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ABSTRACT 

We have used a flow calorimeter and a flow de&meter .for measurements 
leading to apparent molar heat capacities and apparent molar volumes of dilute 
aqueous solutions of NaI03, KMn04, and MnClz at 25OC. These apparent molar 
quantities have been extrapolated to infinite dilution to obtain the corresponding 
standard state apparent and partial molar heat capacities and volumes. which have 
then been used for the calculation of conventional ionic heat capacities and volumes. 

INTRODUCTION 

As part of our continuing program of measurements leading to thermal and 
volumetric properties of aqueous solutions, we have used a flow calorimeter and a flow 
densimeter for measurements on solutions of NaT03, KMnO,, and MnCI,. Results of 
these measurements have been used for calculation of apparent molar heat capcities 
and apparent molar volumes of all three electrolytes. Extrapolation of these apparent 
molar quantities to infinite dilution has yielded the standard state apparent molar 
(equal to partial molar) heat capacities and volumes that are of particular thermo- 
dynamic interest. Finally, these standard state quantities have been used for calcula- 
tion of conventional ionic heat capacities and volumes. 

EXPERIMENTAL 

We have made heat capacity measurements on several electrolytes with two 
different Picker flow calorimeters of the same type, as previously describedl. A small 
systematic error in the measurements with the first calorimeter has been identified 
and corrected’* 3. Tests by Picker and our comparisons4- 1.’ of results obtained with 
three new Picker calorimeters and one LKB calorimeter have confirmed that the 

l Visiting scientist from University of Lund and recipient of a Canada Council Scholarship. 
** On leave from Department of Chemistry, Punjab Agricultural University, Ludhiana, India. 
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earlier small error is negligible with the new calorimeter used for the measurements 
reported in this paper. 

Densities of solutions have been measured with a flow densimeter ’ 6. 
Results of all our calorimetric and density measurements refer to 25.0 * 0.1 “C. 
Fisher certified NaIO, was recrystallized twice from doubly distilled water and 

then dried to constant weight at 105°C. SoIutions were made by dissolving known 
masses of NaTO, in known masses of distiIIed water. 

Two stock solutions were made- with AR grade KMnO, (from B.D.H.) and 
distilled water. After storage in the dark for a few days, these stock solutions were 
filtered and then standardized by titration into sodium oxalate solution. Other 
.soiutions were prepared by dilution of these stock solutions. 

Reagent grade MnCl, was recrystallized twice from dilute aqueous hydro- 
chloric acid and then dissolved in distilled water to form a stock solution. This solution 
was standardized by titration with EDTA as described by Schwarzenbach and 
Flaschka’ ‘. Further solutions were prepared by dilution. Later, another stock 
solution was prepared, standardized, and diluted in the same way. Both stock solutions 
had pH z 4.0. It is necessary that the pH be in this range for two reasons: (1) if the pH 
is too high, there is hydrolysis and possible air oxidation of Mn2+ (as), and (2) if the 
pH is too low, the contribution of HCI to the properties of the solution is not negligible 
with respect to the contribution of MnCI,. 

RESULTS AND CALCULATIONS 

Results of measurements with the Picker flow calorimeter are heat capacities 
per unit volume of solution. Combination of these heat capacities with the densities 
that we have also measured and the already known heat capacity of pure water 
permits the calculation of heat capacities expressed in terms of J K- r (g of solution)- L 
and thence the desired apparent molar heat capacities that we represent by & and 
express in tern% of J K-l mole- ‘. Similarly, the densities of the solutions lead to the 
apparent molar volumes that we represent by &and express in terms of cm3 mole: ‘. 
For both of these calculations, we have used equations of the type 

(1) 

in which Y is the extensive property (heat capacity or volume here) of a specified 
quantity of solution,n, is the number of moles of solvent in this specified quantity of 
solution, Y; is the property (heat capacity or volume) of one mole of pure solvent, 
and n2 is the number of moles of solute in the specified quantity of solution. 

Our experimental results have been used to obtain the apparent molar heat 
capacities and apparent molar volumes that are listed in Table 1. Heat capacities of 
solutions can be recovered from these tabulated & values and corresponding molali- 
ties by way of 
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TABLE 1 

APPARENT MOLAR HEAT CAPAClTIES AND VOLUhlES OF AQUEOUS ELECTROLYTES AT 25°C 

nt 4c (!I5 v in CC 4V 
(mole h-g-') (J K-l nroIe-l) (cm" tnole-l) (mole kgA1) (J K-1 mole-l) (cd nrole-l) 
KMIIOLI NaIC3 

0.04s 12 11.8 52.0 0.02873 -21.0 25.1 
0.05530 1l.S 51.9 0.0452 I - 16.7 25.2 
0.06480 13.0 51-S 0.04959 -16.9 25.6 
0.07582 14.7 52.1 0.06037 -13.1 25.5 
0.09038 16.5 51.2* 0.06976 -12.0 25.6 
0.10922 18.0 51.4* O.OSOS5 -9.1 25.6 
0.12954 21.1 51.9 0.09045 -6.4 25.5 
0.18278 26.6 52.2 0.09740 -5.1 26.3 * 

0.13064 -0.7 25.7 
Ml1 Cl2 0.14614 i2.5 26.0 
0.03954 -231.7 19.7 
0.05274 -227.3 20.3 
0.05862 -225.4 19.s 
0.07819 -220.9 20.4 
0.07916 -221.8 20:3 
0.10560 -216.5 20.6 
0-I 1739 -214.0 20.4 
0.13207 -211.4 20.7 
0.15665 -207.7 20.7 

l Not used in least squares fit. 

c = [in& + 1000c0,1 
P Cl000 + TIIM~-J (2) 

Similarly, densities of soiutions can be recovered from the tabulated 4v values and 
corresponding molalities by way of 

n = [(loo0 -I- mM,)ci~] 
(3) 

[loo0 + ntn~&r] 

In these equations, cP and ci are the heat capacities of solution and of pure water 
expressed in terms of J K- ’ g- l, IIT is the molality expressed in terms of (moles of 
solute) (kg of H,O)- I, AN2 is the molecular weight of solute, and dy is the density of 
pure water. We have used c,” = 4.1793 J K- 1 mole- ’ and n: = 0.997044 g cm- 3. 

Apparent molar properties of dilute solutions of strong electrolytes are accurate- 
ly represented by equations of the form 

4Y = & t_ A,(d~m)* -I- B,m (4) 

in which c$; is the value of & at infinite dilution, A, is the limiting slope derived from 
the D&bye-Hiickel theory, 111 is the molality, and B, is an adjustable parameter. Our 
principal interest in this investigation has been in determining the 4: and c$; values 
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TABLE2 

PARAMETERSFOREQN. (4) 

EIectrolyte 9c” Bc 4v Bv 
(J K-l mole-l) (J K-l mole-” kg) (cm3 mole-l) (cm3 mole-” kg) 

NaIO3 -29.6 148.0 24.8 2.7 
KMnOj 1.5 69.2 51.6 -1.3 
MnCln -259.3 -52.2 18.3 -8.6 

TABLE 3 

CON~EN~ONAL [Basedon$~~(H+)=O]roMc HEATCAPACITIESANDVOLUMESFROMTHBINVFZTITGATION 

Ion ho ho 
(J K-l mole-l) (cm3 mole-l) 

IO3-(aq) -73 26.0 
MnOd-(aq) -12 42.6 
MrP(aq) -5* -17.4 

* As discussed in the text, the best &O(Mn*+) is probably more negative than this value. 

that are identical with the corresponding partial molar properties at infinite dilution 

(c; and P)_ both of which are of considerable thermodynamic importance_ For our 

calculations leading to these values for aqueous NaIO, and KMnO,, we have used 

14c(d;)% = 28.95 J K- ’ mole -t kg* and A&d,“)* = 1.865 cm3 moleei- kg*, whiIe for 

aqueous bInC1, we have use@ A,(d,“)+ = 150.4 J K- ’ mole-* kg* and Av(d;)* = 

9.72 cm3 mole-* kg*. Our @, B,, #;, and Bv vaIues given in TabIe 2 are based on 

least squares fitting the results from Table 1 to equations of the type (4) with the 

appropriate limiting slopes cited above. 

The most useful comparisons of the results we report here can be made by way 

of conventional ionic properties of ions based on 4g(Hf) = 0 and on @(He) = 0. 

For calculation of these conventional ionic properties for the ions of interest to us 

here, we make use of 4z(Naf) = 43 J K-l mole- ‘, +;(Kf) = 13 J K- ’ mole-‘, 

and $,E(Cl-) = - 127 J K-l mole-’ from Desnoyers et al.3 and @;(Na+) = - 1.21 

cm3 mole- ’ , &(K+) = 9.02 cm3 mole- ‘, and &‘(Cl-) = 17.83 cm3 mole-’ from 

iaillero 18. The resulting conventional ionic heat capacities and volumes are listed in 

Table 3. 

The present investigation has led to 4: = -29.6 J K- ’ mole- 1 for aqueous 

NaIO,, as compared with 65 = -34.0 J K- ’ mole- ’ from similar calorimetric 

measurements made at the Universite de Sherbrooke’. Although the difference 

between these two values is small (less than the uncertainty in nearly all such values 

obtained before about 1970), we believe that the accuracy and especially the consis- 
-_ 
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tency of results of modern flow calorimetry are such that it may be possible to choose 

one or the other value as most likely to be the best. One way to approach this choice 
is by way of conventional ionic heat capacities for the aqueous iodate ion. Our present 

results lead to @(IO;) = -73 J K- ’ mole- ‘, while the earlier measurements* on 
sodium iodate led to +z(IO;) = -77 J K- ’ mole- ‘. We now note that earlier 

measurements’ in Lethbridge on aqueous potassium iodate solutions led to 4; for 
this salt and thence to @;(IO;) = -72 J K- 1 mole- I. The excellent agreement of 

this last value with our present results suggests that our present 4; for aqueous NaIO, 
is better than the earlier’ value. 

Present and past* 4; values for aqueous sodium iodate are in excellent agree- 

ment and our present &(IO;) = 26.0 cm3 mole- ’ is in fair agreement with 4;(10;) = 

25.3 cm3 mole-’ selected by Miller0 is from results of several still earlier investiga- 

tions. 
We do not know of any prior heat capacity measurements that are related to 

the results we report here for aqueous potassium permansanate. Our 4: = 51.6 cm3 

mole- ’ for this electrolyte leads to +;(MnO;) = 42.6 cm3 mole- ‘; these values can 

be compared with & = 50.2, 51.9, and 51.54 cm3 mole-’ cited by Millero” for 

aqueous KMn04 and also with his selected +G(MnO;) = 42.5 cm3 mole-‘. 

.Although we know of no heat capacity results for aqueous MnCI, to compare 

directly with our results, we can make some useful indirect comparisons by way of 

conventional ionic 4g(Mn2’) values as follows. Our present results lead to 4E(Mn2+) 
= -5 J K- ’ mole-‘, while similar measurements on aqueous Mn(C104), (ref. 12) 
and Mn(NO,), (ref. 13) led to 4g(Mnzf) = - 10 and - 12 J K- I mole- ‘, respec- 

tively_ Again, the difference between these values is less than the uncertainties of nearly 
all standard state heat capacities determined before the last few years_ But it should be 
noted that the discrepancy between the three $g(Mn2+) values cited above is larger 
than we have found in similar comparisons for any of the many other ions that we 
have investigated. We now suggest that the best +,Z(Mn2+) should be based largely 

on the earlier values from Mn(ClO& and Mn(NO,), rather than on the present 

result for MnC12; this suggestion is based partly on the exceIIent agreement between 
the two earlier values and partly on the fact that we had greater experimental diffi- 

culties in preparing the MnClz solutions than we had with the other Mnzf solutions. 
Our &(Mn2’) = - 17.4 cm3 mole-’ is in excellent agreement with our 

previous12* l3 b$(Mn2’) = - 17.3 and - 17.4 cm3 mole- ‘, which suggests that the 
best volume for this ion is slightly less negative than the +;(Mn2’) = - 17.7 cm3 

mole- ’ selected several years ago by Miller0 18. 

ACKNOWLEDGEMENTS 

We are all grateful to the National Research Council of Canada for support of 

this research and I.V.O. thanks the Canada Council for a scholarship_ 



160 

REFERENCES 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 

IS 

P. Picker, P.-A. Leduc, P- R. Philip and J. E. Desnoyers, J. CXem. T..em~o&w:, 3 (1971) 63I_ 
G. Per&, N. Desrosiers and J. E. Desnoyers, Cum J. Chezn., 54 (1976) 216n . 
J. E.‘Desnoyers, C. de Visser, G. Perron and P. Picker, J. Solution Chem., 5 (1976) 605. 
P. P. Singh, E. M. Woolley, K.. G. McCurdy and L. G. Hepler, Can. J. C/zem., 54 (1976) 3315. 
P; P_ Singb, K. G. McCurdy, E. M. Woolley and L. G. Hep!er, J. Solzrtion Chezzz., 6 (1977) 327. 
0. Enea, P. P. Singh, E. M. WoolIey, K. G. McCurdy and L. G. Hepler, J. Chenz. Tizerzzzo~{~zz., 

9 (1977) 731. 
P. P. Singh, J. J. Spitzer, R. M. McKay, K. G. McCurdy and L. G. Hepler, Thezwzochinz. Acta, 
24 (1978) 115. 
A. Roux, G. hf. Musbally, G. Perron, J. E. Desnoyers, P. P. Singh, E. M. Woolley and L. G. 
Hepler, Can. J. Chem., 56 (1978) 24. 
0. Enea, P. P. Singh and L. G. Hepler, J. Solzzfiotz C/zenz., 6 (1977) 719. 
J. J. Spitzer, P. P. Singh, K. G. McCurdy and L. G. Hepler, J. Soizztiorz Clzmz., 7 (1978) 81. 
I. V. Olofsson, J. J. Spitzer and L. G. HepIer, Catz. J. Cilenz., 56 (1978) 1871. 
J. J- Spitzer, P. P. Singh, 1. V. Olofsson and L. G. Hepler, J. Solnriotz Chenz., in press. 
J- J. Spitzer, I_ V. Olofsson. P. P. Singh and L_ G. Hepier, J_ ClrEtli. Tlte,wzor[vtz_, in press. 
E. M. Woolley, personal communication, 1977. 
L V_ Olofsson, J. J. Spitzer and L. G. Hep!er, manuscript in preparation. 
P. Picker, E. Tremblay and C. Jolicoeur, J. Solzrtiotz Chenz., 3 (1974) 377. 
G_ Schwarzenbach and H- Flaschka, Compkxometric Titrations, Methuen, London, 1969. 
F. J. Millero, in R. A. Horne (Ed.), Water azzd Aqzteozrs Solutions: Strzrcture, T/lernzodytzarzzics, 
azzd Trazzsport Process, Wiley-Interscience, New York, 1972. 


