
THE TR,\SSFEIIESCE STJMRER O F  HTDRC)GET 

BY DOTGL.AS 3ICISTOSH 

Transference iiuinhei-s :ire usuall>. deteriiiiiied accordiiig to 
the iiiethod of Hittorf' by electrolyzing a soliitioii and iiieasur- 
iiig tlie chaiige of  coiiceiitratioii at tlie aiiode or cathode. 'I'1ii.q 
iiiethod is applicable iii all cases ; but the experimental errors 
are large. T h e  iiietliod of Helmholtz is iiot applicable in  all 
cases ; h i t  seeiiis to ha\-e verj- distinct adyaiitages wherever 
it can be used. 

IYlieii two cells of tlie type 

% n  %iiSO,Hg,SO, ~ Hg 

are connected, mercury to inercur!-, tlie effect of their action is 
to 1)riiig the two ziiic sulfate solutions to tlie saiiie coiiceiitratioii. 
Hehi~lioltz' lias slion-11 that the electroiiioti1.e force of such a 
concentration cell without diffusion ' caii be expressed iii teriil.. 

of t he  concentrations of the cells, together with tlie relation ob- 
taining betweeii coiiceiitratioii aiid vapor pressure ; lie lias sli(jn.n, 
further, that tlie electroiiioti\-e forces of the allied coiiceiitr- ' I  t '  1011 

cells with cliff usioii ' can be coiiiputed froiii the mi le  quantities. 
together with tlie tmiisfereiice iimiliel- of tlie anion of tlie t1i.;- 
.sol\.etl electroll-te : aiid, fiiiallj-, tliat tlie ratio of these t\i-o elec- 
troiiiotive forces, at any  same teinperatui-e, is this transferenctx 
iiuiiiber. 

Let 9 tleiiote tlie free energ!. of a soliltion coiitaiiiiiig m ,  
inas-iuiits of water aiicl i i i2  of salt: and let the relati\-e ilia+ 

i n , ,  / i i 2  = /L of the water be knon-ii as the cliliitio:i-~-nlue of the 
solutioii. \Ye seek the rate of chaiige. n-it11 cliaiigiiig coiiceiitm- 

His  reasoiiiiig is esseiitinl1:- as follon-s : 
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tion, of tlie electromotive force 7; of a cell coiltailling this solu- 
t ion-  2: c'. the derivative nsi;/'dh ; that i t  may be integrated be- 
tween the two dilution-values of the coiiceiitration cell. To find 
this futiction, the work-equivalents imparted in the reversible 
electroljtic addition of unit m a s  of salt to the solution must be 
equated with the corresponding change a+: of the free 
energy of the latter, and the resulting expression be differentiated 
with respect to h. 

I17ritiiigffor the free energy of that iiiass, of the solution, 
that contains iinit iiiass of salt,-wliereby J'becoiiies a function 
of h alone for tlie isothermal changes liere consiclerecl, -we ha\-e 
as initial eqiiatioii 

jr =: 7 I L , f ,  (1) 
whence 

since h == i l l l  1 1 1 2 ,  and therefore ah a m 2  = - h m2. Son-,  when 
q mass-iuiits of salt are hroiiglit into xolution by unit current in 
unit time, tlie ciiiaiititj of electric work-equivalents addecl to the 
solution in the dissolx-ing of iuiit tilass of salt is --7i q. So 

or, for the electroiiioti\ e force betn.een two cell5 having the 
diliitioii values hI  (dilute ) and h,  (concentrated), 

7 7 ,  - 77, y 1;:; h - -2J ( IL )  .dh. ( 2 a )  

Helmholtz evaluate5 thi i  integral, in terms of the \-apor pressures 
of the two solutions, by showing that 

d2f a'' 
drLg ' dh 



aiicl then expressing $ and z ' ,  the pressure aiid the specific x-01- 
iiiiie of the \-apor, as fiiiictions of h. Here the \-oluiiie is, of 
course, regarded as a function zs [$( h ) ]  . 

T h e  abol-e concentration cell, n.lien arranged to act viith 
clifffusion, ~vould be 

Zll ~ ZIISO,,I2, j znso,,I2, ~ 211. 

in the working of n-hicli the migration \docities zf and i' of the 
cation and the anion must be considered. TTlien an eqiiii-alent 
of metal dissol\.es iii one side of this cell, with passage of the 

I1 
qiiantit!- of electricit!. E, the quaiitit!- E ~~ ~ migrates to the 

21 + i 
other side, leaving an increase of E--'-. This  smie  qiiantity 

7L + ZJ 

of the cation is lost b!- the other side : for one equivalent of 

metal falls out there mid arrives by migration. Of the 

anion, the quaiitit!- 13- migrates of necessity from the second 

side to the first, to balance the increase of the cation at  the latter 
place. -In addition of electric n-ork-equivalents to either soliitioii 

is, therefore, accompanied by an addition of ~- inass-iunits of 
ZL + i' 

salt where I was added in the case pre\.ioiisl!- coiisidered ; so this 

electric work, 7iz - 7i2 for iiiiit quaiitit!-, assiiiiies a ~~ ~----foltl 

value, aiid i n  place of eqiiatioii ( 2 0 )  we must write 

21 

Z L  + i' 
"d 

21 + i' 

i' 

2' 

ZL + Z' 

( 2 6 )  

I t  is apparent, therefore, that the ratio of tlie two electro- 
iiioti\-e forces ( 2 h )  and ( \ 2 t i )  is the quantity zs,  '(I/ ~-~ : I ) ,  the trans- 
ference number of the anion. So far as I can see at  present 
there are but two tacit assuiiiptions iii\.olL.ed in this equation. 
T h e  first is that the solute shall lie non-1-olatile under the coii- 
di tions of the experiment. T h e  second is that the transference 
number of tlie anion is tlie same in the two solutions. 

7; ~- T = i' T'cl f(h, .&. 
1 ' 1  21 + 51 (ih? 

c 11: 
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T h e  equation of Helmholtz has been tested esperiiiientallj 
1 3 ~  Noser.' TYitli ZnS04100H20 and ZnS04800H20,  the ratio 
of the electromotive forces was 0.64, while Hittorf fouiicl 0.636 
by the direct method, and Kolilransch obtained 0.6 j. n'ith 
ZiiCl2IooH20 and Zi iC12~jo  H-O the ratio uas  0.71~ nhile  Hit- 
torf found 0.70. These two instances snffice to show tlie accii- 
racy of the method, and i t  is rather surprising that it has not 
been used more frequentl) when one coniiclers that t n  o measure- 
ments of the electromotil e force are all that are necessary aiicl 
that it is not e \ en  essential to k n o w  the coilcentrations of the 
solutions. 

Practically all the 11 ork on the transference numbers of the 
acids has been clone 11j Hittorf. Large and unexpected raria- 
tions occiir for small changes of concentration and these must be 
due, in part, to experimental error. TTliile i t  has been prorecl 
for inan) electrol? tes that the transferexce numbers change with 
the concentration, i t  is \ ery improbable that tlie T ariations 
can ever he as large a5 some of the data for the acids n-oulcl lead 
one to suppose. The experilnetits of Seriist atid 140ebz -per- 
haps the most carefnllj performed research 011 this subject - 
~ l i o w  that, with inan? substances, tlie transference iiuinber 
changes r e r j  little n i t h  the colicelitration : as can be seen from 
tlie following table for silver nitrate : 

At the suggestion of Prof. Caiicroft I hare  attempted to 
determine the transference numbers for hjdrogen in cliff erent 



acids by the Helmholtz method, using gas electrodes. :\ gas 
cell consisting of hydrogen over two concentrations of acid is 
apparently quite similar to the concentration cells studied ex- 
perinienta1l~- by Moser. Platitiiuii strips touch tlie surface of 
the acid and form a li;-drogeii electrode after heing saturated 
with hydrogen. This  is reall?- a hydrogen electrode because it 
has been sliown experimentall\- that the electroinoti~e force does 
not change when the platitiuiii is replaced 11). aiiotlier conductor 
ha\.iiig the propert!- of occluding Iijdrogen. That  the hydrogen 
electrode in an aqiieoiis solution of an acid is coiiipletely rever- 
sible has been shown b!. Le P, ln~ic .~ lye  shonld therefore expect 
that the ratio of the electroniotive forces of the cells I'tH ~ cIHC1 
(.?HCl ! PtIi and Pt, ' cIHC1 ~ Hg-,Cl2Hg 1 Hg2C121-2€IC1 ~ PtI r  sll0111tl 
giye tlie traiisfereiice nuiiiher for the anion. This  arraiigeiiieiit 
is open to the criticism that h~-drochloric acid is a \-olatile solute 
and that the Helmholtz foriiiiila does not necessarilL- appl>- to 
this case. T o  this objection there :ire two aiisn.ers to be micle. 
Tyitli dilute solutions, tlie partial pressure of Ii!drocliloric acid 
can certaiiilj. be considered as practically tliougli not tlieoreticall!. 
zero. If the formula is inapplicable to this case, entirely differ- 
ent results should lie obtained n-lien sulpliiiric acid and iiiercit- 
roils sulphate are siibqt ituted for h~-drochloric acid and inerciiroi1.q 
chloride. 

Ajjn7,nius. - T h e  apparatus used was siiiiilar to that of 
Peircez and of Siiia1e.j T h e  glass c~-linders used for holding the 
1-arious gases viere from 30 ciii to 40 ciii long and about 3 ciii 
in diameter. Sex-era1 electrodes were used in each c\.liiider and 
were kept in place 1 1 ~ 7  elastic bands. T o  set up the apparatus, 
tlie loner  end of the cJ.liiitler was placed in a beaker containing 
the electrolyte : the air vias removed h?- suction and tlieii the gas 
was passed in hj- iiieaiis of a bent tube ending in a capillar!. 
point and reaching to the top of the c!-liiider. 

T h e  connections hetween the electro1j.te.s in the cells n-ith 
diffiision were made by siplions plugged with filter paper, or  b!. 

' Zeit. phys. Chern. 12, 333 ( rS93). 
' TVied. A1111. 8, gS ( rS79i. 

Zeit. phys. Chein.  14, 577  1 rS94). 
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means of moistened yam - the latter method proving very satis- 
factory. 

T h e  electrodes were of platinum and liad a surface of about 
2 ciii2 and making them somen-hat larger or smaller had no per- 
ceptible effect on the electromotix-e force. Platinum wires were 
welded to the electrodes and fastened to copper wires. These latter 
were adjnsted in small glass tubes so that only platinum came in 
contact with the gas and the electrolj-te. Since variable and 
unsatisfactory results were obtained with unplatinized elec- 
trodes, they were platinized' by making them cathodes in a 
platinic chloride solution to wliicli a little lead acetate had been 
added, the current being fiirnished by an accumulator. Since 
platinum black absorbs both cliloriiie and platinic chloride, the 
electrodes were then made cathodes in a solution of snlphuric 
acid, the current passiiiig for about an hour. T h e  electrodes 
were kept in boiling water for several hours until no two showed 
a difference of potential when connected with a galvanometer. 
They mwe left in boiling water until needed, so as to prevent 
absorption of oxygen. If burned off in the blast-lamp they ab- 
sorb much less gas and do not prove so constant. 

Gold electrodes were also tried and proved to be much like 
unplatinizecl platinum. On covering them with a thick coating 
of palladituii black, from a palladinin chloride solution, they were 
~iiucli improved, hut still inferior to the platinum electrodes, 
although B6ttger2 f o m d  tlieni very satisfactory. T h e  measure- 
ments were therefore made entirely with platinum electrodes. 

T h e  measiireiiierits were made bj. the Poggendorff compen- 
sation method, using either a Lippniann upright electrometer 
or a galvanoiiietei- as the zero instrument. \Tit11 the electrom- 
eter, measurements coiilcl be made to 0.000 j T' and with the 
galvanometer to 1 i d f  of this, an acciirac!. quite sufficient in view 
of the other soiirces of error. Two resistance hoses of I 100 and 
10,000 ohms were used and the various resistances were checked. 
As working elellielit a Leclanch6 cell proved verj- satisfactor).. 

1 1,iminier and Kurlhautn. 

* Zeit. pliys. Clieni. 24, 2 5 3  

Verli. p11j-s. Ges.  Herlin, 14, j 6  i 1S9j  1 :  Kohl- 
rausch. Ivied,  ah^^. 60, jIj I, rS9;'l. 

rS9; I .  



I t  gave an electroinoti\-e force of about I .  j1 TT anti \m-ied but 
0.03 T- in seT-eral iiioiiths. I t  n-as coinpared hefore each set of 
iiieasiireiiieiits with a staiidard Clark that agreed e sac t l~ .  \!-it11 
one froiii tlie Iiiiperial German Institute. Its \ d u e   vas taken 
as 1.4336 ~~~ (15 - f ) o . o o ~ r  L-. -1 cuproii cell of 0.7 1. \vas also 
a~.ailable as working eleiiient. I t  \vas checked against a cell' 
Cu  1 CuSO+HgZSO+ ~ Hg, this latter being in turn coinpared u i t h  a 
Clark cell. T h e  electromotil-e force of the copper-iiiercur>. 
staiidard cell was taken as 0.361 at  I;'. -111 iiieasureiiieiits 
were macle a t  tlie ordiiiai-J, teiiiperature. about I S 3  C. 

Ni~n'rr;qsri c~/ccii~orr'c~s. -The li!-di-ogen was iiiade from Ip re  
zinc aiid snlphiiric acid, and freed froiii iiiipiirities 1 1 ~ -  passiiig 
through potassiiuii permanganate, potassinin hyclroside aiitl 
Ivater. This  gives the same resiilts as electrolyticall!- preparetl 
1iJdrogeii.' Tlie IiJ-drogen was storeti in a large liallooii flask 
over water that liad been freed hill air 

Tlie acids used were bought as clieinicall!. piire aiicl were a11 
fouiid to lie free from iinpnrities exceptiiig tlie li\drobroniic :icitl 
ant1 the h!driodic acid, the first of wliich contained free broiiiiiie 
a i d  the secoiid free iotliiie. These two acids n.ere purified by dis- 
tillation in a cnrrent of li!-clro,veii. T h e  solutions were iiiade 1111 
to tlie given coiiceiitr:itioiis n-itli a pssibble error of aboiit 0 1 1 ~ -  

foiirtli of one percent, greater accurac!. than this being super- 
fluous. 

Since tlie nieasnrements x-aried from time to time, a large 
number oi  observations were iiiade aiid each 1-alne gi\.eii iii the 
follon-ing table is the mean o f  a series. Tlie iiiaxiiiiiiiii \-ariatioii 
Tvas abont o.oorj T-. 111 Table I1 are g i i w  tlic results for 
h!-tirogeii concentration cells with diffusion, tlie electrol!.tes 
being h~-drocliloric, liyclrohroiiiic, hydriodic, ~sulphuric mid os- 
alic acids. t-iider coliuiiii I are gil.eii the coiiceiitratioiis ex- 
pressed in liters per reacting weights ; under I1 tlie \ d u e s  foniitl 
b>- Sillale3 aiid under TI1 in>- on-n tieterniiiiations. 

boiliiig. 

~~~~ 

I Jour. I'liys. Cheiii. 2 ,  1 S j  I rSgS'1. 

'&it .  pliys. Clieiii. 14, 577 i 1S94 I .  

(;laser. Zeit. Elektrocheitiie, 15,  3,jj  I 1S9 
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Table I1 
H y d roge ti con ce 11 t r a ti o n ce 11s with d i ff u si o ti 

I I1 I11 I I1 I11 
Conc Smale Found colic Smale Found 

I : I O  ~ 00186  0.0183 I I : I O  0.0108 0.0092 

0.0285 

I O  : 1000 0 . 0 1 7 2  0.0193 
1 0 0 :  1000 0 .0210  ~ 0.0216 IOO : 1000 ~ 0.0081 0 . 0 1 0 ~  

I : I O  0.0154 o.0196 I : I O  1 . ... 0.0060 
I : IOO 0.036.; 0.0364 I : I O O  .... 0.0126 

H y d ro c 1110 ric acid 

I : IOO ~ o.oggS 0.03jo 

Sulphuric acid 
______ _- 

I : I O 0  ~ 0.01;2 0 . 0 1 8 7  
I : 1000 i 0.02j5 

I O  : I O 0  ~ 0.0097 0.0097 ~ 

I : I 0 0 0  O.Oj45 O . O j 4 4  
I O  : I O 0  
I O  IOOO 0.03j5 1 0.0360 ~ 

O.OI;.O ~ O . O I S 3  

H >- dro bro m i c acid Oxalic acid 

I 1000 0.0606 ' O . O j ; I  I : I 0 0 0  . ... 0.0230 
I O :  loo 0.0152 o.020+ I O  : I O 0  . ... 0.008~ 
I O :  IOOO , 0.0405 , 0.0417 I O  : IOOO * * . -  O.OI3j 

100 : 1000 ~ O . O I S ~  0.0197 1 100 1000 , . -. 0.011 I 

Hydriodic acid Hydriodic acid 
I : I O  . ... i 0.0183 I O  : I O 0  e . . .  O.OI.;S 

I : 1000 .... i 0.0j;.3 I O 0  : 1000 1 . . .. 0.018+ 

In the esperiiiieiits on the lig-drogen concentration cells 
n-ithout diffiision, a r-tiibe, containing mercury, the iiiercuroiis 
salt of the acid as depolarizer and the tn-o concentrations of the 
acid, n-as interposed betn-een the two solutions surrounding tlie 
hgdrogeri electrodes. Other metals tliaii niercury might have 
been taken witlioiit changing the electromotive force, as was pre- 
dicted by Ostvald aiid x-erified esperinieiitaliy by Gooc1wiii.I 

The iiierciiroiis salts were all made in the same general way 
as the iiierciiroiis2 iodide. One liiiiidrecl and tn-entg--five grams of 
air-dried iiierciiroiis nitrate were dissolved in two liters of water 
cotitainiiig 2 0  cc nitric acid. Fifty graiiis of clissolvecl potassiiuii 
iodide were added to the clear liquid, drop by drop, stirring vig- 
oroiislj- the while. ;\fter running in the potassium iodide tlie 
liciiiid was shaken \-igorouslj- for fifteen minutes so as to main- 
tain tlie closest contact between the precipitate and tlie mother- 

I : I O 0  .... l 0 .03 j j  Io: Ioo 1 . . . .  0.0L3 j0 



liquor, the precipitate changing from greenish-yellow to a much 
brighter color. T h e  liquid was then left in the dark for tn-ent! - 
four hours and well shaken at  intervals. Xfter that, the precipi- 
tate was washed ten times bj- decantation with t n  o liters of water 
each time ; washed on a filter-paper and dried in an air-bath at 
50’. T h e  product is a J-ellow salt of much tlie same color a3 
lead chromate. S o  indications of decoiiipositioii were noticed 
with an\- of the iiierciiroiis salts in spite of the fact that no par- 
ticular care was taken to presen-e them from the light. 

In Table 111 are given the data for hydrogen coilcentration 
cells n-ithont diffusion and the transference iiui~iber of the anioii 
as obtained by tlie method of Helmholtz from the ratio of the 
electromotive forces in Tables I1 and 111. In Table 11- are 
given Hittorf’s data1 :tiid, under sulphnric acid, three measure- 
ments bj- IT‘iedemanii,2 these latter being marked IT, There are 
no direct iiieasiireiiients for oxalic acid. 

Table 111 
Hydrogen concentration cells without diffusion 

0.161 

o.r j7  
0.164 

3 __ 
Conc E.1I.F. 21 f 3 

Hydrochloric 
acid 

0.1029 ’ 0.1 j8 

0.3500 0.164 
0.2246 0.1j8 

I : I O  
I : I O 0  
I : I O 0 0  

I O  : I O 0  
I O  : I O 0 0  

I O 0  : 1000 

O.IIj4 
0 . 2 2 j 3  

0,3394 
o. I 132 
0.2295 
0. I328 
Mean 

Sulphu 
I : I O  , 0 , O j j j  
I : I O 0  0 . 1 1 2 0  
I : 1000 1 0.1789 

IO : 100 1 O . O j j S  

0. I j 6  
0.  I55 
0 .  I60 
0.162 

0.163 
0.  I j 9  

ic acid 

0.15’7 

%’ 7 ’  
~ ~ 

E.1I.F. U+ zj E.M.F. 11 + Z J  

Hydrobromic Hydriodic 
acid acid 

0.121s 
0.220s 

0.1281 

0.1266 
Mean 

0.3644 

0 . 2 ’ j j O  

Oxalic acid 
0.160 0.0402 0.149 , . ... . . I .  

0.162 I 0.1303 , 0.  I j6 i 
0.167 o.oSj0 0.148 1 . . . a  .... 

e .  a ... 
0.174 1 O . O j I 0  

IO  : 1000 0.0984 0.196 0.0746 

1 Mean 0.174 Mean 
100 : 1000 1 O . O j j j  0.184 0.0706 

0.16j .... * . . .  
0.181 . ... . . . .  
O . I j 7  a * . .  . . . .  
0.163 
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Table IT' 
T" "j __ 5' -~ 

Conc 71 + z' Conc 2~ + z' Conc -1 

Hydrochloric acid Hydrobromic acid Sulphuric acid 
0.38 I 0.193 
1.34 0.168 
3.00 0.161 
3 . 2 1  1 0 .171 

1 1 . 7 7  0.21s 
78. I 0 210 .... . . .  I 

0.7  I 0.17s ~ 0.j33 
Hydriodic acid 2 . 3  

Sulphuric acid 0.54 
0 . O j j  0.400 o.sc) 
0.14 0.288 3.61 

0.61 0.201 , 9.62 
I j . 2  0 . 2 j 8  1 I j . 9  

0,174 
0.1'77 

0.206 
0.  I j6\V 
0.189D' 
0.  I j 6 n '  

0 .212  

These figures show tliat the traiisfereiice numbers hold to- 
gether verj- well but are considerably lon-er than Hittorf's 
\-alues. I t  seeiiis probable froiii the iiieasiireiiieiits v i t h  the gas 
cells that the transference nmnber varies little, if at all, when 
the dilution changes from oiie to one thousand liters. Tlie values 
obtained from the gas cells caiinot be considered as right. 
Kohlrauscli' has giveti 63 as the iiiost probable value for the 
iiiigratioii velocities of chlorine and iodine as ioii a t  infinite 
dilution aiid IS". From tlie conductil-ity measurements, tlie mi- 
gration \-elocity of broiiiiiie as ion mnst also be 63, while sulphate 
is prohablj- 67. Taking these figures and the iiieaii values for 
tlie transference nuinhers from Table 111, we find for the migra- 
tion velocity of 11:-clrogen, 333 in HC1, 336 in HBr, 328 in HI, 
318 in H2S04. T h e  mean is 328, while Kolilrausch's \ d u e  is 
290. Tlie most probahle \-slue for the transference ncmber of 
hydrogen in the three halogen acids is 0.S23 and for tlie trans- 
ference number of the aiiioii 0.177, I t  is clear tliat, for sonic 

reason, the Helirilioltz equation is not applicable to these cells. 
T h e  volatilitJ- of the solute can liardlj- be the cause of tlie error, 
so that the 1-olatility of the hydi-ogeii aiicl its solubility in water 
\\-auld seem to be the chief points in which a liydrogen electrode 
differs froiii a ziiic or a copper eiecti-ode. I t  is hoped that tlie 
developnient of this idea  ma^. foriii the subject-matter of a secoiicl 
paper. 

.Ilthough it was not within the scope of this paper to coii- 



sider the application of Sernst 's theory of electroiiiotiye forces' 
to the gas cells, it seemed a pity not to utilize tlie data obtained 
to their fullest extent aiicl the values for the gas cells with and 
without cliff usion have therefore lieen calculated, taking 2 90 for 
the iiiigratioii 1-elocity of 11 ydrogen and 63 for the migration 
T-elocitl- of the lialogen. The  d u e s  for the dissociation ha\-e 
been taken from Kolilrausch.' The  results for tlie cells n i th  
diffusion are gil-en in Tablr  T-. In  the secoiid columii are the 
\-slues calculated 1 1 ~ -  Sinale, 3 n-ho does iiot state n-hat niiiiibers 
lie tool; for the migration velocities. In  the third coliunn are 
the \ d u e s  calculated froiii Kolilrausch's figures. Iii the reiiiaiii- 
iiig columns are the experiiiiental data for the t h e e  halogen 
acids. In  Table T71 are the calculated aiid experimental \xliie.< 
for the cells n-itliout diffusion. 

C O l l C  Sm ale Calc HCl 
I : 1 0  0.0172 0.0190 , o.orSg 
I : I O 0  0.036; ~ 0 .03 ,2  1 0.03j0 
I 1000 0 .0 j6S , 0 .0 j j j  1 0.0j44 

I O  : I 0 0  , 0 . O I S S  0.01gC) 0 . 0 I S 3  
IO : 1000 0.0379 0.0397 0 .0360  

I O O  : 1000 , 0.0190 oo1S8 0.0216 

Table T71 

C O l l C  Clalc HCl H B r  HI 
I : i o  i 0.1073 0.1174 0.121s 0.1029 - 
I : I O 0  ' 0 . 2 1 0 1  , 0 . 2 2 5 3  ~ 0.220s 0.2246 
I : I O 0 0  0.,3136 , 0.3394 0.3644 0.3j00 

I O  : I O 0  0,1124 0 . 1 1 3 2  , 0.12SI 0 . 1 2 4 2  
I O  : I O 0 0  0.2243 0.2295 0 . 2 7 j O  ~ 0,2314 

100 :  1000 o.roh? 0.1329 0.1266 , 0.1116 

If we coinpare the iiiemi of the values for tlle three 1ialoKeu 
acids with the calculated 7-allies, it \vi11 be ieeii that the cell\ 
without cliffnsion gix-e nnifoniil~- higher values than the tlieo- 

' Zeit. phys. Chem. 4 ,  129 

' Zeit. pl~>-s. Clietri. 14, j7j ( rS94) .  

I S S ~ ' I .  
TVietl. . inn. 26, 196 l1SS, j  I .  



retical, while the cells with cliffusioii give, as a rule, slightly 
lower values than those calculated. T h e  percentage as well as 
the absolute variation is mnch sinaller for the cells with than 
for the cells without diffusion. 

Having the hydrogen electrode made up, i t  seemed worth 
while to measure the electromotix-e force of tlie cell formed by 
combining it with a normal caloiiiel electrode. Tlie calomel 
electrodes were made froiii carefully purified inaterial and were 
compared by checking one against the other. Those used agreed 
to within two millivolts. T h e  data are given in Table 1'11. 

Table VI1 

Hydrogen and calomel electrodes 

Conc HCl HBr HI HZSO, HZC20, 
I 0.313 0.312 0.32j 0.340 0 . j j j  

I O  0.3j8 0.3j6 0.361 ~ 0.36j 0.381 

1000 0.436 O.4jj 0.461 ' 0.439 I 0.433 
IOO 0.396 0.401 O . + I O  ~ 0.401 0.40s 

I t  was thought that it iiiight be possible to gain some informa- 
tioii as to the reason for the  lo^ values for the transference nnm- 
her of the anions, as given in Table 111. bj- stuclJ-iiig tlie behavior 
of cells with chlorine electrodes. If we have the two coinbina- 
tioiis PtCl I cTHC1 j czHCl I PtCl and Pt,, ~ c,HCl I Pt, I c2HC1 ~ Pt,]. 
the ratio of the two electroiiioti1-e forces shonld give tlie trans- 
ference number of 11)-drogen. For this reason some measure- 
ments n-ere iiiade with chlorine electrodes. Owing to the limited 
tiine at  m y  disposal. I was not able to study tlie matter as thor- 
oughly as I should have wished and the results can only be coii- 
sidered as preliiiiiiiarJ-. 

Ch/orz'ize r/cvti,odes. -The apparatus was similar to that used 
for hydrogen. T h e  hydrochloric acid was saturated with n-asliecl 
chlorine, made from iiiaiigaiiese peroxide. Platinum electrodes 
n-ere used and tlie cell was measured after standing tn.entj--four 
liours carefully protected from tlie light. Tlie current flows in 
tlie opposite directioii to that of tlie lij-drogeii cell, through the 
cell from the coiiceiitrated to the dilute solution. 



In Table VI11 are tlie data for the chlorine concentration 
cells with and n-itlioiit diffusion, together with the transference 
number for hydrogen. T h e  cells without diff iisioii were not 
measured directly as reversed cells. The  single cells x ere 
measured and the ~-alues for the double cells obtained b! sub- 
traction. T h e  electromotive forces of the cells PtH I HCI I PtCl 
are 1.368 T* for normal hydrochloric acid, 1.486 1- for tenth-nor- 
mal h~-drocliloric acid and 1.555 1. for hundredth-iiormal acid. 

Table 1’111 

Chlorine concentration cells 
Conc With dif- Conc With dif- S o  dif- ~ 21 

HCl fusion HC1 fusion fusion Z L +  li 

0 . 2  : I 0 . 1 1 8 0  I : I O  0.1032 0.118 1 0.874 

0 . 2  : IOO o.zj43 I O  : IOO 1 0.0411 1 0.069 o.jg6 

- 

0 . 2  : I O  0 . 2 1 7 7  I : I O 0  0,131j 0.187 0.703 

It will be noticed that the transference number varies 
enorniousl!-. This  is not snrprising because the iiieasurenieiitq 
are very difficult to make and exceeclingl~ iuisatisfactor~~ when 
made. Even if the variations in tlie transference nuiiiber ~r ere 
due entirelj- to esperi~iiental error, tlie mean of the three meas- 
urements is 0 .723 ,  \\ hicli differs widel! from the most probable 
Tdne,  0.823. T h e  tliscrepancj- ma>- be clue to tlie action of 
chlorine on the electrode, tlie electrol~ te, or the water. On tlie 
other Iiand, it is a curiouq coincidence, though po5sibl~ nothing 
more, that 0 .723  is about eighty-eight percent of 0.823, n liile 
the mean of the valiits for 1 1 ~  clrocliloric acid in Table 111, c). I 59% 
is about eight!-eight percent of 0.177. In other nords, tlie 
foiind T alue seems to be the same percentage of the calculated 
1 alues in the two cases. This  point will be exaiiiiiied more 
care fu 1 Iy in t li e f 11 ture. 

Incidentally tlie chlorine electrodes were measured against 
the iioriiial calomel electrode. T h e  values are 0.957 1- for fixe- 
norinal lij  tirochloric acid, 1.064 \- for nornial, I. I 38 \- for tentli- 
normal and I. I 60 1- for liunclredtli-norinal acid. 

h’mnrrirc c l ~ c t i d c ~ .  - -1 few iiie:isiireiiieiits were made with 
bromine and iodine electrodes for concentration cells wit11 dif- 



fusion. T h e  bromine aiid iodine cells were made up in test- 
tubes! the various solutions being left with an excess of bromine 
or iodine for several days. They were shaken from time to time. 
Except when the electromotive force of a cell was being deter- 
mined, the solutions were carefully protected from the light. 
The  platiiiuiii electrodes were saturated with bromine or iodine 
by electrolyzing iiorinal solutions of tlie acids with tlie platinum 
electrodes as anodes. 

The  broiiiine concentrations \\-ere cleterinined at  2 I O by add- 
ing a measiired portion of the solutioii to an excess of potassium 
iodide and titrating lvitli sodiimi tliiosulpliate, using starch as an 
indicator. The  iodine coiiceiitratioiis were determined by titra- 
tion with sodium tliiosulpliate. 

T h e  values for the bromine conceiitratioii cells with diff usion 
aiid for the bromine electrode against the normal calomel elec- 
trode are given in Table IS ,  tlie concentration of the bromine in 
the solutions being given in grams per liter. 

Table I S  

Bromine concentrntioii cells 

Conc K i t h  dif- Colic Conc Calomel 
H Br fusion HBr Bromine electrode 

I : I O  0 . 1 1 2  

I : IOO 1 0.249 
I : 1000 0.266 

I O  : IO0 0 . 1 2 7  

I O  : 1000 0.162 
100 :  JOOO 0.031 

Since the concentration of the bromine varies greatly, no 
ineasureinents were macle of the hydrogen electrode against the 
lxomine electrode. few experiments n-ere made with iodine 
cells having cliff erent iodine concentrations,1 the results of which 
are gi\-en in  Table S, the iodine coi-lcentrations being grams per 
liter. 

I Theoretically, this is analogous to a hydrogen electrode under varying 
pressures. 



Conc 
HI 

Conc 
Iodine Cell E .  11. F. 

I j3 .40  I : r ( a )  0.049 

3 .20  I ( a )  : I ( b )  0 . 0 2 8  

- _ _  

1 7 . 2 1  I : I ( b )  0.07 j 

13.02 I I O  : Io(a) 0.03 j 
1,7<3 I 0  : r o ( b )  0.050 
0.32 I o ( a )  : I o ( b )  0 . 0 I j  

Iodine c/l,ctrodc.s. - Satarated solutions of iodine in T-arioti> 
concentrations of 1iJ-driodic acid \.\-ere arranged as concentration 
cells with diffusion niid as aii iodine electrode against the iiorinnl 
caloinel electrode. The results are given iii Table S I ,  the 
iodine concentrations being grams per liter. 

Table S I  
Io cl i 11 e co r i  ce 11 t r a t i on cell s 

Conc IT'ith dif- Conc Colic Caloiiiel 
H I  f u si 0 I1 H I  Iodine electrode 

I : I 0  0.0679 I 

I : I O 0 0  0.192s I 0 0  
I : I O 0  0 . 1 2 2 4  I O  

I O  : I O 0  0.0604 , 1000 

I o :  1000 0 . 1 1 9 ~  
I C O  : 1000 o.oSa9 

I j 3 .40  
13.02 

0.26 
o.sn 

0.239 
0 . 3 0 2  
0.363 
0 . 4 j I  

Bertlielot' has shon-11 that a coiiipoiuid KbzIO exists in solu- 
tion. This  n-as coiifiriiied ti!- Le I31aric aiid S o ~ - e s '  n.ho showed 
froin tlie conductivity ant3 fi-eeziiig-point plieiioiiieiia, that this 
coinpound changed, with increasing dilution, into potassiiun 
iodide and iodine - the coiiductiyity a t  iiifitiite dilution IiaT-iiig 
about the same value as potassium iodide in water. I t  is there- 
fore not improbable that compounds such as HI-:rnI:rz and E-IIuI. 
are forined. It would. of course, be impossible to applj- tlie 
Heliiiholtz foriiinla to iiieasiireiiieiits with the lxoiiiiiie aiid iodine 



electrode until more is known about the conditions prevailing in 
the solutions. 

I take this occasion to express my thanks to Professors 
Bancroft and Trevor for their advice and assistance. 

T h e  general results of this investigation are : 
I .  T h e  Helmholtz method of determining transference num- 

bers is not applicable to gas cells. 
2 .  I t  is probable that the soiirce of error is to be found in 

the solubility of the electrode in the electrolytic solution. 
3. I t  is probable that the transference number for hydrogen 

in hydrochloric acid does not change with the dilution between 
normal and thousandth-normal solutions. 

Come ZZ Ciziijers ity 


