f 0.5 
377d 
317.3 f 0.2 
378.0 f 0.2 
379.2 i 0.4 
378.5 t 0.4 

e 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
e 
e 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
e 

1 
1 
1 
2 
2 
2 
2 

a Wt %dissolved solid as written. * Lower boundary of observation (appearance of second liquid phase with rising temperature). L, = 
dilute liquid phase; L, = concentrated liquid phase; L, = liquid phase near the consolute solution composition (where composition L, equals 
composition L,). 
phenomenon is observed at temperatures up to 410 "C. 

Estimated from plots of Figure 1; values at upper temperature limit of immiscibility. e No second liquid or critical 
Additional values given by Marshall et al. (ref 3). 

mains a liquid at least up to a temperature of 410 OC (Table 
I). Above the critical temperature of the dilute phase, the 
composition of concentrated phase depends upon the relative 
volume of supercritical fluid, which may be varied by changing 
the pressure on the system. 
"e -Component Nature of the System. The several im- 

miscibility phase boundaries shown in Figure 1 In reality repre- 
sent slices at several constant mole ratios, K/P04, in a three- 
dimensional figure for the full three-component condensed 
system K20-P205-H20. The portions shown can be described 
by a subsystem KH,PO,-K3P0,-H20. For compositions near 
that at the consolute solution point (CSP, the point of disap- 
pearance of immiscibility at which the compositions of both 
phases become identical), it was dlfficuit to detect which phase 
(the dilute or concentrated) appeared first with rising tempera- 
ture. Table I thus gives the phases appearing (L, or L2), but 
for those in the viclnity of the CSP the symbol L. is used to 
indicate this uncertainty. The CSP for each curve in Figure 1 
appears to be at a slightly higher temperature than the minimum 
temperature of immiscibility. For these plots (or slices), a 
three-component system would not require the CSP to be at 
the minimum temperature. A temperature at the CSP higher 
than the minimum even substantiates the necessity for full de- 
scription by three or more components (75). 

I t  therefore follows for a three-component system that the 
boundary curves shown in Figure 1 cannot be used to obtain 
an exact composition of the second liquid phase that appears 
with rising temperature. With a two-component system, the 

compositions in equilibrium are given at the two intersections 
of a horizontal tie line (at a constant temperature) with a 
boundary curve. For the present system it may appear that the 
boundaries shown approximate behavior as separate two- 
component systems. For example, all critical temperatures for 
the dilute phases from different solution compositions of a given 
mole ratio, K/PO,, are nearly the same (Table I). This obser- 
vation suggests that each slice can be treated approximately 
as a two-component system, with the composition of the con- 
centrated phase at the upper two-liquid-phase limit (for a mole 
ratio of 1.0) being close to that at point B in Figure 1. 

Zmmlsclwllty Behavior at KIPO, Ratlos above 2.12. I t  Is 
of much interest to know the phase behavior of potassium 
phosphate solutions of mole ratio, KIPO,, greater than 2.12. 
Presently, the very large reactivity of the fused s i l i  tubes used 
in the experiments toward these solutions of high alkalinity has 
precluded the attainment of reliable measurements. 

In  Figure 2 (part A) is plotted the minimum temperature of 
immlscibllity for the several series of curves (Figure 1) against 
the mole ratio, K/PO,, for each series. We observe an initially 
rapid decrease in temperature of immiscibility with increasing 
K/PO, ratio, which reaches zero change at the composition, 
K.JIP0,. and then increases with a further increase in ratio. The 
solid, KOH, is highly soluble in water solution at low tempera- 
tures, and at high temperatures no liquid-liquid immiscibility or 
retrograde solubllity for KOH solutions is expected. With the 
minimum temperature of immiscibility reached for K,HPO,-H,O 
solutions, it would appear that increasing the mole ratio, K/PO,, 
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Figure 2. Lower limits of two-liquid-phase formation for aqueous 
solution mixtures of mole ratios, K/PO, (part A) and Na/P04 (part B). 
from 1.00 to above 2.00: (0) present study; (A, 350 "C) Wetton (6); 
(A, 300 "C) Broadbent et ai. (2). 

from 2.0 toward 3.0 and even toward infinity (that is, for KOH- 
H,O) will simply increase the immiscibility temperature or eiim- 
inate immiscibility entirely. This behavior is estimated by the 
extrapolated dashed line in Figure 2 (part A). 

Reacths wUh S k a  at H&h K I W ,  R a t h .  As expected, 
potassium phosphate (and also sodium phosphate) solutions 
showed increasing reaction rates with silica containment tubes 
as the mole ratio, K/PO,, was increased from 2.0 to 3.16. 
Immiscibility and critical temperatures for solutions of mole ratio 
2.12 were obtained because of the relatively short times (3-5 
min) at high temperatures. For higher ratios, even these times 
were too long to avoid very rapid dissolution of silica and con- 
sequent production of gellike solids that formed at 225-300 OC; 
in many solutions of high concentrations these gels even ap- 
peared first as second liquid phases. The question arose 
whether the dissolved silica produced the gels. Several ex- 
periments were thus performed on K3P04 solutions sealed in 
Teflon-lined tubes (Experimental Procedures) and held at tem- 
peratures up to 310 O C  for 1-2 h and in gold-electroplated 
vessels (3) at 300-350 OC for 3-4 h. In contrast to the rapid 
gel formation in unlined tubes, these solutions remained clear; 
solids were not formed. RapM reaction with sllica may have 
produced second Itquid phases (Converting to gellike solids upon 
further reaction) similar to those observed for the system 
Na,O-Si0,-H,O at 250-350 OC (76). The dissolution rate 
appeared to slow down as potassium silicate solids were pro- 
duced and the remaining dissokred salt stoichiometry ap- 
proached that of KAPO,. For example, experiments in unlined 
silica tubes with solutions of mde ratio 2.5 and 3.16 that pro- 
duced solM at 225-300 O C  gave immiscibility temperatures for 
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Flgure 3. Two-liquid-phase and solution-solid boundaries for aqueous 
solution mixtures of sodium phosphate salts of mole ratios, NalPO,, 
from 1.00 to 3.00 at 200-400 OC: (0, 0)  present study; (A, 350 OC) 
Wetton (6); (A, 250 and 300 "C) Broadbent et al. (2); (+, 300 and 
324 "C) Panson et ai. (9); (U, 365 "C) Ravich and Shcherbakova (8); 
(V, 200-350 "C) Schroeder et ai. (7). 

the remaining solution phase within 1 OC of those for K,HPO, 
solutions reported in Table I. 

Sodium Phosphate Aqueous Phase Behavior. Figure 3 
shows the experimentally determined values for liquid-liquid 
immiscibility and the estimated compositions and liquid-vapor 
critical temperatures for dllute liquid phases for the several 
series of solution c~positions of constant mole ratios, Na/P04, 
as given in Table 11. Also shown are values of liquid-liquid 
immiscibility reported by Broadbent et al. (2) in their discovery 
of immiscibility in aqueous solutions of Na,HPO, and some in- 
terpolated values from the very recent work Wetton (6), from 
Panson et al. (9), and from Ravich and Shcherbakova (8). 
Values of all investigations were obtained by direct sampling and 
analysis of the phases and also by a visual method by Broad- 
bent et al. and Wetton. Agreement of the present measure- 
ments with these values appears to be excellent. 

The interpretations for the immiscibilii boundaries of the 
sodium phosphate solutions are the same as those given above 
for potassium phosphate solutions. The only differences in 
behavior are the temperatures of immiscibility, the behavior at 
ratios above 2.0, and the much wider spread of temperature 
for the mole ratios, Na/PO,, changing from 1.0 to 2.16. Thus, 
it should be emphasized that, atthough the comparative weight 
percent scale is the same for Figures 1 and 3, the temperature 
scale is 3 times expanded in Figure 1. 

I-y and M - U q u M  Mavlor at Ala /PO, Ratios 
Greater than 2.0. Figure 2 (part B) shows the minimum tem- 
peratures of immiscibility for the several series of sodium 
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Table 11. Aqueous Sodium Phosphate Solutions of Mole Ratios, Na/PO,, from 1.00 to 2.16, Temperatures of Appearance (with Rising 
Temperature) of Second Liquid Phases, and Liquid-Vapor Critical Phenomena (for the Dilute Liquid Phases) 

immiscibility boundary critical phenomenon 

solute stoichiometry solute wt 70" t,b "C phase appearingC t, "C est wt % solidd 

NaH,PO, (Na/PO, = 1.00) 4.96 
9.98 

20.0 
30.1 
34d 

N a l ~ ~ H l ~ , P 0 4  (Na/PO, = 1.20) 

Na,.,H,.,PO, (Na/P04 = 1.50) 

Na,HPO, (Na/PO, = 2.00) 

40.0 
50.0 
60.1 

4.55f 
5.13 

10.0 
20.1 
30.3 
39.8 
40.6f 
50.3 

60.1 
55d 

2.05f 
4.99 
9.59 

20.0 
30.3 
40.1 
50.2 
60.2 
63. l f  
67d 

0.8g 
1.14f 
3.0h 
5 .O  

10.3 
12.4h 
20.0 
30.0 
40.0 

10.0' 

57.3" 
72f 
74d 

4.85 
10.0 
20.0 
28.9 
37.5 

376.6 t 0.2 
375.0 t 0.5 
374.0 t 0.2 
376.5 t 0.3 
384d 
e 
e 
e 

350f 
347.7 t 0.5 
340.3 t 0.4 
340.7 t 0.3 
345.7 t 0.1 
353.5 t 0.1 
350f 
369.0 t 0.5 
382d 
e 

35 Of 
329.9 t 0.1 
319.0 t 0.1 
310.3 i. 0.1 
310.1 t 0.1 
313.1 i 0.1 
319.9 * 0.1 
343.2 t 0.3 
35 Of 

365g 
35 Of 
324h 
321.3 t 0.4 
300' 
305.2 * 0.1 
300h 
293.6 t 0.2 
290.6 t 0.2 
290.6 t 0.4 
300' 
350f 

301 t 1 
291 +_ 1 
282 * 1 
281 + 1 
279 t I 

379d 

375d 

383.4 * 0.4 
383.7 t 0.2 
383.5 i 0.2 
384.6 t 0.3 
384d 
e 
e 
e 

378.4 t 0.5 
380.9 t 0.5 
382.9 t 0.5 
383.5 f. 0.6 
380 i: 2 

380 t 2 
382d 
e 

378.4 t 0.1 
378.8 t 0.1 
379.3 t 0.2 
378.8 t 0.1 
379.3 f 0.1 
379.3 t 0.1 

379d 

374.7 t 0.5 

374.7 t 0.5 

375.4 i 0.5 
375.1 t 0.3 
374.7 i 0.5 

375d 

2.5 
2.5 
2.5 
2.5 
2.5 
e 
e 
e 
2 
2 
2 
2 
2 
2 
2 
2 
2 
e 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

a Wt 7% of solid as written. Lower boundary of observation (appearance of second liquid phase with rising temperature). L, =dilute 

Estimated from plots of Figure 3; values at upper temperature limit of immiscibility. e No second liquid or critical phenome- 
liquid phase; L2 = concentrated liquid phase; L, = liquid phase near the consolute solution composition (where composition L, equals compo- 
sition L z ) .  
non is observed at temperature; up to 410 "C. 
plots of Panson et al. (ref 9 ) .  

From plots of Wetton (ref 6). From plot of Ravich and Shcherbakova (ref 8). From 
From plots of Broadbent et al. (ref 2 ) .  

phosphate solutions of constant mole ratios, Na/PO,, plotted 
against mole ratio. The plot is similar to that for potassium 
phosphate solutions (part A) up to a ratio of 2.0. As the ratio 
increases to 2.0 (the composition, Na2HP0,), the decrease in 
temperature with increasing ratio approaches zero but then 
decreases again as the ratio increases to 2.16, which essen- 
tially is at the limit of immiscibility (2, 6). At mole ratios above 
2.16, sodium phosphate solids are the equilibrium phases and 
show progressively lower solubilities at temperatures increasing 
above 200 OC. Earlier excellent studies describe these relations 
(2, 6- IO). A portion of the solubility curve for Na3P04 obtained 
by Schroeder et ai. (7) is shown in Figure 3. Solubility behavior 
for ratios between 2.16 and 3.00 may be estimated from this 
figure or from the previous studies. In  order to observe the 
formation of solids, several solutions of mole ratios 2.5 and 3.0 
were sealed in Teflon-lined silica tubes (Experimental Proce- 
dures) and in gold-electroplated vessels (3) and were run at 

temperatures between 225 and 300 O C  for 3-4 h. In  contrast 
to the clear solutions remaining after similar experiments for the 
potassium system at even higher temperatures, solids formed 
extensively in both the Teflon liners and the gokl-electroplated 
vessels. 

Comparative ImmlsclblHty Behavior of Aqueous Potassium 
Phosphate and Sodium Phosphate Solutions. Figure 4 com- 
pares the temperature-composition immiscibility boundary for 
K,HPO,-H,O with that for Na,HPO,-H,O solutions. The solu- 
tion-soli phase boundaries reported earlier for the two systems 
are shown also (2, 3, 6). The minimum immiscibility tem- 
peratures are 360 and 290 O C  for K,HPO, and Na,HPO, solu- 
tions, respectively, or a temperature of 70 OC higher for KflPO, 
solutions. The compositional boundaries for saturation with a 
solid phase are markedly higher for K,HP04 than for Na2HP0, 
solutions. 

I t  is interesting to note that the immiscibility points shown in 
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Figure 4. Comparative two-liquid-phase and solution-soli boundaries 
for aqueous solutions of Na2HP0, and K,HPO , 250-400 O C :  (0. e) 
present study; (0) Marshall et al. (3); (A, 350 'C) Wetton (6); (A, 250 
and 300 "C) Broadbent et al. (2); (+, 300 and 324 "C) Panson et al. 
(9); (m, 365 "C) Ravich and Shcherbakova (8). 

Figure 2 (parts A and B) for mole ratios for 1.0 to 2.0 may easily 
be fitted to the equation 

t ,  = a + b(2.00 -- R)" (1) 

where t ,  is the immiscibility temperature ("C), R is the mole 
ratio (K/P04 or Na/P04), and a, b ,  and n are constants. Figure 
5 compares plots of t ,  vs. (2.00 - R)" where the values for n 
are 4.00 for the potassium system (part A) and 2.00 for the 
sodium system (part B). Thus, the temperatures of minimum 
immiscibility for the aqueous potassium phosphates depend 
upon the fourth power of (2.00 - R), and those for sodium upon 
the second power. This behavior appears to be striking not only 
because of the exactness of the values for n but also because 
of the exact factor of 2.00 for n between the two systems. 
Moreover, the slopes (Figure 5) differ almost exactly by a factor 
of 3.0. Perhaps part of the behavior may be speculatively 
related to differences in the solution species in the two systems. 

Concluslons 

I n  this study comparative immiscibility boundaries and liq- 
uid-vapor critical temperatures are presented for aqueous po- 
tassium phosphate and sodium phosphate solutions of mole 
ratio, alkali metaVphosphate, varying from 1 .O to 2.12 and 2.16, 
respectively, and at temperatures between 275 and 400 OC. 
Potassium phosphate solutions show higher solubilities and 
higher temperatures of phase homogeneity than do comparable 
sodium phosphate solutions. Aside from the strongly funda- 
mental Interest in the phenomenon of liquid-liquid immiscibility 
in aqueous-inorganic systems at high temperatures, the po- 

380 1 I //' SLOPE = 26 I 
i 
i 
I 
i 
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~ 350  L--' 1-- 

' I  w I- ~ ( 8 )  SODIUM SYSTEM ./ 
I - 0  0 2  0 4  0.6 0 8  1 .o 1.2 a 

a 380r-.--------- 
( z - R , ) ~  d 
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0.4 0.6 I 0.8 10 i 1 2  
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280 L_-._,- 
0 0.2 

(2 -RNu b 2  

Figure 5. Lower limits of liquid-liquid immiscibility for aqueous po- 
tassium phosphate (part A) and sodium phosphate (part B) solutions 
plotted against (2 - R)". R = mole ratio, KIPO, or Na/PO,, and n = 
4 and 2 for potassium and sodium systems, respectively; (0) present 
study; (A) Wetton (6); (A) Broadbent et al. (2). 

tential application to problems of steam power generation dis- 
cussed in the Introduction should be considered. 
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