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I . PURPOSE OF THE INVESTIGATION. 

AS has been frequently pointed out, the dissociation of tri-
ionic salts, such as potassium sulphate and barium nitrate, 

like that of most dibasic acids, might well be expected to take 
place in the two stages expressed by the following equations : 

K2SO4 ZZ K" + KSO/, and KSO/ ZZK' + SO4" ; 

Ba(NO3), ZZ BaNO3" + NO/ and B a N O 3 ^ B a " + NO3'. 

Up to the present time, however, no conclusive experimental 
•evidence of the existence of such intermediate complex ions as 
KSO4' and BaNO3' has been presented. The freezing-point low
ering and electrical conductivity of such salts prove, to be sure, 
that, even in moderately concentrated solutions, the intermediate 
ions, if they exist at all, are present only in relatively small 
amounts. Nevertheless, the question is still unanswered, whether 
the portion of the salt that is not completely dissociated consists 
wholly of undissociated molecules (K2SO4 and Ba(N03)2) or 
mainly of the partially dissociated ones (KSO/ and BaNO3"). 
The answer to this question cannot be reached by the method 
used in the case of dibasic acids, since it is only for hydrogen 
and hydroxyl ions that we possess specific quantitative methods 
of determination* The property adapted to throw the most light 
on the matter would seem to be the change of the transference 
numbers of such salts with the concentration ; for, If KSO4' or 
BaNO3" ions exist in moderately concentrated solution, and if 
these ions are dissociated in diluter solutions, as they must be, 
into K' and SO4" or Ba*" and NO/ ions, it is evident that the pro
portion of potassium or barium transferred in the differently con
centrated solutions will be markedly different. This investiga-
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tion was, therefore, undertaken in order to determine the effect 
of dilution on the transference numbers of some tri-ionic salts. 
Since the results, to be of much value in connection with the 
theoretical question just referred to, must have a high degree of 
accuracy, my first efforts were, however, devoted to perfecting 
the usual method of determining transference numbers, and these 
have led to a modification of it, which it is one of the main pur
poses of this article to describe. 

2. RESULTS OF PREVIOUS INVESTIGATORS. 

Before describing my own experiments, the results of previous 
investigators bearing directly on the subject may be mentioned. 

In the first place, it may be recalled that various investigators 
have proved that the transference numbers of anionic salts do not 
vary with the concentration, provided the latter does not exceed 
a moderate value ; for example, 0.5 mol per liter. Thus, this has 
been shown by Hittorf in the case of potassium chloride, bro
mide, iodide, chlorate, nitrate, cyanide and acetate, ammonium 
chloride, sodium chloride, nitrate and acetate, and silver nitrate. 
This constancy of the transference numbers has been confirmed 
by other investigators1 in the case of many of these salts, and has 
been found by Loeb and Nernst2 to apply also to silver acetate 
and silver ethyl sulphate. The only exceptions thus far discov
ered are in the cases of lithium iodide and chloride which have 
been found by Kuschel3 and Bein' to behave like the halides of 
the alkaline earth metals (see below). Aside from these excep
tions, which are probably to be explained by assuming the forma
tion of intermediate complex ions, the statement made above in 
regard to the non-variation of transference values with the dilu
tion holds true. 

Hitherto only very few tri-ionic salts have been satisfactorily 
investigated in this direction. Aside from the earlier experi
ments of Hittorf, Weiske, Kuschel, and others, which are not 
sufficiently accurate to throw any light on the present question,5 

1 For the original literature on transference determinations see Bein : Ztschr. phys. 
Chem., 27, i. For a summary of all existing values for concentrations up too.i normal, see 
Kohlrausch : Wied. Ann., 66, 816. 

- Ztschr. phys. Chem., 2, 94S. 
•; Wied. Ann. 13, 2S9. 
4 Ztscht. phys. Chem., 27, 50. 
5 Compare Bein : Ztschr. phys. Chem., 28, 439-452, in regard to the errors of the early 

determinations ; also Kohlrausch : Wied. Ann., 66, 818, in regard to the disagreement of 
the results. 
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and aside from the more recent experiments on the halogen com
pounds of cadmium and zinc, which exhibit unusually complicated 
relations, the only determinations available for our purpose are 
those of Bein1 on barium, strontium and calcium chlorides and of 
Hopfgartner2 on barium chloride. It is desirable that even these 
determinations should be confirmed, since the results obtained 
are somewhat remarkable in their character. It was found, 
namely, that the transference number of the cathion increases 
with increasing dilution, which is just the opposite of the effect 
which would arise from the presence of BaCl' or CaCl' ions in the 
more concentrated solution. Barium chloride was, therefore, in
cluded among the salts which I have investigated. The signifi
cance of the behavior which it exhibits will be further considered 
below. 

3 . DESCRIPTION OF THE METHOD. 

As is well known, the principal difficulty met with in deter
mining the transference numbers of salts for which electrodes of 
the same metal cannot be used, arises from the fact that free 
alkali and acid are generated at the cathode and anode respec
tively, and that the hydroxyl and hydrogen ions thus produced, 
on account of their high rates of migration, rapidly pass into the 
middle portions of the solution, thus changing its composition 
and its transference relations.3 This change in composition can 
be greatly retarded on the anode side by the use of a cadmium 
electrode, since the cadmium ions that pass into solution have a 
rate of migration very much smaller than that of hydrogen ions. 
This kind of anode has, in fact, been generally employed.4 There 
has been, however, no equally satisfactory method described for 
preventing the dispersion of the hydroxyl ions produced at the 
cathode,5 and Hittorf, Bein, and others in their investigations 
have simply taken care to stop the electrolysis before the alkali 
reached the middle portions. 

1 Ztschr. phys, Chem., 27, 50, 51. 
- Ibid.. 25, 137. 
3 See Bein {Ztschr. phys. Chem., 27, 3-18) for a full discussion of this matter. 
4 Compare Bein {,Ztschr. phys. Chem.. 27, 21) in regard to the source of error arising 

from the deposition of small quantities of basic salt on the anode. 
5 Both I,enz and Hopfgartner, with this purpose in view, covered the cathode, which 

consisted of mercury, with concentrated zinc chloride solution, but this prevented an 
accurate analysis of the solution around the cathode. 
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This procedure is, however, open to the objection that the 
absolute amount of substance transferred is necessarily small, and 
since this small amount is obtained as a difference of two much 
larger experimentally determined quantities, the percentage errors 
in the final results are necessarily large. Thus in Bein's experi
ments on metallic chlorides, which are probably the most accu
rate with polarizable electrodes thus far published, the amount of 
chlorine transferred was in almost all cases between 9 and 40 milli
grams, and this value was obtained by taking the difference be
tween two quantities usually four to ten times as great. It is true, 
to be sure, owing to the great accuracy of the volumetric determi
nation of chlorine, that the corresponding transference values ex
hibit an average deviation from the mean of only 0.6-0.7 per cent.1 

This degree of accuracy could probably not be reached in the case 
of most other ions, and even it leaves very much to be desired. 

It occurred to me now" that the difficulty just considered, ari
sing from the dispersion of the hydrogen and hydroxyl ions into 
the solution, might be entirely obviated by the simple device of 
gradually adding during the electrolysis to the solutions around 
the cathode and anode, sufficient amounts of the acid and base, 
respectively, of which the salt is composed, to keep those solu
tions neutral (or, preferably in practice, slightly acid and alkaline 
respectively). If, furthermore, the acid and base added are dis
solved in suitable quantities of water, it is evident that not only 
the formation of new substances around the electrode may be pre
vented, but also that the changes of concentration of the original 
salt due to transference may be compensated, so that the whole 
solution will remain unchanged in composition, and the electroly
sis can be continued indefinitely. Thus if the transference num
ber (which is approximately 0.5) of a 0.2 normal potassium sul
phate solution were to be determined, one would add gradually 
at the cathode 0.4 normal sulphuric acid in such (measured) 
amounts, determined with the help of an indicator or calculated 
from the electricity passing through, as will keep the solution 
slightly acid ; and would add at the anode an equal amount of 
0.4 normal potassium hydroxide. If, however, the transference 
number of the positive ion w'ere 2 3 and the salt 0.2 normal as 

1 This estimate is based on a consideration of Bein's results with the chlorides of the 
alkali- and alkaline-earth metals at ordinary temperatures (p, 49-51 of his article). 
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before, the acid solution used would have to be 0.3 and the base 
solution 0.6 normal, and the volume of the former added would 
have to be twice that of the latter, in order to keep the concen
tration constant. In practice, however, it is desirable that the 
added solutions should be somewhat stronger (or weaker) than 
the theory requires, in order to prevent the solution around the 
electrodes from rising (or sinking) into the middle portions. 

Three salts, potassium sulphate, barium chloride, and barium 
nitrate, were investigated in the order in which they are here 
named, each one at two concentrations, 0.1 and 0.02 molar.1 The 
samples used were prepared by recrystallizing the commercial 
chemically pure salts two or three times from water. In the case 
of the potassium sulphate, the analyses of the solutions, both be
fore and after the electrolysis, were made by evaporating them, 
after exactly neutralizing, if necessary, with sulphuric acid to 
dryness on a water-bath in platinum dishes, and igniting the 
residue, at first very gently and then intensely. Great difficulty 
was experienced by reason of decrepitation on first heating ; but 
this source of error was entirely removed by tying ash-free filter-
paper closely over the top of the dish, heating carefully only the 
bottom of the dish so as to avoid igniting the paper, and after
wards incinerating the paper. In the case of the two barium 
salts, the analyses were made by adding a slight excess of sul
phuric acid to the solution, evaporating to dryness as before, and 
igniting the residue to a constant weight at a moderate red heat. 
During the evaporation the dishes were covered with filter-paper 
(which was afterwards incinerated), in order to avoid a loss of 
the precipitate by spattering, occasioned by the escape of small 
bubbles of air from the solution. This subtle source of error 
caused, before it was discovered, the loss of several transference 
determinations. The barium hydroxide solution added at the 
anode was, in the case of the barium nitrate experiments, ana
lyzed in just the same manner. 

The method employed in carrying out the transference experi-
1 I use this term (previously suggested by Ostwald) to designate the concentration of 

solutions containing i mol (one molecular weight in grams) in i liter of solution. The 
general introduction of some such term seems highly desirable, first in order to avoid a 
very frequently occurring circumlocution ; and second, in order to avoid the serious con. 
fusion which is beginning to arise through the double use of some writers of the term 
normal; namely, its use in this sense, as well as in its appropriate sense of one equivalent 
per liter. 
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ments with barium nitrate, was somewhat different in its details 
from that used in the case of the other two salts. I will first 
fully describe the former method, for it has, I believe, some ad
vantages over the latter ; and will then briefly mention the respects 
in which the two methods differ. 

At the beginning of each experiment the apparatus, shown in 
the accompanying sketch, consisting essentially of two large glass 

/ 

: A ^ r -'L 3/?£ 

U-tubes, 3.5 cm. in diameter, joined by a piece of soft rubber tu
bing, was charged with such an amount of barium nitrate solution 
that the inside arm of the U-tubes and their outside arms up 
to a point about 2 cm. above the top of the bend were filled with it. 
Rubber stoppers were inserted in the small upright arms on the 
middle of the tube, so as to keep the solution in place. To the por
tions in the bends were added a few drops (a known weight) of 
phenolphthalein solution, in order to assist in regulating the 
addition of alkali and acid. The indicator is rapidly decolorized in 
the immediate neighborhood of the anode, but is nevertheless use
ful , since it retains its color in the bend beneath. Cork stoppers with 
one large and one small hole were inserted in the top of each side-
arm. Through the small holes passed heavy platinum wires bent at 
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the bottom into the form of a spiral. These were made to dip only a 
few millimeters into the solution, and were gradually raised dur
ing the electrolysis so as to be always near the top of the liquid. 
The distance between the electrodes was 80-100 cm. Through 
the larger holes in the stoppers were inserted the stems of cylin
drical drop-funnels, like those shown in the drawing. These 
were graduated with divisions corresponding to each 5 cc. The 
stems were bent slightly at their ends and drawn to a point, so as 
to cause them to remain full of liquid and to deliver against the 
sides of the U-tubes. These two drop-funnels were filled at the 
start with approximately 0.5 normal nitric acid1 and barium 
hydroxide for the experiments with the more concentrated solu
tion, and with 0.1 normal acid and base for those 
with the more dilute. These funnels, which were closed 
above with one-hole rubber stoppers, were weighed to the nearest 
centigram before and after the electrolysis, the stems being capped 
with small test-tubes during the weighing. The base solution 
was protected from the air during the electrolysis by a soda-lime 
tube inserted in the rubber stopper. 

At least twenty minutes before the electrolysis was started the 
U-tubes were immersed in a large thermostat at 25 °, to such a 
depth that the middle horizontal part of the apparatus was 
entirely covered. After the temperature differences had become 
equalized, 2.5 cc. of the nitric acid solution were added at the 
cathode and 10-15 cc. of the barium hydroxide solution at the 
anode. This excess of the latter was added at the start, in order 
to make the anode solution distinctly heavier than the middle 
portion above, and to introduce into the bend enough free base 
to neutralize any acid which might escape neutralization in the im
mediate neighborhood of the electrode. The electrodes were then 
connected through a switch, one 16-candle power n o voltlamp, a 
Weston milliammeter, and a silver voltameter, all in series, with 
the terminals of the city circuit of n o volts potential, and the 
current was turned on. The silver voltameter consisted of a plat
inum dish (which served as the cathode) which contained a 15 
per cent, silver nitrate solution, just beneath the surface of which 

1 The acid solution used in the first experiments was prepared by diluting the concen
trated acid with pure distilled hydrogen peroxide solution, in order to entirely prevent 
reduction of the nitrate to nitrite and ammonia ; but this precaution was later dispensed 
with, as it was found to make no difference in the results. 
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was placed a horizontal silver plate (to serve as anode) which 
was wrapped with filter-paper and supported by a silver rod 
riveted through it. The milliammeter served merely to indicate 
the strength of the current, and was not used for a quantitative 
determination of it. 

As the electrolysis proceeded, at intervals of ten to twelve min
utes, each time as soon as the pink color appeared at the cathode, 
2.5 cc. of the nitric acid solution and an equal volume of the 
barium hydroxide solution were added. The electrolysis was 
continued for about three hours. At the end of this time the 
electrodes and drop-funnels were removed, perforated rubber 
stoppers were inserted in the side arms, their holes were closed 
by pushing in pieces of glass rod, and the stoppers in the small 
middle arms were taken out. Through these arms three 
middle portions (lying between the points E and F, D and E1 and 
i^and G in the figure) were slowly removed by means of a pipette 
connected with a suction-pump, the tip of the pipette being grad
ually lowered so as to be always just beneath the surface of the 
liquid ; the portions were then transferred to small flasks. The 
apparatus was next removed from the thermostat and separated 
at the rubber band ; the U-tubes were wiped off outside with a dry 
cloth, the liquid on the inside adhering to the upper part of the 
middle arms also being removed ; and the tubes were weighed 
separately on a large balance, after adding to the anode portion a 
weighed amount of dilute nitric acid, sufficient to make the solu
tion acid, thus avoiding later the absorption of carbon dioxide 
from the air. The contents of the U-tubes were now transferred 
as completely as possible to small flasks, the liquid being once 
poured back to secure thorough mixing. The U-tubes were then 
washed out, dried, and weighed. The flasks were all weighed, 
their contents poured out into the platinum dishes, and the nearly 
empty flasks again weighed. The weights of barium sulphate 
obtained from the cathode and anode portions were corrected for 
the small known weights of solution remaining in the U-tubes. 

In the case of the potassium sulphate and barium chloride 
experiments, only the cathode and middle portions were analyzed. 
The method of conducting the electrolysis was also somewhat 
different in these cases. The side-arms of the U-tubes were at 
the beginning filled with solution for two-thirds of their length 
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(instead of up to a point only a little above the bends), and the 
concentrations of the acid and base solutions added were made 10 
per cent, less (instead of greater) than would be required to 
maintain a constant concentration, in order to prevent the por
tions around the electrodes from sinking into the unchanged solu
tion beneath. These solutions were added from burettes with 
tips turned upward and delivering a little below the bottom of the 
electrodes, which reached as before just beneath the surface of 
the liquid. The weight of the sulphuric or hydrochloric acid 
solution added was calculated from the measured number of cubic 
centimeters with the help of the known specific gravity of the 
solution ; this volume measurement is unobjectionable in the case 
of the acid solution added, since no non-volatile matter is intro
duced, and the greatest accuracy is therefore not required ; but 
direct weighing of the base solution is far preferable in case the 
anode portion is to be analyzed. Both methods of charging the 
U-tubes and of regulating the concentration at the electrodes give 
satisfactory results ; ir»that last described, the middle portion is 
of greater length, and the electrolysis could perhaps be longer 
continued, if it were desired to do so. The method used in the 
case of the barium nitrate is preferable, however, when the base 
solution to be added, like that of barium hydroxide, is heavy; 
for, if the other method is used, it is difficult to prevent the added 
portions from sinking down before they become mixed with the 
liquid already surrounding the electrode. The electrolyses of the 
potassium sulphate and barium chloride solutions were continued 
from four to eight hours. 

4 . RESULTS OF THE TRANSFERENCE DETERMINATIONS. 

The experimental data and the calculated transference numbers 
are given in the tables below. All the values given (except, of 
course, the current, time, and transference numbers) are weights 
in grams. Those in the columns relating to the salt content are 
the quantities of the substances actually weighed ; namely, of the 
potassium sulphate and barium sulphate. In the second column, 
the portion of the solution surrounding the cathode is designated 
by K, the adjoining middle portion by Mi, the next one by Mn, 
that adjoining the anode portion by Mni, and the anode portion 
itself by A. 
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The temperature was in all cases 25 °. 
The original solutions submitted to electrolysis, the concentra

tions of which are only approximately stated in the headings, 
were found to contain the following amounts of salt in 1,000 
grams of solution : in experiments 1 and 2, 17.247 grams, in 
No. 3, 17.205 grams, and in Nos. 4, 5, and 6, 3.4927 grams 
K2SO4, in Nos. 7, 8, 9, and 10, 22.906 grams, in Nos. 11, 12, 
and 13, 4.6448 grams, in Nos. 14, 15, and 16, 21.083 grams, in 
No. 17, 21.099 grams, in Nos. 18 and 19, 4.6666 grams, and in 
No. 20, 4.6560 grams barium sulphate. The barium hydroxide 
solution added in experiments 14, 15, 16, and 17 gave 56.443 
grams barium sulphate, and that used in experiments 18, 19, and 
20 gave 11.700 grams barium sulphate for 1,000 grams of solu
tion. 

The values of the transference numbers, which are given in the 
last columns of the tables, are those of the positive ions multi
plied by 100. The way in which these were calculated may be 
illustrated with the help of the data obtained in the first experi
ment with potassium sulphate (see the table below). The cathode 
portion submitted to analysis weighed 493.12 grams, and was 
found to contain 8.4394 grams potassium sulphate. To determine 
what it contained before the electrolysis, we must evidently sub
tract from the final weight of the portion, the weight of all matter 
which was introduced in the process of carrying out the elec
trolysis, and multiply the remainder by the original salt content, 
which was 0.017247 gram per gram of solution. 

The weight of dilute sulphuric acid and phenolphthalein added, 
which was 60.78 grams in this experiment, must therefore be first 
subtracted. Secondly, a correction must be made for the fact 
that the weightof the cathode portion is, by the electrolysis itself, 
increased by the weight of the potassium ions which have migra
ted into it, and decreased by the weight of sulphate ions which 
have migrated out of it1 by the weight of the hydrogen gas 
which escaped at the electrode. Since the average value of the 
transference number is found to be 0.493, t n e total increase of 

1 It is evidently assumed hereby, as is always done in transference calculations, that 
the ions are not hydrated. It may not be without value to call attention to the fact that 
the commonly observed change of the calculated transference numbers with the concen
tration may be due, wholly or in part, in the case of concentrated solutions, to hydration 
of the ions, and to the failure to take this into account in.the calculation. 
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weight from these three causes would evidently be : (39.1 X 
0.493) —(48.0 X 0.507)—1.0 — —6.0 grams for every 108 grams 
of silver deposited in the voltameter, or —0.14 gram iu this 
experiment. The increase in the amount of the salt in the 
cathode portion is therefore 8.4394—(493.12—60.78+0.14) 
0.017247 =0.9803 gram. Adding to this the change in the 
adjoining portion (-f-0.0013 gram) and dividing by the equiva
lent weight of potassium sulphate (87.18), and by the number of 
equivalents of silver precipitated in the voltameter, the transfer
ence number is found to be 0.4941. (The cases where the adjoin
ing middle portion suffered a change in concentration greater 
than the analytical error and where consequently this change was 
combined with that of the cathode or anode portion, are indicated 
in the table by a brace following the two quantities.) The cal
culation of the transference number from the change in concen
tration at the anode was, in the case of the barium nitrate experi
ments, made in an entirely analogous manner, except that from the 
weight of barium sulphate obtained from the anode portion after 
the electrolysis, there was of course subtracted the amount com
ing from the barium hydroxide solution added. For the sake of 
greater clearness, the total weight of salt obtained from the anode 
portion is in the table resolved into the two corresponding com
ponents. 
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POTASSIUM S U L P H A T E , 0.02 M O L A R . 
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The values of the transference numbers obtained (multiplied by 
ioo) are summarized in the following table. At the foot of each 
column are given the mean of the values just above, and the 
average deviation of the separate values from this mean. To the 
final results in the case of the barium nitrate, the probable error, 
calculated in the usual manner, is appended : 

P O T A S S I U M 

o. i Mola r . 

49.41 

49-33 
49.19 

49-31 
0,08 

S U L P H A T E . 

0.02 Mola r . 

49.68 

49-59 

49-5« 

49.62 

0.04 

B A R I U M C H L O R I D E . 

0.1 Molar , 

41.44 

41.46 

41.48 

4I.SO 

41.47 

O.02 

0,02 MoIa 

44-3 1 

44.19 

44.16 

44.22 

0.06 

B A R I U M N I T R A T E . 

0.1 Molar. 0.02 Molar. 
Cathode values. Anode values. Cathode values. Anode values. 

45-54 45-56 45-57 45-7° 
45-47 45-48 45-41 45-6S 
45-46 45-56 45.57 45.85 
45-54 45-42 

45-5° 45-5° 45-52 45-74 
0.04 0.06 0.07 0.07 

45.50 ± 0.02 45.59 ± 0.10 

5. ACCURACY OF THE RESULTS. 

T h e probable degree of accuracy of the results and the conse
quent reliability and value of the method employed may be next 
considered. I t should be first stated that in the above tables all 
the determinations are recorded which were carried to completion 
after certain errors which were found to exist in the analyses 
were eliminated. 

In the cases of potassium sulphate and barium chloride, there 
are two indications of the degree of accuracy of the results ; 
first, the change in weight of the middle portions, and second, the 
variations in the transference values calculated from the different 
experiments. In regard to the former, it should be stated that 
in the analyses of portions of the original solutions, variations 
from the mean salt-content of 0.0010 gram in the more concen
trated, and of 0.0005 gram in the more dilute solution, were found 
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to exist ; so that only when the middle portions change by more 
than these amounts, do the changes have much significance. It 
will be seen that the changes in the Mi portions do not much 
exceed these amounts except in the cases of Experiments 2, 5, 
and 10 ; and in the first two of these experiments, the changes in 
the Mn portions are so small as to cause no hesitation in combi
ning the changes of the Mi portions with those of the cathode por
tions. It will also be seen from the summary in the last table 
that the average deviation of the separate transference values 
from the mean is in every case less than 0.2 per cent. Taking 
into account the possibility of an error of 0.1 per cent, in the 
determination of the original salt content, it can, I think, be 
safely asserted that it is almost certain that the error in the mean 
transference values does not exceed 0.25 per cent. ; in other 
words, the third figure cannot be in error by more than one unit. 
The probable error is, of course, much less. 

In the case of the barium nitrate experiments, a more conclu
sive confirmation of the degree of accuracy of the results is fur
nished by a comparison of the cathode and anode values ; for an 
error in the determination of the original salt content of the solu
tion or any error arising from mechanical loss in the analysis of 
the portions would affect these values in the opposite direction. 
In the case of the 0.1 molar solutions, the agreement is complete 
between the mean cathode and anode values. Taking into 
account, moreover, the smallness of the variations of the sepa
rate values from the mean, and the slight changes (0.2-0.7 m gO 
exhibited by the Mn portions, the final result (45.50) can, I 
believe, be regarded as almost surely accurate to 0.1 per cent, of 
its value. In the case of the 0.02 molar solution, the values cal
culated from the changes at the two electrodes differ by a little 
less than 0.5 per cent. Attributing double weight to the cathode 
results, since an increase of the salt content is produced by the 
base solution added at the anode, I adopt 45.59 as the most 
probable value. This may possibly be in error by 0.3 per cent., 
but is probably accurate to one-half that amount. Since, at both 
concentrations, the final values are derived by the combination of 
the results of two independent methods, which are liable to error 
in opposite directions, the probable errors given in the table are 
to be regarded as a measure not merely of the variable errors, 
but probably of all errors involved. 
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These considerations s h o w that the degree of accuracy at tained 
with the help of the method described in this article, is much 
greater than that wThich it has heretofore been found possible to 
secure. This arises mainly from the fact that the electrolysis 
could be continued until a much larger weight of salt was t rans
ferred. Thus , in my experiments, the quantities transferred 
were 180-260 mg. in the 0.02 molar, 700-1500 mg. i n t h e o . i 
molar solution, while, in Bein's determinations at corresponding 
concentrations, only 20-50 mg. wTere transferred. 

6. COMPARISON WITH EARLIER RESULTS. 

Potassium sulphate was investigated by Hittorf1 at 4 ° - i 2 ° at 
two concentrations, at about 0.5 and about 0.014 molar. T h e 
transference numbers found were 0.500 and 0.498, respectively. 
The differences from my values (0.4931 and 0.4962) are, there
fore, not very large. 

Barium chloride has been studied by various investigators wi th 
widely divergent results. T h u s Hi t to r f obtained the value 0.385. 
at io° -20° for 0.04-0.06 molar solutions, while from Bein 's 
results,3 one finds by interpolation for 25 0 ando . 1 and 0.02 molar 
concentrations, the values 0.424 and 0.445, respectively. T h e 
latter differ by 2.2 and by 0.7 per cent., respectively, from those 
presented in this article (0.4147 and 0.4422). Hopfgar tner ' s 4 

determinations (at 150) for a 0.1 molar solution lead to the value 
0.408, which is nearly as much below my result as Bein's is 
above it. 

Barium nitrate has been investigated only by Hittorf,0 w h a 
found 0.380 in 0.07, and 0.398 in 0.03 molar solution. These 
values differ very widely from my own (0.455). 

These results make evident the great need of a repetition of 
much of the earlier work on tri-ionic salts. 

7. CHANGE OF THE TRANSFERENCE NUMBERS WITH THE CON
CENTRATION. 

The effect of concentration, the study of which formed the main 
object of this investigation, may be now considered. 

1 Ostwald's Klassiker, No. ai, 58 ; or Pogg, Ann., 98, 29-30. 
2 Ostwald's Klassiker, No. 23, 41 ; or Pogg. Ann., 106, 380-381. 
:i Ztschr. phys. Chem., 27, 51. 
4 ZUchr. phys. Chem., 25, 138. 
5 Ostwald's Klassiker, No. 23, 41 ; or Pogg. Ann., 106, 37S-379. 
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The transference number of potassium sulphate varies only from 
0.4931 to 0.4962, or about 0.6 per cent.,between the concentrations 
of 0. i and 0.02 mol per liter. A little consideration will show that 
this change can be explained by assuming that 1.2 per cent, more 
of the dissociated part of the salt is dissociated into K' and KSO/ 
ions in the concentrated than in the dilute solution, it being 
further assumed, as a sufficiently close approximation, that the 
equivalent conductivities of all the ions involved are equal. But, 
since, according to Kohlrausch's measurements, the molecular 
conductivity between these two concentrations changes from 175 
to 208 reciprocal ohms (and the dissociation from 64.5 to 77 per 
cent.) thus by 19 per cent., it is clear that by far the most impor
tant chemical change produced by the dilution is the dissociation 
of K2SO4 molecules and not KSO4' ions. Since the change in the 
transference number is so small, it may, however, be due solely 
to the hydration of ions.1 Therefore, only the following nega
tive conclusion is justifiable : The concentration of KSOl i°ns ^n 

a 0.1 molar potassium sulphate solution does not exceed a very few 
per cent, of the total concentration. If these ions exist at all, they 
have a very much greater dissociation tendency than the neutral 
potassium sulphate molecules. 

In the case, of barium nitrate, the change (0.2 percent.) caused 
by the fivefold dilution, is still smaller, and does not exceed the 
probable experimental error. Therefore, barium nitrate solutions, 
up to a concentration of 0.1 mol. per liter, contain in appreciable 
quantity only Ba" and NO^ ions and no complex ions formed by 
the combination of these. 

The difference in the transference numbers (0.4147 and 0.4422) 
of barium chloride at the two concentrations is very much greater 
than the differences just considered, amounting as it does to 6.6 
per cent. The change is, moreover, in the opposite direction 
from that required by the assumption of the existence of BaCl* 
ions in the more concentrated solution. In order to explain this 
behavior and the analogous one of strontium and calcium chlo
rides, Bein assumed a partial hydrolysis of the salt, basing this 
view on the disagreement of a single determination of the amount 
of calcium transferred with determinations of the chlorine trans-

1 Thus the actual change of 0.6 per cent, would be entirely accounted for, if with the 
equivalent weight of the K' ions migrate two molecules of water more than migrate with 
the equivalent weight of SO4" ions. 



54 ARTHUR A. NOYES. 

ferred. This explanation cannot, however, be correct, since the 
alkaline earth hydroxides are known to be very strong bases ; it 
is, moreover, entirely disproved in the case of barium chloride, by 
the substantial agreement (see § 6) of Bein's values, which are 
based on determinations of the chlorine transferred, with my 
results which were obtained by determining the transferred 
barium. On the contrary, the behavior of these chlorides of the 
alkaline earth metals is entirely similar to that of the halogen 
compounds of cadmium, though the anomaly is less pronounced ; 
and as far as I am able to see, it admits only of a corresponding 
explanation. In order to account for the fact that the sum of 
the transference numbers for the metal and chlorine is equal to 
unity, and for the change with the dilution, it is, namely, neces
sary to assume that there are present in considerable quantity in 
the o.i molar solution of the alkaline earth chlorides, complex nega
tive ions formed by the union of one or more chlorine ions with one or 
more of the chloride molecules (such ions for examples as BaCl3' or 
BaCl4") and that these ions dissociate with increasing dilution. 

8. RATES OF MIGRATION OF THE BIVALENT IONS. 

As Kohlrausch has pointed out, owing to the lack of exact 
transference values for tri-ionic salts, the Law of the Independent 
Migration of the ions has not been satisfactorily confirmed in the 
case of bivalent ions, nor have their rates of migration, calcula
ted with the help of that law, been as accurately determined as 
have those of univalent ions for the reason just mentioned, and 
also for the reason that the limiting value of the molecular con
ductivity of tri-ionic salts cannot be established with as great cer
tainty, since a larger extrapolation is necessary. 

With the help of the new transference numbers for potassium 
sulphate and barium nitrate, the equivalent conductivities of the 
SO4" and Ba" ions can be calculated if it be assumed that the 
values obtained for 0.02 molar solution at 25° would also hold 
true for extreme dilution and at 18°. That these assumptions 
will not give rise to an error greater than 1 per cent, is highly 
probable in view of the small changes between the concentrations 
of 0. i and 0.02 mol per liter, and in view of the general principle that 
temperature has, as a rule, only a small effect on transference 
numbers. The calculation can be made in two ways, either by 
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combining with my transference numbers the conductivities at 
extreme dilution of the K" and NO3' ions, which have been 
derived by Kohlrausch through a consideration of the transfer
ence numbers and the molecular conductivities of the di-ionic 
salts ; or by combining with them the limiting values of the 
equivalent conductivities of potassium sulphate and barium 
nitrate. The results so obtained for the SO4" and Ba" ions can 
be then further compared with Kohlrausch's values which were 
derived by a combination of the two kinds of data last mentioned, 
without reference to the transference number of any tri-ionic salt.1 

The three pairs of calculated values of the equivalent conduc
tivities of the two ions are given below in the order in wmich they 
have just been referred to. The data used in the calculation are 
the transference numbers recorded above (0.4962 for K2SO4 and 
0.4559 f° r Ba(NOJ2) and the following values of the equivalent 
conductivity expressed in reciprocal ohms at extreme dilution2: 
for K', 64.8; for NO3', 61.3; for K2SO4, 135.5; a n ( i f° r 

Ba(NO3), 119.3-
i. 11. in . 

SO4" 65.8 68.3 69.7 
Ba" 51.4 54.4 57.3 

The differences between the three pairs of values are by no 
means inconsiderable. In the case of the Ba" ion, indeed, the 
first and third methods of calculation give results differing by 
over 10 per cent. Aside from serious errors in the experimental 
data, these differences may be due to one or more of the three 
following causes : first, error in the conductivity values calcula
ted for the univalent ions; second, error in the extrapolated 
values for the equivalent conductivity at extreme dilution of the 
tri-ionic salts ; and third, inaccuracy in the assumption that the 
transference numbers for potassium sulphate and barium nitrate 
at extreme dilution do not differ much from those found in 0.02 
and 0.1 molar solution. It seems very improbable that any one 
of these three errors can be large enough to account for the diver
gences ; a combination of them, however, may possibly do so. 
In the absence of definite information in regard to the matter, it 
seems best to adopt provisionally the values given in column II 

1 Wied. A nn., 66, 805. 
2 These values are those given by Kohlrausch, Wied. Ann., 66, 795 and 819, 812 and 804. 
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(SO4" = 68.3; Ba" =: 54.4) which are the ones most directly 
derived from experimental data, and which are not far from 
the means of the other two pairs of values. These numbers give 
for the equivalent conductivities of potassium sulphate and 
barium nitrate, 133.1 and 115.7, respectively, while Kohlrausch's 
extrapolated values are 135.5 and IX9-3- Iu this connection it 
should be pointed out that in Kohlrausch's method of treatment 
of tri-ionic salts, the assumption involved that the conductivity of 
bivalent ions decreases with increasing concentration more rapidly 
than that of the univalent ions simultaneously present, is entirely 
inconsistent with the transference results on potassium sulphate 
and barium nitrate presented in this article. This is shown by 
the following transference numbers which are calculated for these 
two salts from his values for the separate ions at the various nor
mal concentrations which are stated below in the head line : 

0,1 0.05 0.02 0.01 0.001 

K2SO4 0.571 0.557 o-534 0.522 0.499 
Ba(NOj)2 0.397 0.414 0.434 0.446 0.468 

It is certain from my results that any such change of the trans
ference numbers with the concentration is out of the question in 
the case of these two salts. It ought to be added that Kohl-
rausch regarded his assumption only as a provisional one, having 
an empirical justification. That the results obtained with its 
help wrere at all satisfactory is probably due, first to the fact that 
the compounds considered were mostly those of the halogens, and 
secondly, to the large errors in some of the transference numbers. 

It is impossible to utilize the transference numbers of barium 
chloride, as was done with those of the nitrate, for the calcula
tion of the conductivity of the barium ion, since the transference 
number of the former salt does change greatly with the dilution. 
It is of interest, however, to make the converse calculation so as 
to compare the transference number calculated for extreme dilu
tion with that found at the concentrations investigated. Assu
ming as above, Ba" = 54.4, and according to Kohlrausch, Cl' = 
66.4, the transference number for complete dissociation is found 
to be 0.450. (Even assuming Kohlrausch's much higher value 
(57.3) for the Ba" ion, the transference number becomes only 
0.464.) The value found for a 0.02 molar solution was 0.442, so 
that the change produced by further dilution is relatively small. 
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At this concentration, therefore, the complex negative ions pres
ent in considerable quantity in more concentrated barium chloride 
solutions are, for the most part, dissociated. 

In closing, I desire to state that the accuracy of the experi
mental results presented in this article are to be attributed in 
large measure to the analytical skill and perseverance of my 
assistants, Mr. A. A. Blanchard and Mr. G. V. Sammet. 

IMPROVEHENT IN ORSAT APPARATUS. 
B Y A. B E M E N T . 

Received October 23, 1900. 

HAVING experienced considerable trouble in using the Orsat 
gas apparatus, I have devised a modification with the object 

of removing what I have found to be a serious and troublesome 
fault. 

Fig. i will illustrate the particular difficulty in question. It is 
that of the usual form of pipette used especially for the caustic 
and pyrogallate reagents, having a number of small glass tubes 

FSg / 

inclosed in the front leg. 

Fig. 2. 

For purpose of illustration only one of 
these tubes is shown by AA. As this chamber in practice 
is full of these tubes, it necessarily follows that one of them must 


