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Aqueous sulfuric acid and urea have been used as 
isopiestic standards to derive the 0°C osmotic 
coefficients for NaCI, KCI, CaCI2, Na2S04, and MgS04. 

A number of low-temperature isopiestic comparisons 
of single salt solutions have been made in this laboratory 
as part of a larger program to determine activity coeffi- 
cients in aqueous mixed salt solutions at temperatures 
from 25°C down to the freezing point. Although these re- 
sults are not of the highest precision possible, they tem- 
porarily fill a gap in a temperature region which is of 
great interest in the study of natural brines and for which 
there is at present a general shortage of thermodynamic 
data. The osmotic coefficients at 15°C of aqueous solu- 

Table I. Isopiestic Motalities at 0°C 

tions of seven compounds have been tabulated ( 7 ) .  The 
results at 0°C for the same compounds are reported 
here. 

Experimental 

Materials. The chemicals were purified as described 
previously ( 7 ) .  

Apparatus and procedure. Comparisons were made in 
an ice-water bath mounted on a mechanical shaker, 
using the apparatus previously described ( 7 ) .  The refer- 
ence materials were urea and sulfuric acid for water ac- 
tivities (a,) of 0.861 or greater, this limit being set by the 
solubility limit of urea. At lower a, it was necessary to 
rely solely on sulfuric acid as a reference. The freezing 
point measurements of Scatchard and Prentiss ( 6 )  on so- 
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Table I I .  Osmotic Coefficients at 0°C 
- 

Molality Urea H2S04 NaCl KCI CaC12 NalSOl MgS04 
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dium chloride and potassium chloride were also used, but 
osmotic coefficients derived from this source were limit- 
ed to concentrations of 1 . l m  or less. 

In assigning osmotic coefficients to urea there are two 
choices. .The first values reported by Stokes (8) were 
based on freezing point measurements and a later set 
(7) was based on values extrapolated from higher tem- 
peratures using heat data. The first set gave results more 
consistent with those for the sulfuric acid and the sodium 
and potassium chloride data than did the second set. The 
freezing point data for urea, corrected for temperature, 
were therefore used here, although the difference be- 
tween the two sets at 0°C was never more than 0.005 in 
the osmotic coefficient. 

The osmotic coefficients for sulfuric acid at 25"C, $25 

(5), were corrected'to 0°C using the thermodynamic data 
of Giauque et al. (2). The osmotic coefficient, 40, at 0°C 
and any given molality m was calculated from the ex- 
pression: 

55.51 X 25 '' = +vmR x 298.16 X 273.16 

where R is the gas constant (8.314 J K - '  mol - ' ) ,  l1 is 
the relative partial molal heat content of the solvent 
water in the solution in J mol- ' ,  j1 is the temperature 
coefficient of i1 i n J  K-' mol- ' ,  and v has avalue of 3. 

The osmotic coefficients calculated from Equation 1 
were lower by about 0.002 on the average than those re- 
ported earlier by Glueckauf and Kitt (3). This difference 
was less than the experimental error in the present work 
and the 1960 values were (rather arbitrarily) used as 
standards. 
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Table Ill. Water Activity of Saturated Solutions at 0°C 
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Solid phase m a w  

Na2S04 1 OW 0.35 0.987 
MgS04 9 7W 1.82 0.959 
KCI 3.77 0.883 
Urea 10.7 0.861 
NaCl 2W 6.10 0.760 
CaC12 6W 5.37 0.426 
t i2S04 * 2 w  43.5 0.002 

Results and Discussion 

The results of the isopiestic comparisons are summa- 
rized in Table I .  The original purpose of the work was not 
to obtain extensive intercomparisons among all seven 
compounds and for this reason some of the comparisons 
were made in the absence of either of the primary stan- 
dards. When this was the case, the osmotic coefficients 
were estimated by interpolating isopiestic ratios between 
the standards and the salts in such sets of results. The 
salts CaCI2, Na2S04, and MgS04 all super-saturated very 
readily, and measurements are reported to concentra- 
tions well above their solubility limits. Such results are 
useful in treating mixed salt measurements, where os- 
motic and activity data are often needed at ionic 
strengths higher than those corresponding to saturated 
solutions of single salts. The osmotic coefficients are list- 
ed in Table I I  at rounded concentrations. The average 
amount by which the isopiestic ratios in Table I deviate 
from the smoothed ratios used to obtain the results in 
Table I I  was f0.0038. This imprecision is indicative only 
of the internal consistency of the isopiestic ratios and, 
until independent activity standards at 0°C are available, 
it would seem reasonable to regard the ratios (or osmotic 
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coefficients) as being accurate to not better than 
f0.004. Jakli and Van Hook ( 4 )  have recently published 
the osmotic coefficients of, among other salts, calcium 
chloride as a function of temperature. Their extrapolated 
values at 0" agree with mine to within 0.004 at all con- 
centrations up to 7m. 

It  is often useful to know the water activity of a satu- 
rated solution at some given temperature. The water ac- 
tivities of saturated solutions of the compounds studied 
here are given in Table I l l ,  along with their approximate 
concentrations. 
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Potassium Sulfate Crystal Growth Rates in Aqueous Solution 
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The growth kinetics of potassium sulfate crystals grown 
from aqueous solution at 20°C have been determined 
under carefully controlled conditions of temperature and 
supersaturation. The growth process is diffusion- 
controlled, being dependent on solution velocity up to 
about 140 mm/s, and shows an overall second-order 
dependence on supersaturation. However, the order 
changes from 2.0 for growth along the (001) 
crystallographic axis to 1.4 along the (100). Overall 
growth rates computed from the measured axial growth 
rates compare well with those measured in a 
multiparticle system in a fluidized bed crystallizer. 

Potassium sulfate (mol wt = 174.26) crystallizes in the 
anhydrous form from aqueous solution as crystals be- 
longing to the orthorhombic system. A common habit of 
this salt grown at low supersaturation is shown in Figure 
1. The predominant crystallographic faces are (010) and 

The solubility of potassium sulfate in water over the 
temperature range 20 < 0 < 60°C may be represented 
by the equation: 

(021). 

c* = 0.067 + 0.00236' - o.ooooo6e2 (1) 

An empirical correlation (6) between diffusivity and 
viscosity over the temperature range 15 < 0 < 50°C is: 

DQ X 1013 = 8.1 -k 0.0716' (2) 

where D = m2/s and Q = N s/m2. The activation energy 
of diffusion has been determined (6) as 20 kJ/mol. 

Other relevant properties include: crystal density, pc = 
2660 kg/m3, density of,saturated solution at 20"C, p s  = 
1082 kg/m3, viscosity of saturated solution at 20°C, vS = 
1.2 X N s/m2. 

Growth Rate Measurements 

The growth rates of single crystals of potassium sulfate 
were measured by a technique previously described ( 7 ,  
2, 4 ) .  Briefly, a crystal was mounted on a wire in a glass 
cell, through which a solution flowed under carefully con- 
trolled conditions. Any chosen face or edge could be ob- 
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served, with a traveling microscope reading fO.O1 mm, 
and its rate of advance measured. Solutions were pre- 
pared from recrystallized potassium sulfate and deionized 
water and filtered through a No. 4 (30 p m )  sintered glass 
filter. Seed crystals were carefully selected from batches 
grown in a laboratory-scale fluidized bed crystallizer ( 7 ,  
5 )  by hand picking from a close sieve cut (22/25 mesh 
BS, mean size 650 pm) .  Slightly elongated crystals with 
well-defined faces, free from inclusions and outgrowths 
were chosen. These crystals were then grown to a larger 
size (-3 mm long, 1 mm wide) in the fluidized bed crys- 
tallizer at 20°C using a low supersaturation (IC - 0.008 
kg K2S04/kg H20;  S - 1.07) to avoid the production of 
inclusions and irregular growths. 

The seed crystal, fixed on the wire with its longest axis 
vertical, was dipped into deionized water to remove any 
surface impurities and then introduced into the cell when 
the solution temperature had achieved a constant value 
of 20°C. The circulation velocity was adjusted to the de- 
sired value. The washing process removed the sharp 
edges and corners from the crystal so a short period of 
time (at least 15 min) was allowed for the crystal to 
"heal" itself before growth rate measurements were com- 
menced. In view of the fact that several crystallographic 

Figure 1. Typical habit of a potassium sulfate crystal grown from 
aqueous solution at low supersaturation 
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