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ABSTRACT: The activity coefficients of NaClO,, in water were experimentally determined at (288.15, 298.15, and 308.15) K from
electromotive force (emf) measurements of the following electrochemical cell without transference containing two ion-selective
electrodes (ISEs): Na-ISE|NaClO, (m)|CIO,-ISE. The molality m varied between about (0.02 and 12) mol -kgfl. The
determination of E™*, which is necessary to calculate the activity coefficients, was carried out following a method similar to that
of Hitchcock, using the Pitzer, extended Debye—Huckel, and Scatchard equations to represent the dependency oflog  on molality.
The electrode system employed shows good Nernstian behavior. The activity and osmotic coeflicients obtained in this study at
298.15 K were contrasted to those from the literature and show a good agreement.

1. INTRODUCTION

Although many investigations that have been carried out in
recent decades have provided data to the literature on thermo-
dynamic and transport properties, there are still electrolyte
systems for which there is a lack of data and/or which have not
been sufficiently contrasted. Hamer and Wu' reported osmotic
coefficients and activity coefficients for NaClO, rounded molal-
ities from (0.001 to 18) mol°kg7l at 298.15 K. These authors
used experimental osmotic coeflicient data, obtaining by iso-
piestic vapor pressure method, reported by Jones® [(0.2 to
6.5) mol-kg '], Miller and Sheridan® [(4 to 6) mol-kgfl],
and Rush and Johnson® [(6 to 18) mol-kg ']. For molalities
higher than 6.0 mol-kg ™~ the data calculated by Hamer and Wu
present some uncertainty because the data reported by Miller
and Sheridan® and Rush and Johnson® differ fairly widely.
Figure 1 shows the information provided by Hamer and Wu,
Miller and Sheridan, and Rush and Johnson.

Much has been written about the advantages and disadvan-
tages of various methods used in the determination of activity
coefficients, especially the isopiestic method and the measure-
ment of electromotive force. Although an agreement has not
been reached, it appears that the potentiometric method is simpler
and more rapid than the isopiestic method, although it has the
definite limitation of requiring electrodes that are reversible for the
ions of the studied electrolyte. In recent years this problem has
been remedied by the development and improvement of new
ion-selective electrodes (ISEs). Currently, these electrodes are
not only valuable for analytical use but can also be emplozred in
determining thermodynamic and transport magnitudes.®'* The
bi-ISE system employed in this study is composed of a glass-
membrane electrode selective for Na* ions and a liquid mem-
brane electrode selective for CIO, " ions.

NaClOy is a highly soluble salt (almost 18 mol -kg71 in water
at 298.15 K). For many years, NaClO, has been widely used as an
electrolyte support for adjusting the ionic strength of a medium,
as in polarographics studies (metal—ligand systems),' studies
of double-layers and electrode kinetics,'”'® and potentiometric
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studies (adjusting the ionic strength to work with selective
electrodes).'” This extensive use is due not only to the high
solubility of NaClO, but also to its weak tendency to form
complexes with metals that may be present,”>>" which makes it a
good inert electrolyte.

This study presents data on mean ionic activity coeflicients of
the NaClO,4 + H,O system at temperatures of (288.15, 298.15,
and 308.15) K over a broad range of molalities [ca. (0.1 to
12) mol'kgfl]. The NaClO, was measured because the litera-
ture thermodynamic data exist only at a temperature of 25 °C.
The experimental data were analyzed using three thermody-
namic models. Our data were then compared to literature data
for results obtained at 298.15 K.

2. EXPERIMENTAL SECTION

Sodium perchlorate monohydrate, Merck pro analysis (w =
0.99), was stored on silica gel in a desiccators and used without
further purification. The solutions were continually agitated by a
magnetic stirrer during the measurements.

Na-ISE (mod. 8411) and ClO4-ISE (mod. 9300) were ob-
tained from Orion Corp. A double-wall vessel Metrohm cell was
used to hold the electrodes and the solution. The temperature in
the cell was kept constant at 0.05 °C using a Hetofrig model
04 PT thermoregulator and a platinum resistance thermometer
(Guildline model 9540) was used to record the temperature. The
relative temperature uncertainty was estimated to be 0.02 %.

The emf measurements were carried out with a 614 Keithley
electrometer, with inner impedance greater than 5-10'* Q with a
resolution of & 0.1 mV.

Depending on the concentration of the NaClO, studied, it was
observed that, after approximately (30 to 45) min, the variation
of the potential with time was very small [around 0.1 mV per (15
to 20) min]. The reading at this point in time was considered to
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Figure 1. Comparison of y versus m for aqueous NaClO, at 298.15 K:
@, Hamer and Wu;' A, Miller and Sheridan;® ¥, Rush and Johnson.*

represent the cell in equilibrium. Depending on the temperature,
the emf uncertainty can be estimated between (0.1 and 0.3) mV,
approximately.

3. RESULTS

Ionic mean activity coefficient values for NaClO, were
determined from the emf measurements of the following galvanic
cells without transference:

Na-ISE|NaClO, (m)|ClO4-ISE (1)
combined with that of the reference cell
Na-ISE|NaClO,(m,)|ClO,4-ISE (1)

The basis for using these ISEs and obtaining correct thermo-
dynamic properties is the use of a reference cell in conjunction
with the working cell.”> >* The subtraction of the potentials
from both cells resulted in the elimination of all of the non-
thermodynamic potentials present. Thus, applying the equation
of Nernst—Nikolsky to the cells (I) and (II) and subtracting, the
following expression is obtained:

AE = E; — Eyg = —2klog[(my)/(m.y,)] (1)

where m and m, are the molalities of NaClO, in the working and
reference solutions, respectively; E is the emf of cell, k =
(In10)RT/F is the theoretical Nernst slope, and y and y, are
the mean ionic activity coefficients of NaClO, at molality m and
m,, respectively. In summary, although we are using a nonther-
modynamic cell, the values of the potentials are obtained, and
thus the activity coefficients are indeed thermodynamic. In no
instance have we made extra-thermodynamic assumptions.

AE values as a function of the NaClO,4 molalities are shown in
Table 1 for the three temperatures studied.

To use eq 1, to calculate 7, it is necessary first to know the
values for y,. This is an important point since this it affects the
accuracy of the activity coeflicients and the other thermodynamic
functions subsequently calculated.

The determination of Y, was performed using a similar
method to that of Hitchcock®® in combination with the Pitzer

Table 1. Experimental AE and y at Different NaClO,
Molalities”
288.15 K

298.15 K 308.15 K

m AE y m AE y m AE Y

0.0469 135.8  0.806  0.0283 163.3 0.873  0.0175 194.1  0.900
0.0873 107.8 0.776  0.0740 119.1  0.794  0.0642 132.0  0.800
0.1616 804 0.738  0.1255 948 0.758  0.1228 101.1  0.756
0.2526 60.7 0712  0.2086 71.8 0.720  0.1939 79.3  0.729
0.4103 393 0.681  0.3529 479 0.684  0.2821 61.3 0.709
0.6057 222 0.656 04325 385 0.673  0.4440 39.5 0.687

0.8878 54 0633  0.6357 209 0.650  0.6367 22,1 0.671
1.0000 0.0 0.627 0.8761 6.1 0634  0.8679 7.1 0.657
1.1986 —8.0 0.618  1.0000 0.0 0.629  1.0000 0.0 0.655
15855  —20.7 0.607  1.1272 —=57 0626 10774 —3.7  0.652

20210 —320 0600 14430 —174 0617 13615 —155 0.651

26401 —448 0598 17981 —281 0613 17155 —27.5 0.653

37032 —619 0607 22518 —39.3 0613 23486 —439 0.651

49760 —780 0629 28849 —522 0620 30499 —S82 0.660

68544 —96.5 0666 36706 —652 0631 39694 —733 0678

8.6445 —1111 0716 48085 —80.7 0655 52720 —90.7 0712

10199 —1220 0760 60261 —945 0689 74417 —1132 0777
10889 —1264 0779 97621 —1269 0801 11168 —141.0 0.884
12378  —143.1 0881 12938 —I151.0 0931

“ Units: moles NaClO,4/kg water for m; mV for AE.

model,*”*® whose mathematical form for a 1:1 electrolyte can be
written as:
lny =f" + B'm + C'm® (2)
where
= —Aam/(1 + bm'/?)
+ (2/b)n(1 + bm'/?) (2a)
B =2p°
+ (28" /o2m){1 — (1 4+ am'/? — o®m/2)exp(am'/?)}
(2b)

In these equations @ and b are assumed to be fixed parameters
with values of 2.0 kgl/z-molfl/2 and 1.2 kgl/2 ~mol "/, respec-
tively; 8% ', and C” are solute-specific interaction parameters
dependent on temperature, and A, is the Debye—Hiickel con-
stant for the osmotic coeflicients defined by:

Ay = 1.4006-10%d"% /(£,T)** kg'/> -mol 1/ (2¢)

where all of the symbols maintain their usual meanin§. The values
of A, used were (0.3850, 0.3915, and 0.3986) kgl/ mol % at
(288.15, 298.15, and 308.15) K, respectively.

To obtain a good estimation of ,, two additional equations
were used. Thus, the extended Debye—Hiickel*”>° equation for
1:1 electrolytes can be written as:

Ay/m
1 = -
ogy 1+ Ba _m—|-cm

+ dm* —log(1 + 0.002mM) + Ext (3)
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Table 2. Summary of the Values Obtained for the Parameters
of the Pitzer, Debye—Huckel, and Scatchard Equations for
NaClO, and Average Values of g and k

288.15 K 298.15 K 308.15 K
Ditzer VR 0.625 0.627 0.654
BO/kg-mol ' 0.0514 0.0558 0.0657
BV /kg-mol ' 02506 02765 03511
C’/kg*-mol > —0.0019 —0.0018 —0.0035
k/mv 55.96 57.90 59.84
0=024mV
Debye—Hiickel yx 0.625 0.627 0.653
a/A 3.80 3.89 4.37
¢/kg-mol " 0.0331 0.0369 0.0424
d/kg®-mol > 0 —0.00004 —0.00067
k/mV 55.87 57.81 59.75
=023 mV
Scatchard YR 0.630 0.632 0.658
a/kg-mol 1.3592 1.3991 1.5489
a/kg.mol™! 00212 0.0278 0.0484
a®/kg?.mol > 0.00514 0.00624 0.00156
a® /kg®.mol > —0.000272 —0.000388 —0.000161
k/mV 55.81 57.75 59.69
0=0.19mV
(7w 0.627+0.003  0.629-0.003  0.655+0.003
(k)/mv 55884008 57824008  59.76+ 0.08
Keo/mV 57.17 59.16 61.14
% relative 2.26% 2.27% 2.26%

error in k

m/ mol kg™

Figure 2. Fit residual values of AE versus m for the @, Pitzer, H,
Debye—Huckel, and A, Scatchard models.

a being the ion size parameter, ¢ and d the ion-interaction
parameters, M the molecular mass of the solvent, and Ext the
contribution of the extended terms. A and B are the Debye—
Huckel constants given by:

A = 1.8247-10%0"%/(&,T)** kg'/* - mol /> (32)

B = 50.2901p"2/(&,T)"* kg"/*-mol /2. A~ (3b)

where all of the symbols maintain their usual meaning. The
values of A and B used were (0.5016, 0.5100, and 0.5193) kg'/2-
mol "/* and (0.3269, 0.3285, and 0.3301) kg"?*+mol "/* at
(288.185, 298.15, and 308.15) K, respectively.

log »

m‘l!2 / moliﬂkg-iﬂ

Figure 3. Plot of experimental log y versus m'/? for aqueous NaClO, at
@, 288.15 K, M, 298.15 K, and A, 308.15 K. The solid curves are guides
for the eye.
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Figure 4. Comparison of ¥ and ¢ versus m for aqueous NaClO, at
298.15 K: black (@, M) Hamer and Wu;* red (@, B) Pitzer;** (O, O)
this work.

An additional parameter, d, has been included in the eq 3 to
cover the entire range of studied concentrations.

Furthermore, for 1:1 electrolytes, the Scatchard®"** equation
can be written as:

Iny = {28m"2/(1 + am'?) + 2a0m + (3/2)a®m?

+ (4/3)a¥m® + (5/4)a¥m*} /2 (4)

where § = —34, (1.1550, 11745, and 1.5579) kg"/*>-mol "/ at
(288.15, 298.15, and 308.15) K, respectively. a, al g® )
and a™® are the characteristic interaction parameters of
the model.

By combining eqs 1 and 2, 1 and 3, or 1 and 4, the Y values
can be optimized, as well as the interaction parameters char-
acteristic of each model and the real Nernst slope. In all cases the
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Table 3. Activity Coefficients (y) and Osmotic Coefficients
(¢) for NaClO, Rounded Molalities

288.15 K 298.15 K 308.15 K
—il
m/mol-kg y ¢ y ¢ y ¢
0.000 1.000 1.000 1.000 1.000 1.000 1.000
0.001 0.966 0.989 0.965 0.988 0.965 0.988
0.002 0.952 0.984 0.952 0.984 0.951 0.984
0.005 0.928 0.976 0.927 0.976 0.927 0.976
0.010 0.903 0.968 0.902 0.968 0.902 0.968
0.020 0.872 0.958 0.871 0.958 0.871 0.958
0.050 0.820 0.943 0.819 0.943 0.821 0.944
0.100 0.775 0.930 0.775 0.931 0.779 0.934
0.200 0.727 0.919 0.727 0.920 0.736 0.926
0.300 0.699 0913 0.700 0915 0.711 0.923
0.400 0.679 0.910 0.681 0913 0.695 0.922
0.500 0.665 0.909 0.667 0911 0.683 0.922
0.600 0.653 0.908 0.656 0911 0.674 0.923
0.700 0.644 0.908 0.648 0911 0.667 0.925
0.800 0.636 0.908 0.640 0912 0.662 0.926
0.900 0.629 0.908 0.634 0913 0.657 0.928
1.000 0.624 0.909 0.629 0914 0.654 0.930
1.200 0.615 0911 0.622 0917 0.648 0.934
1.400 0.609 0914 0.616 0.921 0.645 0.939
1.600 0.604 0.918 0.612 0.925 0.643 0.944
1.800 0.600 0.921 0.610 0.929 0.642 0.949
2.000 0.598 0.925 0.608 0.934 0.643 0.955
2.500 0.596 0.937 0.608 0.948 0.647 0.969
3.000 0.597 0.950 0.612 0.962 0.654 0.985
3.500 0.601 0.963 0.619 0.978 0.664 1.001
4.000 0.607 0.977 0.628 0.994 0.675 1.017
4.500 0.615 0.992 0.638 1.010 0.688 1.033
5.000 0.624 1.006 0.651 1.027 0.702 1.048
5.500 0.634 1.020 0.664 1.044 0.716 1.063
6.000 0.644 1.035 0.678 1.061 0.731 1.078
7.000 0.667 1.063 0.709 1.093 0.762 1.105
8.000 0.692 1.089 0.743 1.125 0.793 1.130
9.000 0.719 1.115 0.778 1.156 0.823 1.150
10.000 0.746 1.138 0.816 1.185 0.852 1.167
11.000 0.773 1.159 0.854 1.212 0.877 1.180
12.000 0.799 1.179 0.893 1.237 0.899 1.189

fit was carried out simultaneously for all of the experimental data
measured at the three temperatures, assuming that ky, = kcjo, =
k = (kna + kcio,)/2 and that k varies linearly with temperature.

Table 2 shows the values of the parameters obtained in the
optimization, as well as their deviations.

4. DISCUSSION

In Figure 2 the fit residual values of AE for the three models
are plotted. No significant difference is observed. Table 2 shows
that the three models are in close agreement. For each tempera-
ture, a standard deviation of £ 0.003 units in {)y) is obtained.
The standard deviations of the fits are similar (approximately
0.2 mV), as well as the deviations of the Nernst slopes compared
to the theoretical values (2.3 %). The latter confirms the excellent

,,,,,,,,,, NaCIO,|
sap—gs— NaNO, i
0F NaBF —
gl gl FF g oy
0 3 6 9 12 15 18 21
.rii’lr,-’rnolkg'1

Figure S. Plot of y versus m for aqueous NaClO, at 298.15 K together
with those for other very soluble sodium salts. [, this work; (@, H, A, ¥, )
Hamer and Wu;* O, Galleguillos et al®

behavior of the electrodes used, in spite of the broad range of
concentrations employed in the study.

The values for the mean ionic activity coeflicient of the
NaClO, shown in Table 1 were calculated using eq 1 and the
average values of ' and k summarized in Table 2. Figure 3 shows
log y versus m'/? for each temperature. For each molality, the
activity coefficient value increases as the temperature increases.
This behavior is less pronounced at low molalities.

Figure 4 compares activity and osmotic coeflicients at
298.15 K to the Pitzer model (using the parameters obtained
in this study and also those proposed directly by Pitzer*®) and to
the values of Hamer and Wu.* This figure shows good agreement
between experimental and calculated data, especially the activity
coeflicients.

Table 3 shows both the activity coeflicients and the osmotic
coefficients obtained at rounded molalities using the equations of
Pitzer and the parameters obtained in the present study, which
were presented in Table 2 for the three temperatures studied.

Finally, Figure S plots our values of y for NaClO, against m,
together with those for other highly soluble sodium salts. The
behavior of NaClO, is similar to those of NaNOj and NaBF,,
with an initial decrease followed by an almost constant value until
the saturation molality, in contrast to the behavior of the alkaline
halides. The behavior of these curves is defined by the ion—ion
and ion—solvent interactions and the predominance of one over
the other.

5. CONCLUSIONS

Using the bi-ISE cell Na-ISE|NaClO, (m)|ClO,-ISE, we have
determined the mean ionic activity coefficients of NaClO, in
water at (288.15,298.15, and 308.15) from emf measurements. A
good fit of the experimental data was obtained with the use of
Pitzer, Debye—Hiickel, and Scatchard models.

An excellent behavior of the electrodes used, in spite of the
broad range of concentrations employed in the study, is
observed.

Finally, the activity and osmotic coeflicients obtained in this
study at 298.15 K were contrasted to those from the literature
and show a good agreement.
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