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Electrical conductance data at 25~ for K2S04, NazSOr and MgCI2 solutions 
are reported at concentrations up to 0.01 eq-liter- z and as a function of  
pressure up to 2000 arm. The molal dissociation constants are as follows: 

KSO~.' log Km = ( - 1 . 0 2  + 1.6 x 10-4P - 2.5 • lO-SP 2) + 0.03 

NaSO~ : log Km = ( - 1 . 0 2  + 9.6 x IO-~P - 4.3 x 10-9P 2) +_ 0.03 

MgCl+ : log Km = ( - 0 . 6 4  + 1.1 x 10-4P - 1.7 x 10-8P 2) + 0.04 

with P in atmospheres. These values cannot be chosen solely on the basis of  
minimizing errors in fitting conductance data to theoretical equations. For 
the values cited above, the Bjerrum distances for 1-2 (or 2-1) and 1--1 salts 
were used. However, the conductance fits for KSO~ and NaSO~ were equally 
good for half-Bjerrum distances and resulted in higher dissociation constants. 
Ultrasonic data are used to argue in favor o f  the lower dissociation values 
derived by using Bjerrum distances. Our results for MgCI + disagree with 
those o f  Havel and H6gfeldt. 

KEY WORDS: K2S04; NaaS04; MgCI2; aqueous solutions; pressure 
dependence; electrical conductance; sound absorption. 

1. I N T R O D U C T I O N  

Although  the concent ra t ion  of  potass ium in seawater  is only about  2~ that  

of  sodium, it is considered one of  the main consti tuents of  sea water. (1,2~ The 

dissociat ion constant  of  KSOi- and its pressure dependence are needed to 

determine the concent ra t ion  of  the various ions and ion pairs in seawater. (a~ 

Inasmuch as our  recent conductance work on the NaSOi-  ion pair (4~ resulted 

in a lower dissociat ion constant  than is usually cited in the li terature, we 

1 Contribution of the Scripps Institute of Oceanography, new series. 
2 University of California, San Diego, Marine Physical Laboratory of the Scripps 
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decided to investigate the electrical conductance of aqueous solutions of 
K2SO~ over the same pressure and concentration range as we did for Na2SQ 
solutions. 

For K2SO~ we have analyzed the data at elevated pressures over a lower 
concentration region (10 -4 to 10 -2 eq-liter -1) using a different procedure 
from that which we used for Na2SO~. For this reason we include a similar 
treatment of our earlier Na2SO~ data. The reexamination of the Na2SO~ work 
produced some changes from the earlier results. For Na2SO~ we obtain 
Km= 0.094 at 1 atm, slightly higher than the 0.080 we reported earlier, and 
still well below the Jenkins and Monk (5~ value of 0.19. For K2SO4 we obtain 
Km= 0.096, in good agreement with the value of 0.11 obtained by Jenkins 
and Monk. 

As in the earlier Na2SO4 work we use the Davies, Otter, and Prue (6~ 
conductance equation and the Bjerrum distances for the 1-2 (or 2-1) and 1-1 
ion pairs required in the mixed-salt treatment. In fitting the conductance data 
for K2SO~ and Na2SO4 to the conductance equation we find that the fit is as 
good for half-Bjerrum distances as for the full Bjerrum distance. Beronius (7~ 
and others (8~ have discussed the fact that equally good fits to conductance 
data can be obtained with substantially different distance parameters. 

The nonuniqueness of the distance parameter for obtaining a best fit to 
conductance data with various conductance equations suggests that indepen- 
dent evidence for ion pairing needs to be incorporated for making decisions 
about the extent of association of various ions. The use of ultrasonic data in 
MgSOa-NaC1 mixtures was suggested in an earlier paper (9~ to arrive at a 
value for the dissociation constant for NaSO~-. However, even with errors 
from neglecting ionic strength effects and MgC1 + ion pairing, a value was 
obtained for Km for NaSO~ in rough agreement with the conductance data. 
Ion pairing in MgC1 § for example, has not been considered in seawater up 
to 1974. ~2~ Havel and H6gfeldt ~1~ recently reported evidence for possible 
formation of MgC1 + ion pairs. 

Kurtze and Tamm ~11~ showed that the addition of NaC1 to MgSO~ 
solutions reduced sound absorption. Since the absorption is proportional to 
the concentration of the MgSO4 ~ ion pairs, a reduction in absorption upon 
adding NaC1 implies formation of other ion pairs, aside from the reduction 
due to increasing ionic strength. 

For this reason, we also include conductance measurements of MgC12 
solutions, from which we find evidence for ion-pair formation. Together with 
the Na2SO~ data, we calculate what the reduction in sound absorption should 
be as NaC1 is added to a MgSO~ solution. We relate the reduction in sound 
absorption to the formation of NaSO~- and MgC1 + ion pairs, and the extent 
of ion pairing is consistent with the use of the full-Bjerrum distances in the 
conductance and activity-coefficient equations we use. 
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2. M E T H O D  OF C A L C U L A T I O N  

The dissociation reaction of the various salts discussed in this paper is 
given by the following: 

KSO~- ~ K + + SO~- (1) 

NaSO~- ~ Na + + SOW- (2) 

MgC1 + ~- Mg 2 + + C1- (3) 

and the dissociation constant is given by 

Km = m(2 - cOO - cOf,2f21/c~fl, (4) 

where m is the pressure-independent concentration in moles per kilogram 
HaO, the molal concentration. At atmospheric pressure, the difference 
between molal and molar units is ignored. The ionic strength is then I = 
C(1.5 - a), where C is the usual concentration in equivalents per liter and a 
is the degree of association. At elevated pressures, C (corrected for density) 
is used in all calculations of equivalent conductance and ionic strength. 

The degree of association a is determined from conductance measure- 
ments in the same manner as Jenkins and Monk. <~) Applying the mixture 
rule to the equivalent conductance of the solution, Jenkins and Monk 
obtained 

a = 0.5~A1~ + (1 - a)a~2 (5) 

However, we use the Davies, Otter, and Prue conductance equations(6) 

= o - - -  ~ {[2.801 x lO%d( rFX1 + Vq 0]&dl + 

+ 82.5/rl(er)}~/7/(1 + Bd'V/7) (6) 

for the uni-univalent salts with d = 3.57 A at 1 atm and ql~ = 1/2 with A~z = 
113.3, 90.0, and 101.8, respectively, for A~ A~ and 
A~ +). We have set A ~ for the ion pair to be 0.5 that of the divalent ion. 

For  the unsymmetrical ion pair we use the conductance equation 

A12 = A~2 - {[5.601 x 106q~2/(sT)3/2(1 + ~/q~2)]A~d(1 + Bdx/I-~) 

+ 123.75/~l(eT)~/z}VT/(1 + BdV- D (7) 

= = o A o A~ o withal 7 . 1 4 A a t l a t m a n d q 1 2  2A~d3[ 12+  , ], where Al is the value 
for the univalent ion. 

For the activity coefficient of species i paired with species j, we use the 
equation 

- l o g  f;- - AZgV/-] (8) 
1 + Bdij%/ri 
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where the d~ s is the Bjerrum value for the distance parameter for the ion pair 
formed by species i with species j. 

The properties of water as a function of pressure were given in the earlier 
paper (4~ and the A and B parameters are those given by Robinson and 
Stokes.( 12~ 

The volume change upon dissociation is calculated from the pressure 
dependence of the molal dissociation constant K~ as follows: 

m 

0 In K~/Op = - A V ~  (9) 

where 2xV ~ is the difference in partial molal volumes between the products 
and reactants. 

3. E X P E R I M E N T A L  R E S U L T S  

The experimental work was done using the same methods as reported 
earlier. (~ A set of measurements over the whole pressure range generally 
took 9 h to complete. Readings at 1 atm the following day were within 
+ 0.17o of the reading at 1 atm at the beginning of the run. Heise pressure 
gauges, accurate to _+ 2 atm, were used. 

The measurements are made in several cells (~ having cell constants 
appropriate for the concentrations. Solvent corrections, derived from 
several solvent-only pressure runs in each cell, ranged from about 0 .5~  at the 
lowest concentration to about 0.005~ at the highest concentration. 

Plots of A vs. ~/C were used to obtain initial values for the pressure 
dependence of A12,~ �9 we assume the same pressure dependence for AI~.~ A 
binary search for K~ was used to find a minimum in ea at each pressure 
Upon finding a minimum, A~2 was varied slightly to further minimize a, ,  
where 

aA 2)] l/2 = [ ~  (A0x~ -- Ao~Io)2/(N - (10) 

The final A~2 values were generally within 0.1 conductance units of the 
graphically obtained values. We did not adjust A~2 when we used the half- 
Bjerrum distances. 

The experimental data for equivalent conductance for K2SO4, Na2SO4, 
and MgC12 solutions are shown in Tables I, II, and III. Results obtained for 
~,, Kin, and A V ~ are also included in these tables for both (A) full-Bjerrum 
and (B) half-Bjerrum distance. The quadratic fit for the pressure dependence 
of log Km yielded a smaller error than a linear one; no significant improve- 
ment in the fit was obtained with a cubic equation. 
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4. D I S C U S S I O N  OF RESULTS 

We find the dissociation constants for K S O ;  and NaSOi- to be virtually 
the same, 0.096 and 0.094, respectively. The value for KSO~- agrees well with 
the Jenkins and Monk value of 0.11. However, when we treat the Jenkins and 
Monk data with our equations, we obtain a much lower value. Using 
Simpson's data (~3) and our equations, we obtain essentially the same value 
as reported here. 

Since the fit to the conductance data seems to be the same for K S O ;  
and N a S O ;  whether we use the full- or half-Bjerrum distance in our equations, 
we must support our choice of dissociation constants on other grounds. 

As pointed out earlier, Kurtze and Tamm ~11) showed that sound absorp- 
tion A at 20~ in MgSO~ solutions decreased upon addition of NaC1 from 
an initial value Ao as follows: 

A/Ao = [MgSO~]/([MgSO~] + f[NaC1]) (11) 

From their work they f o u n d f t o  be 0.21 over a wide range of concen- 
tration ratios. The larger f is, the greater the reduction in MgSO~ ion pairs 
due to formation of NaSO~- and MgC1 + ion pairs. Using the dissociation 
constants obtained with the full-Bjerrum distances, we f i n d f  = 0.17 at 25~ 
for the addition of 0.017 moles of NaC1 to a 0.017 M MgSO4 solution. The 
results are essentially the same whether we use 0.005 or 0.007 for the dissocia- 
tion constant of MgSO~. In these calculations for f ,  we use Eq. (8) to calculate 
the activity coefficients. For the half-Bjerrum distances we obtain a lower f 
value. The MgSO4-NaC1 sound absorption data, therefore, support the 
dissociation constants calculated with the full-Bjerrum distance and suggest 
even more association. Havel and H6gfeldt find evidence for association of 
MgC1 + in their work, but their pK = - 0.98 for the molar association constant 
yields a value of 10 for the dissociation constant compared to our value of 
0.22. We cannot account for such a large discrepancy. I f  the association 
were as low as Havel and H6gfeldt indicate, MgCI2 solutions would behave as 
ne.arly fully dissociated salts. The ratio of Ap to A 1 as a function of con- 
centration would resemble that of NaC1 and KC1, namely, that the ratio is 
independent of concentration. 

Although the MgSO~-NaC1 sound absorption data yield an f value of 
0.21, it should be mentioned that similar work in MnSO4-NaCt solutions cl1~ 
yield f = 0.08, a substantial difference which bears further study. Both sets 
of acoustic experiments were performed at 20~ at a frequency of 100 kHz. 
At this frequency, sound absorption in MnSO~ solution is a factor of 10 
lower than in MgSO~ solutions of the same concentration. 

Reardon <14~ chose p K =  0.85 for KSO/- and determined pK = 
0.82 + 0.05 for NaSOi-. We agree with him in the sense that we obtain the 
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same dissociation constant for the two salts. However, we would be in greater 
disagreement with the M g S Q - N a C 1  acoustic data if our pK values were as 
low as his. 

There may be deficiencies in our treatment of the data. However, the 
sound absorption work in MgSO~-NaC1 solutions suggests we are not in 
serious error. 

To complement the Reardon work on monovalent sulfate ion pairs, (z4~ 
we are completing a conductimetric study of the same salts they measured. 
Since they conclude that there are substantial differences in pK values for the 
various salts, acoustic work with these salts would be especially worthwhile 
in evaluating results obtained by other techniques. 

The A F ~ value we obtain here at 1 arm for Na2SO~ ( -  5.4 cm%mole = 1) 
is higher than the - 8 . 3  cm3-mole - 1 value we obtained earlier (4) from higher 
concentration data only. This makes the disagreement with the data of 
Millero ~15~ and Kester and Pytkowicz (16~ even greater than before. 

One way to resolve the discrepancies in pressure effects (the different 
2x F~ values) would be to measure sound-absorption reduction due to addition 
of NaC1 (or other alkali halides) at elevated pressures. The laser Raman 
spectroscopic technique used to study MgSO~ ion pairing at elevated 
pressures(lV~ would be useful especially if it could be done at concentrations 
lower than 2 M. 

In conclusion, we argue that our results for NaSOi" and MgC1 + ion 
pairing are supported by the work of Kurtze and Tamm. We feel that the 
nonuniqueness of  the distance parameter  in fitting conductance data to 
theory requires the use of independent techniques to determine ion pairing. 
The usefulness of the acoustic technique needs to be explored more fully. 
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