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Vapor Pressure in the System Acetone-Phosphoric Acid-Water 

Yong K. Klm,' Henry K. Walters, and John D. Hatfleld 

Division of Chemical Development, National Fertilizer Development Center, Tennessee Valley Authority, 
Muscle Shoals, Alabama 35660 

The vapor pressures of both acetone and water were 
determined by a gas-chromatographic method for 
solutions at various temperatures which were established 
by a statistically deslgned pattern that covered the ranges 
encountered In both the extraction and distillation steps. 
The vapor-pressure data were fitted to the 
Clauslus-Clapeyron equation, in P = -AH/RT + B, over 
a temperature range of 26-99 OC. The heats of 
vaporization (AH) and Intercepts ( B )  for both acetone 
and water were correlated with composltlon by linear 
regression. The heats of vaporizatlon for acetone and for 
total vapor Increased as the phosphoric acid 
concentration increased and as the weight ratio of 
acetone to phosphoric acid decreased. Models of linear 
equations for A H  and B were derlved to represent the 
vapor pressures. These equatlons were used to predict 
the heat of vaporization, and they were employed to 
construct the liquid-vapor phase diagram. 

Introduction 

Fertilizer-grade phosphoric acid or wet-process phosphoric 
acid produced by acidulation of phosphate rock with sulfuric 
acid usually contains large amounts of metallic impurities such 
as AI, Fe, Mg, Ca, etc. (7) .  Since reserves of high-grade 
phosphate rock are limited, the phosphate industry is looking 
for a process for the recovery of phosphate from low-grade 
phosphate rock; this will resutt in even higher metallic impurities 
In the acid before a purification step. The high metal impurities 
in the product acid slowly precipitate as metallic phosphate 
complex compounds or ultimately result in lower grade phos- 
phate fertilizers, neither of which is desirable. 

One of the most promising processes to purify the wet-pro- 
cess acid is the acetone-ammonia extraction process (2, 3), 
in which the purified acid is accumulated in the acetone phase; 
and most of the impurities, together with small amounts of the 
acid, are collected in the bottom layer. The purified acid is 
produced by distillation of acetone from the acetone phase, and 
the acetone is recycled after condensation. Design of an ef- 
flcient distillation process requires data on the variation of dis- 
tillation temperature, vapor composition, and heat of vaporlza- 
tion with solution composition and the pressure used. 

Vapor pressures in the acetone-water system have been 
reported by several workers (4- 7), and the vapor pressure of 
phosphoric acid was extensively studied by Brown and Mitt (8) 
and others (9). However, no vapor-pressure data on the ace- 
tone-phosphoric acid-water system have been reported. 

Experimental Procedure 

The apparatus consisted of a 2-L, round-bottom flask 
equipped with a heating mantle, a magnetic stirrer, a conden- 
ser, a vapor sampling line, a quartz thermometer (Dymec, 
Model 2801A), a gas chromatograph (Aerograph, Model A- 
350-B), and a peak integrator (Varian Aerograph, Model 485). 
The experimental apparatus is illustrated in Figure 1. The two 
condensers were connected in series; the first condenser was 
coded with chilled water and the second was cooled with a dry 
ice-acetone mixture. Reagent-grade acetone and phosphoric 
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acid were used without further purification. Predetermined 
amounts of phosphoric acid, water, and acetone were weighed 
into the flask in sequence for each experiment so that the 
volume of the final solution was slightly more than 1 L. The 
pressure in the refluxing system was controlled with the vacuum 
pump and a controlled leakage through a needle valve, and it 
was measured by a U-tube mercury manometer. The pressure 
fluctuation during a measurement was maintained to within 
-0.5 mmHg. Vapor samples were withdrawn by evacuating 
the sampling valve and connecting tubes and then opening the 
stopcock to connect the flask with the gas chromatograph. 

The gas chromatograph was operated under the following 
conditions: gas sampling valve temperature, 105 O C ;  column 
temperature, 120 O C ;  inlet and detector temperature, 150 OC; 
helium carrier gas flow rate, 30.6 cm3/min; column packing, 
50-80-mesh silanized Porapak 2; column, 3 X 240 mm stain- 
less steel. The detector signal was integrated wlth an electronic 
digital integrator, and the integrator and the detector were 
checked with standard acetone-water sokrtions (4) before each 
run. 

Measurements were made for each solution composition by 
adjusting the pressure to the lowest value tested, 200 mmHg, 
and then applying heat to the solution to maintain a stable 
temperature and reflux rate. The solutions were stirred to 
prevent superheating, and a reflux time of 10 min was allowed 
for equilibrium to be established before vapor samples were 
taken. The sampling system was flushed with the vapor 3 
times, and then six replicate samples were analyzed. The 
percent water and acetone In the vapor were determined from 
the integration printout of the gas chromatograph. The above 
procedure then was repeated for higher pressures, with incre- 
mental increases of 100 mmHg, until it reached 700 mmHg. 
The study was made for the composition of the solution ranging 
from 25 to 85 wt % phosphoric acid and for a weight ratio of 
acetone to phosphoric acid aqueous solution ranging from 
0.125 to 2. 

Results 

The boiling temperature and the vapor composition at each 
fixed pressure for each solution composition are listed in Table 
I as an average value of six replicate measurements. As 
postulated from previous data (8),  there was no evidence that 
P205 existed in the vapor phase in any test mixture. Therefore, 
the vapor phase was composed of acetone and water and very 
small amounts of air. The relative quantity of acetone and 
water in the vapor phase was evaluated from the gas chro- 
matograph's peak area with appropriate weighting factors and 
presented as the mole fraction of acetone in Table I in the 
acetone-water gaseous mixture. 

Since the logarithmic value of vapor pressure is proportional 
to I /  T (  T = absolute temperature), as illustrated in Figure 2, the 
integrated Ciausius-Clapeyron equation 

In P =  -AH/RT+ B (1) 

was used to correlate the vapor pressure and the temperature 
of each compositon, where P is the vapor pressure (mmHg), 
AH is the heat of vaporization (cal/mol), B is a constant or 
intercept in Figure 2, and R is the gas constant (cal/(mol K)). 

This article not subject to US. Copyright. Published 1981 by the American Chemical Society 
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Table I. Vapor Composition and Distillation Temperature of Phosphoric Acid-Acetone-Water Solutions 

--1 

VACUUM 
WMP 

I 

soln compn 

DRY ICE-ACETONE CONDENSER 
COLD TRAP 

IC 
CHILLED WTER CONDENSER 

expt 
no. 

H W ,  
concn, 
w t %  Ra 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

25 0.25 
25 1.00 
40 0.125 
40 0.50 
40 2.00 
55 0.125 
55  0.25 
55 0.50 
55 1.00 
55 2.00 
70 0.125 
70 0.50 
70 2.00 
85 0.25 
85 1.00 

~ ~ - _ ~ _ _ ~  
total vapor pressure, mmHg 

200 300 400 5 00 600 7 00 
- 

 temp,"^ yab  temp,"^ yab  temp,"^ yab  temp,"^ yab  temp,'^ y,b  temp,"^ yab 
37.86 0.9482 47.16 0.9334 54.05 0.9224 59.80 0.9169 64.54 0.9092 68.71 0.9036 
28.63 0.9746 38.02 0.9652 45.10 0.9588 50.86 0.9532 55.72 0.9481 59.98 0.9417 
45.89 0.9044 55.15 0.8957 62.10 0.8876 67.69 0.8785 72.53 0.8683 76.72 0.8572 
33.10 0.9614 42.29 0.9559 49.15 0.9550 54.74 0.9511 59.50 0.9401 63.55 0.9318 
26.13 0.9848 35.57 0.9782 42.56 0.9724 48.35 0.9664 53.28 0.9602 57.63 0.9545 
52.81 0.9238 62.36 0.9113 69.43 0.8943 74.73 0.8832 78.93 0.8764 83.43 0.8673 
42.75 0.9464 51.82 0.9331 58.87 0.9287 64.37 0.9199 69.18 0.9150 72.62 0.9130 
35.22 0.9718 44.20 0.9629 50.82 0.9550 56.52 0.9498 61.17 0.9448 65.24 0.9367 
28.95 0.9818 38.20 0.9744 45.28 0.9682 50.78 0.9668 55.76 0.9646 59.92 0.9565 

34.84 0.9808 42.13 0.9772 47.82 0.9743 52.86 0.9675 57.09 0.9635 
61.12 0.9090 70.72 0.8823 77.81 0.8777 83.31 0.8635 88.21 0.8542 
38.96 0.9749 48.02 0.9639 54.69 0.9586 60.18 0.9551 64.87 0.9513 68.93 0.9477 

34.80 0.9848 41.71 0.9804 47.58 0.9789 52.47 0.9765 56.72 0.9753 
67.58 0.9469 76.81 0.9326 83.92 0.9257 89.71 0.9201 94.55 0.9184 98.65 0.9167 

40.37 0.9887 47.54 0.9858 53.31 0.9872 58.19 0.9861 62.40 0.9853 

a Weight ratio acetone = acetone/(phosphoric acid + H,O). Mole fraction of acetone in vapor phase. 

MAGNETIC 
STIRRER 

Figure 1. Experlmental apparatus for the measurement of vapor 
pressure in the system acetone-H,PO,-H,O. 
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Figure 2. Relationship between acetone vapor pressure and tem- 
perature (numbers on curves denote experimental number in Table I). 

The linear regression calculation was used to evaluate the 
heats of Vaporization for total vapor (AHt), acetone (AH,), and 
water (AH,) and their intercepts (B)  for the different compo- 
sitions (Table 11). 

Table 11. Heat of Vaporization and Intercept in 
Acetone-Phosphoric Acid-Water System 

heat of vaporization, cal/mol 

total acetone water intercept 

expt AH,, AHa, AHw, total acetone water 
no. cal/mol cal/mol caymol Bt B, B ,  
1 8506.7 
2 7981.2 
3 9021.4 
4 8425.7 
5 7837.4 
6 9525.8 
7 9017.3 
8 8647.1 
9 8088.2 

10 7698.9 
11 9752.4 
12 8817.8 
13 7784.8 
14 10115.4 
15 8039.8 

8254.6 
7769.4 
8645.1 
8233.6 
7643.8 
9036.6 
8846.8 
8403.3 
7937.1 
7536.3 
9225.6 
8684.1 
7697.4 
9853.5 
8014.0 

12 764.1 
13 124.7 
11 862.6 
11 993.0 
14 677.3 
13 844.1 
12513.7 
14 055.1 
13 212.2 
13614.5 
13 749.3 
13 844.5 
12 135.3 
13 696.4 
10 002.8 

19.184 
18.609 
19.530 
19.144 
18.479 
19.996 
19.662 
19.414 
18.773 
18.282 
19.978 
19.614 
18.428 
20.243 
18.607 

18.602 
18.231 
18.841 
18.793 
18.139 
19.165 
19.188 
18.988 
18.503 
17.999 
19.087 
19.276 
18.269 
19.799 
18.554 

23.020 
23.538 
21.637 
21.699 
25.995 
24.079 
22.332 
24.684 
23.348 
23.961 
23.627 
24.004 
21.392 
22.65 1 
17.364 

The correlation coefficiits between observed values and the 
straight-line expression were better than 0.999 for all experi- 
ments, except for some of the water-vapor measurements 
which had large relative errors in the observed vapor pressure. 
The heat of vaporization for acetone and for total solution in- 
creased when phosphoric acid concentration, w (wt % of 
H,PO,), increased or when the weight ratio of acetone to 
phosphoric acid (R,) decreased, as shown in Figure 3. How- 
ever, the heat of vaporization of water was somewhat erratlc 
and did not show a simple relationship with the solution com- 
position. The intercepts ( B )  generally increased when the heat 
of vaporization increased. Therefore, the regression analysis 
for vapor pressure should treat the intercept, as well as the 
heat of vaporization, as a function of composltion. 

The data were analyzed by regression of In P vs. 1 / T ac- 
cording to eq 1 and by defining the heat of vaporization ( A H )  
and the intercept (B) with composition variables as follows: 

3 3 - 1  

AH = F(x,,x,) = 2 2 I,,x:xd 
i=o 1'0 

3 3-1 

B = G(x,,x,) = m#,'xd (3) 
i=o /=o 

where I! and my are the regression constants and x, and x, 
are mole fractions of acetone and water, respectively. Step- 
wise regression analysis by the SAS computer program ( 70) 
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Flgvo 3. Comparison of calculated and observed heat of vaporization 
for acetone (solid lines are calculated values; numbers on curves 
denote acid concentration, %). 

was used to select the band my coefficients of 90 % or more 
significance when eq 2 and 3 were substituted into eq 1 for 
regression using all of the data in Table I. The Correlation 
coefficient of this model was 0.994, and the standard deviation 
was 3.5% for the total vapor pressure. The same treatment 
for acetone or water vapor pressure gave correlation coeffi- 
cients of 0.994 and 0.991 and standard deviations of 3.5 and 
8.6 % , respectively. 

Other composition sets were tested to improve the regres- 
sion of eq 1 using eq 2 and 3,  such as xN = x,/(x, + x,) and 
x,, x,, and xp  (mole fraction of H3PO4) and x, and xp. The 
best result was obtained by using the xd and x, variable set, 
which gave correlation coefficients of 0.998, 0.998, and 0.993 
and standard deviations of 1.8, 1.8, and 7.8% for the total 
vapor, acetone, and water, respectively. This equation pre- 
dicted the observed vapor pressure very accurately, but it did 
not predict the heats of vaporization accurately because of the 
high correlation of terms in the expressions for AH and B. 

The method that was adopted consisted of the stepwise 
regression for AHfrom Table I1 using eq 2 and a subsequent 
stepwise regression for intercept terms using eq 1 and 3 with 
the AH terms known. The best results for AH expressions 
were obtained with the fobwing independent variable sets: R, 
and wfor total vapor, x, and x, for acetone vapor, and wand 
R3 (R3 = 3 - R,) for water vapor. The calculated heats of 
vaporization of acetone are compared with the observed values 
in Figure 3. Good agreement was obtained for the molar heats 
of vaporization of acetone and total vapor, but quite large de- 
viations were noted in the heats of vaporization of water be- 
cause of the relatively large error associated with the small 
amount of water vaporized. This could probably be improved 
f? water by minimizing C(P, - pWl2 rather than C(ln P, - In 
P,)2, where p ,  Is the calculated pressure of water by eq 1, 
because the minimum sums of squares by the logarithmic ex- 

0 40 50 60 70 80 90 100 I 

TEMPERATURE .oC 

Flgue 4. Calculated vapor pressure of acetone and water at Merent 
temperatures for 70% phosphoric acid (numbers on curves denote 
weight ratios of acetone to acid, RJ. 

pression gives too much weight to the low water vapor pres- 
sure, P,. 

The final models are as follows: 

where Pl, Pa, and P, are the vapor pressures of total, acetone, 
and water, respectively (mmHg). The correlation coefficient 
between observed and calculated values for total vapor pres- 
sure was 0.997, and the standard devlation was 3.33%. 
Equivalent values for acetone were 0.997 and 2.78% and for 
water were 0.998 and 8.65%. The coefficients for the equa- 
tions are listed in Table 111. 

Because of the sequential regresslonal derivation, eq 4-6 
represent the total and partial vapor pressures of water and 
acetone, as well as their molar heats of vaporization in the 
system H3P04-acetone-H20. As an example, Figure 4 shows 
the acetone and water partial pressures calculated from eq 5 
and 6 for 70% phosphoric acid and various contents of ace- 
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Table 111. Constants for Eq 3-5 

a, = 8678.681 bo = 13099.32 c, = 15676.73 
a ,  =-1046.576 b ,  =-12183.08 c, =-104,4268 
a2 = 0.314494 b ,  = 6042.103 c, = 1.760517 
a, = -0.401023 b ,  =-11980.20 c j  = 2.025467 

a , ,  = 19.34818 b ,  = 7400.94 c,, = 27.0854 

a,, =-0.030513 b , ,  = 41.7305 c,, = 0.078886 
a,, = 0.0010815 b , ,  = 37.4542 c,, = 0.0027137 
a I 4  =-2.152017 b , ,  =-71.3246 c,, =-0.0034186 
a , 6  =-0.000184 b , ,  =-76.4477 c,, = 0.0032989 

a , ,  =-0.00000679 b, ,  = 43.8592 
a,* = 0.800478 b , ,  = 29.5312 

b , ,  = 46.9227 
b , ,  = 20.0860 

a4 = 12.46383 b ,  = 7396.160 C, =-0,044726 

a , ,  = 0.69229 b , ,  = 9.5867 c , ,  =-0.15412 

a , ,  = 0.002676 b , ,  =-48.3909 c,, =-0.00007316 

I I I I I I .. I I 

Flgwe 8. W o n  composition change during distillation of acetone 
from acetone-phosphoric acid-water at 1 atm. 

20 50 80 

I I I I 
0 0.25 0.50 0.75 I .oo 1.25 

RATIO OF ACETONE PHOSPHORIC ACID , R, 

Figure 7. ActMty coefficient change of acetone and water dependhs 
on R, at 70 O C  (numbers on curves denote acid concentration, %). 

concentration is only a few percentage points hlgher at the end 
of acetone distmatlon. Further heating after acetone distillation 
will eventually evaporate the remaining water at a higher tem- 
perature to produce more concentrated acid as desired. 

As a convenient reference table (Table IV), the molar heats 
of vaporization and the intercepts of eq 1 for both acetone and 
water were calculated for wide concentrations of acM con- 
taining various amounts of acetone by using eq 5 and 6. Also, 
the partial pressures of acetone and water in mmHg at 40,60, 
and 80 OC were evaluated and are listed in Table IV. The 
activity coefficients of acetone, Y,, and water, y,, in the so- 
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Table V. Latent Heat Requirement for Acetone 
Distillation at 760 mmHg 

heat 
required, 
kcal/kg av 

acid R ,  (H,PO, t temp, finalacid 
concn, % change H,O) “C concn. % 

20.0 3’2 132 56 20.0 
2’1 132 58 20.0 
1’0 140 70 21.0 

45.0 3’2 132 56 45.0 
2’1 133  59 45.1 
1’0 142 72 47.1 

70.0 3’2 132 56 70.0 
2’1 136 60 70.6 
1’0 150 80 72.9 

80.0 3 ’2 133 56 80.0 
2’1 140 61 80.6 
1 ’0 174 87 82.9 

lution phase then were calculated from deviations from Raoult’s 
Law by eq 7, where Po (mmHg) is the vapor pressure of the 

= Pa/(x,P,O) ~w = Pw/(xwPwO) (7) 

pure component at a given temperature, which is obtained from 
recent data ( 7 7 ,  72). The activity coefficients of acetone (7,) 
is always larger than unity, except at very high acid concen- 
tration and very low values of R,; it becomes quite large at low 
add concentration and low R,. This high activity coefficient of 
acetone is expected because of its low boiling point compared 
with that of water in phosphoric acid. However, the low 7, 
value at high acM concentration with small amounts of acetone 
indicates the relathe difficulty of complete distillation of acetone 
from the concentrated acid because it may form a relatively 
strong bond between acetone and phosphoric acid molecules. 
When the solution contained a large quantity of acetone, the 
ye value converged to a value of -2.5 for all acid concen- 
trations. The activity coefficient of water is usually less than 

0.5 and decreases slightly as R, decreases and as the acid 
concentration increases. These values of 7, also indicate the 
preferential distillation of acetone from the solution slnce ace- 
tone has a larger activity coefficlent than water. Figure 7 
shows the activity coefficients of acetone and water at 70 O C ,  

and similar patterns are predicted at other temperatures. 
The overall latent heat requlrements for the distlllation of 

acetone from phosphoric acid of different concentrations are 
calculated from the AHvalues from eq 4 or a combination of 
eq 5 and 6 (Table V). The heat of vaporization for the solutbn 
at large R, values is approximately the same as the heat of 
Vaporization of pure acetone (7.04 kcal/(mol of acetone)), re- 
gardless of the phosphoric acid concentration, slnce most of 
the distillate is acetone, as Indicated by Figure 5. The heat of 
vaporization gradually increases as R, decreases and phos- 
phoric acid concentration increases. The average boiling points 
of the solutions, within the R, range listed, increase wlth the 
increase of phosphoric acid concentration. 
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Second Virial Coefficients of Propane-Isomeric Hexane Mixtures 

Sun W. Chun,+ Webster B. Kay,“ and Amyn S. Tela* 
Department of Chemical Engineering, The Ohio State University, Columbus, Ohio 43270 

The compressWiltles of five Isomeric hexanes (n-hexane, 
P-methylpentane, 3inethylpentane, 2,2-dlmethylbutane, 
and 2,3dhethylbutane) as well as their mMures wlth 
propane were measured between 369.7 and 508 K. 
Second vlrlal coeffklents were calculated from the 
comprembtllty measurements and are presented In thls 
paper. The results agree wlul values calculated by using 
the Tsonopoulos-Pltzer-Curl conelallon. 

Introductlon 

idealities can reliably be estlmated by using only the second 
virial coefficient. The proper accounting of these nonidealities 
is of great importance in, for example, the correlation of va- 
por-liquid equilibria. An advantage of expressing gas-phase 
nonidealities by means of the virial equatlon is that there is a 
theoretical relationship between the virial coefflclents and the 
intermolecular potential function. Thus the second virial coef- 
ficient provides a direct link between experimental measure- 
ments, on the one hand, and intermolecular forces, on the 
other. 

The aims of this work were to obtain second Mal coefficient 
data for binary ndxtves of propane with the isomers of hexane, 
so that the effect of the shape of the molecules on lntermole- 

whether the currently available correlations for second virial 
coefficients are able to predict the effects of shape on the 

The thermodynamic Of nonkleal gases and vapors 

ficients and their dependence on temperatwe. For 
at low or moderate pressures, the effect of vapor-phase non- 

may be calculated from a knowledge Of the coef- cular forces in mixtures could be studied, and also to ~ 8 8  

properties of mixtures. 
Re8ent address: Pittsburgh Energy Techndogy Center, 4800 Forbes Ave- Many correlabkns of second virial coeffidents have appeared 

ones are those of Tsonopoulos ( I), Hayden and O’Connell(2), 

nw, pmsburgh, PA 15213. 
*Rseent address: School of Chemical Engineering, Georgia Institute of in the engineering literature* the more 
Technology. Atlanta, GA 30332. 
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