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EMF of Concentration Cells with Liquid Junction Established
by Free Diffusion. Part I1. Applicability of Some Theoretical
Models on Experimental Results for BaCl,/HCl] Junctions
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Emf’s have been measured at 25 °C on the following
cell:

Pt|Ag|AgCl|BaClz(cl)|HCl(cz)lAgCIIAg|Pt
c1([5><10"4L10] c,€[1x10” |0 1],
¢ in mol dm™>.

The liquid junction between the two half cells is
established as free diffusion under carefully con-
trolled experimental conditions.

The results have been statistically treated by
means of a polynomium fitting program in order to
improve the experimental precision.

The smoothened results are compared with the
simple Henderson equation and with some modified
versions of the Henderson formula. Furthermore,
comparison is made with the Planck-Pleijel model.
The simple Planck-Pleijel model seems better than
the simple Henderson model, but in both cases
an asymmetry exists due to the use of mobilities at
infinite dilution. The best of the investigated models
is a modified Henderson model using concentration
dependent conductivities and transport numbers
(predictive precision around +7 mV). The total
range of measured emf-values spans about 300 mV.

When two electrolyte solutions of different con-
centration and/or electrolyte are brought into
internal electrical and chemical contact, a liquid-
liquid junction potential is created. This junction
potential contributes to the total emf measured in
electrochemical cells.

Emf-measurements on such cells can be carried
out with great accuracy, and under well-defined
experimental conditions it is possible to obtain
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reproducible results which agree within +0.3 mV.

Contrary to the total emf which can be expressed
through salt activities and transport numbers, it is
not possible to determine the exact contribution
from the liquid junction potential. The reason for
this is that single ion activties cannot be determined
by traditional electrochemical means. Also, it is
troublesome to determine the total emf in cells
with more than one diffusing electrolyte, because
of the lack of knowledge of the concentration
profiles and the lack of proper experimental values
for transference numbers and salt activity coeffi-
cients in electrolyte mixtures.

In order to estimate the junction potential we are
forced to apply theoretical models in connection
with assumptions concerning the splitting of salt
or mean ionic activity coefficients into single ion
activity coefficients. Henderson ! and Pleijel 2 have
derived such models based on different assump-
tions. The Pleijel model is a generalisation of an
earlier model proposed by Planck® to other
electrolytes than uni-uni valent ones.

Those three models have been modified in dif-
ferent directions by a number of authors. Lewis and
Sargent * consider the special case of two uni-uni
valent electrolytes of equal concentration with the
junction potential given by eqn. (1). The A’s are

_ ~ _ RT, A(lhs.)
A¢=¢r.hs.—dlhs. F In A(rhs)

m

equivalent or molar conductivities for the two salts.
Formula (1) can be derived from the Henderson



524 Niels Olaf Qsterberg et al.

formula (continuous mixture zone) as well as from
the Planck-Pleijel model (steady state diffusion in a
finite layer), see, e.g. Ref. 5 pp. 233 —234.

Strictly speaking, the equivalent conductivities
in (1) should be taken at infinite dilution, but Lewis
and Sargent obtain some correction by using in-
stead the actual conductivities in the electrode
solutions. Spiro® has extended the Lewis and
Sargent case by correcting also for activity coeffi-
cients in a continuous mixture zone.

Bass 7 has relaxed the electroneutrality condition
in Planck’s model. He finds the potential difference
of Planck to be the first term in an asymptotic ex-
pansion and he calculates the second term. Devia-
tion from electroneutrality becomes important only
for diffusion zones below about 1000 A in thickness.

Goldman® has involved an entirely different
assumption of constant electric field through the
zone or membrane. The Goldman model has be-
come popular among nerve and cell physiologists.
The assumption is not a good one, however, since
the electric field is far from constant in a diffusion
zone; see for example the numeric calculations of
Serensen and Jensen.® Also, in the case of diffusion
of a single uni-uni valent electrolyte the model
differs from the result of the Planck model as shown
by Goldman himself [Ref. 8, p. 53, eqns. (13) and
(15)]. Since the result obtained from the Planck
model is the same as that obtained from Hender-
son’s model and from simple irreversible thermo-
dynamics in that particular case, we are obliged to
reject the Goldman formula as also done by
Zelman '° on different grounds.

The experimental tests of the different theoretical
models have until now been restricted to uni-uni
valent electrolytes and mostly to the KCl—HCI]
system. In a precursor to the present paper,'! how-
ever, the BaCl, — HCI system was studied by emf-
measurements on the cell (2), where C, and C, are

Pt|Ag|AgCl|BaCl,(C,){HCI(C,)| AgCl|Ag|Pt (2)
concentrations in mol dm~3 in the intervals
(0.5x1073|1.0) and (1 x 107 3| 0.1), respectively. In
the preceding paper only the simple Henderson
model was tested and relatively few experiments
were considered.

In the present paper a much better statistical
material is available. About 175 experiments have
been carried out on the cell (2) in almost the same
ranges of concentration, but with improved ex-
perimental technique. The statistical smoothening

is made by a polynomium fitting program'? and
new, extended Henderson and Pleijel models are
included in the comparisons.

EXPERIMENTAL

Chemicals. HCI, BaCl, and KAg(CN), solutions
were prepared as described previously.!!

Apparatus. The experiments reported in part
were carried out in a water-jacketed diffusion col-
umn with circular cross section with an inside
diameter of 8 mm. In that diffusion column the
length of the diffusion zone could be max. 140 mm
which corresponds to the distance between the two

Ill

Ag/AgCl-electrodes. However, during these ex-

periments it was found desirable with a somewhat
longer diffusion zone in order to prolong the dura-
tion of the period with stable potential. In con-
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Fig. 1. Diffusion column. Dimensions in mm
(approximate values). The free diffusion junction
established at x=0. Distance from x= -4, to
x= +96, indicates length of diffusion zone at the
time r=t. Emf is measured between the two
Pt| Ag| AgCl-electrodes A and B. Level of thermo-
stat water is indicated by C. S: stopcock for inter-
connection of the two cylindrical glass tubes. P:
plastic tubes.
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Fig. 2. Diagram of experiment. a, electrical scanner (Multiplexer). b, digital voltmeter. c, BCD-ANALOG
converter. d, recorder. ¢, water-thermostat with three diffusion columns. (Supporting stands omitted for

the sake of clarity.).

sequence, a new diffusion column was built up from
two L-shaped glass tubes interconnected via a screw
cock and plastic tubes.

The general feature of the diffusion column is
outlined in Fig. 1. Three such diffusion columns
were founded on a common plate of plexiglass with
a distance of about 100 mm and simultaneously
immersed in a water bath (25.040.1 °C). With such
arrangements a stable potential could be observed
for several hours. The potential stability during this
period was +10 uV.

Measuring devices. The emf-measurements were
performed on a 4% digital multimeter from Data
Precision, Wakefield, Mass., USA. With this instru-
ment it is possible to measure emf below 200 mV
with an accuracy of +10 uV. By means of a BCD-
ANALOG converter, made by Ring Instrument,
Vanlese, Denmark, a Radiometer recorder, REC61,
was connected to the multimeter and the last three
digits were recorded (1 mV ~ 1 volt output). The
BCD-ANALOG converter was optically connected
in order to avoid electrical interference between re-
corder and multimeter. An electrical scanner (“Mul-
tiplexer”) made at Fysisk-Kemisk Institute and
placed between the diffusion column and the multi-
meter makes it possible to measure and record
successively nine different diffusion columns. The
measuring devices connected to three diffusion
columns are schematically shown in Fig. 2. One of
the connections to the electrical scanner is short-
circuited in order currently to be able to control the
electrical stability of the experimental equipment.
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Silver-silver chloride electrodes. Two types of
silver-silver chloride electrodes were used during
the experiments: (1) An electrolytic type prepared as
described earlier!! and (2) a thermal-electrolytic
type prepared and kindly delivered from Radio-
meter A/S, Copenhagen, Denmark. The prepara-
tion procedure of the latter type is shortly men-
tioned in the books of Bates !3 and Ives and Janz.!*
From comparison of the two types of electrodes we
made the following main observations:

(1) The equilibration periods were remarkably
shorter on the thermo-electrolytically prepared
Ag/AgCl electrodes than on the electrolytically
prepared ones.

(2) The reproducibility of the asymmetry poten-
tials was considerably better for the thermo-
electrolytically prepared Ag/AgCl electrodes. How-
ever, in no case was an electrode pair used in the
experiments with asymmetry potential greater than
+0.1 mV.

(3) No light effect was observed on the thermo-
electrolytically prepared Ag/AgCl electrode used in
these experiments.

M easuring technique. Before each experiment the
diffusion column was thoroughly rinsed several
times with distilled and deionized water followed
by a two times wash with absolute ethyl alcohol.
Finally, the diffusion column was dried under suc-
tion from a water pump for at least one hour. Then
the more dense solution was filled into the column
through the left-hand glass tube up to the middle
of the tubes. The screw-cock was closed and the rest
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of the glass tube on the left-hand side was filled up
with the same solution. By means of an automatic
burette (ABU 12 from Radiometer) adjusted at the
beginning to give a flow of 1.9 ml h™! the second
solution was very carefully placed on top of the first
one in the right-hand glass tube. In this way the
liquid junction could be formed with a sharp
boundary, as could sometimes be observed by
means of the difference in the refraction index of
the solutions. When the surface of the two solu-
tions was completely level, the Ag/AgCl electrodes
were carefully placed on top of the tubes and
immersed into the solutions. (Height levels due to
differences in densities of the two solutions turned
out to be so small that they could be ignored.) The
screw-cock was opened and emf-measurements
were started and continued during a period of at
least 24 hours for each experiment. During such
measurement a period with stable potential could
be observed for 10—15 h. The stability of the
asymmetric potential was controlled before and
after each experiment. Further, before each ex-
periment, the electrodes were allowed to equilibrate
at least one hour in the solutions applied for the
measurements.

Measurements have been made with the following
fixed HCl-concentrations: 0.1, 0.01, 0.001, and
0.0001 and varying concentrations of BaCl, be-
tween 5x 10™* and 1.0 (all concentrations in mol
dm™3). For practical reasons, measurements in-
volving one HCl-concentration were finished before
a new HCl-concentration was introduced. The
advantage of this procedure was that the autoburette
could continuously be filled with the same con-
centration of HCI during a longer period and thus
the risk of mixing the electrolytes was minimized.

THEORY

In the model of Henderson ! a continuous mixture
zone is assumed between the two electrolyte solu-
tions, i.e. for the concentration of the i’th ionic
species at any place in the diffusion zone eqn. (3)

Ci(x) = C{I) + «(x) AC; 3
is assumed, with the relation (4) and with a as a
AC;=C(ID-Cy(D) 4

parameter varying continuously from 0 in solution
I to 1 in solution II. Under this assumption and
applying eqns. (3) and (4) together with the assump-
tions of ideality, i.e. (1) ionic activities equal to ionic
concentrations, (2) constant and independent ionic

mobilities U;, the expression for the diffusion
potential can immediately be integrated to

RT Xz,U;AC; | 22U, C(I0)

Ady= —
M= = T2U.AC, "3 U.C,0)

=¢y— ¢| (5)

eqn. (5) (H~Henderson). In the special case of the
cell (2) we obtain eqn. (6).

_ RT2C,(Ups— Ue)— CUn—Ugy)
F 2C2Ug,+ Ug)—Co(Uy+ Ugy)

2C (U +2Ug,) _
Cy(Uy+Ug)

Ady

In Dens. _¢l.h.s.=¢HCl—¢BaCl2

(6)

The expression (5) may be transformed as follows:
We introduce the ideal specific conductivity, eqn.
(7), and the ideal transport number of the i’th ion,
eqn. (8), into eqn. (5). Hence, eqn. (9).

k%= F?%:2U,C; (7N
2

0 z; U;G;

0 Ziliti 8

fi 222U, C, ®)
RT 1 2. KO

Apy= — —+ —— A{k°T L} In=—>—

ou= T g ACI I G ©)

Compared with (5) eqn. (9) has the advantage of
containing the experimentally determinable quanti-
ties ¢; and x which also are defined at finite con-
centrations. By omission of the supercript zero, we
can hope to be able to correct for concentration
dependence of the conductivity and the transport
numbers in a meaningful way.

In the case of two uni-uni valent electrolytes with
one common ion (the anion, say) we express the two
electrolytes as BA and DA, respectively, with A as
common ion and we obtain eqns. (10) and (11),

1

A{Ko z:—o} = FP{C(I)Up— C(DUs—(AC)U,} (10)

AK® = F2{C(I)Up— CH)Ug +(AC)U,,} (11)

where C(I) is the concentration of BA and C(II) the
concentration of DA. For AC=0 we have a Lewis-
Sargent cell. As would be expected eqn. (9) together
with eqns. (10) and (11) passes over to eqn. (1) for
AC=0.
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Only total emf-values can be measured, however.
The experimentally measured emf-values for the
BaCl,/HCI cells are compared firstly to a simple
Henderson emf, eqn. (12), where the last terms are

EMF, = Ady —RTT nzcﬂg—
BaCl,

(12)
the contributions due to the Ag/AgCl electrodes in
the ideal approximation. Secondly, we compare
with an extended Henderson (EH) model similar to
(12), but with A¢ygy calculated from the operational
expression (9) using actual, experimental values for
the conductivities and the transport numbers in the
outer solutions. Thirdly, an extended Henderson
“corrected” for activity coefficients (EHA) on the
electrode potentials is also compared to experi-
ments. The critical point is naturally the assumption
regarding single ion activities. Strictly speaking,
such an assumption would be superfluous, if the
profiles Cg,c, (X) and Cyc,(X) were known through-
out the zone and if ty+, tg,2+ In ayg, and In ag,c, 5
were all known as functions of Cyc, and Cg,cy,
This is not our situation at present, so we are forced
to make some assumptions. We try the different
assumptions eqns. (13) and (14), where EHAI and
RT y+(HC)Cye,

EMFgyar = Apgy ——In

(13)
F y: (BaCIZ)ZCBaCIZ

EMFeyan= A¢EH — H]n yi(HCl)CHCI

F a4 i(BaCIZ)chaClz

EHAII correspond to the assumptions eqns. (15),
and eqns. (16a) and (16b), respectively.

(14)

y+Ccq- (in BaCl, and HCI) EHAT  (15)

aci- =

y+Cqi- (in HCI) EHAII (16a)

aci- =

aci- =+/¥+Cq- (in BaCl,)

Eqn. (15) is a pure ad hoc assumption, whereas eqn.
(16) follows from y2 = yyyq, and the Debye-Hiickel
relation In yy/In yo, =1 in HCI which yields yq =y
in HCL For BaCl, we have y3} = yg.y2 and In
yea/In yo=22 which yields yo,=./y+ in BaCl,.

It should be stressed that the assumptions (15)
and (16 a—b) are of a conventional nature. Bates
and Robinson !® have discussed another conven-
tion based on measurements on a mixed KCl-
KNO; bridge and comparison with the Stokes and

EHAII (16b)
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Robinson hydration theory for activity coefficients.
Their calculations are based on the assumption
that the Henderson formula in its simple form is
applicable for the evaluation of the junction po-
tential across the mixed bridge (Ref. 15, eqn. (12)).
Since the validity of the Henderson formula is one
of the objects of inquiry in the present paper, the
application of the Bates-Robinson conventional
single ionic activities would be a circuitry.

An extensive study of the function of the salt
bridge has been initiated by Serensen !¢ and carried
further in a recent paper by three of us.!” Further
measurements are presently performed in our
laboratory. One of the results is that a mixed KCl-
KNO; bridge is inferior to a pure KCl bridge in
eliminating the junction potential.

Last, but not least, the hydration theory of
Stokes and Robinson has been exposed to severe
criticism in a recent paper by Serensen (Ref. 18,
Appendix II). The ASPEV theory seems to give
consistent ionic radii from second virial coefficients
and also radii consistent with the modified Born-
Fuoss-Boyd-Zwanzig theory of ionic mobilities.!8:1°
Measurements of activities of HCl and BaCl, in
HCI-BaCl, mixtures are presently carried out in our
laboratory in order to elaborate the ASPEV theory
to a point where reasonable estimates may be given
for single ionic activities.

With the present confusion in the area of single
ionic activities, however, we have preferred to use
only very simple conventions here. This will facilitate
the corrections to be made later, when more reliable
single ionic activity coefficients can be defined
through statistical mechanical solution theory and
through a better understanding of the function of
the salt bridge.

The experimental results are also compared to
the model of Pleijel> using mobilities at infinite
dilution at 25°C. Following the procedure of
Pleijel for the BaClP|HCI™ junction we observe
first, that we have three different valences (+2, +1,
—1) distributed as (42, —1) in solution I and (+1,
—1) in solution IL

The dimensionless diffusion potential, eqn. (17),
has to satisfy eqn. (18), where h is defined as in
eqn. (19).

= F oy
A = =) )
ln%:lAqﬁ’—lnh » (18)
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3C
. BaCl
"= e 9)

Eqn. (18) has for a given A¢’ two different roots
Ay and 4, which have also to fulfill the equation

Ce-1)e-1)-Lra-1)a-1)+
L9142, +1;) =0 (20)

We have solved the system of eqns. (18)—(20) in
the following way. Eqn. (18) is written for A, and for
A, and the two equations are divided by 4, and 4,,
respectively. Then the two equations are subtracted
thus eliminating A¢'.

Z(Ay,hy) =
124 =Dh) 1 24,—Dh]_
A,[ln 7,22 ] 7 [ln 7,2 ]-0 (21)

Now, we choose a value of 4,. From (20) we cal-
culate the corresponding value of A,. Then we
calculate Z(4,,4,) which is generally different from
zero. By scanning with A, in the complex plane a
pair (4,,4,) can be found satisfying (20) and (21).
Then A¢’ is calculated from eqn. (18) for A=A4,,
or A=41, (same result). The values of emf are
calculated with ideal electrode contribution and
with the two assumptions on activity coefficients
used for the Henderson formula, and all calculations
are compared to experiments.

Table 1. Mean values of measured emf’s of cell (2) for fixed values of Cyce,=C, and variable values of
Cpact,=C,. SDM =standard deviation of mean value. N is the number of measurements. All values at

250+£0.1 °C.

C, emf(C,=0.0001) N emf(C,=00010) N emfiC,=00100) N emf(C,=01000) N
+SDM +SDM +SDM +SDM

0.00050 —111.154025 2 —20325+035 2

0.00100 5254015 2 174031013 3

0.00141 —155+0.18 2

0.00200 —6271+011 2

0.00208 8364016 2

0.00295 —4943+008 2

0.00309 18394012 3

000316 69.78+069 4

0.00437 -37124008 3

0.00457 26314061 3

0.00500 —3015+005 2 —113.60+020 2

0.00562 81374087 2

0.00646 —2504+024 3

0.00676 3046+165 2

0.00955 ~1369+029 3

0.01000 92014025 3  4364+028 10 —1575+054 2

001413 —373%030 3

001778 101424039 5 55104007 3

002084 5424009 4

0.03090 14464013 4

003162 111484055 4  6656+031 5

0.04571 2794052 5

0.05000 —3265+005 2

005623 121704023 4 77354011 3

006761 33404148 4

0.08250 36531003 2

0.10000 131.58+020 4 87174027 7 39611037 8  —1630+090 2

017780 97454023 3 50284018 5

0.31620 107071040 8 61254031 3

0.56230 116411030 8 71254008 3

1.00000 126031030 8 84044074 2 40554015 2
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RESULTS AND DISCUSSION

Table 1 shows the mean values of the measured
emf’s for cell (2) together with the standard devia-
tion of mean value (SDM) for the concentration of
HCI (C,) fixed at the levels 0.0001, 0.001, 0.01 and
0.1 mol/dm3, respectively, and varying concentra-
tions of BaCl, (C,).

The mean value X; is calculated by means of

X =

™M=

1y,
N&T

1

and the standard deviation of mean value

1

SDM = [N(N—l)

x i (5 —%)*]7
i=1

with x;=emf (measured) and where N is the number
of measurements for each C,/C,-value.

In Fig. 3, a section of the measurements is shown
in the decade log(C,/C,) from 1 to 2 and compared
to calculations from the simple Henderson theory
and from the Pleijel theory. Previously !! we have
reported a more restricted set of measurements on
the BaCl,/HCl system, leading to a rough picture
of the emf vs. log(C,/C,) relationship. Fig. 3 shows
a much more detailed picture which clearly ex-
presses a hitherto unseen feature in this relationship:
The split-up of the curves in such a way that each
C,-value defines its own curve.

We have fitted the data for each fixed C, with a
least square polynomial in log(C,/C,). The proce-
dure used to fit the significant polynomial was the
method of orthogonal polynomials described earlier
in a paper by one of us.'?

Standard deviation of the polynomials (SDP) is a
function of p, eqn. (22), with the greatest values of

p=1log(C,/C5) 22)

SDP at the terminal values of p.

The polynomials were fitted to the measurements
with the results given in Table 2.

The reason for the relatively large uncertainties
on the polynomial given in eqn. (26) is that those
measurements are the ones reported earlier ** with
a spacing in p considerably larger than for the
polynomials given in eqns. (23), (24) and (25).

As seen from Fig. 3 it is not convenient to plot all
the measured emf-values over the entire range of
p-values. Therefore, on Fig. 4 we have plotted the
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Fig. 3. Measured emf on cell (2) as function of log
(C,/C,) in the decade from 1 to 2 together with
calculated emf-values from the simple Henderson
model [[cqns. (6) and (12)] and from the Pleijel
model [eqns. (18)—(20)]. As clearly demonstrated
the measured emf’s are collected on three different
curves determined by the three C, values 0.01,
0.001 and 0.0001, respectively.

Curve fit has been made by means of a least
square polynomial in log (C,/C,). The three dif-
ferent C,-values as well as the Henderson and the
Pleijel models are indicated on the corresponding
curves.

difference between the experimental values and the
values calculated from the simple Henderson
formula eqns. (6) and (12) as a function of p for
the four values of C,. The mobilities used in
calculating A¢y have the ratios given in (27),
(Uy:Uga:Uq) = (349.81:31.82:76.35) 27
determined from equivalent conductance at infinite
dilution.!*

Conversely, from Fig. 4, the data in (27) and the
eqns. (6) and (12) it is possible to reproduce any
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Table 2. The results obtained when the polynomials (23)—~

(26) were fitted to the measurements.

emf{polyno) = 1.344 + 48.285p — 1.642p? (23)
emf{polyno) = —6.540 + 45.611p + 8.950p* — 6.043p* + 0.969p* (24)
emf{polyno) = —13.267 + 61.011p — 9. 492p + 1.451p? (25)
emf{polyno) = —15.268 + 63.884p — 7.810p” (26)
C,/(mol/dm?) 0.0001 0.001 0.01 0.1
Polynomial (23) (24) (25) 6)
pe [1.5]3.0] [0.0]3.0] [-13]20] [-23]1.0]
Significance level 0.05 <0.001 <0.001 <0.001
p; SDP/mV 1.5;04 0.0;0.7 —-1.3;09 —-23;08
2.3;0.2 1.0;0.3 0.0;0.2 -05;0.7
3.0;04 3.0;04 20;09 1.0; 09
value of emf at any given p-value and at any of the EMF._ /mV
four C,-values within the accuracy of the poly- EH
nomial fits.
Roughly speaking, Fig. 4 shows; that experi-
mental values are higher than EMFy for low p- sor
values and lower for high p-values. The best fit is
around p= —0.3, corresponding t0 Cg,ci,/Char=
0.5. Interestingly enough, this is exactly the condi-
tion of equal concentrations of the Cl~ ion in the 0r
(EMF_ _-EMF ) /mV N
20} S
60} &
&
S
&
= C,,c,0.0001
1of ~Sper=® c"ﬁ:,,,?gom
50 €, r001
2}
o 5
-2} 40
s}
as|
34 I
I \cmro 0001 32); . . . ,
. 10 15 20 ¢
log—BacCl,
=0.001
20 ch|=om°"°' Hl
T P TS Fig. 5. The extended Henderson model (EH-model)
-24 -16 -08 0 08 16 24 32 logﬁcu2 plotted as a function of log (Cy/C,) in the decade
Cuci from 1 to 2 for three values of C,, ie. C,=0.01,

Fig. 4. Plot of differences between fitted experi-
mental emf-values and emf-values calculated from
the simple Henderson-model (eqns. (6) and (12)) as a
function of log (C,/C,) for four values of C,, i.e.
C,=0.1, 001, 0.001 and 0.0001 mo! dm 3.

0.001 and 0.0001. As seen the EH-model leads to a
split-up of the curves for different C,-values. For
comparison the simple Henderson model is also
shown on the figure (indicated by HENDERSON).
From this model only one emf can be calculated at
a given log (C,/C,)-value.
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external solutions and cell (2) represents, in this
case, a modified Lewis-Sargent cell. The general fit
of the Henderson formula is not better than within
about 10 mV too low (p= —2) to about 18 mV too
high (p=2). There is a clearcut separation between
curves belonging to different values of Cyc, This
separation ranges up to values of 9 mV.

In Fig. 5 the calculations using the extended
Henderson formula (eqn. (9) with actual values of
k(=cA), tg, and ty instead of values for infinite
dilution) are shown in the decade from p=1 to
p=2. We notice now, that there is a splitup of the
curves for various values of Cyc,. This stands in
contrast to the case of the simple Henderson equa-
tion, also shown on Fig. 5 for comparison. By
comparison with the experimental values on Fig. 3
in the same decade, we observe that the experimental
split-up is larger than predicted by the EH-model.

Values of Aycy, Apaci,, ta(HCI) and tg,(BaCl,) in
pure solutions were taken from Landolt-Bornstein’s
tables 2 and fitted with the polynomium program.!?
We obtain eqns. (28) and (29) for the molar con-
ductivities.

Ana=425.72—157.90C%/2 + 184.41C, — 119.96C3>

(28)
(C, from 0 to 1 mol/dm?)
Apqci,=280.06—553.38C}/ +1610.36C,
—2910.26C3/2 +2645.47C3 —934.28C3/? (29)

(C, from 0 to 1 mol/dm?).

For the transport numbers we have eqns. (30)
and (31).

£ =0.8210+0.0472CL/2 — 0.0456C,, +0.01841C3"2

(30)
(C, from 0 to 1 mol/dm?)
tga=0.4549 —0.1660C1/? —0.0612C, +
+0.3271C32 —0.1828C2 (31)

(C, from 0 to 1 mol/dm3).

In Fig. 6 we have plotted the experimental EMF’s
minus EMFygy in the entire p-range. It is evident by
comparison with Fig. 4 that the deviations are more
symmetric around zero than for the simple Hen-
derson model. This is due to the correction of the
coefficients of transport to the actual values instead
of the use of mobilities of infinite dilution. We also
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Fig. 6. Differences between fitted experimental emf-
values and emf-values calculated from the extended
Henderson model (eqn. (9) with actual, experimental
values for conductivity and transport numbers in
the outer solutions) are plotted as a function of log
(C,/C,) for four values of C,, ie. C,=0.1, 001,
0.001 and 0.0001 mol dm 3.

see that the split-up between the different C,-levels
are considerably less than on Fig. 4 (simple Hen-
derson). This shows that the corrective split-up on
Fig. 5 is in the right direction. The entire range of
deviations is also “only” 23 mV on Fig. 6 in com-
parison with 28 mV on Fig. 4.

Using the activity assumption in eqn. (15) (EHAI)
we obtain a considerably larger split-up than the
experimental one, compare Figs. 7 and 3. Taking
the difference between the experimental values and
the EMFgy,, we observe (Fig. 8) that an asymmetry
and a larger split-up are introduced over the entire
p-range. The activity coefficients y . (HCI) are taken
from Harned and Owen?! and transformed from
molal to molar activity coefficients using the Table
12—1—1A, p. 725.2! The coefficients y.(BaCl,)
are taken from various sources 2325 and trans-
formed to molar activity coefficients using the den-
sity data for BaCl, in Ref. 22.

The data were treated by the computer program
with the result:
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Fig. 7. Calculated emf-values from the EHAI model
(eqn. (13)) as a function of log (C,/C,) in the
decade from 1 to 2. As seen the emf-values are
split up into three different curves corresponding
to the three C,-values: 0.01, 0.001 and 0.0001 mol
dm ™3, respectively. The C,-values are indicated on
the curves. For comparison also the curve represent-
ing emf-values from the simple Henderson model is
shown.

In y.(HCl)= — 1.169CL2 +1.750C, — 1.002C3>
(32)
(C, from 0 to 0.2 mol/dm?3)

In y,(BaCl,)= —2.271(3C,)!2 + 2.731(3C,)
—2236(3C,)¥*+1.181(3C,)* - 0.336(3C,)%*  (33)

(C, from 0 to 1 mol/dm?3).

The activity assumption in eqns. (16a) and (16b)
(EHAII) turns out to be more appropiate. Fig. 9
shows the difference between the experimental
values and EMFgy,, over the entire p-range. The
deviations distribute themselves almost symmet-
rically around 0 mV and the separations between
different C,-levels are quite small (up to 6 mV).

EMF -EME /mv

20 L E EHA1
C“c'=o.001

C..=0.0001

HC)

01
or /\_/\

C“c.=0-01

U
N
T

-20}-
"A 1 I L 1 1 1 1
-24 16 -08 0 08 16 24 3.2

Ioggrcflz

Fig. 8. Differences between fitted experimental emf-
values and emf-values calculated for the EHAI-
model (eqn. (13)) as a function of log (C,/C,).
Four different curves are obtained corresponding
to four different C,-values, ie. C,=0.1, 001,
0.001 and 0.0001 mol dm~3. C,-values are indicated
on the curves.

The entire range of values is within 14 mV. So this
is the best fit we can obtain with primitive exten-
sions of the Henderson formula.

Passing to the Pleijel-model a comparison with
experiments is shown in Fig. 10 over the entire p-
range. The deviations are asymmetrically distributed
around zero due to the use of mobilities at infinite
dilution (eqn. 27), but the range of values is only
14 mV (like the EHAII model, but considerably less
than the 28 mV of the simple Henderson model).

Thus we may conclude that the uncorrected Pleijel
model is better than the uncorrected Henderson
model. This might be due to the fact that the con-
centration profiles move away from the continuous
mixture profiles in the initial mixing zone when time
passes. The profiles of stationary diffusion found in
the Pleijel theory might be a better approximation
to the quasi-stationary profiles of free diffusion.
It is also obvious from Fig. 10 that the uncorrected
Pleijel model fits the data quite satisfactorily when
the BaCl, as well as the HCI solution is dilute
enough. This stands in contrast to the situation with
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Fig. 9. Differences between fitted experimental
emf-values and emf-values calculated from the
EHAII-model (eqn. (14)) as a function of log
(C4/C,). Four different curves are obtained corre-
sponding to four different C,-values, i.e. C,=0.1,
0.01, 0.001 and 0.0001 mol dm~3. C,-values are
indicated on the curves.
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Fig. 10. Differences between fitted experimental emf-
values and emf-values calculated from the Pleijel
model [eqns. (18)—(20)] as a function of log
(C,/C,). Four different curves are obtained corre-
sponding to four different C,-values indicated on
the curves, ie. C,=0.1, 0.01, 0.001 and 0.0001
mol dm ™3,

BaCl,/HCl Junctions II 533

(EME___EMF__. )/mV

20

EXP PPAI

101

Cp=01

-20}-

sul 1 1 1 1 1 1 1

24 -16-08 0 08 16 24 32

C
fog BaCl,

Fig. 11. Differences between fitted experimental
and calculated emf-values as a function log (C,/C,).
The calculated emf-values are obtained by means
of the uncorrected Pleijel model in which the
electrode potentials are corrected with activity
coefficients according to eqn. (15). Four different
curves are obtained corresponding to four different
C,-values indicated on the curves, ie. C,=0.1,
0.01, 0.001 and 0.0001 mol dm™3. C,-values are
indicated on the curves.

the simple Henderson model (Fig. 4).

When the electrode potentials in the Pleijel model
are corrected for activity coefficients according to
eqn. (15) the final results look worse than the results
from the uncorrected Pleijel model (compare Fig. 11
with Fig. 10). Similar effects were observed when the
EHAI model (Fig. 8) was compared with the simple
Henderson model (Fig. 4). However, using eqns.
(16a—b) instead of eqn. (15) to correct for the
electrode potentials in the Pleijel model (Fig. 12) we
obtain a smaller separation between C,-levels, but
the entire range of values extends over 24 mV which
is considerably worse than the results obtained by
using the simple Pleijel formula.

Comparing Fig. 12 with Fig. 9 (EHAII, the best
model until now) the latter results seem puzzling.
However, the “correction” for activity coefficients
is only partial, since only the electrode potentials
are corrected. Also, strictly speaking, the Pleijel
model should have been corrected for varying
transport coefficients, similar to the case for the
EHAII mode.
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Fig. 12. Differences between fitted experimental and
calculated emf-values as a function of log (C,/C,).
The calculated emf-values are obtained by means
of the uncorrected Pleijel model in which electrode
potentials are corrected with activity coefficients
according to eqns. (16a) and (16b). Four different
curves are obtained corresponding to four different
C,-values indicated on the curves, ie. C,=0.1,
0.01, 0001 and 0.0001 mol dm™3. C,-values are
indicated on the curves.

In conclusion, on the basis of the present study,
the EHAII model should be recommended for fast
calculations, since the calculation according to
Planck and Pleijel certainly is much more time
consuming.
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