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New data are presented for assessment of the 
crystalllzatlon of potasslum sulfate by drowning-out 
preclpitatlon. The solubllRy of potasslum sulfate in water, 
in aqueous alcohols, and In aqueous acetone has been 
determlned over the temperature range 15-35 O C ,  and the 
densities of the resulting saturated solutions have been 
measured. I n  all cases, the presence of either alcohol or 
acetone signlficantly reduces both the solubility of 
potassium sulfate in aqueous solution and the denslty of 
Its saturated solution. The solubility data may 
conveniently be expressed by a relationship of the form in 
(w,)  = A + Bx + Cx2 wRh an accuracy ~ 2 %  where 
we,, is the equlllbrlum saturation concentration of 
potassium sulfate, expressed as kilograms of potassium 
sulfate per kilogram of water, and x is the concentration 
of precipitant expressed as kilograms of organic cosoivent 
per kilogram water. 

Introduction 

Addition of an organic second solvent, or cosolvent, to induce 
drowning-out precipitation of soluble inorganic salts from 
aqueous solution has a number of potential advantages over 
alternative crystallization techniques since it creates the pos- 
sibility of carrying out the operation at ambient temperature, 
yielding crystals of high purity. 

Although the precipitation technique has been used for many 
years for production of fine crystals in the chemical and 
pharmaceutical industries, relatively few commercial and labo- 
ratory investigations have been reported in the literature ( 1-9). 

Recently, complementary investigations of the continuous 
drowning-out precipitation of potassium sulfate ( IO) and potash 
alum ( 1 7 )  have clearly shown that it is possible to retrieve a 
crystal product that is close in filterability to that obtained by 
cooling crystallization. 

The solubility of potassium sulfate in aqueous 2-propanol has 
been reported by Mydlarz et ai. (12). The aim of this present 
work was to provide accurate solubility and density data for 
solutions of potassium sulfate in water, aqueous alcohols 
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(methanol, ethanol), and aqueous acetone mixtures as an aid 
toward the assessment of the potential of drowning-out with 
alternative precipitants. 

Experimental Sectlon 

The solubility of potassium sulfate in water-acetone and 
water-alcohol mixtures was determined by equilibrating crystals 
and solution in an agitated solubility cell (12, 13). The exper- 
imental procedure is described in detail elsewhere (12). Briefly, 
the apparatus used for the solubility measurements was a 
150-mL glass flask closed by a ground glass stopper and fitted 
with a magnetic stirrer. The cell was immersed in a thermo- 
static water bath controlled to 70.05 OC. The procedure is as 
follows. Volumetric quantities of twice-distilled water and 
analytical-grade cosolvent (BDH Chemical Ltd.; acetone, 
methanol, or ethanol with a minimum assay of 99.5%) are 
charged to the solubility cell. Then, the mass (in excess of 
saturation) of analytical-grade potassium sulfate crystals (BDH) 
is added to the solubility cell and agitated for a minumum of 1 
h at a temperature at least 2 OC lower than the saturation 
temperature. The contents of the solubility cell are then agi- 
tated for at least 10 h at constant temperature. At the end of 
this time, the agitator is switched off, and, 1 h later, samples 
of clear solution are withdrawn and their density measured. 

Solution concentration measurements were made by evap- 
orating a sample to dryness, giving an estimated accuracy of 
?IO-' kg of K,SO,/kg of solution. 

The densities of the various solutions were subsequently 
determined with a digital density meter (PAAR Model DMA 60), 
which gave a claimed precision of up to lo-' g/cm3. 

The solubility and density of potassium sulfate-water solutions 
and potassium sulfate-water-organic cosolvent mixtures at 
temperatures of 15, 25, and 35 OC are listed in Table I .  I n  
all cases, both the solubility of potassium sulfate and the density 
of its saturated aqueous-precipitant solution are significantly 
reduced by the presence of the organic cosolvents. This be- 
havior is illustrated for the new solubility data for potassium 
sulfate water-acetone mixtures at temperatures of 15, 25, and 
35 O C  shown in Figure 1. 

The experimental solubility data are correlated by an ex- 
pression of the form 

(1) In (weq)  = A + Bx + Cx' 

where w, is the equilibrium concentration of potassium sulfate 
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Table I. Solubilitv and Densitv of Potassium Sulfate Aaueous-Organic Solutions at 15.25. and 35 "C 
~~~ 

solubility of KzS04, 
kg of K2S04/100 kg of water density of satd soln, kg/m3 concn of precipitant, 

kP of Drecioitant/kz of water 15 "C 25 "C 35 "C 15 "C 25 O C  35 "C 
acetone 

0 
0.0317 
0.0633 
0.0950 
0.1424 
0.1899 
0.2374 
0.2770 
0.3165 
0.3957 

0.0316 
0.0634 
0.0949 
0.1424 
0.1898 
0.2373 
0.3164 
0.3955 

methanol 
0.0317 
0.0635 
0.0952 
0.1428 
0.1904 
0.2380 
0.2777 
0.3173 
0.3966 

ethanol 

Table 11. Coefficients for Equation 1 

10.22 
8.10 
6.50 
5.27 
3.98 
3.03 

1.95 

1.15 

7.75 
6.05 
4.77 
3.40 
2.48 
1.87 
1.23 
0.87 

8.00 
6.39 
5.16 
3.86 

1.93 

1.18 

12.08 
9.68 
7.86 
6.48 
4.90 
3.78 
2.98 

2.08 
1.45 

9.46 
7.51 
5.96 
4.38 
3.26 
2.50 

1.20 

9.66 
7.80 
6.39 
4.82 
3.73 
2.93 

2.05 
1.51 

coefficients 
precipitant temp, "C A B C 
acetone 15 2.3148 -7.1635 4.2219 

25 
35 

ethanol 15 
25 
35 

methanol 15 
25 
35 

2.4808 
2.6253 
2.3191 
2.4905 
2.6301 
2.3137 
2.4865 
2.6314 

-6.7292 
-6.6371 
-8.5366 
-7.8529 
-7.3128 
-7.4717 
-7.0294 
-6.6526 

3.6020 
3.8666 
5.8584 
5.1089 
4.6974 
5.2019 
4.5639 
4.1068 

(kg of K,S0,/100 kg of H,O); x is the prevailing concentration 
of the precipitant in aqueous solution (kg of organic solvent/kg 
of water) and A ,  8, and C are coefficients. The values of A ,  
8, and C determined are also presented in Table 11. Again, 
a good fit to the data was obtained as illustrated in Figure 1. 

For the purpose of comparison, both the solubility and the 
density data of potassium sulfate in pure aqueous solutions 
obtained in this work are presented in Table 111 together with 
those data available in literature ( 72- 77). The solubility data 

13.92 
11.28 
9.26 
7.50 
5.62 
4.58 

3.03 

1.81 

11.04 
8.88 
7.23 
5.37 
4.10 
3.19 
2.19 
1.60 

1075.66 
1053.93 
1037.67 
1024.58 
1009.98 
998.63 

983.47 

968.63 

1085.49 
1061.68 
1043.45 
1029.00 
1011.80 
998.68 
988.29 

974.77 
964.04 

1050.48 1058.92 
1039.63 1032.23 

1018.12 1023.13 
1002.73 1005.55 
991.47 992.54 
983.08 982.68 
972.64 
964.15 959.72 

1093.87 
1068.32 
1048.44 
1031.49 
1012.99 
998.28 

978.15 

959.04 

1065.87 
1044.38 
1027.41 
1007.60 
993.18 
981.76 
966.98 
955.47 

1067.76 
9.25 1034.58 1041.21 1046.92 
7.61 1020.43 1025.58 1029.82 
5.85 1004.78 1007.54 1010.14 
4.55 994.16 994.95 
3.61 983.37 983.04 

2.54 969.76 967.53 

1060.83 11.31 1052.30 

977.50 

962.57 959.27 
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Figure 1. Solubility of potassium sulfate in aqueous acetone at 15, 
25, and 35 'C. 

of potassium sulfate in pure aqueous solutions obtained in the 
present study are slightly higher than those in refs 15 and 16, 
possibly due to the use of more pure materials. 

Table 111. Solubility and Density of Potassium Sulfate Aqueous Solutions at 10, 15, 20,25, 30, 35, 40, and 50 "C 
solubility, kg of K2S04/kg of HzO density, kg/m3 

this this 
temp. "C study ref 13 ref 14 ref 15 ref 12 ref 16O study ref 13 ref 14 ref 17 ref 12 

0 
10 
15 
20 
25 
30 
35 
40 
50 

0.074 
0.092 

0.109 

0.130 

0.148 

0.1022 

0.1208 

0.1392 

0.0924 
0.1014 

0.1106 0.1105 
0.1198 

0.1303 0.1291 
0.1385 

0.1494 0.1478 
0.1670 0.1661 

0.0735 1060 
0.0922 1070 

1075.66 

0.1203 1085.49 

1093.87 

0.1119 0.1111 1080 1082 1081.16 

0.1300 0.1297 1090 1086.64 1090.12 

0.1479 0.1476 1100 1097.56 
0.1652 0.1650 1105 1103.74 

Solubilities of inorganic and organic compounds. 
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Isobaric Vapor-Liquid Equilibrium of Methyl Butanoate with Ethanol 
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Binary T-p-c-y vapor-liquid equliibrla (VLE) at 101.32 
kPa are reported for methyl butanoate + ethanol or 
I-propanol. The experlmental VLE data of both systems 
were verlfled and found to be thermodynamically 
consistent. The azeotroplc coordlnates (mole fractlon of 
the ester and temperature) are 0.091 and 350.97 K, for 
methyl butanoate + ethanol, and 0.409 and 366.77 I<, for 
methyl butanoate + 1-propanol. The data were then 
compared wlth those obtelned by using the UNIFAC and 
ASOG models. 

Pressure was maintained constant to within 0.02 kPa, and the 
equilibrium temperature was measured in a digital thermometer 
(Comark, Model SSOO), giving a reading of fO.O1 K and whose 
mean error was estimated to be 0.01 % of the reading. The 
compositions of the coexisting phases were determined from 
the densities of liquid samples removed from the equilibrium still. 
The density vs ester mole fraction x curves, p(x 1) ,  were es- 
tablished previously for each system (see ref 10). The accu- 
racy of the mole fraction is 0.001 for the liquid phase and 0.002 
for the vapor phase. 

Introductlon 

I n  continuation of our vapor-liquid equilibrium (VLE) studies 
on ester + alkanol binary mixtures ( 7 4 ) ,  we present here VLE 
measurements at 101.32 kPa for methyl butanoate + ethanol 
or + 1-propanol. 

Another aim of this paper is to compare the experimental 
data with those predicted with the ASOG model (OH/COO, 
Kojima and Tochigi (5)) and the different values for the ester 
group from the classical UNIFAC model (COH/COO, Freden- 
slund et al. (6); OH/COOC, Skjold-Jorgensen et al. (7 ) ;  
CCOH/COOC, Fredenslund et al. (8) ) .  

Experimental Section 

Materials. The compounds used in the present study were 
from Fluka AG. The physical properties of the alkanols used 
in this work were described earlier ( 4 ) .  “Purum” grade methyl 
butanoate of commercial purity greater than 99 mol % was 
degassed ultrasonically and stored in the dark for several days 
over a molecular sieve, type 4A from Fluka. The physical 
properties determined experimentally after this treatment were 
as follows: density, ~(298.15 K) = 892.37 k g ~ m - ~ ;  refractive 
index, n,(298.15 K) = 1.3851; normal boiling point, T, = 375.3 
K. These can be compared with the following literature values 
(9): 892.9 k g ~ m - ~ ,  1.3847, and 375.90 K, respectively. 

Apparatus and Procedure. The experimental equipment and 
method of operation were as described previously ( 7 ,  4 ) .  

Experimental Results and Treatment of Data 

Pure Compounds. The experimental vapor pressure of the 
pure liquids vs temperature T were correlated with use of the 
Antoine equation 

log @O,/kPa) = A - B/[(T/K) - C ]  (1) 

The constants A and B were determined for various values of 
C ,  by applying Marquardt’s algorithm ( 7 7 )  for nonlinear func- 
tions (method l), retaining the value of C that minimized the 
standard deviation s @ O , )  = [x@i,exp - P ~ , ~ , ) ~ / N ] ~ ’ * ,  where N 
is the number of experimental points. Nonlinear simplex re- 
gression, as modified by Nelder and Mead (72) (method 2), was 
also used to obtain the constants A ,  8, and C .  The results of 
both methods, along with the s b i )  values are set out in Table 
11. 

The isobaric vapor-liquid equilibrium data at 
10 1.32 kPa for methyl butanoate (1) + ethanol (2) or 1-propanol 
are presented in Table 111. The activity coefficients y i  of the 
components in the liquid phase, calculated from the experi- 
mental p-T-x-y data, are shown in Figure 1. Vapor-phase 
nonideality was accounted in terms of the second virial coef- 
ficients Si/ estimated by the method of Tsonopoulos ( 15) and 
the liquid molar volumes 4 estimated with the Spencer and 
Danner (76) form of the Rackett equation. The quality of the 
experimental data was verified by means of several consistency 
tests published in the literature. The data for the two systems 
studied satisfied Herington’s test (77). However, the same did 

Mixtures. 
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