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The Activity of the Acetate Ion in Aqueous Sodium
Chloride Solutions

SUNE BACKLUND

Department of Physical Chemistry, Abo Akademi, Abo, Finland

In connection with studies on the association of short-chain alkali
metal alkanoates in ionic media 3 molar in Na(Cl), a method has
been developed for the estimation of the activity coefficients of
alkanoate ions in the concentration range where no association takes
place. The sodium alkanoate—sodium chloride —water systems are
treated formally as systems of four components, viz. sodium ion,
chloride ion, alkanoate ion, and water. Potentiometric data (ayaci,
agp, Gy,) and vapour pressure data (@yy0) are used to calculate the
activities of the alkanoate ions from the Gibbs-Duhem law. Results
for solutions of sodium acetate in the ionic medium Na(Cl) at 25°C
are presented.

Despite the doubts expressed especially by Guggenheim ! about the justifica-
tion of determining the activities of individual ionic species, a great deal
of work has been done to estimate such activities. The main difficulty is the
experimental determination of the diffusion potential, whose magnitude
cannot be estimated without knowledge of the activities of the ions under
study.? However, Frank 3 has claimed that physical significance can be ascribed
to the activities of individual ionic species. The activities of ions, taken together
with the mean activities of individual salts, provide a better idea of the prop-
erties of electrolyte mixtures than the mean activities alone.

The association of short-chain alkanoates in media of constant high ionic
strength (3 ¢ Na(Cl)) has been studied by determining hydrolytic equilibrium
constants by potentiometric measurements in our laboratory.4™! The aim of
the work described in this paper was to determine to what extent the activity
of the acetate ion (Ac) varies with its concentration in such media. Such
variation must occur in principle according to the studies of Harned and his
co-workers,!? on activities in concentrated solutions of mixed electrolytes.

Since Bury,® and especially Hartley,* outlined the classical theory of
micelle formation in association colloid solutions, the activities of free paraffin-
chain ions in such solutions have attracted the attention of investigators.
Already in the forties, Ekwall and Harva,!® and later Kolthoff and Johnson,®

Acta Chem. Scand. 25 (1971) No. 6



ACTIVITY OF ACETATE ION 2071

attempted to measure these activities by means of electrodes of second order.
It has been established in many studies 7,® that sodium acetate (NaAc)does
not undergo association in aqueous solution, whereas its higher homologues,
sodium butyrate ® and sodium valerate,® do. Our studies of the activities of
alkanoate ions in these associated systems are being continued.

EXPERIMENTAL

The experimental work involved the evaluation of the mean activity coefficient of
sodium chloride and the activity coefficient of the chloride ion by potentiometric meas-
urements, and the evaluation of the activity of water by osmotic measurements, all in
the three-component system sodium chloride —sodium acetate —water. The total con-
centration range was varied from 0.1 to 3 molar.

1. Chemicals. Sodium chloride and sodium acetate trihydrate of guaranteed reagent
grade from E. Merck AG were employed without further purification in the preparation
of the solutions. The water used was twice distilled water that had been deionised; its
specific conductance was 0.6 x 107® ohm™em™ at 25°C.

2. Solutions. The prepared solutions had the following compositions:

i Solution Symbol in Figs.
mol/l Oxa/Cac 546211

0 3 ¢ NaCl 6/0 o

1 2.5 ¢ NaCl+ 0.5 ¢ NaAc 6/1 X

2 2.0 ¢ NaCl+ 1.0 ¢ NaAc 6/2 )

3 1.5 ¢ NaCl+ 1.5 ¢ NaAc 6/3 \V/

4 1.0 ¢ NaCl + 2.0 ¢ NaAc 6/4 (=)

5 0.5 ¢ NaCl+ 2.5 ¢ NaAc 6/5 A
(6) (Extrapolated results) (6/6)

¢na and ¢, are the molarities of Nat and Ac™ in the mixed electrolyte. i denotes the
number of the mixed electrolyte. The specific gravities of the solutions were determined
for the conversion of concentrations to molalities (m). All the solutions and the employed
water were saturated with silver chloride; the resulting increase in chloride ion concentra-
tion was disregarded.

3. Potential measurements. The measurements consisted of automatically recorded
volumetric titration data. The emf’s of the following two cells were measured:

Cell 1: Ag,AgCl/3 ¢ NaCl//NaCl,NaAc/Na-glass.
Cell 2: Ag,AgCl/3 ¢ NaCl//NaCl,NaAc/AgCl,Ag.

The reference cell and the ““Wilhelm” bridge were similar to those described by Sillén.'?
The bridge solution was about 6 molal in ammonium nitrate. The measuring cell, reference
cell, and the bridge were immersed in a water bath at 25.00 + 0.05°C.

a. Electrodes. The glass electrode was one of type GNA 33, manufactured by Electronic
Instruments Litd.!® The electrode was conditioned in 0.1 ¢ sodium chloride, and stored in
a sodium chloride solution of the same concentration. The time taken by the electrode
to attain a constant potential is shown in Fig. 1.

The silver-silver chloride electrodes were prepared mainly as described by Brown.1®
These were conditioned in 3 ¢ sodium chloride about 48 h, before they were taken into
use. The potentials of the electrodes became constant almost instantaneously.

b. Apparatus. The volumetric titrations were performed using a titration unit, designed
in this department, that has been described by Danielsson.* The apparatus was slightly
modified and increased with two components. The essential parts of the apparatus are
shown in the block diagram in Fig. 2.
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Fig. 1. The time taken by a sodium- Fig. 2. Block diagram of the apparatus
sensitive glass electrode to attain constant need for automatic potentiometric volu-
potential in 3 ¢ NaCl in cell 1. metric titrations.

The new components that made automatic titrations possible were an Atcotrol
306-B dial timer and a Dosimat E 412 motor burette. The dial timer, manufactured by
Automatic Timing & Controls, Inc., Pennsylvania, was an interval or delay relay, driven
by & synchronized motor. For our purposes, the dial timer was connected, so that it

lowed current to pass to the motor burette once every hour. The accuracy of volume
measurements with the motor burette was 0.03 ml, according to the manufacturer,
Metrohm AG, Herisau, Switzerland. The burette was held at 25.0+ 0.1°C. The repro-
ducibility of a potentiometer reading was 0.1 mV.

c. Procedure. Every titration was performed in two stages. In one stage, water was
added to 30 ml of the 3 molar electrolyte mixture. The molar ionic strength I varied
from 3 molar to about 1 molar. In the second stage, the 3 molar electrolyte mixture was
added to 30 ml of water, whereupon the ionic strength increased from 0.05 to 1.5 c.

The course of a volumetric titration was as follows. The pulse timer sent an impulse
by way of the relay to the dial timer, which in turn connected the current to the motor
burette. The motor burette delivered a preselected volume of titrant through a tube to
the titration cell. One ml of titrant was delivered during each period of addition. Another

1000} ki = N (i212.5) P
X k1 =6
[ ] kz =3
0975} v ko2
gu e k=15
“ 'S =12
I 0950 ks
0925+
0900
0875F Fig. 3. Activity of water as a function of
Ly the total electrolyte concentration con-
00 1.0 20 30 taining different ratios of sodium acetate
—> Ctot, mol/l and sodium chloride.
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impulse from the pulse timer then put the dial timer back, and the measuring circuit
was switched on by the relay.

4. Osmotic measurements. The activities of water in the electrolyte mixtures were
determined previously by Danielsson et al.** The measurements were performed with a
Mechrolab 301 A Vapor Pressure Osmometer. In principle, the apparatus measures the
temperature difference required to equalize the vapour pressures of a reference sodium
chloride solution and the electrolyte solution under study. The variation of the water
activity with total concentration c, is shown in Fig. 3.

RESULTS
1. Activity coefficients of sodium chloride

a. Theoretical. A 3 molar sodium chloride solution was used as a reference
solution in the potentiometric measurements. The potentials of interest here
are
(i) the difference between the potential of cell 1 and the potential of cell 2

(containing electrolyte mixtures), which we denote by E, and
(ii) the potential of cell 1 (containing 3 molar sodium chloride solution),
denoted by E ;.
The mean activity coefficient of sodium chloride in an electrolyte mixture can
then be calgulated from the potential differences by the Nernst equation

AE=E —E =k 1ogML7_2@g
* azref
where k=RT In 10/F, and a, is the mean activity of sodium chloride at a
concentration of 3 c. When this mean activity is taken to be 2.325, as given in
the book by Robinson and Stokes,? it is found that k log a?.;=43.3 mV at
25°C. Values of the molal activity coefficients of sodium chloride in solutions,

m +
0.900p K = m:a_ (i=1,2..5)
C

Fig. 4. Molal mean activity coefficient of sodium chloride as a function of total electrolyte

concentration in solutions containing sodium acetate and sodium chloride in different

ratios. The lowermost curve is a plot of Robinson and Stokes’ data for sodium chloride
solutions.?*
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containing different ratios of sodium chloride and sodium acetate, are plotted
against the total salt concentration in Fig. 4.

b. Applicability of Harned’s rule to sodium chloride. Comparison with isopiestic
data. For comparison with previously reported data, the logarithms of the
activity coefficients of sodium chloride at ionic strengths 3.0, 1.0, and 0.1
molal are plotted against my (my/m,,) and m, in Figs. 5 and 6. The

-0.185 1=1.0m
S-0.175F
4
T
o™
L -0150 o B 1=30m
T -0.125

1=01m

~0.100

-0101 1 1

1 1 1 1 1 1 1
0.03 005 0.07 0.1
— Mpc-, mol/kg .

1 1 1 1 1
1/6 2/6 3/6 4/6 5/6 6/6
—— MNacl/Mtot

o/ 0.00

Fig. 5. Logarithm of the mean activity
coefficient of sodium chloride as a func-
tion of sodium chloride concentration in
solutions containing sodium acetate and
gsodium chloride in different ratios at total
ionic strengths of 1.0 m and 3.0 m (Na(Cl)).
Ynact: O, Robinson and Stokes;® x,
Lanier;®® @, Danielsson;** A, data of
present author.

Fig. 6. Logarithms of the mean activity

coefficients of sodium chloride and sodium

acetate as functions of acetate ion con-

centration in solutions of ionic strength

0.1 m (Na(Cl)) containing sodium acetate
and sodium chloride.

activity coefficients reported by Lanier were determined by potentiometry,2
and those reported by Danielsson et al. by osmometry.2¢ Our results are

summarised in Table 1.

Table 1. Activity coefficients of sodium chloride in solutions containing sodium chloride
and sodium acetate.

g, log ynac1

Mac I=01m I=10m I=30m
6/0 —0.1090 —0.1820 —0.1460
6/1 —0.1084 —0.1783 —0.1387
6/2 —0.1079 —0.1740 —0.1310
6/3 ~0.1072 ~0.1705 —0.1232
6/4 —0.1065 —0.1675 —0.1149
6/5 ~0.1059 —0.1629 —0.1071
(6/6) (—0.1054) (—0.1590) (~0.1000)
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2. Activity coefficients of the chloride ion

Activity coefficients of the chloride ion were evaluated from emf’s of cell 2.
It was assumed that, as postulated by Guggenheim,? »° . =7 =7y in
the additive free sodium chloride — water system.

E=E'+Fklogag—Fklog ay+Eyy

@3¢ is the activity of the chloride ion at a concentration of 3 ¢ NaCl, and B’
is the difference between the standard potentials of the two silver-silver
chloride electrodes. By combining the constant terms E’, Ky, and k log
@3 ¢, and call this magnitude E°, we get

E°—F —klog m
10g7C1= A g Mo

The values of E° were determined previously by potentiometric measurements
on solutions of constant ionic strength (3 ¢ Na(Cl)).2¢ The results of our meas-
urements are presented in Fig. 7. The logarithms of the activity coefficients

myo+ .
ki ‘-‘m—t_' (i=12..9)

Ter

> Mypt, mol/kg

Fig. 7. Molal activity coefficient of chloride ion as a function of the total electrolyte
concentration in solutions containing sodium acetate and sodium chloride in different
ratios. The curve for sodium chloride is based on data of Robinson and Stokes.??

of chloride ion are plotted against m./my, at ionic strengths 3.0, 2.0, 1.0,
0.5, and 0.1 molal in Figs. 8 and 9. The values are given in Table 2

3. Activity coefficient of the acetate ion

a. Theoretical. When the Gibbs-Duhem equation zX du;+8dT - vVdpP
=0 is applied to the four-component system Na+—Cl —Ac —H,0, one
Acta Chem. Scand. 25 (1971) No. 6
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Figs. 8 and 9. Logarithm of the molal activity coefficient of chloride ion as a function
of the molal ratio of chloride to sodium ions in solutions of ionic strengths 0.1, 0.5, 1.0,
2.0, and 8.0 m (Na(Cl)) containing sodium acetate and sodium chloride.

Table 2. Activity coefficients of the chloride ion in solutions containing different ratios

of sodium chloride and sodium acetate.

My, log ya

Mac I=0.1m I=05m I=1.0m I=20m I=30m
6/0 —0.110 —0.167 ~0.182 —0.175 —0.146
6/1 —0.094 —0.144 —0.160 —0.150 —0.122
6/2 —0.082 —0.128 —0.137 —0.129 —0.100
6/3 —0.070 —0.107 —0.116 —0.102 —0.071
6/4 —0.060 —0.090 —0.094 —0.079 —0.045
6/5 —0.049 —0.069 —-0.073 —0.058 —0.021

(6/6) (—0.033) (—0.048) (—0.050) (—0.031) (—0.005)

Table 3. Activity coefficients of the acetate ion in solutions containing mixtures of sodium
acetate and sodium chloride.

myg log YAc

Mac I=0.6m I=10m I=20m I=3.0m
6/1 —0.120 —0.116 —0.050 —0.038
6/2 —0.099 —0.084 —0.003 —0.069
6/3 —0.077 —0.042 0.035 0.100
6/4 —0.048 —0.005 0.079 0.142
6/5 —0.020 0.031 0.118 0.182

(6/6) (0.008) (0.068) (0.160) (0.213)

obtains the following relationship when the temperature and pressure are
constant, and the concentrations are molalities:
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m

—d(ln a,) = 25 d(In ay,) + 2 d(ln a)+

A m,

mw
o dlna,) m

4; denotes the chemical potential of the component j, and m, the molality
of water. In each series of measurements, the ratio my,/m, was held constant.
According to the electroneutrality condition mg,=m4+m,., we have the
constant ratios mg/m, =k —1, and myg/my=*k/(k;—1), where k=my,/
m,. and i=1, 2, 3, 4, and 5. All quantities in eqn. (1), except ay, and ay,
can be measured accurately and can hence be combined. Introducing the
activity coefficients y;=a;/m; and mean activity coefficient yy,¢ = ay,q/Myacy
= (@xal))} Myaqy, We have

—d(In y,) =2k d(In yy.o) —d(In yy) +

+d [k In my, + (k—1) In my+In m, ]+ 2" d(ln a,) (2)
Ac

If we note that the data of each series of experiments relate to a constant salt
concentration ratio, we may write

—d(In y,.)=2 k; d(In yy,q)—d(In y4)+

+2& d(n mg)+ 2= d(ln a,) ()
mAc
If we write
_d(na,)
dine,)= (I my) d(In m,)

and then combine the last two terms in this equation and change over to
Briggsian logarithms, we obtain

d(log 7,c) =d(log o) — 2 k; d(l0g yyaci)
d(In a,)

2 ky+my (b —1) 5 _ 4

-2 "l )d(mq) d VvV mg @
In 10 ==
Vmg

In our calculations, we took as the lower integration limit the one, where
the total salt concentration is 0.1 ¢=0.1 m. This presumes that the value of
the activity coefficient of acetate ion can be estimated in all solutions in
which the total salt concentration has this value.

If we apply Harned’s rule 2 to mixtures, in which the ionic strength is
0.1 molal, we have

{Iog Pwact =108 Pxact —@My,sc
log PNaac ™= IOg yoNaAc - ﬂ Myac

« was determined experimentally (Fig. 6), and )°g,q and y°g,,. are, as
given by Robinson and Stokes,?? the mean activity coefficients of sodium
chloride and sodium acetate, respectively, in the additive free salt-water
systems. Kortiim 2 has given the following equation for the evaluation of the
constant f:
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0.1
2 In y°
f=a— Tfmd {n_ycNa_Cl}
mtoto In °gase

Values of y°g,,. at ionic strengths below 0.1 molal have not been reported,
and hence we calculated the values from the equation proposed by Guggen-

heim 2
VI
log ¥ xanc= —Alz,||2_| ——== +Amy,, .
§ ¥xaa i l\/l mol/kg +V'1 NaA

where z is the ionic charge, A=0.5091 at 25°C, and A=0.185 mol kg (Harned
and Owen 28 give the value 1=0.252 mol™ kg). Values so calculated are plotted
in Fig. 6.

The values of y,, at the ionic strengths in question were calculated from
emf data for cell 1, assuming that y,. at 0.1 m can be estimated with sufficient
accuracy from the expression

Pac= yzN&Ac/ VNa

When eqn. (4) is integrated between total concentrations 0.1 m and m, one
obtains the expression

log y,.=10g y¢;— 2k; 10g yyaci + K —

% (o —m, (tg 1) 300 %) (5)
—2loge f T i__ d(mg) & dvmg
\/mo.m \/md

where K,=log y,.+2k log yy.q—log 74 at a total concentration of 0.1
molal, and is hence known at each value of k(=my,/m, ). moiq is the
concentration of the chloride ion at the same total concentration. The quotient
d(In a,)/d(m.) was evaluated from the slope of the plot of In @, against m,.

ki= & (i21,2..5)
1800  MAc
'u
2
1.500
1.000
0.700

| — 1 L 1 1 1 1 —T
00 05 10 1.5 20 25 3.0 35
—— Myot, Mol/kg

Fig. 10. Molal activity coefficient of acetate ion as a function of total electrolyte con-
centration in solutions containing sodium acetate and sodium chloride in different ratios.
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Fig. 11. Logarithm of the molal activity
coefficient of acetate ion as a function of
the molal ratio of acetate to sodium ions
in solutions of ionic strengths 0.5, 1.0, 2.0, -0.150
and 3.0 m (Na(Cl)) containing sodium ’
acetate and sodium chloride.

1

0/6 1/6 2/6 3/6 4L/6 5/6 6/6
—= Mpc-/Mygar

The value of the integral was determined by a graphical method. m,, is the:
concentration of water in mol kg™. Values of the activity coefficient of the-
acetate ion thus calculated are plotted in Fig. 10.

Values of the activity coefficient of the acetate ion in different salt solu--
tions of ionic strengths 0.5, 1.0, 2.0, and 3.0 molal are plotted against the
ratio m, /my, in Fig. 11. As the plots are linear for all ionic strengths, Har-
ned’s rule can be applied to the acetate ion as expected on the basis of earlier
studies of the hydrolysis of sodium acetate.®

DISCUSSION

The electromotive forces of the cells were measured with an accuracy of
+ 0.1 mV. If this were the only source of error, the values of the mean activity
coefficients of sodium chloride and the activity coefficient of the chloride ion
would be accurate to about 0.5 9%,. The greatest source of error is probably
the diffusion potentials which are assumed to remain constant in each series
of measurements. The reason why we chose to determine the activity
coefficients of the chloride ion, and not the activity coefficients of the sodium
ion, was that sodium ions in solutions of higher homologues of the acetate
take part in complex and micelle formation, whereas chloride ions do not.

Estimation of the accuracy of the calculated activity coefficients of the
acetate ion is difficult. According to Harned and Owen,? the error in the
theoretically calculated activity coefficients of sodium acetate in additive
free sodium acetate solutions is only =0.5 %,. It seems to be a reasonable
assumption that the errors in the calculated values of the activity coefficients
in the 0.1 molal mixed electrolyte solutions are of the same order of magnitude.
In addition, we have the uncertainties in the experimental data and in the
complicated graphical estimations. A comparison with potentiometrically and
osmotically determined activity coefficients of the acetate ion in solutions
containing mixtures of sodium chloride and sodium acetate of ionic strength
3 ¢ Na(Cl), reported by Danielsson and Ohman,?? reveals that the agreement
is good. This suggests that the errors in the activity coefficients of the acetate
ion evaluated in this work do not exceed +1 9%,.
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A series of experiments with the aim of evaluating the activities of the
propionate, butyrate, and pentanoate ions in the ternary systems sodium
chloride —sodium alkanoate —water is in progress. In these experiments, the
ionic strengths of the studied solutions are being held constant at one level
only, and the ratios of concentrations of the various ionic species are not
being varied, as was done in the present study. In this way it is expected that
the laborious calculations will be simplified.
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