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INTRODUCTION

BACKGROTIND, PURPCSE AND SCOPE OF PROBLEM

In 1952, Guereca (l) reported his work in determining the mean activity
coefficients of hydrochloric acid in the systems cobalt chloride-water-hydro-
chloric acid and nickel chloride-water-hydrochloric acid., Guereca did the
work by an E,M,F., method (2,3) employing the cell H,/HCL(m,)CoCl, or
Niﬁla(mz)/AgClmAgo The physical construction of the cell can be found in
Guereca's Thesis (1). Twelve series Bf solutions were investigated, eight
containing the salt, cobalt chloride, and‘four containing the salt, nickel
chloride, Bach series consisted of a number of solutions containing hydro-=
chloric acid at a fixed molal concentraztion, water and cobalt chloride or
nickel chleride, The concentration of the latter salts varied from a molal-
ity of a few tenths to nearly saturstion, The hydrochloric acid in the“dif==
ferent series ranged from 0,04 molal to 10,6 molal, |

Garwin and Hixson (4) had previously studied the solvent extraction of

L)
R

these systems by 2-octanol in which hydrochléric acid was shpwh toibe'an ékfi: -
tréctionapromoting agen£° As a consequence of this work Guereca's pﬁrpoée;
in studying these systems was to discover some of the principles governing
the extraction process, He hoped also that the determination of the activity
coefficient of hydrochloric acid in the presence of cobglt chloride and nickel
chloride would add some knowledge to the field of concentrated electrolyte
mixtures.

In 1954 Gootman (5) reported his comprehensive investigation of activ-

ity in hydrochloric acid-water-nickel chloride or cobalt chloride mixtures.
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A large part of Gootman's work covered the same ranges in concentration as
the prior work of Guereca,
Gootman used the gas transpiration method (6) to determine the partial

pressures of the volatile components in the systems, By making use of the

relations P = NP, P = NP, etc. (1)
where P, = partial pressure of component a
Na = mole fraction of component a
P = total pressure

the partial pressure of each component of the gaseous mixture was calculat-
ed from an experimental knowledge of P and Na” Nb” Nco A graphical integrat-
icn of the Gibbs-Duhem equation (5) was performed and the activity of the
nonvolétile component, namely the cobalt chloride or nickel chloride, was
obtained,

Gootman, like Guereca, made this study in order to further correlate
extraction data with aqueous-phase solute activities. It was also felt that
the work would be an important contribution to the thermodynamics of concen-
trated solutions.

The mean activity coefficients of hydrochloric acid as obtained by both
Gootman and Gureca are shown plotted against molality of salt in Fig. 1.

The data taken from these two dinvestigations are listed in the section of
tables and graphs,

As can be seen from Fig. 1 the results obtained by vapor pressure
measurements are quite different from the results obtained by EQMQF; meas=-

urements, In the lower concentration range the E,M.F. results lie above

the vapor pressure results, and the relative positions of the NiCl,-HC1l and



CoCl,-HCl curves are inverted in the two investigstions, as the salt concen-
tration increases the vapor pressure curve for the system containing nickel
chloride crosséé the E,M.F, curve in every case except in the 10 series where
the low solubility of the nickel chloride stops the curve short of crossing.
The E.M.F, curves are concave toward decreasing activity coefficient whereas
the vapor pressure curves are either conecave toward increasing activity co-
efficient or almost straight lines,

It was these extreme and unexplained differences that brought about the
present research, It was decided to reinvestigste the systems by a method
other than E.M.F. or wvapor pressure and if necessary to repeat the E.M,F, ex-
periments, By doing the E.M,F. experiments again it was thought that the re-
sults of Guereca might be duplicated and that some satisfactory explanation
for the observed difference between the E.M,F, and vapor pressure results

could be given,
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Fig., l,- Activity coefficients of hydrochloric acid in salt solutions,
I, Guereca'’s results; II, Gootman's results; 4, 4.84 molal HCL; 7, 7.00 molal
HC1; 10, 10.6 molal HCl; Ni, system with NiCl,; Co, system with Cofl,,



MEANS OF DETERMINATION OF ACTIVITY

Solvent Extraction

The method of partition with benzene as presented by Such and Tomli-
son (7) was used as a third independent method for the determination of
the mean activity coefficient of hydrochloric acid in the systems cobalt

chloride or nickel chloride-water-hydrochloric acid,

The expression

log (%jl@-) = 3,393 - 207317t (2)
HC1

where M't = total concentration of hydrochloric acid in the benzene phase
expressed as molality

aHCl = activity‘of the hydrochloric acid in the agueous phase

T = absolute temperature
is the equation used by Such and Tomlison to caleculate the activity of
hydrochloric acid at various temperatures, If T is set equal to 3C° C.,

the temperature at which the author's work was done, the equation becomes

a
log (MI;IE;L,) = 6,418 y L (3)

It has been shown (7) that over the molality range of 7.2 x 107% to

2,73 x 10”7 in benzene the activity coefficient of hydrogen chloride is
uniity, and that the activity of the hydrogen chloride in the benzene phase
is proporticnal to the activity of the hydrogen chloride in the aqueous

phase,



By means of equation 2 hydrochloric acid activities were calculated
from the data obtained in this research, and the experimentally determined
activities were found to be only slightly lower than those determined by
Gootman, The extraction-determined activities, if multiplied by a factor
of 1,12, agreed exactly with the activities (see Fig. 7) determined by
vapor pressure measurements within the experimental precision of the ex-
traction experiments, Since the constant in equation 2 was determined em-
‘pirically for binary mixtures of hydrochleric acid and water, 1t is net
surprising that the same constant would not be applicable to these ternary
systems, espec?a}ly in the concentrated ranges. Eqguation 3 was modified

empirically to fit the data on the ternary systems, Equation &4

a..
log <E%Q%> = 6,448 (&)

is equivalent to multiplying the activities determined by egquation 3 by
1.12., However, regardless of which equation is used to c¢calculate the ac-
tivities, there is no question but that the results of this research com-
pletely confirm those obtained by the wvapor pressure method of Gootman

rather than those of Guereca,

E.M.F, Measurements

Since the results of the benzene extraction experiments failed to a-
gree with E.M,F, measurements of Guereca, it seemed important to be able
to reproduce Guereca's results., The E.M.F. measurements were accordingly
made in as nearly the same manner as possible. A few modifications in the
experimental procedure of Gureca were instituted: however, these will be

discussed in a later section,
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The fundamental equations of the cells
H,/HCL(m,)/AgCl-Ag
H,/HC1(m,)CoCl, or NiCl,(m,)/AgCl-Ag
are
Ecorr. + 2k logm=E® -2 k log¥+ (5)
E corr, + k log m,(2M, + m;) = E® -2 k log ¥ % (6)
respectively,
where E corr, = observed E,M.F. corrected for pressure
k = 0,06005 at 30° C,
E° = 0,21912 at 30° C, (3).
From the experimental values of E corr, and the molality m the mean activ-

ity coefficients can be calculated,

Vapor Pressure Correction,- The fundamental equation 6 can be put into

the form
RT RT '
o . 2= = o & =
E F 1in o] [Ep oF 1n sz] E corr,

For dilute solutions of hydrochloric acid the correction factor takes the

form

BT gn 280 (7)
BPm,0

and for concentrated solutions

RT
2F

760

in P
B"P(H,0 + HC1)

Guereca (1) points out that the wvapor pressure of HCl becomes of consequence



for computation of the correction factor (equations 7,8) only at molali-
ties greater than 4 m. For the concentrated solutions the data for the
correction factor as taken from Gureca is listed in the following table

and is plotted for interpolation in figure 2, More gccurate walues of

Pycy 27© tabulated by Gootman (5).
TABLE 1
t = 30° C,

Corrected Barometrie¢ Pressure Correction Factor (volts x 10%)

m, = 4,8428 (15.2% HCL), P(H,0 + HC1) = 24,0 mm,
760 %]
755 51
750 60
745 69
0 78
735 87
730 ' 96

m, = 6,975 (20,3% HC1), P(H,0 + HC1) = 20,0 mm,
760 35
755 L
750 53
7h5 62
740 val
735 80
730 89

m, = 10,7 (28.0% HC1), P(H,0 + HCL) = 22,0 mm.
760 38
755 L7
750 o 56
745 65
740 7h
735 83

730 93



CORRECTICN {VOLTS x 10%)

110—

100—
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60—
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730 : 735 740 45 750 755
CORRECTED BAROMETRIC PRESSURE (mm, Hj)
Fig. 2.- Correction factor for hydrogen elecirode,

a, 4,842 molal HC1l; b, 10.7 molal HCl; ¢, 6.975 molal HC1,




IITERATURE SURVEY

Solvent Extraction

The principle of employing liquid-liquid distribution measurements in
the determination of activity coefficients of solutes in aqueocus solutions
has long been used for nonelectrolytes (8), but little use has been made
of the principle with electrolytic mixtures.

In their articel Such and Tomlison (7) gave a literature survey dating
from the work of Wynne-Jones (9) to 1948 on the partition of HC1 between
water and benzene, Also given was a summary of their own data and all pre-
vious work., The method was used by Such and Tomlison to determine the ac-
tivity of hydrochloric acid in aqueous phosphoric acid solutions, The
data compiled by those authors shows about a 10% varistion.

Recently Gleuchauf, McKay and Mathinson (10) and Jenkins and»MCKay
{11) have studied the partition of uranyl nitrate between water and or-
ganic solvents in the presence of a second nitrate, Partition laws were
extended to cover systems containing a second nitrate insoluble in the or-
ganic phase, This leads to measurements of the activity coefficient of

uranyl nitrate in mixed electrolytic solutions.

Z.M,F, Measurements

A number of investigators (12-19) have measured the activity coeffi-
cients of hydrochloriec acid in the presence of lithium, sodium, barium,

cerium, aluminum, calcium, strontium, magnesium, ammonium and lantharnum
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chloride by eiéctromotiveAforce methods, However, it has been pointed out
by Gootman (5) ihét these”systems were not directly comparable_to the hydro-
chloric acid—wéter-cobalt_chloride or nickel chloride 5ystem$,studied *n this
research since the systeﬁs_that had been investigated previously were much
more dilute in both acid and salt,

In none of these investigations was the applicability of the E.M.F.
technique regarded as open to question although no confirmation of the re-

sults by any independent method has been attempted,
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EXPERTMENTAL

SOLVENT EXTRACTION

Equilibration and Apparatus

For the equilibration of the ternmary systems HC1l-H,0-CoCl, or NiCla'
with benzene, a test tube (58 x 200 mm, ) was heated near the open end
and drawn out to a capillary not more than 2 mm, in diameter. This cap-
illary was then broken off having only about two inches of the capillary
on the test tube. About 50 cc, of the solution to be equilibrated and
50 cc, of benzene were added to the tube through a funnel the end of which
had been drawn out to fit inside the test tube capillary, After the solu-
tions were added the tips were sealed off in a flame, The solutions were
treated in this manner because no glass stoppered bottle could be found
that would confine the benzene completely during agitation.,

When the capillaries were sealed off the samples were placed in a
constant temperature bath at 30° + 0,05° ¢, and shaken for 24 hours with
a Burrell wrist-action model D.,D, shaker, The shaking was then stopped,
gnd the samples were allowed to sit for twelve hours, At the end of this
time the tubes were opened and samples of approximately twenty grams of
the benzene phase containing HCl were carefully taken out by a pipet and
placed in dropping funnels which already contained weighed quantities, ap-
proximately 20 grams, of a supporting solution of potassium nitrate., The
function of the supporting solution is described below, The amount of

benzene-phase sample taken was determined by weighing the dropping funnels



before and after the samples were taken., The samples were shaken vigor-
ously for 15 to 30 minutes, The phases were then allowed to separate and
stand for one hour, The HC1l which had been reextracted into the support-
ing solutions was then ready to be analyzed. It should be mentioned here

that there are methods other than reextraction suitable for determining

HC1l in benzene (20),

Analysis and Apparatus

The method of Kolthoff and Kuroda (21) was chosen for the analysis of
the extracted hydrochloric é@id; A description of this method follows:
the method is a potentiometric one employing silver-silver chloride elec-
trodes, A supporting electrolyte solution comsisting of aqueous O,5N po-
tassium nitrate is prepared, The cell consists of two bottle-type half-
cells connected by a U-tube, The U-tube contains the supporting electro-
‘lyte in an agar gel, One of the half-cells is used as a reference and is
filled with supporting soluticn saturated with silver chloride, The un-
known chloride sample in its supporting solution is placed in the other
half-cell and titrated with a dilute solution of silver nitrate to a zero
potential, A General Electric lamp type galvonometer (sensitivity =

0.025 pd ) was used as a null point indicator,
scale dew,

A Typical Experiment
Supporting solution (17.7047 g.) was weighed by difference into a
clean dry 60 cc, dropping funnel, A sample of the bengene = HCl mixture

(14,8494 g, ) which had been equilibrated with a solution that was 6.993 m.



14

in HCl, and 2,045 m, in NiCl,, was weighed by difference into the dropping
funnel containing the supporting solution, After this mixture had been
shaken vigorously for 30 minutes and then allowed to stand one hour a weigh-
ed amount (9.5189 g.) of the supporting solution was withdrawn from the drop-
ping funnel, This sample was titrated as described above requiring 4.895 cec.
of 0,005 N silver nitrate solution, From these data one calculates the molal-
ity of the HCL in the benzene phase to be 3,066 x 102 m, By inserting this

datum in equation 4 the activity of the HCl is calculated to be 8,850, Since

at = Y+ omt, (9)
and for HC1 mo= (mg) (mgy-) /2 {10)
a#(HC1) = (ayy) 1/2 (11)

B<i is calculated to be 10,5,
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E.M,F, MEASUREMENTS

Since the principal reason for making the E,M,F, measurements was to
see if Guereca's results (1) could be reproduced, the experimental method
followed was essentially that employed by Guereca, A few modifications and
additions have been introduced by the author and are described where they

apply in the following description of apparatus and procedure,

Bridge Circuit

A Rubicon type B potentiometer (No, 5&273) was used for all measure-
ments, The range of this instrument is from 0.0 to 1.6 volts with an ac-
curacy of + 0,01%, The working stsndard cell (1,0186 volts at 30} was prepar-
ed by Dr, H. M, Trimble of this institution, Balancing of the circuit was

detected with the General Electric Galvonometer previously mentioned,

Temperature Control

The constant temperature bath was the same large capacity (40 gallons)
water bath that had been used in the preliminary experiments on the benzene
extraction, Owing to the large capacity of the bath a conventional mercury
thermal thermoregulator connected through a Cenco-Gilson Electronic Relay
{No, 99782) to a Central Scientific 250 watt hester was sufficient to main-
tain a temperzture of 30° + 0.05° with little difficulty. A Cenco thermo-
meter (No, 19247) calibrated in 1/20° divisions was used +to measure the

temperature,
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Cells Employed

Only one type of cell was used, This is shown in Fig. 3.

Preparation of Solutions

Solvent (HCl - H,0).- For the % series a stock solution of 7.00 molal

HCl was prepared by diluting concentrated HC1l until analysis showed it to be

the proper concentration.

Solutions gontaining CoCl,.- The solutions containing cobalt chloride

were prepared as follows, The hexahydrate of cobalt chloride was dried in
an oven at 130° until analysis for cobalt and chloride showed the sample to
contain anhydrous cobalt chloride to within one or two tenths of a percent.
In the analysis chloride was determined potentidmetri@ally with a Fisher
Titrimeter using a silver-silver chloride electrode, Cobalt was determined
by evaporation of the acidified solution and weighing as CoCl,. The total
chloride was checked against the cobalt and the sum of the two was checked
against the original weight of the sample., After obtaining anhydrous co-
balt chloride of a satisfactory quality, samples were weighed and placed in
liter bottles containing approximately 800 ce., of the 7,00 molal HCl. In
this way a series of solutions having an HCl concentration of 7,00 m, and a
cobalt chloride molality varying from 0.6 or 0,7 m. to near 2,0 m. The con-

centrations were confirmed by analysis,

Solutions containing NiCl..- The solutions containing NiCl, were pre=

pared as follows: The hexahydrate of nickel chloride was weighed inte about
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80C cc, of 7,00 molal HC1l until the molality of the NiCl, was between 0,6
and. 2,0 m. The ﬁCl concentration was of course then too low., The solu-
tion was then analyzed (1,5) and by repeated analyses and successive addi-
tion of a 16,24 m, stock solution of HC1, the HCl molality was brought to
within 0.3% of 7,00 m,

Although Guerecs used solutions that were 6,97 molal in HCl and in
this research the solutions were 7,00 molal in HCl, it was thought that
the difference would not affect the results sufficiently to invalidate com-

parisons of the two sets of measurements,
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Fig, 3.~ Cell used in E,M.F. Measurements
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EXPLANATICN OF SYMBCLS IN FIGURE 3

Hydrogen gas inlet

Glass tubes holding platinum electrodes

Ground glass joint

Cork holding hydrogen electrode

Ieads to Potentiometer

Gas Outlet

Platinized platinum spiral

Mercury contacts

Glass trits

Tube used as hydrogen inlet to saturate solution with hydrogen
Silver-silver chloride electrode on platinum spiral base

Ievel of solution inside silver-silver chloride electrode compartment

Silver=silver chloride electrode compartment
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Preparation and Use of Electrodes

The electrodes were prepared and used essentially as described by Guereca,

The Hydrogen Electrode.- The construction of the electrode is shown in

Fig, 3. The fused platinum spiral was obtained by tightly wrapping 26 gauge
platinum wire around about an inch of 22 gauge wire left protruding from the
end of a glass tube., The ends of both wires were fused together,

In preparation for use, an electrode was cleaned in boiling nitric acid,
and then a thin film of platinum black was deposited on it from a strongly
HCl-acidified platinum chloride solution. After washing, the electrode was
made the cathode in the electrolysis of a very dilute sulfuric acid solution,
This treatment saturated the electrode wiﬁhvhydrogen causing it to come to
equilibrium faster. The electrode was finally washed twice with distilled
water and twice with the nickel or cobalt solution. It was then used immed-
iately. The same electrodes were used for eight or ten experiments before
they were cleaned and replated,

In making a measurement the solution was placed in the cell, the hydro-
gen electrode was inserted, and hydrogen (Mstheson's electrolytic 99.9% pure
hydrogen) which had first bubbled through two bubbling towers containing the
cell solution was passed through the solution for two hours, During these
two hours the hydrogen was bubbled through inlet J. (see Fig. 3). Guereca
(1) had stated that he had bubbled the hydrogen through the solutions from
twenty minutes to twelve hours depending on the concentration being studied.
It was found in this work that bubbling for three hours was sufficient to
saturate any of the sclutions and that some of the sclutions were saturated

in an hour and a half,
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Silver-Silver Chloride Electrodes,- Fused platinum spirals of the same

type as the ones used for the hydrogen electrode were used in the preparation
of the silver-silver chloride electrodes, These electrodes were prepared as
follows: (a) The silver plating solution was made by dissolving 10 grams of
potassium dicyanoargentate (I) in a liter of distilled water., Free cyanide
was reduced by adding dilute silver nitrate until a faint cloud of silver
cyanide became evident, After this had settled, the clear solution was de-
canted. It was not found necessary to add silver nitrate again., (b} The
electrodes were then silver plated by electrolysis for from two to six hours
at a total current of six to eight milliamperes. A salt bridge containing the
plating solution was used, as suggested by Janz and Tanigrichi (22), to sep-
arate the platinum anode from the main body of the solution. After the elec-
trodes were plated they were washed in distilled water and left in running
tap water overnight. (c) "Chloridizing" was carried out in hydrochloric
acid, the concentration of which varied from 0,1 N to 6 N without any appar-
ent difference in the performance of the electrodes. The electrodes served
as anodes in the chloridizing electrolysis, After the electrodes had been
chloridized, they were washed for three hours and stored in a brown bottle
ready for use when needed,

One set of electrodes, so prepared, was almost totally white as report-
ed by Carmody (23)., Brown (24), however, reported that he was unable to pre-
pare white electrodes, No definite reason can be offered here for these
electrodes being white; however, a slightly higher current density was used
to deposit the silver and dis@hargéwtﬁe chloride, Also, in the overnight

washing the tap water reached zbnormally high temperatures of about 319,



A Typical Experiment

A solution, 7fOO molal in HCl and 0.8197 molal in CoCl,, was placed in
the cell to a level just above the gas-escape holes in the hydrogen elec~
trode compartment (see Fig, 3). The hydrogen electrode was placed in the
cell below the surface of the liquid and hydrogen was bubbled through in-
let J for two hours. At the end of this time sufficient solution was as-
pirated into inlet tube J to allow the escape holes to be just above the
surface of the solution. The hydrogen electrode was adjusted so that about
two thirds of the electrode was always éut of the solution. The hydrogen
source was then changed to inlet A. The solution was aspirated into the
silver-silver chloride electrode compartment until the level inside the com-
partment was an inch or:so below the surface of the solution proper or un-
til it just covered the electrode, The silver-silver chloride electrode was
then inserted, the electrodes were connected to the bridge, and the bridge
was balanced, The temperature of the bsth was checked, and a reading was
made, The electrodes were left in the solution, and readings were made over
a one to two hour period, The readings taken during the first ten or fifteen
minutes usually showed a downward drift., The readings ﬁhen became constant
and remained so for an hour or more, For mp, = ¢,8197, the observed E M. F,
was 0,02016 + 0,00004 volts. The observed barometric pressure was 739.9 mn.,
and the observed temperature was 35.2°, The pressure correction term was
calculated to be C,00080 volts (see table 1) corresponding to E corr. equal

to 0,02096 volts, By using equation 6 one caleulates ¥+ = 35.75,
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Chemicals

The cobalt chloride used was Fisher Scientific Company 's reagent grade,

The nickel chloride used was Mallinckrodt's analytical reagent grade,

The hydrochloric acid used was Baker's reagent grade,

Mallinckrodt Analytical Reagent potassium nitrate was used in the prep-
aration of the supporting solution,

The silver nitrate used in the chloride determination was Mallinckrodt's
Analytical Reagent,

Matheson's high quality electrolytic 99.9% pure hydrogen was used as a
source of hydrogen for the hydrogen electrodes,

Baker's reagent grade benzene was used in the extraction,
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EXPERTMENTAL RESULTS

Preliminary Experiments on Binary Systems

Solvent Bxtraction,- Some preliminary extractions were done using bi-
nary HCl solution, It was found that the mean activity coefficient deter-
mined by this method checked with that of Akerloff and Teare (25)., It was

also found that the determinations could be reproduced with the accuracy

reported by Such and Tomlison (5).

E.M.F. Measurements,- It was found that E.M.F, measurements on hydro-
chloric acid solutions gave mean activity coefficients for the binary HCl

solutions which were very close to the results of Akerloff and Teare (28).
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The System CoCl,-H,0-HC1

Table 2

(Guereca)
m, = 48428 t =30 % =2.207 + 0,001
E corr, (solvent) = 0,09532 ¥+ = 2,170 (Akerloff and Teare)
m, (CoCl, ) E corr, R m?(CoClQ)‘ E corr, ¥+
0,0411 0, 08987 2.431 0,8317 0, 05743 3.935
0,1078 0,08393 2.690 0, 8751 0, 05634 3,991
0,1976 0, 07887 2,909 1,087 ¢, 05010 4,360
0, 3000 0. 07438 3,110 1,285 0. 04429 L, 741
0, 345k 0, 07246 3,200 1.353 0, 04253 4,859
0.3785 0,07132 3.251 1.455 0, 03971 5,060
0, 4959 0,06752 3.425 1.498 0,03851 5.150
0. 5452 0, 05563 3.523 1.531 0.03783 5.195
0.5962 0, 06418 3,590 1.592 0, 03608 5,331 + 0,001
0.7120 0, 06076 3,762

Table 3

(Guereca )
m, = 6,975 t = 30° ¥+ = 4,345 + 0,001
E corr, (solvent) = 0,04089 ¥+ = 4,180 (Akerloff and Teare)
m, (CoCl, ) E corr, z; m, (CoCl, ) E corr, E;;
0,01G4 0, 03962 LoLhy 0. 4269 0.01829 6,323
0, 0228 0,.03935 L 462 0. 5243 0,01516 6,631
0.0512 0, 03761 L, 595 0.5815 0,01333 6,820
0, 0819 0, 03550 4,763 0,6402 0,01162 6.996
0, 0998 0, 03426 L, R66 0, 6875 0, 01043 7.117
0, 1097 0, 03350 4,930 0.8617 0, 00652 7.515
0.1133 0,03322 L, 954 1,039 0, 00304 7.873
0,1506 0, 02829 5,387 1,214 -0, 00013 8,210
0.2535 0, 02505 5,682 1.400 -0, 00314 8,528
0,3109 0, 02260 5,911 1,502 -0, CO460 8.681
0,3299 0, 02180 5.987 1.688 -0, 00697 8,918 + 0,001
0.3601 0, 02064 6,098




m, = t = 300

E corr. (solvent) = -0,03606
m, (CoCl,) E corr, gt
0.0105 -0, 0095 13.56
0.0130 ~0, 04139 13.67
0, 0314 -0,04518 14,67
0,0514 ~0.04740 15,28
0. 0937 -0, 04991 15,97
0, 241 -0,05407 17,06
0, 2794 -0,05482  17.25
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Table 4

(Guereca)

¥+ = 12,35 + 0,001

¥+ = 11,70 (Akerloff and Teare)
m,{CoCl, ) E corr, ¥
0,4372 =0, 05667 17.84
0, 4499 =0,05737 17.85
0,5171 ~-0,05852 18,14
0.7295 =0, 06120 18,76
0. 7949 =0,06162 18.92
0.8470 -0, 06242 19,02
0.0951 =0, 06297

19,13 + 0,001




Table 5
(Gootman)

HC1l = 4.84 molal

ma (CoCl,) UX(HC1)

100
. 200
300
L1400
500
,600
. 700
, 800
900
, 000
., 100
. 200
. 300
. 400
500
.600
. 700
. 800
. 500

° 100

NDNONHHEPREEPREEP0O00000000

2.33
2,42
2.53
2,65
2,77
2.90
3.02
3.19
3.33
3.53
3.70
3.88
4,08
h,27
4,46
L, 65
4,83
5,02
5.20
5.39
5.57
5.76
5.97
6,20
6,44

Table 6
(Gootman)

HC1l = 6,97 molal

ma(CoCl,) ¥ HC1

0,100 4,38
0,200 L.60
0,300 4,80
0,400 5,00
0,500 5,19
0, 600 5.38
0, 700 5.57
0, 800 5.75
0,900 5.93
1,000 6,10
1,100 6,28
1,200 6,45
1,300 6,61
1.400 6.77
1.500 6.95
1,600 7.13
1,700 7.31
1.800 7. 49
1,900 7,67
1.950 7.75
1,980 7.77




Table 7
(Gootman)

HC1 = 10.65 Molal

magCoCIZE

0,100
0,200
0,300
0.400
0, 500
0,600
0. 700
0,800
0.900
1, 000
1,100
1,200
1,300
1.400
1.500
1.600
1.700
1.8C0
1.900
2,000
2,100
2.200
2,300
2. 400
2.500
2,594

¥H(He1)

12,29
12,42
12,49
12,59
12,69
12,81
12,94
13.05
13.16
13.27
13.38
13.47
13.57
13.67
13.75
13.84
13.92
14,00
14,07
14,15
14,22
14,30
14,37
14,49
14,68
14,83




Solvent Extraction Data

Table 8
(Dyer)
HC1 = 7,00 molal t = 30°
m, (CoCl, ) agHC1) ¥+ (mC1)
0.902 2020 5,72
1.14 2490 6,19
1.34 2560 6,16
1.61 3560 7,05
1.8 - 4220 7.50
1.99 L4430 7.60
Data From E.M,F., Measurements
Table 9
(Dyer)
HC1 = 7,00 Molal t = 30°

m(CoCl, ) E corr, - ¥*(uc1)
0. 819 0. 02096 5.75
0,985 0,01731 6,05
1.20 0, 01207 6.52
1.68 0, 00380 7,28
1.77 0,00250 7,46




Tabhle 10
(Dyer)
HCL = 4.84
m(CoCl, ) E corr, ¥2(HC1)
1,54 0,04453 - 4,59
1.84 0, 03480 5,20
Table 11
(Byer)
HC1 = 10.6 Molal
m(CoCl,) E corr. b/ig HC1)
0. 545 -0,0362 12,0
0. 740 -0,0380 12.3

1,10 =0, 0398 i2.5
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The System NiCl,-H,0-HC1
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Table 12

(Guereca)
m, = 44,8428 t = 30° |
m;QNiCla2 E corr, 6:; .ngN1012§ E corr, 5/i
0.1067 0,08782 2,495 0. 5461 0.66900 3,302
0,1200 0, 08676 2,540 0,5784 0,06767 3.369
0.1623 0, 08390 2,861 0,6627 0, 06540 3.470
0,1713 0,08358 2,672 0, 7075 0. 06346 3.575
0,1943 0. 08193 2,746 0,8061 0,06062 3.717
0.2635 0. 07888 2.873 1,0048 0. 05474 L.,037
0,3976 0,07427 3,063 1,0232 0,05399 L, 084
0, 4o47 0. 07382 3,085 1.3586 0. 04559 k4,580
0.4591 0. 07144 3.198 1,5097 0, 04258 4,756 + 0,001
0,5118 0, 06962 3,282

Table 13

_ (Guereca)

m, = 6,975 t = 30°
m, (NiCl,) E_corr, %:E m, (NiCl,) E corr, Ll
0,0103 0, 04039 L. 382 0,4990 0, 02135 5,910
0, 0250 0, 03958 L, 441 0.6280 0, 01819 6,178
0, 0755 0. 03686 L 6Ll 0.6349 0,01810 6,184
0.,0882 0, 03619 L. 697 0.9009 0. 01278 6.636
0, 0966 C. 03580 L,726 0,9584 0,01177 6,722
0.165C 0. 03265 L. 973 1.123 0, 00853 7,024
0,1889 0,03159 5,058 1.214 0, 00693 7,172
0.2187 0, 03047 5,147 1.306 0. 00533 7.323
0,3212 0, 02649 5.479 1.322 0, 00505 7,350
0. 4799 0.02187 5.865 1.498 0.00238 7.597 + 0,001




m, = 10.7
magN1012}

0, 0062
0.0535
0,0718
0.0930
0,1014
0,1832
0.4537

t = 30°

E corr, 5+
=0,03893 13.05
<0, 04766 15,36
-0, 04884 15,68
-0,04981 15.94
=0,05014 16,03
=0,05241 16,62
-0,05686 17,67

Table 14

(Guereca)

m, (NiC1,) E corr.
0. 4867 =0, 05728
0,5137 =0, 05766
0.5395 =0,05798
0. 5888 =0, 05857
0.7222 =0, 05001
0,7520 -0, 05034
0.8185 -0, 06099

32

L1

17.76
17.85
17,92
18,05
18,35
18.42
18,55 + 0,001




Table 15 Table 16

(Gootman) (Gootman)

HCl = 4,69 Molal HC1l = 6,86 Molal
ma (NiC1,) ¥+(HCL) ma (N1C1,) Y+(HC1)
0,100 2,19 0,100 4,50
0, 200 2,31 0,200 L, 74
0,300 2,43 0,300 4,97
0, 400 2,57 0, 400 5.21
0, 500 2.73 0, 500 5.46
0,600 2,89 0,600 5.75
0, 700 3,06 0,700 6.05
0,800 3,25 0,800 6,34
0,300 3,44 0,300 6.65
1,060 3.64 1.000 6.95
1,100 3.85 1,100 7,26
1,200 4,07 1,200 7.59
1.300 4,29 1.300 7.93
1,400 L, 52 1,400 8.28
1,500 4,76 1,500 8.63
1,600 5,02 1.600 8.98
1,700 5.28 1.700 9.33
1,800 5,54 1.800 9.68
1,900 5.82 1.900 10,05
2,000 6,10 2,000 10,42
2,100 6,40 2,100 10.78
2,200 6.72 2,134 10,91
2,300 7.05
2,400 7.38
2,500 7.73
2,600 8,08
2,700 8.43
2,800 8.77
2,900 9.14
3.005 9.61




Table 17
(Gootman)

HC1l = 10.4 Mo

msgN10122

0.100
0,200
0,300
0, 400
0. 500
0.600
0, 700
0,800
0,856

1a1

¥E(HCL)

11,41
11,89
12,39
12,93
13.50
14,05
14,63
15.09
15.35
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Solvent Extraction Data

Table 18
(Dyer)
HCl = 7,00 Molal t = 30°
m, (N4C1,) a(HC1) {0y
0,904 2630 6.52
0,968 2850 6.76
1.15 3770 7.59
1.56 5150 8.54
1.75 6590 9.45

2.05 8850 10.5




Table 19

(Dyer)
HC1 = 7,00 Molal
m, (NiCl1,) E corr, Y 4501
0.966 0. 01100 6.82
1.14 0. 00640 7.35
1.36 0. 00040 8,00
1.57 -0, 00570 8,80
1.65 -0, 00930 9.25
2,05 =0, 01729 10, 29
Table 20
(Dyer)
HC1 = 4.84
m, (NiC1,) E corr, ?J/IQHC].)
0,910 0.06451 3,44
1.43 0.04638 4,53
Table 21
(Dyer)
HC1 = 10,4

m(MiC1,) E corr, ¥ *(BCL)
C.375 -0.03503 11.7

0, 741 =0, 04340 13.2
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7.0

6.0

W

¥+(HC1)

4,0

3,0

2.0

Molality of CoCl, or NiCl,

Fig. 4.= Activity coefficient of hydrochloric acid in salt solutions,
HC1 molality = 4,84; Smoothed curves are Gootman's data., & , E,M,F, data
for system with NiCl,; ©, E.M.F. data for system with CoCl,.
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16.0

15.0 |-

14,0 -

¥ +(HC1)

13.0 —

12.0—

11.0—

I | i i | | |
0,0 0,1. 0,2 0,3 0,4 0.5 0,6 0,7 0.8 0,9 1.0 1.1 1.2

I ! l |

Molality of CoCl, or NiCl,

Fig, 5.- Actiwity coefficient of hydrochloric acid in salt solutions,
HC1 molality = 10.6; Smoothed curves are Gootman's data. A , E.M.F, data
for system with NiCl,; O, E.M.F, data for system with CoCl,; Dotted lines
are drawn to show that E,M.F, data is parallal to vapor pressure data,
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10.0

900

890

Y+(HCL)

700

6.0

0.8

HC1l molality = 7.00;
for system with NiCl,;

0,9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2,0
Molality of CoCl, or NiCl,
Fig. 6.~ Activity coefficient of hydrochloric acid in salt solutions,

Smoothed curves are Gootman's data. , B,M, F, data
0, E,M.F, data for system with CoCl,.
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9.0

8.0

¥+{HC1)

7.0

6.0

l l l l i | l | ] | l |

0.9 .0 i1 1.2 1.3 1.4 1,5 1.6 1.7 1.8 1.9 2,0 2,1 2.2

Molality of CoCl, or NiCl,

Fig. 7.= Activity coefficient of hydrochloric acid in salt solutions.
HC1 molality = 7.00; Smoothed curves are Gootman's data. A , solvent ex-
traction data for system with NiCl,; @, solvent extraction data for system
with CoCl,.



41

DISCUSSION OF RESULTS

SOLVENT EXTRACTION

Comments About Results

The solvent extraction methed for determining hydrochloric acid ac-
tivity was used only with the series that was seven molal in HCI.

As was mentioned earlier the results of this work were in good agree-
ment with the walues détermined through vapor pressure measurements, This
fact then led to an'attempt to reproduce Guereca's E.M.F. measurements,
Before discussing the results obtained from the E,M,F, measurements, it
seems advisable to discuss some of the difficulties encountered in applyu

ing the solvent extraction procedure,

Difficulties Encountered

Experimental.- The principal difficulty encountered arose in connec-

tion with equilibration of the solution with benzene, Such and Tomlison
(7) did not say how they managed to shake one liter samples for periods of
one to three days. It is to be assumed they used either a water bath for
constant temperature and thereby shook the samples occasionally by hand or
an air bath in conjunction with some type of large mechanical shaking de-
vice, In either case the large size of the samples would present a prob-
lem,

In this work it was first decided to equilibrate 200 ml, samples of

HC1 solutions in 250 ml, ground-glass stoppered bottles by shaking the



)

samples occasionally by hand, This method did not give satisfactory
results. It was not known whether the samples leaked water through
the ground glass joints or whether the time of shaking was insuffic-
ient for complete equilibration.

To test the adequacy of the length of shaking, a shaking apparatus
was constructed by which 50C ml, samples could be shaken, Ground glass
stoppered bottles were again chosen. The samples were large enough to
permit one to make a number of analysis over a period of days after they
presumably had been equilibrated,

In the equilibration the samples were shaken 24 hours and allowed
to stand 12 hours before a sample was taken, It was found that this
method gave, for the hydrochloriec acid solutions, results which were in
agreement with Such and Tomlison and that the same results could be ob-
tained with the same sample over a period of days,

However, it was found that there WasAa slight leakage of benzene and
solution around the glass stoppers, and there was doubt raised as to
whether or not one could completely trust the results from a very high
percentage of samples, especially if the glass stoppers had been used a
number of times, As a result of this lack of trust in the first results,

the methods of sealing small samples in tubes as previously described was

adopted,

Theoretical.- As can be seen in figure 7 the constant used in equa-
tion 4 does not apply exactly to both the system containing cobalt chloride

and the system containing nickel chloride, This fact is to be expected
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because the equation was empirically adjusted to fit the data on the
system containing nickel chloride, One would suspect that, since these
are very concentrated solutions and the salt concentrations vary widely,
the right member of the equation would not be sfrictly a constant, This
work does not attempt to deal theoretically with this partition iawD but
as was pointed out earlier the work does agree with the vapor pressure
measurements in showing that the "nickel curve" lies above the "cobalt

curve, and that the two curves are both concave upward,

Precision

From this standpoint the mean activity coefficients for HC1 listed
by Akerloff and Teare could be reproduced by the solvent extraction method

with a precision of about five percent,



E,M,F, MEASUREMENTS

Results of Experiments

General Comments.= A few experiments were performed on the 10 and

4 series (see Figs, 4,5), The solutions used for these experiments
were some that had been prepared by Gootman, The solutions had been
stored in screw cap liter bottles for approximately two years. The
caps after being screwed on had been sealed with paraffin. As can be
seen from figure 5 the results for the 10 series lie below but paral-
led to the vapor pressure measurements, Since the vapor pressure of
the hydrochloric acid becomes appreciable at these concentrations, it
was thought that some of the hydrochloric acid had escaped during the
two years of storage in spite of the seemingly good seals on the bot-
tles.
Only four experiments were done with the 4 series, Good agreement
between these results and the vapor pressure measurements was obtained,
It had been anticipated that the work of Guereca would be reprodu-
ced, and that the cause for the difference between the vapor pressure
and E,M,F, results might be traced to a failure of the cell H,/HCl(m,)
CaCl, or NiCla(mg}/Ag—AgCl to act in a reversible manner in the systems
under study. The good agreement with the vapor pressure results actual-
ly found was therefore surprising and efforts were made to reproduce the

experimental conditions and results of Guereca,

Ly



There were as previously mentioned, a few differences ih the author's
experimental method and Guereca's experimental method. The differences
were: (1} Guereca bubbled hydrogen through the solution and over the
platinum black electrode for a period of time sometimes as long as twelve
hours whereas in this work the time of saturation with hydrogen never ex-
ceeded two hours; (2) Guereca used a medium porosity glass frit in the
silver-silver chloride electrode compartment. A fine porosity frit was
used in this work; (3) Guereca aspirated the solution into the silver-
silver chloride electrode compartment to a height above the solution in
the rest of the cell, In this work the solution was aspirated into this
compartment only sufficiently to cover the electrode, The possible re-=
sults of these changes have been considered and are discussed below,

Guereca's calculations were first checked and found to be correct.

It was not considered reasonable that Guereca might have made a consis-
tent error in preparing his solutions which sould have inverted the rel-
ative positions of the cobalt and nickel curves., It was therefore thought
that some experimental factor had operated to make one or both of his elec-
trodes irreversible,

As can be seen from figure 1 the effect must operate so as to cause
the activity coefficient of the HCl in the cobalt chloride series to lie
above the activity coefficient of the HC1 in the nickel chloride series
contrary to the wvapor pressure results, The factor must also operate to
cause the curves to be concave downward, Furthermore, the effect must be
such that the E,M.F, curve of the nickel chloride system crosses the wvapor

pressure curve of the same system; i.e., the factor must, in effect, reverse
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its effect on the electrodes at and beyond some particular concentration,
A series of tests on the electrodes were accordingly made in an effort to

discover what this factor might possibly be.

Flectrode Test,~ It has been pointed out that two of the differen-

ces between the author"s and Guereca's experimental methods involved the
use of a medium frit on the silver-silver chloride electrode compartment
rather than a fine porosity frit and the aspiration of the solution into
this compartment to a level higher than the rempinder of the solution,

It was reasoned that these two factors might over a period of a few
hours allow silver ions to diffuse into the c¢ell, and be discharged at
the hydrogen electrode (3), thereby causing that electrode to operate ir-
reversibly. The importance of this factor was tested in two wayss first,
by deliberately introducing solid silver chloride into the cell, and sec-
ond, by replacing the fine frit with a medium one, aspirating the solution
in the compartment to a level above £he bulk of the solution proper, and
allowing it to stand until it was evident that some silver ion had diffused
into the cell, It was found that silver ion did diffuse in a period of 5
or 6 hours, However, since not all medium frits are of the same porosity,
Guereca's may have been of a lower porosity than this one,

The silver chloride had the effect of reducing thé observed E,M.F. by
a large factor. This change was in the right direction in the more dilute
solutions for both systems and was in the right direction for all concen-
trations for the cobalt chloride, However the effect did not lead to the

observed reversal in the magnitude of the activity values obtained by the
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two methods in the nickel chloride system, if the concentration of nickel
chloride was increased, However, the E,M.F. measurements, after the intro-
duction of the silver chloride, were so unstable that it was impossible to
obtain a value that had much meaning, This factor was regarded as probably
not being the one responsible for the difference between Guereca's and Goot-
man's work.

Some experiments were tried in which hydrogen was bubbled through the
cell and over the hydrogen electrode for from 12 to 24 hours before making
a measurement, Care was taken to insure that no silver chloride was in the
cell, It was found that the observed E.M,F., was still approximately the
same as it had been wifhout the extended saturation period.

Since the effect was reversed for the nickel chloride at higher concen-
trations it was considered possible that some factor specific to the cobalt
and nickel ions might be the cause of the anomoly., A few experiments were
carried out in which the hydrogen electrode had been first nickel plated or
cobalt plated, It was found, however, that the nickel or cobalt dissolved
off the electrode after it was placed in the strongly acid solution and that
after the solution was saturated with hydrogen, the correct E,M.F. was ob=

tained,
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CONCLUSIONS

Although none of the electrode test experiments fave any definite clues
as to what may have caused the anomolous results obtained by Guereca, it
seems inescapable that some unrecognized experimental factor in the construc-
tion of his cells and electrodes must be responsible for the high internal
consistency of his data and at the same time cause that data to be in error,
Had there been large fluctuations in his E.M.F. values there would have never
been the misplaced confidence in his results nor any occasion for this inves-
tigation.

However, it can confidently be said that the cell used in this study can
be used to measure HCl activities in ternary systems involving cobalt and
nickel,

Perhaps the most important result from the investigation is the ¢onfir=
mation of the HCl activity values obtained by the vapor pressure method
through the use of two additional independent methods., It is rarely in chem-
ical research that results are checked by several independent methods, The
extablished reliability of the E.M.F, method in such solutions validates the
extension of measurements to dilute solutions where vapor pressure measure=

ments can not be made,
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SUMMARY

Efforts were made to discover the reason for the differences which
exist between the electromotive force investigation by Guereca (1) and
the vapor pressure investigation by Gootman (5).

The mean activity coefficients of hydrochloric acid in the systems
hydrochloric acid-water-cobalt chloride and hydrochloric-acid-water-
nickel chloride were determined by a liquid extraction method and by
an electromotive force method,

In the liquid extraction experiments the hydrochloric acid was ex-
tracted into benzene, With knowledge of the equilibrium concentrations
of the hydrochloriec acid in the benzene and aqueous phases the mean ac-
tivity coefficients of the hydrochloric acid could be calculated,

In the electromotive force experiments the mean activity coeffic-
ients of hydrochloric acid were determined by the use of the cell HZ/HCI
(m), CoCl, or NiCl,(m;)/AgCl-Ag,

The priﬁcipal-work was concerned with the series that had a 7,00
molal hydrochloric acid concentratior. The cobalt chloride and nickel
chloride concentrations were varied from about Q.8 to 2,0 molal, A
limited numberbof experiments were performed on two other series; one
10.6 molal, the other 4,84 molal in hydrochloric acid,

It was found that both the results from the liquid extraction and
the EGM;F° method agreed well with the vapor pressure results obtained

by Gootman(5). Attempts were made to reproduce the E,M,F, results
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obtained by Guereca (1), but none of the experiments wére successful in
this respect., It was therefore conclgded that some unrecognized experi-
mental factor in the construction of Guereca's cells and electrodes must
be responsible for the high internal consistancj of his data and at the
same time cause his data to be in error,

Never the less the reliability of the E.M,F. method is such solutions
was confirmed making it possible to use this method in solutions in which

the hydrochloric acid is too dilute to give a measureable vapor pressure,
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