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Standard Potential of the Silver-Silver-Chloride Electrode
from 0° to 95° C and the Thermodynamic Properties
of Dilute Hydrochloric Acid Solutions

Roger G. Bates and Vincent E. Bower

From electromotive-forece measurements of the cell without liquid junction:

Pt; H, HCI (m), AgCl; Ag

through the range 0° to 95° C, caleulations have been made of (1) the standard potential of
the silver—silver-chloride electrode, (2) the activity coefficient of hydrochlorie acid in aqueous
solutions from m (molality) =0 to m=0.1 and from 0% te 90° C, (3) the relative partial
molal heat content of hydrochlorie acid, and (4) the relative partial molal heat capacity of

hydroehlorie aecid,

The extrapolations were made by the method of least squares with the aid of punch-card

technigues.
were studied at 25° C.

Data from at least 24 cells were analyzed at each temperature, and 81 cells
The value of the standard potential was found to be 0,22234 absolute

volt at 25° C, and the standard deviation was 0.02 millivolt at 0° C, 0.01 millivolt at 25° C,

and 0,09 millivolt at 95° C.

The results from 07 to 60° C are compared with earlier determina-

tions of the standard potential and other quantities derived from the electromotive force.

1. Introduction

The silver-silver-chloride electrode is emploved
extensively in the determination of ionization con-
stants and other thermodynamie data by the electro-
motive-force method [1]." Tt is therefore important
that the standard potential of this electrode be
known as accurately as possible over a wide range
of temperature.

Electromotive-force measurements of cell A

Pt; H, (g, 1 atm), HC1 (m), AgCl; Ag, (A)
at values of m sufficiently low to be useful in deter-
mining the standard potential by extrapolation to
zero molality have been made by a number of
investigators (2 to 16]. The measurements of Giin-
telberg were made at 20° ', and all of the other
investigations, except that of Harned and Ehlers
which covered the range 0° to 60° (!, were confined
to 25° C. Recently, Harned and Paxton [17] have
caleulated the standard potential for the range 0°
to 50° C from the electromotive force of cells of
tvpe A containing aqueous mixtures of hyvdrochloric
acid and strontium chloride. In connection with
the establishment of pH standards, the standard
potential was needed in the range 60° to 95° €, In
view of the extensive use of this electrode in electro-
chemical studies, it was deemed desirable to redeter-
mine the standard potential at lower temperatures
as well,

The measurements reported here were made at 17
temperatures from 0° to 95° C and were limited to
molalities between 0.001 and 0.12.  The number of
e

1| Figures in brackets indicate the literature references at the end of this paper,

2 The ealenlation of the standard potential from the data of Harned and Ehlers

has been examined by Harned and Wright [10], Prentiss and Seatchard [11],
Hamer, Burton, and Aeree [12], Hills and Ives [13], and Swinehart [14].

| cells studied ranged from 24 at 45° (! and 55° C to
80 at 60° C' and 81 at 25° €. The equations used
for extrapolation were obtained by the method of
least squares. Puncheard techniques aided in the
caleulation.

2. Experimental Procedures

Hydrochlorie acid of reagent grade was distilled
in an all-glass still; the middle fraction (about two-
thirds) of the distillate was collected and redistilled.
The middle fraction of the distillate from the second
distillation was diluted, as needed, with water to
about 0.1 m and was standardized gravimetrically
by weighing silver chloride. Test of the undiluted
acid revealed no bromide [18]. One of the three
0.1-m stock solutions was standardized three times
over a period of 8 months; the concentration ap-
peared to have changed only 0.02 percent in that
time.

The cell solutions were prepared as needed by
diluting portions of the stock solutions with water
that had a conductivity of about 0.8>107% ohm™!
em™! at room temperature. Dissolved air was re-
moved from most of the solutions by bubbling
nitrogen; the rest of the solutions were saturated
with hydrogen or boiled under vacuum. When the
latter procedure was used, the weight of the solution
was determined after boiling so that the final con-
centration. could be ecaleulated accurately. The
electrolytic hydrogen, obtained in ecylinders, was
purifiedd by passage over a platinum catalyst at
room temperature and then over copper at 500° .

Each of the cells, deseribed elsewhere [19], con-
tained two hydrogen electrodes and two silver-
silver-chloride electrodes. The latter were of the
thermal-electrolytic type [2, 20]. The silver oxide
from which they,were prepared was washed 40 times
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with distilled water.

The 1-M hydrochlorie acid in | used in this work, £ was about 40 mm.

The cor-

which they were chloridized was a distilled sample | rection therefore amounts to 0.02 mv at 25° C, 0.03

free of bromide. The electrodes were prepared at
least 24 hours before use. For the high-temperature
series (60° to 95° ), the cells were provided with
extra hydrogen saturators consisting of three cham-
bers, as described by Bates and Pinching [21].

Two calibrated potentiometers were used. The
standards of electromotive force were a pair of satu-
rated Weston cells maintained at a temperature
near 36° C' in a thermostated box of the tvpe de-
seribed by Mueller and Stimson [22].  Three con-
stant-temperature baths were employed ; water baths
were used from 0° to 60° C' and an oil bath from 60°
to 95° C. The temperature was regulated to the
desired even temperature within the limits of --0.02
deg C from 25° to 80° €' and =+-0.03 deg C from 0°
to 20° €' and above 80° €.  Temperature measure-
ments were made with a platinum resistance ther-
mometer. The difference of temperature between
the o1l bath and the solution in a cell immersed in
the bath was found to be less than 0.1 deg € at
90°% C.

The cells from which the data for the range 0° to
60° (! were obtained were measured initially at 25° C,
The constant-temperature water thermostat was
lowered to near 0° C overnight, and the measure-
ments from 0° to 30° C' were made on the second
day, followed on the third day by the measure-
ments from 30° to 60° C. A final check of 34 of the
cells was made at 25° (. The average difference
between initial and final values was 0.18 mv. The
final value was almost always lower than the initial
value, and there was some indication that a con-
siderable time was required for equilibrium to be
established after the rapid drop from the higher
temperature. Seven of the cells were measured
only in the range 25° to 60° C. The data for the
high range, 60° to 95° C, were obtained from a
separate group of cells immersed in an oil bath,
The initial measurements of these cells were made
at 252 C or at 60° C, and the other temperatures
were studied in aseending order. A final check at
60° (' was sometimes but not always made.

The electromotive-force values were corrected to a
partial pressure of hydrogen of 1 atm. Inasmuch
as the ionie strength did not exceed 0.113, the vapor
pressure of each solution from 0° to 70° C was taken
to be that of pure water [23]. The error introduced
by this approximation appears to be less than (.02
mv at 70° C for the most concentrated solution
studied. At 80°, 9G°, and 95° C, the pressure cor-
rection was made with sufficient aceuracy by as-
suming that the relative vapor-pressure lowering due
to the presence of hydrochlorie acid is the same as at
25° C [24].

Hills and Ives [25] have identified an excess pres-
sure effect due to the depth of the jet through which
the hydrogen enters the solution. From their re-
sults, it is evident that the effective partial pressure
of hydrogen at an electrode located just below the
surface 1s greater than that in the gas phase by (0.4
h/13.6) mm, where & is the depth in millimeters of
the hydrogen jet below the surface. In the cells

my at 6C° C, 0.8 mv at 90° C, and 0.16 mv at 95° C,
Nevertheless, the corrections were not applied to the
electromotive-foree data and standard potentials
reported here, in order that these results could be
used directly in other studies where the average jet
depth is about the same (namely, 4 em) as in this
investigation. The thermodynamie constants for
hydrochlorie acid solutions are unaffected, as they
depend upon the difference F—FE° and its change
with temperature,

3. Standard Potential of the Cell

From the equation for the electromotive force, [,
of cell A one can write

4.60518RT

EP=E+="

(log m +log v.), (1)

where £° is the standard potential of the cell, v is
the stoichiometric mean ionic molal activity co-
eflicient of hydrochloric acid, and the other symbols
have their usual significance. Harned and Owen
[1, chap. 11] have shown that experimental activity
coefficients of uni-univalent strong electrolytes up

' to 1 m can be expressed with high accuracy by an

equation of the form

=na —+Cle+-(eat.)—log (140.03604 m),
1+ Ba*ye
(2)

log v.=

where ¢ is the molar concentration, A and B are
constants of the Debye-Hiickel theory, 7 is an ad-
justable parameter, and a* is the 1on-size parameter,
and (exf.) represents the total contribution of the
extended terms in the Debye-Hiickel theory.

When m does not exeeed 0.1, e differs from
ymd®, where d° i1s the density of pure water, by
less than 1 part in 1,000. Substitution of md®
for ¢ in eq (2) and combination with eq (1) gives

4.60518R 7T A'\m
Ee'=F°—pgm=FK+ : - [.l(]u_‘ 37N Al i S
F : L+ B'a*m

+(ext.)—log (14-0.03604 m):l, @

where 8 is a constant for a particular temperature
and value of a®*. The values of A’ and B’ from 0°
to 100° € have been tabulated elsewhere [26],
and (ext.) from 0° to 60° C for a*=4.3 is given by
Harned and Ehlers [9]. The latter is only —0.00075
at 0° and —0.00094 at 60° for the highest concen-
tration studied in this investigation; hence, its
value for 70°, 80°, 90°, and 95° ' was obtained by
linear extrapolation. These values of (ext.) were
used in the caleulations at all the temperatures
studied. The extended terms correction becomes 0
at m=0, but is a function of a*. The differences,
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ext. (4.3 A)—ext. (6.0 A), at 60° C (where the best
fit was obtained with a*=6.0) were not quite hnear
with m. Nevertheless, the mean departure from a
straight line was less than -+0.03 mv, or about
one-third the probable error at this temperature.
The values of 2.30259RT/F in absolute volts were
computed from R=8.31439 j deg ' mole™* and
F=96493.1 coulombs equivalent™" [27], and the
absolute temperature, 7, was taken to be (° C-+
273.160.

The number of solutions studied was sufficiently
large to justify the use of statistical procedures in
analyzing the data. With the proper choice of a*,
a plot of £°", eq (3), should be a straight line with
intercept £° and slope —B. The best value of a*
is presumably the one that makes /27" most nearly
a limear function of m. To ascertain this best
value, £°" was calculated for three values of a*
at 0%, 25° and 60% C' and fitted to a linear equation
by the method of least squares. The standard devi-
ation, ¢, of an experimental point from the least-
square line 1s plotted as a function of a* in figure 1.
The curves are believed to justify the selection
of 4.3 A for a* at 0° and 25° C and 6.0 A at 60° C,
The values of a* for temperatures between 25°
and 60° and from 70° to 95° C were determined by
inspection of the plots of £° as a function of m
for two or more values of a*,

If an incorrect value of the ion-size parameter is
used, the plots of £ with respect to m become
curved, and the mtercept of the straight line estab-
lished by least squares is no longer the true value
of £°. The influence of a change in ¢* is demon-
strated by the data for 25° (:

a* e | @
= = —|

A s mu

2.0 0. 19

4.3 07

6.0 . 22246 g

Table 1 contans a summary of the least-square
calculations at the 17 temperatures. The standard
potential of cell A is given in the fifth column,
The standard deviation, o;, in millivolts, of the
intercept is given in the sixth column. The value
of £° from 0° to 90° C is given by the equation

F2°=0).23659— (4.8564 > 107" {—(3.4205< 1075 ¢ *
+(5.869 1077 3, (4)

where £ is in degrees Celsius.  The standard potential
of the silver—silver-chloride electrode is either equal
to ££° (cell A) or —FE°, depending on which of the
two common conventions for single electrode po-
tentials 1s adopted.

The “observed’ wvalues of FE° are compared in
table 1 with those calculated by eq (4). The last
column gives A, the difference in millivolts, between
the caleulated and observed value at each tempera-
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Frovre 1. Standard deviation of E°'' from the least-square
line as a function of a* at 0°, 25°, and 60° .

Tanre 1. The Standard polential of the eell: H,; HCU (m),

AgCl; Ag from 0° to 85°

summary of least-square caleulations, and values of E° from 07 to 90° C
calenlated from eq (4).
Num-
¢ berol | a* B8 E° ay E° (e 4 A
cells

ot il ¢ ! mu

0 41 i3 174102 0. 28655 002 410, 0

5 B | 4.3 1. 80 234158 2 — . 115

{1] a2 4.3 1. 74 142 .1 -, (2

5] 42 ] 1.79 ol —. 01
20 32 4.3 1. 82 02 MY
25 &1 4.3 1. 75 220 .01 +. Ui
a0 44 4.4 L 75 . 21004 02 <. 06
35 7 1. 15 21565 L2 +.01

L[] 47 S 1. 23 L 21208 A3 —. 01

45 24 5. 0 1. 14 .03 — 0l

il 2 5.0 1. 4 1%} 00
i) 24 a0 1.12 .M —. 05 |
il 80 ti 1) . 16 3 —. 08
70 13 B0 | —0.14 4 +.03 |
st 449 (] =37 o7 .12
40 14 1.4 =37 L Higa2 . 0n . 16946 —. 06
95 47 6.0 .32 16511 g

ture. The average value of A at the 16 tempera-

tures 1s 0.04 my.

Figure 2 is a plot of E° at 0°, 25°, 60°, and 90° C
(open cireles) as a function of molality. The closed
circles were computed from the data of Harned and
Ehlers [9] by the method deseribed above. They
lead to values of 0.23660 abs v for £° at 0°, 0.22252
v at 25°, and 0.19650 v at 60°.
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GURE 2,

MOLALITY OF HCI

Plots of E" at 0%, 257, 607, ana 90° C'as a function of molalily.
Dots indieate the measurements of Harned and Ehlers.

TasLe 2. Smoothed values of the electromotive force of cell A in absoluie volls from 0° to 90° C

m Ey En Esy Ey | En Ew Es Eqpn ‘ En ‘ Esw Es
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TasLe 3. Activity coeflicient of hydrochloric acid from 0° o 90° C
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5 ]| .« 8357 . B35l B3O8 | B2O1 SB283 | (82 8227 BIT7 <813 R0
7 8203 . 8196 L K163 L8137 L R119 . B107 . 8058 . 8033 it . 792 . TES
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4. Activity Coefficient of Hydrochloric Acid

The electromotive forces given in table 2 were com-
puted from the smoothed values of £ at round
values of the molality. This £° was computed,
in turn, from the intercepts and slopes of the least-
square lines listed in table The mean activity
coefficients caleulated by eq (1) from these smoothed
values of & and the values of ££° given in table 1 are
summarized in table 3.

Neither the electromotive force nor the activity
coeflicient was smoothed with respect to temperature.
Henee, for a ealeulation of the thermodynamic quan-
tities derived from the temperature coefficients of
electromotive foree, the values of —log v, at 25° C
and at intervals of 10 deg C' from 0° to 90° were
fitted by the method of least squares to a power
series in f, the temperature on the Clelsius seale:

-log v.=A- Bi+ Ct%. (5)

The values of log v, were given equal weight at each
temperature. The constants of this equation for
eight values of the molality are listed in table 4

Tasre 4. Constants of the equation: —log v =A -+ Bl C#
Jor the temperature range 1 =0° to t=90° '

A=mean difference between ealeulated and observed values,
in pereent of —log v at 25° C

m A I [ A

(1 001 (0, 01470 0. 273104
03 2051 288
05 L3106 43
3 RULE | . 810
02 . D56EG L B&T
05 07684 | 1,058 |
A7 SELS 1,299 |
.1 RIS 1. 620

The last column gives the mean difference between
the caleulated and observed log v, at the 11 tempera-
tures, expressed as percentage of —log v, at 25° C.
When the values of log v. were weighted according
to the reciprocal of the probable error of [£° at
the appropriate temperature, the fit to eq (5) was

not as complete as when e'qllul weight was given to |

each value. The relative partial molal heat content
computed from the two sets of constants differed on
the average by 15 j mole™ at 0° C, 7 j mole™ at
25° C, and 42 jmole™" at 90° €. The relative partial
molal heat capacity was changed about 0.4 j deg™!
mole~ at 0° C, 0.5 j deg™' mole™! at 25° C, and 1.2 j
deg™" mole~! at 90° C,

5. Relative Partial Molal Heat Content and
Heat Capacity

The temperature variation of log v. can be used
to caleulate the partial molal heat content, L., and
partial molal heat capacity, /.. of hydrochloric acid
relative to its value in the infinitely dilute solution.

[ in figure 3.

Closed eireles indicate the results of Harned and Ehlers.

The former is given by

o(—logv.) ) 5
2T  4.6052RT* ©)

where 7" is the temperature on the Kelvin scale.
Inasmuch as o7'= ot, we obtain, by combination of
eq (5) and (6),

—4.6052RT*(B4-201) (1)
and

gﬁ:‘—q 2A4RTC+9.2104RT(B+2C1).  (8)
The values of L, and .J,, in absolute joules, caleulated
from these two equations are listed m tables 5 and 6.
The relative partial molal heat content at 0°,
25° 60°, and 90° C is plotted as a function of m'*
The dots represent the results obtained
by Harned and Ehlers [9, 1] at 0°, 25°, and 60° C.
The dashed line locates Sturtevant’s ecalorimetric
values at 25° C [28]. The agreement with the
earlier determinations can be regarded as very
satisfactory at 0° and 25° C! and ace v]ﬂnl)lv at 60° C.
The relative partial muln.l heat capacity, ./, at 25° C
is plotted in figure 4. The dots again indicate the
values obtained from the measurement of Harned
and Ehlers® The dashed line is an extension to

1 These are the means of the two sets of values given by Harned and Owen,
computed from the experimental data in two different ways.

2000 T ] T

1500

1000

Ly ) mole~!

500

¢} 0. 0.2 0.3 0.9
mifz

Fiavre 3. Relative partial molal heat content, La, of hydro-
chlorie weid at 0°, 25°, 60°, and 90° €' as a function of the
square root af the molality,

Dashed line repre-
sents Sturtevant’s calorimetric resalts at 25° C,
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TAarLE 5.

Relative partial molal heal conlent,

To, of hydrochloric acid from 0° to 90° C

In abs j mole—.

m | 18 ‘ 10¢ 20° 25° e
0,001 w8 43 U8 102
L002 82 9% 12 120 129
05 | T 145 166 176 187

| . 146 176 200 7 246
| o2 | s 230 277 303 320
| los 302 36 437 475 14
07 371 450 538 | a8a e

| 1 163 566 i1 T4 807

40° | 50° 60° 0° ‘ 80° | ane
) |- —
11 120 130 o | 13 163
147 167 189 215 287 264
211 237 264 294 325 350
285 320 377 17 4853 42
386 448 516 588 668 752
590 692 798 | w2 1,020 1,146
739 854 979 1,114 1, 260 1,417
045 1, 096 1, 260 L464 | 160 1,837

Relative partinl molal heal capacily, Js, of hydro-
chloric aeid from 0° to 50° C

TasLe 6.

In abs j deg~! mole -1,

m 0" ‘ 25° ‘ e we |
| 0.001 0.7 0, & | O (5
002 13 1.7 2.2 2.8
005 L8 2.2 2.9 3.5
it 2.9 37 1a ‘ 61
02 4.0 52 7.0 5.8
.05 61 7.8 | 105 | 131
07 7.5 9.6 | 130 | 163
1 98 | 126 | 1.1 | 21.4
15 T
= =
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]"1r:l'm'-:‘ 4. Relative partial molal heal capacity, J, of hydro-
chloric acid at 25° C as a function of the square root of the
molalily.

Closed cireles indieate the values of Harned and Ehlers, and the dashed line is

an extension of the calorimetrie data obtained by Gueker and Schminke
above 0. 1 m.

m'#=0 of the straight line representing the values

of .J, obtained ecalor imetrically by Gueker and
Schminke [29] ¢ at molalities from 0.1 to 2.25.

4 The data of Gueker and Schminke deviate sharply from the straight line
below 0.1 m. This anomalous behavior has not been expliined,

6. Discussion

The values of £° for the temperature range 0° to
60° C' are compared in table 7 with those obtained
from the measurements of Harned and coworkers
[9, 17]. The standard potentials of Harned and
Paxton, given in the fifth column, are in better
agreement with the present work than are those of
Harned and Owen (second column).  Although their
values are based on only six points below an ionic
strength of 0.1, Harned and Paxton point out that
a straight line could be drawn to within 0.03 mv of
these six points at nearly every temperature.

Harned and Wright's recaleulation [10] of Harned
and Ehlers’ data, based on improved values of the
natural constants, lowered the figures in the second
column of table 7 by an average of about 0.14 myv
(0° to 40° C), whereas Swinehart’s recent recaleula-
tion [14] with the aid of newer values of £, T, and F
raised them by 0.09 mv on the average. The
extrapolation method of Harned and Ehlers, which
expressed the activity coefficient in eq (1) by the
Debye-Hiickel limiting law, was used to obtain all of
the potentials except those given in the last column.
In the present investigation it was found that such
an extrapolation procedure, applied to data at
molalities up to 0.1, yields a curved line, concave
upward, and of appreciable slope at low concentra-
tions,

TasrLe 7. Standard potential, E°, of cell A from 0° to 607

in absolute volls

Electromotive-foree data of Harned and
| Ehlers [#

Harned

t — S | This in-
Harned | Harned and | Swinehart | Paxton [17] | vestigation
and | Wright [10] |14] (recal-
Owen [1] [(recaleulated)| eculated) |
| e
| 0 0, 23642 0. 23635 0. 23647 0. 23652 0, 23655
i} | 23400 . 23302 . 23406 23405 . 23413
10 | 238134 L23124 . 23145 L2337 L 23142
15 . 22855 . 22841 « 22865 L 22849 . 22857
20 . 22558 . 22544 . 22568 . 22549 « 22557
25 . 22246 22230 . 22254 . 22230 L 22234
30 . 21419 . 21801 . 21924 . 21008 21904
a5 . 21570 . 215651 L 21578 21570 . 21565
40 . 21207 L 21189 . 21216 | 21207 . 21208
45 . 20828 T . 20841 20833 . 20835
&0 L 20444 . 20452 L 20449 . 20449
il . 20042 S0 1 LR |5, A « 20056
i) . 19626 L1068 | e . 10649
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Evidently the consistency of the different sets of
data can only be judged if both sets are treated in
the same manner. As may be seen in figure 2, the
electromotive-foree data and standard potentials re-
ported here are in acceptable agreement with those
of Harned and Ehlers at 0° and 60° C*, but appear
to be about 0.18 mv lower at 25° €. A difference
of this magnitude at 25° C, where the results are
stafistically the most precise, 1 difficult to explain,
particularly because the silver-silver-chloride elec-
trodes and the hydrochloriec acid were prepared by
similar procedures in the two investigations. A
critical examination of the electromotive-foree data
obtained by other workers is therefore of particular
interest.

This comparison was made first at low concentra-
tions, where the mode of extrapolation has the small-
est influence on the result,  All of the available emf
data were accordingly converted to absolute volts
by multiplying by 1.00033 [30].  Values of £°" were
then (_Um])lll(‘[l by eq (3) with a*=4.3. The results
of this recalculation at molalities below 0.003 are
shown in ficure 5. The open cireles are the data of
this investigation, and the least square line is shown,
The dashed line is the extension of the straizht line
through the points of Harned and Ehlers, all of which
were at molalities above 0.003.

The most numerous data in this region of low con-
centrations are those of Anderson and Young [15],
indicated by closed cireles in the figure. The value
of £° obtained from these measurements appears to
be about 0.22242 abs v. The erosses were caleulated
from the measurements of Carmody [8], and the
half-shaded cireles mark the lowest points of Roberts
[7]. The other data for cell A in this low-range
display larger deviations and are not plotted. The
four measurements of Linhart [3] in the range of the
figure, all below 0.001 m, vary from 0.2225 to 0.2228,
The five points of Maronny and Valensi [16] below
0.0025 m lie 0.1 to 0.4 myv below the solid line. The
average value of ££°" computed from Nonhebel's six
measurements [5] between m=0.0008 and m=0.003
is 0.22243-L0.00005 abs v.  Below m=0.0008, how-
ever, £ rises rapidly, exceeding 0.223 v at the
lowest molalities studied.

A comparison limited to low concentrations suffers
from the fact that the experimental data are usually
less aceurate below 0.01 m than above, Hence, the
electromotive-force data of Giintelberg [6] at 20°
and ol Roberts, Carmody, Harned and Ehlers, and
Anderson and Young at 25° €' for molalities up to
0.1 m were smoothed to round molalities, where
necessary, on a plot of £° as a function of m and
are compared in table 8. It is seen that the values of
Giintelberg agree reasonably well with those reported
here and are somewhat lower than those of Harned
and Ehlers. The latter are also higher than the
others at 25° C, whereas those of Carmody and of
Anderson and Young agree well with the present
work, The emf data obtained by Roberts between
0.01 m and 0.1 m appear to fall between those of this
mvestigation and the data of Harned and Ehlers.
With the exception of one low value, obviously
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Plot of E®'" at low concentrations as a function of
molality at 25° (.

Ficure 5.

Cireies, data of this investigation; closed eireles, data of Anderson and Young;
erosses, data of Carmody; half-shaded eircles, data of Roberts,

erroncous, the five points of Noyes and Ellis [2] below
m==0.1 agree with the results reported here, as do
the four of Seatchard [4] between 0.0104 and 0.1
and the two of Linhart [3] above 0.01 m. Seatchard’s
three points near 0.01 m, however, lie nearly 0.2 mv
below the line through his other points. 1t may be
concluded that the work of Giintelberg, (mmml\
and of Anderson and Young is consistent with the
present study, whereas the measurements of Non-
hebel and Roberts, and those of Linhart below 0.01
mi, tend to support the higher value of Harned and
Ehlers at 25° C.

Tarvve 8 Smoothed electromotive force of eell A at 20° and
25° €, in absolute volts
- Giintel- | Rob- | Car- | Hamed jAnderson) pp .
g crat ] 8
herg [6] erts [7] | mody [8] [Ehlers 9]/ Young [13] |vestigation
Measurements at 20°
(IR 0. 46318 0. 46323
L2 42082 . 42485
0& . 38615 i L AR
1 . 35427 - 46316
Megsurements at 25°
i, 00 0. 57921 (), 57800 0, 57016 0, S7H08
L2 544 b - 54422 . 64418
05 = LABRG2 48842 = . AusA0
.1 R 12 YT e i1 354 b
02 . 43030 43018 L AB037
i . « R4S ARG
ik = . 35236 . 35252
# Harned and Paxton I].], 0.464387
Qe

A rather large upward trend in £°"" at the lowest
concentrations ig observed in the data of Linhart as
well as of Nonhebel. A departure from the theoreti-
cal slope is not to be expeeted in this region and was
not found by Clarmody or by Anderson and Young.
It is possible that traces of oxygen, known to shift
the potential of the \ll\'l'l'—‘nll\'l‘]' chloride electrode
toward more positive values in acid solutions, may
explain this elevation of electromotive force at low
molalities. The chloride-sion concentration in the

vieinity of the silver-silver-chloride electrode is
lowered by the following reaction [6]:
2 Ag+2 HCI+0=2 AgCl+4H,0. (9)
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The resulting change of emf may be appreciable in
dilute solutions, for dF/dnc,, where e is a number
of equivalents of chloride ion, is much larger than in
solutions of moderate or high concentration.

Nevertheless, dissolved air cannot explain the dif-
ference between the results of the present investiga-
tion and those of Harned and Ehlers because an
air-free technique was used in both investigations.
The potentials of silver-silver-chloride electrodes are
known to be altered likewise by traces of bromide
[18, 31] and by aging during the first 30 hours after
preparation [32]. A lowering of the electromotive
force of the cell by 0.18 mv would require about
0.02 mole percent of bromide impurity in the hydro-
chloric acid used in this study; this quantity could
hardly have gone undetected in the test that was
performed. The effect due to aging causes the emf
of the cell containing a freshly prepared silver—
silver-chloride electrode to be too hlgh The agree-
ment among measurements at 25° C made at dif-
ferent points in the temperature series would seem
to rule out a pronounced effect due to aging. No
simple reasonable explanation for the differences
between emf values at 25° C reported here and
those of Harned and Ehlers has been found.

The activity coeflicients and other thermodynamie
properties of hydrochlorie acid are dependent not
upon the value of E° but on the difference £— E°.
Inasmuch as the extrapolation lines are nearly par-
allel (see fig. 2),> the activity coefficients at 25° C
reported here agree very well with these computed
from Harned and Ehlers's measurements with a
standard potential of 0.22252 abs v (the value ob-
tained from the emf data of Harned and Ehlers by
the extrapolation procedure used in the present
work). The activity coeflicients from these two
sources are compared in table 9 with those obtained

TavLe 9. Activity coefficient of hydrochlorie acid at 25° C

" ”f;{m"l Shedlov- Hills and  This inves-
) ey sky [33 Ives [13 tigation
| Ehlers [9] y [33] es [13] SR
(1. 101 . Be46 (). Biss . 9650 1. 9650
.02 L0616 L0525 L9519 9520
(05 . Y285 . 9287 . Y2R0) 83
.01 L 044 . 49 T . B35
.02 . 8753 . 8757 8747 8753
05 . 8303 . 8301 . B2 . B30s
07 RO . L8129 8137

| . TO6G . TH3R . THAN . T

by Hills and Ives [13] in a caveful study of the
hydrogen-calomel cell without liquid junction and
with those computed by Shedlovsky [33] ® from trans-
ference numbers and the electromotive foree of cells
with transference. The agreement with the deter-
mination of Hills and Tves is very satisfactory, and
the only notable difference from the values of Shed-

 Prentiss and Seatchard [11] bave noted that the slopes of the lines plotted

frulll the data of Carmody, Hoberts, and Harned and Ehlers are nearly the same,
0 A similar comparison has been made by King [34].

WasHinGgroN, February 25,

lovsky appears to be at m=0.1, where the departure
corresponds to 0.19 mv in the electromotive force.

Grateful acknowledgment is made to W. J. Youden
for advice and assistance in the statistical treatment
of the data, and to G. Valensi for furnishing nu-
merical data not given in his paper. The authors
are algo indebted to T. F. Young for helpful discus-
sions during the course of the work.
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