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Aqueous phase diagrams were determined for the  following systems: Na4P401y 
NQ~P~OFHZO; N ~ ~ P ~ O F N ~ ~ P Z O Y H ~ O ;  N~~P~OIFK~P~OIFHZO;  N ~ ~ P ~ O I F N ~ Z B ~ O F H ~ O ;  
N~~P~OIFN~ZSO~-HZO;  Na5P3010-Na2SiO~HzO and NasP301r( NHz)zCO-HZO at 30' C. 
A new series of solid solutions was discovered in the N~~P~OI~K~P~OIO-HZO system. 

ALTHOUGH phase diagrams for the solid-melt systems 
of condensed phosphates are numerous, relatively few aque- 
ous phase diagrams have been determined for these systems 
( I ) .  Perhaps this has resulted from the belief that condensed 
phosphates are too unstable in aqueous solution to be consid- 
ered as candidates for aqueous phase studies. Many of 
the poly- and metaphosphates suffer only small amounts 
of degradation in aqueous solutions in the time required 
to obtain solubility equilibrium, provided the pH and tem- 
perature conditions are not extreme. There is sufficient 
degradation to cause some difficulties in obtaining reproduci- 
ble analytical data from these systems. 

EXPERIMENTAL 

The chemicals used in this work were either reagent 
grade or were laboratory preparations which were purified 
by the more or less standard methods employed in phos- 
phate chemistry (2). 

The samples for the phase studies were prepared by 
mixing 50-gram total sample in 60 ml. bottles a t  a predeter- 
mined ratio on a tie line near the expected liquidus line- 
that  is to say, the samples were usually rich in the liquid 
phase. The samples were then placed in a thermostatically 
controlled bath a t  30.00" = t O . O l "  C., and shaken vigorously 
several times each day for 5 days. Then they were analyzed 
to obtain a preliminary phase diagram. 

The preliminary diagram was obtained from analyses 
of the water contained in the liquid phases and the composi- 
tions of the samples used to prepare the diagram. The 
quantity of water in the liquid phase was determined by 
the ZnO fusion method ( 3 ) .  Very little difficulty was encoun- 
tered in applying this technique when it was applicable. 

T o  check the preliminary diagrams a completely new 
set of samples were prepared and allowed to remain in 
the thermostatically controlled bath for 14 or more days. 
These samples were then analyzed for all components in 
the liquid phase, and selected samples were analyzed by 
the wet residue method ( 4 ) .  

All of the analytical procedures were routine as cited 
in the references with the exception of the analyses used 
for the Na3P309-Na4P4OlZ-H20 and the K~P301O-Na5P3O10- 
HzO systems. The chemical similarity of the ring metaphos- 
phates causes them to be difficult to analyze. Paper chroma- 
tography was used for these analyses (5,  6). In  this instance, 
the preliminary phase diagram based upon the ZnO fusion 
analysis only is as reliable as the more detailed diagram. 
The analyses of the Na5P3010-K5P3010-H20 system depend 
upon flame photometry (7) for N a 2 0  and K20, because 
there is no good method for the specific species, KjP3010 
or Na5P3010. The preliminary diagram was not very useful 
in this case, because the solid solutions which form in 
the system cannot be represented by a fixed point on the 
diagram. 

The makeup data and analytical data used to construct 
the diagrams are shown in Tables I ,  11, and 111. The 
errors committed in the analytical data vary from system 

Table I. Starting Compositions and Analyses of the 
Ternary Systems 

Initial Composition, Wt. 70 

Na4P4012 

12.95 
9.93 
8.04 
6.01 
6.02 
5.01 
5.01 
3.01 
0.94 
. . .  

Na3P309 

2.11 
6.05 

10.05 
14.01 
18.03 
21.03 
23.02 
25.18 
25.88 
25.00 

Na4P207 
10.00 
10.00 
7.99 
6.97 
6.97 
7.01 
7.00 
4.01 
2.00 
1.00 
. . .  

Na? P709 
. . .  
2.00 
6.00 
9.96 

13.93 
17.03 
20.00 
21.99 
23.00 
22.97 
25.00 

H20 

84.94 
84.02 
81.91 
79.97 
75.95 
73.96 
71.97 
71.81 
73.18 

75.00. . . 

Saturated Liquor, Wt. 70 

Na4P4012 
13.10 
11.08 
9.76 
9.50 
5.82 
4.86 
4.27 
3.44 
3.35 
1.82 

H 2 0  NarPgOi 

90.00 7.04 
88.00 5.99 
86.01 4.36 
83.07 3.63 
79.11 3.34 
75.97 3.40 
72.99 3.61 
74.00 3.57 
75.00 2.42 
76.03 1.39 
75.00 . . . 

Na3P309 

2.89 
5.29 
7.36 

12.89 
17.04 
19.70 
19.91 
19.93 
20.72 
22.33 

NaJ'IOg 

1.85 
6.05 

10.35 
14.60 
17.78 
20.93 
20.53 
20.86 
21.34 
22.33 

. . .  

H20 
86.90 
86.03 
84.95 
83.14 
81.29 
78.10 
76.03 
76.65 
76.72 
77.46 
77.67 

H20 

92.96 
92.16 
89.59 
86.02 
82.06 
78.82 
75.46 
75.90 
76.72 
77.27 
77.67 

Na5P301,," K5P3Ol0 H?O Na5PaOln KsPIOlo HJO HZO(LO1) 

21.00 
21.00 
21.00 
21.00 
20.96 
21.00 
20.95a 
20.96 
19.16 
16.81 
16.01 
14.60 
12.70 
11.91 
10.00b 
8.64 
6.47 
5 . 1 2 ~  
3.74d 
2.17 

3.00 
9.00 

14.00 
19.00 
23.96 
29.00 
33.92 
38.93 
35.33 
41.13 
42.38 
44.04 
45.37 
48.00 
49.98 
52.31 
55.49 
57.36 
60.74 
63.84 

76.00 
70.00 
65.00 
60.00 
55.08 
50.00 
45.13 
40.12 
45.28 
42.06 
41.61 
41.36 
41.93 
40.09 
40.02 
39.06 
38.04 
37.51 
35.52 
33.99 

16.75 
19.33 
20.45 
20.81 
20.10 
18.91 
18.06 
16.75 
17.49 
15.86 
13.62 
14.41 
11.96 
11.60 
8.26 
7.54 
5.54 
4.25 
2.96 
1.91 

Wet residue analyses, wt. %. 

Na5P3010 K5P30ia H20 
a 55.42 29.92 14.66 
b 22.47 52.44 25.09 
C 14.28 59.92 25.80 
d 4.99 69.84 25.17 

by Difference 
3.47 79.78 80.55 
9.40 71.27 71.55 

14.18 65.37 65.81 
19.42 59.77 60.69 
24.65 55.25 56.07 
29.59 51.50 51.20 
34.61 47.33 47.31 
41.77 41.48 43.38 
35.64 46.87 46.49 
39.36 44.78 42.83 
41.12 45.26 45.06 
43.60 41.99 41.85 
43.72 44.31 43.78 
46.61 41.79 40.73 
52.08 39.66 41.52 
49.19 43.36 39.50 
54.19 40.27 38.88 
57.07 38.68 38.45 
59.82 37.22 36.14 
63.53 34.56 34.56 

VOL. 13, No. 2, APRIL 1968 145 



~~ ~ 

Table 11. Starting Compositions and Analyses of the System Na5P30m-NazB~OrHzO 

Initial ComDosition, Wt. % Liouid Phase. Wt  % Wet Residue, Wt, % 

NajP30io 
17.96 
16.95 
13.00 
10.97 
9 .oo 
9.02 
5.96 
6.00 
3.00 
1.00 

Na2B10i 
1.00 
2.00 
8.00 
9.98 

11.00 
11.02 
18.93 
8.00 
7.00 
8.00 

Hz0 
81.04 
81.05 
79.00 
79.06 
80.00 
79.96 
75.10 
86.00 
90.00 
91.00 

NajPaOla Na2B107 Hz0 
. . .  . . .  86.06 
. . .  . . .  84.97 

13.58 1.91 84.51 
12.38 1.46 86.16 
11.19 1.62 87.19 
10.84 1.54 87.62 
8.95 1.64 89.42 
7.58 1.35 91.07 
3.23 2.70 94.07 
1.29 3.23 95.48 

to system. In  the well-behaved systems, the data were 
reproducible to about *0.3% per phase. For the systems 
K5P3OI0-Na5P3Ol0 and Na3P309-Na4P4012, it was difficult 
to obtain data with errors less than about &0.5% per 
phase, exclusive of water which could always be determined 
to &0.1% by the ZnO fusion method unless there was 
a second volatile component in the system. For the system 
Na5P3O1O-(NHJ&O-H20, both water and urea were 
expelled by heating the ZnO samples to 1000°C. for 30 
minutes. Water was calculated as the difference between 
the total weight loss and the weight of urea as determined 
by a nitrogen analysis (8). 

If there was disagreement between the completely 
analyzed and the preliminary diagrams to indicate that 
equilibrium had not been established, a second method 
was employed. New samples were prepared with composi- 
tion values very close to the expected liquidus. After 5 
days in the thermostatically controlled bath, the liquid 
phase was analyzed and the quantity of solids were com- 
pared with the predicted values. The system was judged 
to be a t  equilibrium if the values agreed with the completely 
analyzed diagrams. 

DISCUSSION 

No condensed phosphate is in true equilibrium in aqueous 
media. The hydrolytic degradation of polyphosphates is 
usually decreased in basic media (6) ,  while the trimeta- 
and tetrametaphosphates exhibit maximum stability a t  pH 
values near seven (9). The polyphosphates containing more 
than three phosphorus atoms per molecule are probably 
too unstable in aqueous media for them to be candidates 
for aqueous phase diagram studies. Relatively low tem- 
peratures must be used in the study of all polyphosphate 
systems. The activation energies for the degradation of 
polyphosphates is usually in the neighborhood of 20 to 
25 kcal. 

Figure 1 contains trimeta- and tetrametaphosphates, 
which are ring compounds. Trimetaphosphate is a six- 
membered ring of alternate phosphorus and oxygen atoms, 
while tetrametaphosphate is an eight-membered ring. At 
high pH values, the ring phosphates rapidly open to the 
chain polyphosphates, and the systems must be carefully 
analyzed for both poly- and metaphosphate when solubility 
equilibrium is not established rapidly. 

Figure 2 is the phase diagram for a polyphosphate chain, 
Na4P207, and a ring phosphate, Na3P309. These two phos- 
phates are the end members (lowest molecular weight) of 
the poly- and metaphosphate systems, respectively. 

The system Na~P3010-K6P3010-H20 is of interest because 
solid solutions are formed in the K5P3010 rich portions of 
the diagram. In  the anhydrous system there is a double 
salt, Na5P3010~K6P3010 ( I O ) .  If one dehydrates the solid 
solutions of the aqueous system, the double salt is again 
obtained, and conversely, a solid solution is obtained by 

gajPaOlo 

14.26 
4.84 
7.51 
1.61 
0.67 
3.47 
1.99 
1.03 

NazBaO: 
. . .  
... 

20.24 
29.61 
27.81 
35.67 
43.33 
31.20 
29.55 
33.19 

H20 
. . .  
. . .  

65.60 
65.55 
64.68 
62.72 
56.00 
65.33 
68.46 
65.78 

Table Ill. Starting Compositions and Analyses of 
the Ternary Systems 

Initial ComDosition. Wt. 47c 
Na5P301~ Na2S04 HzO 

15.01 5.01 79.98 
15.01 10.06 74.93 
11.89 15.06 73.05 
9.83 20.07 70.10 
7.04 25.14 67.81 
5.94 29.96 64.10 
2.20 29.91 67.89 

NajP30io 
13.11 
14.01 
12.99 
12.00 
10.99 
10.00 
7.00 
4.01 
1.00 
. . .  

Na2Si03 
2.07 
4.00 
7.99 

12.01 
15.99 
20.00 
23.00 
25.01 
25.00 
30.00 

H20 
84.83 
81.99 
79.02 
75.99 
73.01 
70.00 
70.00 
70.98 
74.00 
70.00 

NasP 1 0 1 0  

14.99 
15.00 
14.97 
14.99 
14.99 
15.02 
14.99 
9.98 
9.99 
4.01 
4.90 
0.50 

(NHz),CO Hz0 
5.00 80.01 

13.00 72.00 
19.97 65.06 
25.00 60.01 
30.99 54.02 
37.21 47.77 
44.99 40.02 
49.99 40.02 
54.90 35.11 
50.99 45.01 
58.87 36.22 
59.29 40.22 

Saturated Liquor, Wt. 70 
Na5PaOlo Na2SO4 HzO 

8.39 5.67 85.94 
5.68 11.66 82.66 
4.25 16.93 78.82 
3.22 22.18 74.60 
2.56 26.91 70.53 
2.23 27.81 69.96 
2.10 27.95 69.95 

NajPaOlo 
9.81 
7.33 
4.43 
2.98 
2.09 
1.79 
1.70 
1.67 
1.19 
. . .  

Na2Si03 
2.16 
4.65 
9.44 

14.18 
18.92 
20.81 
20.77 
20.91 
20.85 
21.55 

Nad'3010 
6.68 
6.80 
4.82 
3.68 
2.58 
1.87 
1.21 
1.17 
1.15 
1.32 
1.12 
0.75 

(NHJzCO 
5.42 

14.57 
22.93 
29.22 
36.69 

54.36 
55.23 

52.13 

H 20 
88.03 
88.02 
86.13 
82.84 
78.99 
77.40 
77.53 
77.42 
77.96 
78.45 

H20 
87.90 
78.64 
72.25 
67.10 
60.73 

44.43 
43.60 

46.55 

N0.l 

I O  20 30 40 50 60 70 8 0  90 100 

No3P,09, W l  *io- 

Figure 1. System N ~ ~ P ~ O I T N ~ ~ P ~ O ~ - H ~ O  at 30" C. 
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No3P3O9, W t .  %- 

Figure 2. System N ~ ~ P Z O ~ N ~ ~ P ~ O P H Z O  
at  30°C. 

N 0 5 P 3 0 1  

l o o  I O  20 30 40 50 60 7 0  80 90 100 

K5P3OIO, W t  % - 
Figure 3. System N ~ ~ P ~ O I O - K ~ P ~ O ~ O - H Z O  a t  30" C. 

Aloe 

l o o  10 20 30 40 50 60 70 80 90 100 

No,a,O,. W l  */e.--, 

Figure 4. System N~~P~OIG-N~ZB~OT-HZO 
at 30°C. 

hydrating the double salt. The solid solutions of Figure 
3 are dominated by the K5P3O10. 2H20 and the composition 
may be expressed as U N ~ ~ P ~ O ~ ~ . ~ K ~ P ~ O ~ ~ . ~ ( U  + b)HzO, 
where a and b are the moles of Na5P3OI0 and K5P301a, 
respectively. 

Figure 4 is the phase diagram for sodium tripolyphos- 
phate, Na5P3010 and Na2B407. These compounds are often 

0 

No,SO,, w t  % 

Figure 5. System N~~P~OIG-N~ZSO~-HZO 
at  30°C. 

N o Z S , 0 3 ,  W t  %- 

Figure 6. System NasP30~NazSi03-H20 
at 30°C. 

10 A 90 

INH212C0, W t  % d 

Figure 7. System Nos P~OIG-(NHZ)ZCO-H~ 0 
at  30" C. 

encountered in detergent systems. Figure 5 is the phase dia- 
gram for Na5P3OI0 and Na2S04. Sodium sulfate is also a con- 
stituent of detergent systems. Figure 6 is a similar diagram 
containing sodium tripolyphosphate and sodium meta- 
silicate. Figure 7 shows that urea reduces the solubility 
of sodium tripolyphosphate, but even in solutions saturated 
with urea, the sodium tripolyphosphate hexahydrate 
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remains the stable hydrate. Of the systems studied, only Karl-Kruppa, E., Anal. Chem. 28, 1091 (1956). 
KiPjOjo increased the solubility of sodium tripolyphosphate Griffith, E.J.,  Buxton, R.L., J .  Am.  Chem. Soc. 89, 2884 (1967). 
in water. (7) Dean, J.A., "Flame Photometry," pp. 160, 167, McGraw- 

Hill, New York, 1960. 
Harwitz, W., Ed., Assoc. O f i .  Agr. Chemists, "Official and 
Tentative Methods of Analysis," 9th ed., Sect. 2.037, 1960. 
Griffith, E.J. ,  Buxton, R.L., Inorg. Chem. 4,  549 (1965). 

(10) MoreY, G.W., Boyd, F.R., England, J.L., Chen, b'.T., J .  
Am.  Chem. Soc. 77, 5003 (1955). 
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Vapor-Liquid Equilibria of the Benzene-Cyclohexa ne-Acetic Acid 

System at Atmospheric Pressure 

A. BARADARAJAN and M. SATYANARAYANA 
Department of Chemical Engineering, Indian Institute of Technology, Madras 36, India 

Vapor-liquid equilibrium data of benzene-cyclohexane-acetic acid system are deter- 
mined experimentally at  atmospheric pressure. The ternary system is azeotropic. 
The activity coefficients are correlated by Van Laar equations involving the three 
relevant binary constants. 

THE separation of the azeotropic mixture of benzene 
and cyclohexane has been studied by previous workers using 
various third components including n-propanol ( 5 ) ,  methyl 
ethyl ketone (71, diethyl ether (91, and ethyl acetate ( I ) .  
In the present work, acetic acid is chosen as the third 
component. A comparative study can be made regarding 
the suitability of the chosen third component. 

APPARATUS 

The vapor-liquid equilibrium data were determined in 
a Fowler-Norris still (2) with a special heating system 
for better agitation. To have a decreased total capacity 
for each run, an equilibrium still with reduced dimensions 
was used. The still was standardized with the benzene- 
acetic acid system for which equilibrium data have been 
reported (3, 6). The temperature was measured by a set 
of short range thermometers (0.2" C. accuracy). Radiation 
correction for the exposed thread as well as the boiling 
point correction to 760 mm. of mercury were applied as 
described by Hala et al. ( 4 ) .  The pressure variation from 
760 mm. of mercury was f 5 mm. of mercury. 

ANALYSIS 

Refractive index and specific gravity a t  30'C. were chosen 
for analysis. The measurements were made with the aid 
of an ultra thermostat maintained a t  30" & O.O5"C., a 
semimicro Mettler balance, and an Abbe refractometer pro- 
vided with a source for monochromatic light. A 20-ml. pyc- 
nometer was used for specific gravity determination. 

Nine binary mixtures of benzene and cyclohexane with 
various concentrations were prepared. Then each one was 
subdivided into a number of fractions when various quan- 
tities of acetic acid were added to each of these fractions. 
Specific gravity and refractive index were determined for 
each of the ternary mixtures thus prepared. The data were 

first plotted on linear coordinates. Then, from these graphs, 
constant property compositions were read, and constant 
specific gravity and refractive index lines were constructed 
(Figure 1). This was used as a standard graph for analysis. 

EQUILIBRIUM DATA AND CORRELATION 

The properties of the pure components are given in Table I. 
The equilibrium data are presented in Table I1 and in 

ACETIC ACID 

Figure 1 .  Standard data for analysis 
f Constont specific gravity lines 

Constant refractive index lines 
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