
July 5, 1959 EQUIVALENT AND IONIC CONDUCTANCES OF KCl-LiCl MIXTURES 3207 

While the elution maximum appeared within less 
than a column volume after change of conditions, 
the Au(III) band tailed significantly, presumably 
a rate effect. Similar separations were carried out 
in HCl solutions where tailing of the Au(III) band 
seemed to be slightly greater than in LiCl solutions. 

In part B of Fig. 3, separation of Sn(IV) and 
In(III) from Sb(V) is illustrated. A mixture of 
Sn(IV), In(III) and Sb(V) in 12 M HCl was added 
to a small column. Sn(IV) and In(III) were 
eluted within a few column volumes with 12 M 
HCl while Sb(V) remained adsorbed. It was 
removed with 1 M NaOH, presumably as the anti-
monate ion. 

Since Fe(III) is strongly adsorbed by Dowex-50, 
the technique may be used for separation of traces 
of iron from various concentrated electrolyte solu
tions. A similar method previously has been de
scribed for anion exchangers.9 The cation ex
change method may be considered an adjunct to 
the anion exchange method since the supporting 
electrolyte may be chosen from a different group of 
metals. In the one case the metals should be non-

(9) K. A. Kraus and G. E. Moore, T H I S JOURNAL, 72, 5792 (1950). 

In 1911 Bray and Hunt1 reported that the con
ductance of a mixture of HCl and NaCl (concen
trations Ci and C2) was not additive in the con
tributions of the two electrolytes, i.e., if Ax and 
A2 were the equivalent conductances of the single 
electrolytes in solution at the same ionic strength J 
as obtained in the mixture, the equivalent conduct
ance A of the mixture was less than (C1Aj + C2A2)/ 
J, where A = 1000/c/J, /cis the specific conductance 
of the mixture, and J = C1 + C2. Subsequently, 
Bennewitz, Wagner and Kiichler2 and Longs-
worth3 measured transference numbers for HCl-
KCl mixtures, the former by the Hittorf method 
and Longsworth by the moving boundary tech
nique. It appeared that the conductance of the 
faster cation was decreased, and of the slower 
cation increased, the common anion being relatively 
unaffected—the increase (or decrease) being numer
ically the greater the less the particular ion fraction 
in the mixture. The net effect on the conductance 
of the mixture was that it was less than that pre-

(1) W. C. Bray and F. L. Hunt, T H I S JOURNAL, SS, 781 (1911). 
(2) K. Bennewitz, C. Wagner and K. Kiichler, Physik. Z., 30, 623 

(1929). 
(3) I. G. Longsworth, T H I S JOURNAL, 52, 1S97 (1930). 

adsorbable (or weakly adsorbable) by cation ex
changers, in the other by anion exchangers. 

With cation-exchange technique we have, as an 
example, separated Fe(III) from 2 M ZnCl2 
solutions containing excess HCl (Zn(II) is strongly 
adsorbed by anion exchangers). Unfortunately, 
if the Fe(III) concentration is substantially larger 
than 1O-4 M, breakthrough of iron occurs after 
only a moderate number of column volumes of solu
tion have been passed through, presumably be
cause of the rapid decrease of adsorbabilities with 
loading. Better retention of Fe(III) would prob
ably occur with less acidic supporting electrolyte 
solutions, e.g., using LiCl rather than HCl. 

The technique is of course also adaptable to the 
isolation of other adsorbable elements, e.g., to 
the isolation of Ga(III) from concentrated Zn(II) 
solutions as one might encounter, for example, in 
the isolation of Ga67 tracer from zinc targets. In 
all these cases removal of the adsorbed material 
from the column (regeneration) may be achieved 
by washing with dilute chloride solutions. 
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dieted by the additivity rule in conformity with 
Bray and Hunt's findings. 

In a classic paper,4 Onsager and Fuoss gave a 
general treatment of the problem and for the three-
ion case obtained a solution in closed form.6 Their 
development, however, involves essentially the 
assumptions underlying the Debye-Onsager Limit
ing Law for single binary electrolytes, and it was 
therefore not to be expected at an ionic strength of 
0.1 (as obtained in Longsworth's measurements) 
that more than qualitative agreement with theory 
could be obtained. Later, Krieger and Kilpatrick6 

studied KCl-LiCl mixtures over a range of ion 
fractions at varying ionic strengths and also found 
decreases in conductance in the mixtures as com
pared with the additivity rule; these were in general 
less numerically than those predicted by the 
Onsager-Fuoss theory, although the discrepancy 
tended to decrease with decreasing ionic strength. 
Since they made no transference measurements, 

(4) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2689 (1932). 
(5) For the polyion case, see L. Onsager and S. K. Kim, ibid., 61, 

215 (1957). 
(6) K. A. Krieger and M. Kilpatrick, T H I S JOURNAL, 59, 1878 

(1937). 
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Conductances for KCl-LiCl mixtures a t an ionic strength of 0.01 have been determined by the direct current method. 
Transference numbers for potassium and chloride ions were obtained by the electrometric method of following boundary 
movement and for lithium ion by the adjusted indicator technique. The deficit in the equivalent conductance of the mixture 
as compared with that calculated by the simple additivity rule was less than that predicted by the Onsager and Fuoss 
theory of the mixture effect, in agreement with other earlier results at higher concentrations. The cation conductances, 
while not of the highest precision, show a decrease in conductance for the potassium ion and an increase for the lithium in 
the mixture as compared with their values in binary solution, numerically greater than is predicted by the theory. 
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they were unable to obtain ion conductances, and 
it should be noted that these are the quantities 
explicitly dealt with by Onsager and Fuoss. 

The recent development in this Laboratory of an 
electrometric method of following boundary move
ment,7 applicable at concentrations far below those 
accessible to the conventional optical procedure, 
suggested a study of the mixture effect at an ionic 
strength low enough to permit a possibly significant 
test of the Onsager-Fuoss theory. Moreover, by 
the use of the adjusted indicator technique,8 it 
would be possible to measure the transference 
number of the third ion (which Longsworth was 
unable to do) and thus obtain an independent check 
on the internal self-consistency of the data. We 
report here the results of such measurements for 
the system KCl-LiCl at J = 0.01. Our reason for 
selecting this ionic strength is that the mixture 
effect (which is proportional to J1^2) must be large 
enough to be measurable and at the same time the 
concentrations must be sufficiently low for the 
independent ionic mobility rule to apply in solu
tions of the single salts; moreover, the "higher 
order terms" in C, C log C, etc., should be as small 
as possible. It must be admitted at once that the 
precision of the transference measurements (and 
consequently the conductances) of the cations is 
not what one has come to expect in studies of single 
electrolytes, but the results (we believe) are never
theless significant. 

Experimental 
The conductances were determined by the direct current 

method9 previously used in this Laboratory and are based 
on the Jones and Bradshaw 0.01 D standard.10 The trans
ference number of the chloride ion was measured in a cell with 
rising boundary with iodate as indicator and of the potas
sium in a cell with falling boundary with LiCl as indicator; 
in both cases boundary movement was followed electro-
metrically as described by Lorimer, Graham and Gordon,' 
and the volume calibration of the cells is based on the value 
/+ = 0.4902 for 0.01 N KCl at 25".11-18 Silver-silver chlo
ride and cadmium electrodes served as cathode and anode 
on the closed side of the cells. The concentration of the 
adjusted indicator solution behind the LiCl/LiCl + KCl 
boundary was determined as described by Muir, Graham 
and Gordon,8 the only difference in technique being that the 
conductiometric analysis was effected at 5000 c.p.s. instead 
of at 1000 c.p.s. as in the earlier work. The actual indicator 
solutions used were those formed in the measurement of t-g.; 
thus two runs, one to measure fci and one other to measure 
(K and the indicator concentration, served to fix all three 
transference numbers. 

Since the effect of interest is at best small and difficult 
to measure, preliminary calculation showed that the most 
promising solution for the transference studies was equi-
normal in the two salts. I t was found that with such a 
mixture the potassium ion boundary (while not as sharp 
as that for chloride) was reasonably well defined, and the 
measured IK or tci was current independent for a 100% 
variation of current. In contrast, a solution 0.0025 N in 
KCl and 0.0075 N in LiCl gave a potassium ion boundary 
too ill-defined for meaningful results. 

The solutions were prepared gravimetrically from the 
purified salts and CO2 stabilized conductivity water (sp. 

(7) J. W. Lorimer, J. R. Graham and A. R. Gordon, T H I S JOURNAL, 
79, 2347 (1957). 

(8) D. R. Muir, J. R. Graham and A. R. Gordon, ibid., 76, 2157 
(1954). 

(9) H. E. Gunning and A. R. Gordon, J. Chem. Phys., 10, 126 
(1942). 

(10) G. Jones and B. B. Bradshaw, T H I S JOURNAL, 55, 1780 (1933). 
(11) L. G. Longsworth, ibid., 54, 2741 (1932). 
(12) R. W. Allgood, D. J. LeRoy and A. R. Gordon, J . Chem. Phys., 

8, 418 (1940). 

cond. 7 X 10"') as previously described.12'13 In converting 
to volume concentrations, it was assumed that the salts 
made additive contributions to the density of the solution, 
these being obtained from the density data for the solutions 
of the individual salts. 

Results 
The conductance measurements are summarized 

in Table I. Here /J. is the ion fraction of potassium 
in the mixture, i.e., 2fx is the electrolyte mole frac
tion of KCl. Hundredth normal LiCl and KCl 
solutions were prepared for each of the four series 
of the table, and the conductance of the LiCl 
solution used for a particular series is given at the 
head of each column. In all four, the equivalent 
conductance of the KCl solution was taken as 
141.271, being in fact the cell calibration14 for the 
series. For convenience the entries have been 
corrected to J = 0.01 by means of the known 
values of dA/dC (-3S 0 and — 360) for this concen
tration for KCl and LiCl, on the assumption that 
Ak/AJ for the mixture is linear in JX. Since in only 
one measurement did J differ from 0.01 by as much 
as 0.2%, the resulting corrections in A amount in 
general to a few thousandth's of a conductance 
unit. 

TABLE I 

EQUIVALENT CONDUCTANCE OF KCl-LiCl MIXTURES 

/ = 0.01; 25°; AKC1 = 141.271 

2n A 

(a) . 

107.214 
115.668(0,045) 
124.217( .067) 
132.722( .036) 

(c) . 

0 107.212 
0.25083 115.713(0.042) 
.50132 124.240( .046) 
.75050 132.736( .037) 

0 
0 24954 
.50121 
.75003 

2ju A 

(b) 

107.226 
115.665(0 
124.266 ( 
132.727 ( 

(d) • 

0 107.237 
0.24770 115.628(0.039) 
.49685 124.092( .055) 
.74927 132.695 ( .043) 

0 
.24914 
.50190 
.75011 

043) 
047) 
036.) 

TABLE II 

TRANSFERENCE NUMBERS OF KCl-LiCl MIXTURES 
A(J = 

10* X J 2M 0.01) (el Xci 
99.942 0.50171 124.23 0.5797 72.02 
99.942 .50171 124.23 .5797 72.02 
100.102 .5004S 124.21 .5800 72.04 

10« X J 
100.102 
100.102 
99.961 
99.981 

2f 
0.5004S 

.50048 

.50088 

.50088 

A(J = 
0.01) 
124.21 
124.21 
124.24 
124.24 

(K 

0.2777 
.2775 
.2770 
.2772 

(Li 

0.1435 
. 1427 
.1431 
.1424 

Mean 
AXi 

Mean 

XK 

(!8. 92 
IiS. 87 
68.71 
68.76 

68.81 
- 0 . 4 5 

72.03 
+ 0.02 

XLi 
35.68 
35.48 
35.02 
35.45 

35. 56 
+ 0.35 

The average of the four results for LiCl solutions 
is 107.22, the corresponding value of the Shedlovsky 
function15 Ao' being 115.89. This result and those 
of Jervis, et al.,n for concentrations less than 0.005 

(13) R. E. Jervis, D. R. Muir, J. P. Butler and A. R. Gordon THIS 
JOURNAL, 75, 2855 (1953). 

(14) The 0.01 D standard, for KCl = 74.557, corresponds to C = 
0.0099713, A = 141,282. Since dA/dC for 0.01 Ar KCl solutions = 
-380 , A for 0.01 Ar is 141.271. 

(15) T. Shedlovsky, T H I S JOURNAL, 54, 1405 (1932). 
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N, can be represented within 0.01 conductance 
unit by A0' = 115.03 + 86C, a relation which fits 
all the data as closely as their A0' = 115.03 + 
88C. Our value is, however, lower than that 
interpolated from Shedlovsky's measurements16 

(107.30) and that of Krieger and Kilpatrick6 

(107.27). Since we are concerned here primarily 
with conductance differences, we shall use our result 
for self-consistency. 

The quantities in parentheses after the entries are 
the values of -AA, the deficit in the equivalent 
conductance as compared with that computed by 
the additivity rule 

AA = A - ALici - 2^(141.271 - ALICI) (1) 

the value of Auci appropriate for the series being 
used in each case. If the third entry in series a be 
ignored, the mean values of -AA (0.042, 0.050 
and 0.038 for 2p = 0.25, 0.50 and 0.75, respec
tively) are surprisingly precise, the apparent un
certainty being of the order of ± a few thousandths 
of a conductance unit; they are consistent with 
Krieger and Kilpatrick's results6 for this ionic 
strength within the much larger apparent experi
mental uncertainty of their data. The correspond
ing theoretical values of -AA (see eq. 5, et seq.) are 
0.064, 0.084 and 0.061, the experimental results 
thus being roughly two-thirds the theoretical; 
just how misleading this can be in terms of the 
ionic quantities is discussed below. 

Four determinations of /ci for 0.01 N LiCl gave 
0.6715 ± 0.0001, i.e., tu = 0.3285; this is some
what below the value for this concentration inter
polated from Longsworth's data, viz., 0.3289,u 

but once again for consistency we shall use our 
result. It should be noted that Xci is 72.00 for 
0.0IiV LiCl (fci = 0.6715, A = 107.22) and 72.02 
for 0.01 iVKCl (tci = 0.5098, A = 141.271); thus 
the independent ionic mobility rule holds within the 
accuracy of the transference numbers, and we shall 
adopt Xci = 72.01, XK = 69.26, XLi = 35.21 for this 
concentration in binary solution. 

The transference numbers for the mixture are 
given in Table II. For /K and tci, they are com
puted by the familiar relation 

h = FCi/1000 + cor. terms (2) 

where V is the volume swept out by the boundary 
per faraday, G is the concentration of the leading 
ion in equivalents per liter, and the last item stands 
for the usual solvent and volume corrections.17 

For lithium, the conservation relation18 is used 
Tu* - TLi = F(CLi* - CLi)/1000 = 

(tK/CK)(Cu* - CLi) (3) 

Here the asterisk denotes the adjusted LiCl in
dicator solution, and tu and CLi refer to the leading 
solution. Thus a measurement of Cu, which 
fixes19 tu*, yields tu, since fe is determined from the 

(16) T. Shedlovsky, T H I S JOURNAL, 64, 1411 (1932). 
(17) D. A. Maclnnes and L. G. Longsworth, Chem. Revs., 11, 171 

(1932). 
(18) L. G. Longsworth, THIS JOURNAL, 67, 1109 (1945). 
(19) Since \ L i ° is 38,68 (R. A. Robinson and R. H, Stokes, "Elec

trolyte Solutions," Butterworth's Scientific Publications, London, 1955, 
p. 452; H. S. Harned and B. B. Owen, "The Physical Chemistry of 
Electrolytic Solutions," 3rd Ed., Reinhold Publ. Corp., New York, 
N. Y., 1958, p. 231; and ref. 13) (Li0 is 0.3363; with our value of (Li 
for 0.01 N LiCl, the value of the Longsworth function U °' (see ref. 11) 

observed boundary movement in the same experi
ment. The correction given in eq. 4 of ref. 8 has 
not been applied to the lithium results since it is 
negligible in view of the reproducibility of the 
data. 

The table gives the value of A (adjusted to J = 
0.01) for the actual solutions used in the trans
ference measurements, and the resulting ionic 
conductances in the mixture20 

Xi = <iA(//Ci) (4) 

The cation conductances show a much greater 
spread than one could wish—approaching ±0.1 
unit—but the mean values give a value of A of 
124.22, which is in excellent agreement with the 
"best" value (124.20 for J = 0.01, 2,u = 0.5) 
from Table I. In fact, if the mean values be used 
with A = 124.20, the corresponding transference 
numbers (0.2770, 0.1432 and 0.5799) add to 1.0001. 
While this must be to some extent fortuitous, it 
nevertheless suggests that the mean values are 
reliable within narrower limits than one might infer 
from the scatter of the individual results. The 
values of AXi in the table are the differences (Xi 
in the mixture) — (Xi in binary solution at / = 
0.01). 

Discussion 
For a solution containing three univalent ions, 

the Onsager-Fuoss theory gives 
X; = X1

0 - tJiXiVA - o-J'A (5) 

where the coefficients #i and o- are denned by 
tfi = 1.980 X 10"(21A)Z1(I - H1Zi)LrJ(DT)'/* (6) 

a = 29.15(21A)Z(Pr)1A, (7) 

Here z\ is the sign of the charge of the ion, D and i\ 
are the dielectric constant and viscosity of the 
solvent at temperature T, the subscript s indicates 
summation over the three ions and the vectors r are 
+ 1 for the cations and —1 for chloride. For a 
single binary electrolyte, the matrix product z\ 
(1 - Hl/%re becomes 0.29289—the familiar 
q/(l + g1/2) where q = 1A, i.e., for aqueous binary 
solutions at 25°, & = 0.2289. The change of con
ductance of the ion in the mixture as compared with 
its conductance in binary solution is thus ascribed 
to the change in the time of relaxation coefficient 

To compute for a given JX, the matrix elements 
hji, one requires the nine quantities ojji = Xj°/ 
(Xj° + Xi0) where XK°, XLi° and Xci0 are 73.50, 38.68 
and 76.35, respectively.21 From these, one com
putes the matrix invariants Ii and I2, and from the 
invariants, the scalars a and b which serve to 
evaluate the matrix product 

Zi(I - H'Z2)i,r, = z;(an + bh[ar3) (8) 

These quantities are given for reference in Table 
III. The difference between the entry in the table 
and 0.29289 when multiplied by (0.2289/0.2929). 
Xi0J'/'1 gives the change in ionic conductance in the 
for this concentration is 0.3377. Since W °' is linear in C for the alkali 
chlorides, (Li* can be obtained by means of the relation /Li°' = 0.3363 + 
0.14CLi*. 

(20) Note that (7/Ci) is unity for chloride, 1/(2^) for potassium 
and 1/(1 - 2ji) for lithium. 

(21) See references in footnote 19, and G, C. Benson and A. R. 
Gordon, / . Chem. Phys., 13, 473 (1945). 
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TABLE II I 

VALUESOFZi(I - H , / 2 ) i 3 r a 

2M 0 0.25 0.50 0.75 1.00 

K + 0.40695 0.37672 0.34772 0.31981 0.29289 
L i + .29289 .26603 .24010 .21504 .19072 
Cl" .29289 .29370 .29391 .29362 .29289 

mixture as compared with tha t in binary solution 
at the same J. From the resulting ionic quantities, 
the calculated AA referred to earlier may be ob
tained at once. 

For J = 0.01, 2M = 0.5, the calculated AXK. 
AXL; and AXci are thus —0.315, +0 .160 and 
— 0.006 unit, respectively, which may be compared 
with the observed values of Table I I . Not much 
stress can be placed on the difference in sign for 
chloride, although the discrepancy is slightly 
greater than the apparent precision of the chloride 
data. For the cations, however, the differences 
between the calculated and observed AXi are greater 
than the most pessimistic estimate of the experi
mental error. Wha t is unexpected is tha t the 
observed AXi are numerically greater than the 
calculated rather than less. The assumptions 
underlying the theory of the mixture effect are 
essentially those inherent in the familiar Limiting 

At the present time there is a paucity of com
parative data on the decomposition produced in 
liquid organic materials by different types of radia
tion. This situation is in marked contrast to the 
reasonably detailed understanding now available 
of the dependence of radiation effects on linear 
energy transfer (LET) in aqueous systems. The 
present studies represent a preliminary investiga
tion into the effect of variation with L E T of the 
over-all decomposition produced in two of the more 
simple hydrocarbons which have been the subject 
of previous work with fast electrons.3 '4 Except 
for minor differences which appear to be at t r ibut
able to changes in intensity, very similar yields are 
observed for the various types of radiations em
ployed here. 

Early experiments by Sworski and Burton5 on aro-
(1) General Electric Research Laboratory, Schenectady, New York. 
(2) Mellon Institute Radiation Research Laboratories, Pittsburgh, 

Pennsylvania; work performed while at Brookhaven National Labora
tory and supported by the U. S. Atomic Energy Commission. 

(3) H. A. Dewhurst, / . Chen. Phys., 24, 125-1 (1956); J. Pkys. 
Chem., 61, 1406 (1957); 62, 15 (19581. 

(4) H. A. Dewhurst and E. H. Windlow, / . Chem. Phys., 26, 969 
(1957). 

(5) T. J. Sworski and M. Burton, T H I S JOURNAL, 73, 3790 (19511. 

Law for binary electrolytes, and for the alkali 
chlorides at these concentrations, the Limiting 
Law over—rather than underestimates—the effect 
of ionic interaction. I t is of course possible tha t 
the assumption implicit here tha t the higher order 
terms are the same in the mixture as in binary 
solution is seriously in error, bu t a t the moment no 
theory of a mixture effect for the higher order 
terms is available. However, these terms for all 
three ions in binary solution at / = 0.01 are of the 
order of 0.4 unit—roughly one-half the numerical 
value of the relaxation term of eq. 5 for L i + and 
one quarter tha t for K + ; hence, to account in this 
way for the discrepancy would require rather 
drastic changes percentually in their values. 

One obvious conclusion is tha t further study, both 
experimental and theoretical, of the mixture effect 
is in order; a second is tha t when testing any 
theory dealing with ionic conductances, equivalent 
conductances per se can give little if any explicit 
information which is pertinent. Finally, we wish 
to express our thanks to the National Research 
Council of Canada for a grant in aid of this research 
and to Canadian Industries Limited for the award 
to G. S. K. of a fellowship. 
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matic systems which compared the relative yields of 
the formation of hydrogen and methane for reactor 
radiations and for 7-rays have indicated tha t the 
ratio of these products increased with increase of 
L E T . McDonell and Gordon6 have compared the 7-
ray radiolysis of methanol with previous studies of 
the decomposition produced by 28 mev. helium ions 
and have observed a difference in the yield for 
formation of ethylene glycol. More recent studies 
of the yield of hydrogen produced in the decompo
sition of cyclohexane by fast electrons and by 
cyclotron radiations have shown little difference 
between the effect of light and heavy particles 
(less than 10%) .7 Investigations currently in 
progress on the determination of radical production 
by the iodine scavenging technique have shown a 
somewhat larger effect.8 All of these studies em
phasize tha t meaningful interpretation of the ef
fect of L E T on radiation chemical reactions in 
hydrocarbon systems will result only from studies 
of the quanti tat ive details of relatively small 

(6) W. R. McDonell and S. Gordon, J. Chem. Phys., 23, 208(1955). 
(7) R. H. Schuler and A. O. Allen, THIS JOURNAL, 77, 507 (1955) 
(8) R. H. Schuler, to be published. 
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Hexane and cyclohexane have been irradiated with radiations having energy loss parameters from 0.02 to 5 e.v./A. and 
the liquid products have been examined by gas chromatographic and infrared methods. In this preliminary study no change 
in over-all decomposition is observed which can be attributed directly to a variation in the linear energy transfer of the 
radiation. 


