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tnize the amount of dust which might be blown against and adhere to 
the sides of the bulb. These ignitions were continued until no further 
loss of weight was observed. In making the calculations the atemic 
weight of chlorine was assumed to be 35.46. The temperature of the 
balance and the barometric reading were recorded in the case of the in
dividual weights and these numbers were used in applying the vacuum 
corrections. In the calculation the density of tantalum chloride was 
taken as 3.68 and that of the weights as 8.4. As mentioned previously, 
no vacuum correction was applied in the case of the tantalum oxide, 
since this correction, which was smaller than the error in weighing, af
fected the fifth decimal only. The following table includes the results 
of all determinations made which were carried to completion without 
accident. 

100 parts of 

Series. 
I I 
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II 
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I I 

I I I 
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12 .99680 
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IO.I7456 

17-99542 
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6 .24767 
7-26375 
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Wt. of Ta«Os 
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8 . 0 2 3 2 6 

5 - 7 I I 0 4 
6 . 2 8 1 3 3 

I I . 1 1 0 1 4 
7 .22693 

3 -85658 
4 . 4 8 3 9 8 
9 80465 

TaCl6 = parts 
of Ta2O6. 

61 -733 
61 
61 
61 
61 
61 
61 
61 

744 
736 

739 
739 
728 

731 
732 

At. Wt. 
OfTa. 

1 8 1 .4 9 
1 8 1 . 6 0 
181 .52 

I 8 I . 5 5 
I 8 I . 5 5 
1 8 1 . 4 6 
1 8 1 . 4 8 
1 8 1 .4 9 

Mean, 181 .52 
Summary. 

In eight experiments 91.51605 grams of tantalum chloride gave 56.49791 
grams of tantalum oxide, corresponding in round numbers to 181.5 as 
the atomic weight of tantalum, a number one-half a unit higher than 
that now given in the international table. In conclusion, it may be as 
well to state that further work upon the value of this constant is in progress. 
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SUMMARY. 

INTRODUCTION—OUTLINE OF THE INVESTIGATION AND REVIEW OF PRE
VIOUS WORK. 

It is commonly assumed that sulphuric acid in aqueous solution ion
izes in two stages according to the reactions 

H2SO4 = H + + HSO4- and HSO4" = H + + SO4=, 
but no investigation, except that of Noyes and Eastman,1 which was be
gun after this one, has furnished valuable evidence as to the proportion 
of the intermediate hydrosulphate ion (HSO4

-) present, or indeed as to its 
existence in the solution. This research was therefore undertaken with 
the hope of furnishing more definite knowledge in regard to the ioniza
tion relations of this important acid. 

The separate determination of the ionization constants for the two hydro
gens is attended with much greater difficulty in the case of this acid 
than in the case of almost any of the organic dibasic acids or of such in
organic acids as sulphurous or phosphoric acid. This is true for the 
reasons, first, that the first hydrogen, and probably also the second hy
drogen, of sulphuric acid is so largely ionized that the mass-action law 
cannot be employed in the study of its equilibrium relations; and second, 
that the difference between the degrees of ionization of the two hydro
gens of sulphuric acid is much smaller than in the case of the other acids 
referred to, thus causing both stages of its ionization to be superposed, 
and preventing, among other things, a direct determination of the con
ductance of the intermediate hydrosulphate ion, a knowledge of which 
is of great importance in interpreting the conductance and transference 
data. In consequence of these difficulties many of the commonly applied 
methods fail to give, in this case, reliable results. 

Thus it might be thought that the transference experiments which 
have previously been made by several investigators would throw much 

1 Carnegie Institution Publications, 63, 239-81 (1907). 
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light upon the question of the intermediate ion; but the following sim
ple calculation shows that the transference number would not be greatly 
different whether the acid be completely ionized in the one way or the 
other, provided a certain probable value be assumed for the conductance 
of the hydrosulphate ion. The number of chemical equivalents of sul
phate ion transferred for each faraday of electricity passed would evi
dently be given in the two cases by the expressions: 

^SO* a n d 2i4HS04 

An + ^SO4
 AH + ^HSO4 

respectively, where the il's represent the equivalent conductances of 
the ions indicated by the subscripts. At i8° the value of the first ex
pression is 68/(68 + 315) = 0.178; and, assuming that hydrosulphate 
ion has the same conductance as acetate ion,1 the value of the second 
expression would be 70/(315 + 35) = 0.200, provided in both cases it 
be assumed that AH has the value (315) which it has at zero concentra
tion. The matter is, however, complicated by the uncertainty as to the 
value of AH that should be used in calculating the transference number 
at higher concentrations. Thus, if we put AK = 330 in accordance with 
the transference results of Noyes and Sammet and of Noyes and Kato2 

with 0.006-0.018 normal acids, the transference number for complete 
ionization into hydrogen ion and sulphate ion becomes 0.171, and for 
that into hydrogen ion and hydrosulphate ion becomes 0.192. Experi
mentally the transference number for sulphuric acid at 18° in 0.01 to 
0.05 formal8 solution has been found by Tower and by Jahn and Hug-
brechts to be 0.176, within a limit of error that can hardly exceed 0.002. 
These considerations indicate that a not very large proportion of hydro
sulphate ion is present; but they also show that, on account of the errors 
involved in the measurement and interpretation of the transference 
number, it does not furnish a satisfactory means of calculating the con
centration of that ion. I t will be shown below, however, that the trans
ference data do furnish valuable evidence as to the equivalent conduc
tance of the hydrosulphate ion, and that, assuming that ion is really 
present in considerable proportion, they confirm the approximate validity 
of Noyes and Eastman's assumption in regard to it. 

The existing freezing-point determinations, made by a great number 
of different investigators,4 show that hydrosulphate ion is at o° largely 

1 This assumption was made in all their computations by Noyes and Eastman, 
but without other basis than the apparently similar molecular complexity of the two 
ions. 

2 See Carnegie Institution Publications, 63, 326 (1907). 
8 In accordance with the practice now followed in thfe laboratory, the term "formal" 

is here used to express a solution containing one formula weight (in this case of H1SO1) 
per liter of solution. 

4 For references see the following section. 
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dissociated. Thus, in 0.05 formal solution, the value of the mol num
ber * (representing the mols from one formula weight) has been found 
to be about 2.22, while in 0.01 formal solution values between 2.42 
and 2.56 have been obtained. Complete ionization into H + and HSO4

-

would, of course, require the value 2.00, and into 2H+ and S0 4
= the 

value 3.00. Moreover, it will be shown below that the quantity (i— 1) 
is equal to the number of equivalents of hydrogen ion resulting from one 
formula weight of sulphuric acid (that is, i — 1 = C^/C, where C is the 
formal concentration of the sulphuric acid), and that therefore freezing-
point values furnish a quantitative measure of the concentration of this 
constituent. 

The experiments on the relative catalytic influences of sulphuric acid 
and of hydrochloric acid upon the rate of hydrolysis of cane sugar and 
of ethyl acetate also furnish a means of determining the proportion of 
hydrogen ion in sulphuric acid solutions. The results will be considered 
more fully below. It may be mentioned here, however, that those of 
Ostwald on the sugar inversion indicate that at 25° in 0.05 formal solu
tion i . 20 equivalents of hydrogen ion result from one formula weight 
of sulphuric acid; and that those of Kay on the ethyl acetate catalysis 
indicate that at 35 ° at the same concentration .1.16 equivalents result. 

Noyes and Eastman,1 upon the basis of certain probable assumptions, 
have derived from their conductance measurements with sulphuric 
acid and potassium hydrogen sulphate through a wide range of tempera
ture definite estimates of the concentrations of sulphate ion and of hy-
drosulphate ion in solutions of both of these substances. Thus they 
estimate that in a 0.05 formal solution of sulphuric acid at 18° there are 
6 per cent. H2SO4, 61 per cent, of HSO4

-, and 33 per cent, of S0 4
= . This 

corresponds to 127 per cent, of hydrogen ion, which is in rough agreement 
with the results of the hydrolysis experiments just referred to. In view 
of the assumptions involved in their estimates, independent determina
tions of the concentrations of these constituents seem very desirable. 

From the existing thermochemical data on the heat of neutraliza
tion of sulphuric acid, Noyes and Eastman have also calculated the heat 
of ionization of the hydrosulphate ion, and have found that it corresponds 
roughly with the heat value derived from the change of dissociation of 
that ion with the temperature. 

The purpose of this article is to discuss critically the existing data re
lating to sulphuric acid and the conclusions to be drawn from them, 
and to present the results of some new work, which includes measure
ments of the conductance of sulphuric acid and sodium hydrogen sul
phate, transference experiments with solutions of this salt, experiments 
upon the relative effect of sulphuric and hydrochloric acids upon the 

1 Carnegie Institution Publications, 63, 274-6 (1907). 
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ionization of picric acid, and determinations of the distribution of sul
phuric acid between water and amyl alcohol. 

PART I.—SOLUTIONS OF SULPHURIC ACID. 
i. The Hydrogen-Ion Concentration Derived from Freezing-Point 

Measurements. 
The equivalents of hydrogen ion resulting from one formula weight 

of the acid can be calculated from the value of the mol number i, as de
termined from the freezing-point lowering, by merely subtracting unity 
from it; that is, CH/C = i — i. For evidently: 

i C = CH + CH2S04 + CHSOi + CS04, and C = CH2SO4 + ^-HSO4 + ^so4> 
where C represents the formal concentration of the acid and the C s with 
subscripts the formal concentration of the constituents represented by 
those subscripts. 

The freezing points of dilute sulphuric acid solutions have been deter
mined by Pickering,1 Loomis,2 Jones,3 Wildermann,4 Ponsot,6 Barnes," 
Hausrath7 and Bedford.8 In order to determine the best values at a 
series of round concentrations and to form an estimate of their probable 
accuracy, the results of all these investigators (except the early ones of 
Pickering) have been correlated and combined by a method described by 
Noyes and FaIk.9 Only the values of i — i or Cn/C corresponding to 
the final values of i derived by them need therefore be reproduced here. 
I t seems scarcely possible that any of these values at the concentrations 
0.02 to 0. i formal inclusive are in error by as much as 2 per cent., but 
those at 0.01 and 0.005 m a y w e ^ De in error by two or three times this 
amount. 

TABLE I.—VALUES OF THE HYDROGEN-ION CONCENTRATION (CH/C) AT 0° DERIVED 
FROM PREEZING-POINT MEASUREMENTS. 

Formal concentrat ion. . 0.005 0.010 0.020 0.025 0.050 0.100 
C H / C 1.59 1.47 i-35 i-32 1-22 i 13 

2. The Hydrogen-Ion Concentration Derived from Conductance and 
Transference Measurements. 

Noyes and Eastman, as stated in the introduction to this article, de
rived from their conductance measurements alone, with the aid of certain 

1 / . Chem. Soc, 57, 363 (1890). See also Z. physik. Chem., 7, 397 (1891). 
2 Physic. Rev., 1, 281 (1893). 
3 Z. physik. Chem., 12, 629 (1893). 
4 Ibid., i s , 350 (1894); 19, 241 (1896). 
5 Ann. chim. phys., [7] 10, 109 (1897). 
• Trans. Royal Soc. Canada, [2] 6, I I I , 48 (1900). See also Trans. N. S. Inst, 

of Science, 10, 222 (1900). 
7 Drude's Ann., 9, 547 (1902). 
8 Proc. Roy. Soc, London A 83, 454 (1910). 
' T H I S JOURNAL, 32, 1027 (1910). 
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assumptions, an estimate of the hydrogen-ion concentration in sulphuric 
acid solutions at various concentrations and temperatures. Making 
the assumption that the HSO.,- ion has the same equivalent conductance 
as the acetate ion, they first showed that the hydrogen-ion concentra
tion must lie between certain comparatively narrow limits. Then mak
ing the further assumption, based on the conductivity results at high 
temperatures, that sulphuric acid has with respect to its first hydrogen 
the same ionization tendency as hydrochloric acid, definite values of the 
concentrations of all the constituents in the solution were derived. 

It may readily be shown that the first and most arbitrary of these two 
assumptions can be dispensed with by combining with the conductance 
values the results of transference experiments. Thus for the specific 
conductance L we have 

iooo L, = CnAn + 2C801A804 + CH80|AHS04, (i) 
where the C s represent the formal concentrations and the A's the equiv
alent conductances of the various ions. And for the number of equiva
lents (N s o ) of SO., transferred per faraday of electricity, we have 

s ° 4 iooo L, iooo L 
This follows from the principle that the quantity in equivalents of each 
ion transferred per faraday is equal to the ratio of its conductance to 
the whole conductance and from the fact that one electrical equivalent 
of HSO4 ion yields two chemical or analytical equivalents of SO4. 
Writing this equation in the form 

i X iooo L N8O4 = CsoASOt + CH S O/H S O < , (3) 
subtracting it from equation (1), dividing both members by C, the formal 
concentration of the sulphuric acid, and putting 1000L/2C = A, the 
equivalent conductance of the acid, we get 

C H ^ H , Qo^sQ* 
C C 

The last term of this expression is relatively small and can vary only 
between the limits zero and $(CH/C)Aso, corresponding to the two 
limiting cases where HSO4

-, and where SO4"
1, is the only anion present. 

Within corresponding limits the value of CH/C can therefore be deter
mined, and evidently without involving any assumption as to the value 

° f ^HSO 4 -

Let us now consider the transference and conductance data available 
for this calculation. 

The transference number for sulphuric acid has been determined by 
many different investigators,1 but only the determinations by Bein, by 

1 Wiedmatm, Pogg. Ann., 99, 162 (1856); Hittorf, Ibid., 106, 401 (1859); Bein, 
Z. physik. Chem., 27, 52 (1898); Starck, Ibid., 29, 394 (1899); Tower, T H I S JOURNAL, 26, 

2A(i- iNSOi) = - ^ + - S ^ - V (4) 
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Tower, and by Jahn and Hugbrechts, seem to have been made with pre
cautions sufficient to warrant the consideration of the results. The 
following table contains the final values obtained by them for the trans
ference number of the anion (N304) reduced to uniform temperatures 
by means of the temperature coefficient o.oon1 , and in the case of 
Jahn and Hugbrecht's results interpolated for round concentrations. 

TABLE I I .—TRANSFERENCE NUMBER FOR THE SULPHATE ION. 

Formal 
concen. 

O.5000 

O.250 

O.125 

0 . 1 0 0 

0 . 0 5 0 

0 . 0 2 5 

0 . 0 1 0 

0 . 0 0 4 

Bein. 

0 .172 

At 8°. 

Tower. 

0 

0 

0 

164 

164 

168 

Tower. 

O.188 

O.187 

0 . 1 8 1 

0 . 1 7 6 

0 . 1 7 9 

0 . 1 8 1 

At 20°. 

J. & H. 

0 . 1 7 0 

0 . 1 7 7 

O . I77 

0 . 1 7 8 

0 . 1 5 8 

Tower. 

0 . 1 9 2 

0 . 1 9 2 

O. 191 

At 3*°. 

J. & H . 

O . I 9 4 

0 . 1 8 9 

0 . 1 6 4 

At 97°. 

Bein. 

O 304 

From these results one is justified in concluding that the transference 
number is substantially constant between o.oi and 0.05 formal, and 
that within this concentration interval it has the following values: 

o°. 8°. 180. 20°. 25°. 320 . 

O.1572 O.165 O.I76 O.I78 0.184 O.192 

At the higher concentrations 0.1 to 0,5 formal Tower's data are to be 
regarded as the best values, in view of the concordance of his results 
with the cathode and anode portions, and of the constancy in content 
of the middle portions. 

Two entirely independent series of measurements of the conductance 
of sulphuric acid at 25 ° have recently been made in this laboratory, 
by Mr. G. W. Eastman3 and by Mr. F. L. Hunt,4 respectively, and a 
series at 0° with the same solutions has been made by the latter.5 The 

1062 (1904); Jahn and Hugbrechts, Z. physik. Chem., 58, 651 (1907); Whetham and 
Paine, Proc. Royal Soc, A81, 69 (1908). 

1 This is the value found by Tower for the temperature-coefficient ( A N s o 4 / A -H 
between 8 and 32° for 0.01 to 0.05 formal solutions. The-reduction was in no case 
for a greater interval than 3°. 

2 This value is extrapolated, but can in consequence hardly be in error by more 
t h a n 0 . 0 0 1 . 

3 Carnegie Institution Publications, 63, 262 (1907). 
4 In connection with a research which is soon to be published in detail. 
5 Measurements with dilute sulphuric acid have been previously published at 180 

by Kohlrausch (L.-B.-M. Tabellen, p. 746); at 0 and 18° by Barnes {Proc. Royal Soc. 
Canada, [2] 6, I I I , 46 (1900)); a t 0, 15, 25 and 35° by Jones and Douglas {Am. Chem. 
J., 26, 436 (1901)); see also Tower's "Conductivity of Liquids," p. 164); at 0 and 18° 
by Whetham (Z. physik. Chem., 33, 351 (1900); 55, 205 (1906)); and at 180 to 3060 

by Noyes and Eastman {hoc. cit.). 
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results of these determinations are presented in the following table. The 
concentrations are expressed in formula weights per liter at the tem
perature of the measurement, and the equivalent conductance in reciprocal 
ohms: 

TABLE I I I . — E Q U I V A L E N T CONDUCTANCE OF SULPHURIC ACID AT 25 0 AND 0°. 

F o r m a l 
c o n c e n . 

O . IOOO 

O . 0 5 0 0 

O . 0 2 5 0 

O . 0 1 2 5 

O . O 0 6 2 5 

O.O05OO 

O.OOIOO 

O.OOO25 

O.OOOIO 

25° 
N . & 

2 5 1 

273 

327 

(337 

39O 

413 
418 

E. 

2 

O 

5 

0 ) 

8 

7 

5 

25° 
F . L . H . 

234-7 
2 5 1 . 2 

2 7 3 - 1 

2 9 9 - 3 

3 3 6 . 8 

25°. 
M e a n . 

234-7 

2 5 1 

273 
299 

327 

336 

39O 

413 
418 

2 

0 

2 

5 
8 

8 

7 

5 

0°. 
F . L . H 

1 6 5 . 4 

177 
191 

2 0 6 

2 2 6 

2 

5 

9 

4 

Besides the transference and conductance data for the acid, the values 
of the equivalent conductances of hydrogen ion (An) and sulphate ion 
(As0) are needed for the computation of Cn/C. For An at zero concen
tration, Goodwin and Haskell1 and also Kohlrausch2 have derived the 
value 315 at 18 °, which corresponds to 348 at 25 ° if the temperature 
coefficient (dA/AladT = 0.0153) given by Kohlrausch be employed. 
For Aso the value given by Kohlrausch2 at 18 ° is 68, which, using his 
temperature coefficient (0.0227), becomes 79 at 25°. 

The values of An and ASOi at o0 at zero concentration we have found 
to be 224 and 43, respectively, by the following method of derivation. 
Noyes and Coolidge,3 from their measurements at o° of the conductance 
of potassium chloride (which are perfectly concordant with those of 
Whetham), obtained the value 81.4 for A0 for that salt. Multiplying 
this by the transference number 0.496 (assumed to be the same as at 180) 
we get AK = 40.3 and Acl = 41.1. Furthermore, A0 for HCl at o° 
was found to be 265.4 by multiplying A0 for HCl at 180 = 379.5 by 
the ratio of the A values for 0.01 normal HCl at o° and 18°, which ratio 
has been found to be 0.700 by Barnes4 and 0.6994 by D£guisne.5 Sub
tracting Acl = 41. i, we then obtain An = 224." Similarly, A0 for K2SO4 

at o0 was found to be 83.1 by multiplying A0 for K2SO4 at 180 = 132.6 
by the ratio of the A values for 0.001 normal K2SO4 at o0 and at j8°, 

1 Phys. Rev., 19, 395 (1904). 
2 Z. Elektrockem., 13, 333 (1907). 
8 Carnegie Institution Publications, 63, 47 (1907). 
4 Trans. N. S. Inst, of Science, 10, 150 (1900). 
s See Landolt-Bornstein-Meyerhoffer Tabellen, p. 755. 
8 Attention may here be called to the fact that Johnston's rough estimate of An 

at o 0 as 240 (THIS JOURNAL, 31, 1015 (1909)) is much too high. 
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which ratio has the value 0.627 (0.628 according to Archibald1 and 0.625 
according to D£guisne). Subtracting AK = 40.3, we get ASOi = 42.8. 

I t should be mentioned, however, that the transference experiments 
of Noyes and Sammet2 and of Noyes and Kato3 with hydrochloric and 
nitric acids have indicated that the equivalent conductance of hydrogen 
ion is about 5 per cent, greater in 0.005 to 0.02 normal solutions of these 
acids than it is at zero concentration. I t seems reasonable to assume 
that this may be also the case in sulphuric acid solutions; and it seems 
therefore worth while to show in the subsequent calculations the effect 
of this assumption, according to which AH would have the value 365 at 
25° and 235 at o0. A t the same time it should be recognized that the 
employment of these particular values at higher concentrations than 
0.02 normal has at present no experimental basis. 

The values of CH/C at 25° and at o0, calculated from the foregoing data 
by means of equation (4) under the two limiting assumptions that CSOi 

is equal to zero and to l/2Cv, respectively, and for the two values of 
AH just referred to, are given in the following table. The first values 
given in each column are those corresponding to the assumption that 
SO4 is the only anion present: 

TABLE IV.—VALUES OF CS/C AT 25 ° AND O0 DERIVED FROM CONDUCTANCE AND TRANS
FERENCE MEASUREMENTS. 

Formal 
concen. 

0 . 1 0 0 

0.050 
0.025 
0.0125 
0.00625 
0.00500 

CH/'C at 25" 
(for An = 348). 

I . I O - I . 2 2 

1.18-1.31 
I .28-1.42 

•I .40-1.56 
I -53 - i -7 i 
i .58-1 .76 

CH/C at 25 ° 
(for AH = 365). 

I .05-1.16 
I . 13 - I .24 
i-23-1-35 
i .34-1 .48 
i .46-1.62 
1.51-1-67 

Cu/C at 0° 
(for An = 235). 

I .19-1.29 
I . 27 - I . 39 
L 3 8 - I . 4 9 
I .48-I .61" 

I .63- I .77 

CB/C atO» 
(for AH =. 224) 

I .24-1.36 
I . 33 - I .46 
i -44- i -57 
i ' 5 5 - I - 7 0 

i .70-1 .86 

3. The Equivalent Conductance of Hydrosulphate Ion Derived from 
Conductance and Transference Measurements. 

The value of the equivalent conductance of the hydrosulphate ion is 
of so much importance in the interpretation of transference and con
ductance results that it is worth while to consider just what conclusion 
in regard to it can be drawn from the existing data. For this purpose 
we may make use of equation (3), written in the form: 

^Nso 4 = AsoSCsoJc) + AHSOSCHSOJC)- (5) 
In this equation N304, A, and ASOl are known; and between C s o , 
CjJs04, and CH (which last is known within comparatively narrow lim
its) there exists the following relation expressing the equality of the 
equivalent concentrations of the positive and negative ions: 

1 Trans. N. S. Inst. 0) Science, 10, 38 (1898). 
* T H I S JOURNAL, 24, 958 (1902). 
3 Ibid., 30, 333 (1908). 
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^ H = 2 ^ S O 4 + ^HSO 4 - W 

In order tha t AHSOt might be definitely determined by these equations, 
either C 3 0 or CH S O would have to be known; but it is found by com
putat ion that the value involved is such tha t it can be determined within 
narrow limits, provided only the assumption is justified that the concen
tration C H S 0 forms a reasonably large par t (say as much as one-fourth) 
of the total ion concentration (CHS0 + 2 C 3 0 ) . Thus the values of 
AH&0 calculated by (5) from the da ta given in Tables II, I I I and IV 
under the limiting assumption that C H S 0 •-=-• C and under the assumption 
that C H S 0 = K-V' and with the values of Cn/C corresponding to the 
smaller and larger values of An are given in Table Y. 

TABLE V.- -CALCULATED VALUES OF THE EQUIVALENT CONDUCTANCE OF HYDROSUL-

PHATE ION AT 25° AND O0. 

At 25°. At 0°, 

Concen
t r a t i o n . 

O . IOO 

O . 0 5 0 

O . 0 2 5 

O . O 1 2 5 

For C H S O 1 = C . 

. 1 H = 348 . . 

3 6 . 0 

35 -i 
35^3 

35 3 

*H = 365 . 

3 8 . 4 

37 • 5 

37 -7 
37 7 

For C H S O 4 

•<H = 3 4 8 . A 

37 -o 

3 4 - o 
3 4 - 5 
34 -5 

= i C H . 

H = 365. 

4 4 - " 
4 1 . 0 

4 1 . 0 

4 2 . 0 

For C H S O 4 = C . 

- IH = 224. 

18.9 
18.8 
18.8 
18.8 

J H = 2 3 5 . 

2O . 2 

2 0 . I 

2O . 2 

2 O . 5 

For C] 

,(„ = 224 
1 3 . 8 
1 4 . I 

H 5 
i 5 - i 

HSO 4 =C. 

. . IH = 235 

1 7 . 6 
17 .6 

1 8 3 
19.1 

Mean , 3 5 . 4 3 7 . 8 3 5 . 0 4 2 . 0 1 8 . 8 20 .2 14 .4 18. i 

I t is evident from these calculations that at 25° the value of / l H S O is 
35 ± ! if AH = 348, or 40 ± 2 if AH = 365, and tha t a t o° the value is 
16 ± 2 if A11 = 224, or 19 ± i if AH — 235, it being always assumed 
tha t the HSO4"" ion is present in sufficient proportion to make the cal
culated values significant. I t will be noted tha t the value 40 at 25 ° 
or 19 a t o 0 for AKSOt is not far from one-half of that for , I 3 0 4 (79 or 43), 
which would be the case if the frictional resistance to the motions of the 
two ions were nearly equal, since the electric force acting on the latter, 
owing to its double charge, is twice as great. 
4. The Hydrogen-Ion Concentration Derived from Catalysis Experiments. 

Since the catalytic influence of acids upon reactions of hydrolysis is 
nearly proportional to their hydrogen-ion concentration and is little in
fluenced by other factors, the concentration of tha t ion in sulphuric acid 
solutions may be determined by comparing the effect of that acid on the 
reaction rate with that of an acid of known ionization, such as hydro
chloric acid, at nearly the same ion concentration. The da ta that seem 
best adapted to this purpose are those of Ostwald1 upon the sugar in
version and of Kay2 on the ethyl acetate hydrolysis. Table YT contains 
the specific reaction rates as determined by these two investigators. 

1 Ostwald, J. prakt. Chem., [2] 31, 313-4 (1885). 
2 Kay, Proc. Royal Soc. Edinburgh, 22, 493-496 (1898-9). 



THE IONIZATION RELATIONS OF SULPHURIC ACID. I I 4 3 

TABLE VI.—RELATIVE CATALYTIC E I 

Acid. 

H C l 

H 2 S O 1 

'FECTs O F S U L P H U R I C A N D H I 

Formal 
concen. 

• • 0 . 5 
0 . 2 

O . I 

O.OI 

0 . 2 5 

0 . 0 5 
0 . 0 0 5 

Sugar inver
sion at 250. 

2 0 . 5 

3^34 

0 . 3 1 3 
10 .7 

2 . 0 8 
0 . 2 6 5 

fDROCHLORIC ACII 
Ethyl acetate 

hydrolysis at 350. 

146.9 

71.8 

201 .5 
4 4 . I 

6 . 0 6 

The best method of computation clearly seems to be to determine 
by interpolation the concentration (CA) of a hydrochloric acid solution 
which has the same catalytic effect as each of the measured sulphuric 
acid solutions. This we have done (for the two most dilute solutions of 
the latter acid) by calculating first for the former acid the values of the 
ratio (feA/CA) of the specific reaction rate to the concentration, which 
values do not vary greatly with the dilution, interpolating for a concen
tration which is estimated to be nearly isohydric with the sulphuric acid 
solution in question, and then dividing the reaction rate for the latter 
acid by this ratio, the interpolation and division being once more repeated, 
if necessary. The concentration CA of hydrochloric acid so obtained, 
when multiplied by the corresponding ionization (yA) as given by the 
conductance ratio (A/A0), yields the hydrogen-ion concentration Cn 

in the solution of either acid, and this, when divided by the concentration 
of the sulphuric acid CB, gives the mols of hydrogen ion resulting from 
one formula weight. 

Two sets of values of the ionization yA were employed, these being bb-
tained by dividing the values of A for hydrochloric acid at 18 ° found by 
Kohlrausch, Goodwin and Haskell, and Noyes and Cooper1 in one case 
by A0 = 380, and in the other case by A0 — 396, corresponding respec
tively to the values of A11 at zero concentration (315), and at higher con
centrations (331), as found by Noyes, Sammet, and Kato. 

The data and results are given in Table VII: 
T A B L E V I I . — V A L U E S O F H Y D R O G E N - I O N C O N C E N T R A T I O N A T 2 5 0 AND 35° D E R I V E D 

F R O M C A T A L Y S I S E X P E R I M E N T S . 

CA ^ ^5° C A a t 3 5 ° CH/CB, CnIC^ 
CB. (Ostwald). (Kay). rA- 25° (Ostwald). 35° (Kay). 

0.0500 0.0638 0.0619 0.940 or 0.902 1.20 or 1.15 1.16 or 1.11 

0.0050 0.00847 0.00862 0.974 or 0.935 1.65 or 1.58 1.68 or i .61 

5. The Hydrogen-Ion Concentration Derived from the Relative Effects of 
Sulphuric and Hydrochloric Acids upon the Ioniza

tion of Picric Acid. 
Experiments by M. A. S T E W A R T . 

A method which naturally suggests itself for the determination of the 
1 Carnegie Institution Publications, 63 , 138 (1907) . 
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hydrogen-ion concentration is that based on the principle of isohydric 
solutions, which consists in finding the concentration which a solution 
of sulphuric acid must have in order that it may be mixed with a definite 
solution of hydrochloric acid with the production of a mixture whose 
specific conductan.ce is the mean of that of the separate solutions. Theo
retically this result occurs only when the hydrogen-ion concentrations 
of the two acids are equal. Both calculation and experiment clearly 
showed, however, that the sensitiveness of the method was so slight as 
to make it of no value. 

A new method was therefore employed. This consists in principle in 
determining the relative concentrations of hydrochloric acid and of 
sulphuric acid which drive back the ionization of a third acid to the 
same extent. Picric acid was chosen as the third acid, and the condition 
of equal concentration of its un-ionized part in the solution was deter
mined by shaking it with benzene, between which and water it distributes 
itself, as shown by the investigation of Rothmund and Drucker.1 

The experiments were carried out in detail as follows: In one of two 
bottles of two-liter capacity were placed about 1300 cc. of the sulphuric 
acid solution to be investigated, and in the other the same volume of a 
hydrochloric acid solution (of a concentration estimated to be about 
isohydric); then to both were added an equal volume (about 70 cc.) of 
a nearly saturated solution of picric acid in benzene. These were rota
ted for four to five hours in a thermostat at 25 °. The same volume 
(about 50 cc.) of the benzene phase was then removed from each, and, 
after the addition of a little water, each portion was titrated with about 
0.3 normal barium hydroxide, using phenolphthalein as indicator. Then 
the experiment was repeated with a second solution of hydrochloric acid 
of somewhat different concentration from that first used, and the rate of 
change was computed of the concentration of the acid with the quantity 
of picric acid contained in the benzene phase, 

/ACHCI / A C H P \ _ 

V CHC1 / CHP / 
and therefrom, under the assumption of proportionality, the concen
tration of hydrochloric acid which would have an effect just identical 
with that of the sulphuric acid was calculated. 

The picric acid used was purified by crystallization from dilute hydro
chloric acid, from benzene, from alcohol, and from water. The benzene 
used was the thiophene-free commercial product. 

Preliminary experiments showed that no appreciable amount of either 
sulphuric acid or hydrochloric acid would go into the benzene. Normal 
sulphuric acid was shaken with 50 cc. of benzene; the benzene layer was 
separated, and to it were added a little water and phenolphthalein and 

1 Z. physik. Chem., 46, 827-53 (1903). 

conductan.ce
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then 0. i normal alkali. One drop of the alkali gave as strong a colora
tion as in the case of pure water to which phenolphthalein was added, 
showing that no appreciable amount of sulphuric acid could have gone 
into the benzene. A similar experiment with normal hydrochloric acid 
gave the same result. 

The error due to the effect of the picric acid on the ionization of the 
sulphuric and hydrochloric acids is very small: first, because the amount 
of picric acid is relatively small, so that the hydrogen ion from it forms 
only a small part of the total hydrogen ion, and second, because the sul
phuric and hydrochloric acids would be affected to nearly the same ex
tent and in the same direction. Moreover, since the ion concentrations 
in the two acid solutions are nearly the same, an appreciable error can 
hardly arise through a variation in the distribution ratio for the picric 
acid between the two phases. 

The experimental results, all of which are at 25 °, are given in the fol
lowing table. The fourth column shows the percentage difference in 
the concentrations of the picric acid in the two benzene solutions which 
had been shaken with the hydrochloric acid and with the sulphuric acid 
solutions. The values in heavy type in the rows below each group of experi
ments, show in the second and third columns the calculated concentra
tions of the two acids at which they have the same hydrogen-ion concen-

TABIE VIII.—VALUES OF HYDROGEN-ION CONCENTRATION AT 250 DERIVED FROM 
EXPERIMENTS WITH PICRIC ACID. 

Formal con-
Expt. centration C 
No. OfH2SO4. 
1 O.4923 
2 O.4923 

O.4923 

3 0.2500 
4 0.2500 
5 0.2500 
6 0.2500 

0.2500 

7 0.09983 
8 0.09983 

0.09983 

9 0.05000 
10 0.05000 

0.05000 

11 0.02506 
12 0.02506 

0.02506 

' Or i . 10, assuming ^0 
2 Or i . 20, assuming A0 

Formal con-

Percentage 
difference 
in picric 

centration acid concen. 
of HCl. trations. 

Percentage Hydrogen 
ionization ion concen- Ratio 

of HCl. tration CB. CnIC. 

0-5547 
O.5652 
0.5645 
O.3129 
O.2535 
O.3192 
O.2825 

0.2846 

0.12022 

0.i1690 
0.1174 

0.05942 
0.06089 
0.06095 
0.03197 
0.03253 
0.03264 

—0.33 
+0.03 
±0.00 

+ ^•59 
—3 27 
+ 2.99 
—0.20 
± 0 . 0 0 
+ 1.27 
—0.23 
± 0 . 0 0 
—1.19 
—0.05 
± 0 . 0 0 
—0.42 
—0.07 
± 0 . 0 0 

85 

88 

92 

94 

95 

S 

8 

0 

8 

0 

0 

0 

0 

0 

4826 

2526 

1080 

0573 

03126 

0.98 

I.OI 

1.08 

1.15» 

1.25s 

396 and 1007- = 90.3. 
396 and 1007- — 92 .0. 
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tration, and in the last three columns the corresponding values of the 
percentage ionization of the hydrochloric acid (as derived from its con
ductance ratio A/AQ, using Kohlrausch's data1 at 18 ° and taking A0 = 
380), of the hydrogen-ion concentration CH in either solution, and of the 
ratio Cn/C of that concentration to the formal concentration of the sul
phuric acid. The calculated values of CH and CH/C would be 4 per cent. 
smaller than those gven in the table if in calculating the ionization A0 

be taken equal to 396. This may be justifiable for the two most dilute 
solutions, but any value assumed for the more concentrated solutions 
would be entirely arbitrary. 

6. Comparison of the Hydrogen Ion Concentrations Derived by Various 
Methods. 

The values of the hydrogen-ion concentration (CH/C) derived by the 
methods already considered are brought together in Table IX. Except
ing those derived from the freezing point, the values given are those cal
culated under the assumption that the equivalent conductance of hydro
gen ion A11 is that derived from the conductance of acids at zero con
centration. If it be assumed, in correspondence with the transference 
results of Noyes, Sammet, and Kato, that in acid solutions of medium 
concentrations A11 is 5 per cent, greater than at zero concentration, then 
all the values of CH/C (except those derived from the freezing point) 
should be increased by 4 to 5 per cent. 

TABLE IX .—VALUES OF THE HYDROGEN ION CONCENTRATION DERIVED BY VARIOUS 

METHODS. 
Picric 

Formal Freezing Conductance and transference. Sugar acid Ester 
concen- point. , • ——> - catalysis, expts, catalvsis. 
tration. o0. o°. 250. 250. 25. 35s. 

0 . 0 5 0 1.22 I . 3 3 - 1 . 4 6 1 . 1 8 - 1 . 3 1 1.20 1 1 5 I . 1 6 

O.025 1.32 I . 4 4 - 1 . 5 7 I . 2 8 - I . 4 2 . . . . 1,25 . . . . 

0 . 0 0 5 1.59 I . 6 4 - 1 . 7 9 I . 5 8 - 1 . 7 6 1.65 . . . . 1.68 

It will be seen that at o0 the values derived from the freezing points are 
much less than even the lower limiting values derived from the conductivity 
and transference experiments, which values were obtained under the as
sumption that only H + and S0 4

= ions exist in the solution. This dis
cordance may well be due in part to error in the value of (A11) employed, 
but it can not be wholly accounted for in this way. 

It will also be noted that the conductance and transference data show 
that there is a large decrease in the hydrogen-ion concentration between 
o0 and 25°. It will also be observed that the values derived from the 
conductance are in accordance with those derived from the sugar catalysis; 
but that they are considerably higher at 0.05 and 0.025 formal than 
those derived by the picric acid method. It may be recalled that a change 

1 As given in LandoU-Bdmstein-Meyerhofjer's Tabellen, p. 746. 
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in the assumed value of An will not account for this divergence, since it 
would affect the latter values to nearly the same extent as those from the 
conductance. 

7. Concentration of the Other Constituents. 
Since the values of the hydrogen-ion concentration calculated from 

the conductance and transference data differ by about 10 per cent, in 
the two limiting cases, in one of which no hydrosulphate ion and the 
other of which no sulphate ion is assumed to be present, it might seem 
that the proportion of these two ions in the solution might be obtained 
by considering in connection with these limiting values that of the hydro
gen-ion concentration derived by some of the other methods. The de
gree of inaccuracy of all the values is, however, great enough to make 
such a calculation of little, if any, value. Indeed, the values obtained 
by the picric acid distribution methods (like those at o0 obtained from 
the freezing point) are below the lower limit of those derived from the 
conductance, so that upon solving the appropriate equations mathe
matically a negative value of the hydrosulphate ion concentration re
sults. 

In order to determine the concentration of the other constituents 
(SO4

1", HSO4
-, and H2SO4), further information in regard to at least one 

of them is therefore essential. The others would then become deter
mined in virtue of the condition equations, 

' -H + ^HSO1 + 2^H2SO1
 = 

aC, (7) 
and 

^SO4 + ^HSO4 + £ H2SO4
 = C . (8) 

To find a method which will give such information in a conclusive 
way is difficult. The most promising line of attack would seem to be to 
determine tho concentration of the sulphate ion through the measure
ment of some property closely related to it; and in the hope of doing this 
we have studied the effects of sodium sulphate, sodium hydrogen sulphate, 
and sulphuric acid on the solubility of thallous sulphate. But the re
sults of these experiments, which will be described in another article, 
show, even in the case of sodium sulphate, such a wide divergence from 
the law of the solubility product that it seems impracticable to employ 
them for the purpose in -question. Another method, simpler in principle, 
of determining the sulphate-ion concentration in sulphuric acid solutions 
is to measure the electromotive force of a concentration cell, such as is 
represented by the combination Hg, Hg2SO4, K2SO4Aq, H2SO4Aq, Hg2SO4, 
Hg. Experiments of this kind are to be undertaken in this laboratory. 

In the absence of information as to the sulphate ion the conclusion of 
Noyes and Eastman that the ionization tendency of sulphuric acid with 
reference to its first hydrogen is the same as that of hydrochloric acid 
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is the only principle that seems to be sufficiently well substantiated to 
warrant being made the basis of a provisional computation of the consti
tution of sulphuric acid solutions. 

That conclusion, it may be recalled, was based: (1) on the fact that 
at the temperature of 1560 the formal conductance of potassium hydro
gen sulphate (435) in 0.1 formal solution has become even less than that 
of potassium chloride (490), showing that the former salt can dissociate 
to an important extent only into K + and HSO4", that therefore the ion 
HSO4

- is only very slightly dissociated; (2) on the conclusion that this 
ion must a fortiori be very slightly dissociated in fairly concentrated solu
tions of sulphuric acid itself at 156° and above; (3) on the fact that the 
conductance of such solutions when interpreted under this assumption 
shows that the ionization of the acid is substantially equal to that of 
hydrochloric acid of the same concentration at 156, 218, and 3060; and 
(4) on the assumption that this equality of ionization holds true also at 
lower temperatures, such as 18°, inasmuch as differences in ionization 
of largely ionized substances are as a rule less pronounced at lower than 
at higher temperatures. 

Upon the basis of this conclusion in regard to the un-ionized H2SO4, 
the concentration of the constituents may be calculated by equations 
(7) and (8) by using separately each of the values of CH/C, given in Table 
IX. It has seemed worth while, however, to make such calculations only 
with the values at o0 derived from the freezing point and with the mean 
of the values at 25 ° derived from the sugar catalysis experiments and the 
picric acid experiments. We have, in addition, calculated the concen
trations of the various constituents by the method described by Noyes 
and Eastman1 from the conductance and transference data at o0 and 25°, 
so that the results may be compared on the one hand with those at o 0 

obtained from the freezing-point data, and on the other hand with those 
at 25 ° obtained by the catalysis and picric acid experiments. The re
sults are given in Table X. 

TABLE X.—CONCENTRATIONS OF THE CONSTITUENTS IN SULPHURIC ACID SOLUTIONS. 

Formal 
concen. CH/C. CHSSCVC. C H S ( V C . CSOJC. C H / C . CH2SO4ZC. C H S O 4 / C C S O 4 / C . 

From conductance data at o0. From freezing-point data at o0. 
0.050 1.38 0.06 0.50 0.44 1.22 0.06 0.66 0.28 
0.025 1.48 0.05 0.42 0.53 1.32 0.05 0.58 0.37 
0 0 0 5 1.67 0.02 0.29 0.69 1.59 0.02 0.37 0.61 

From conductance data a t 25 °. From isohydric data a t 25 °. 
0.050 1.25 0.06 0.63 0.31 i .17 0.06 0.71 0.23 
0.025 1.33 0.05 0.57 0.38 1.25 0.05 0.65 0.30 
0.005 1 6 2 0.02 0.34 0.64 1.65 0.02 0.31 0.67 

1 Loc. cit., p . 273 . 
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8. Relative Concentrations of Un-ionized Sulphuric Acid Derived from 
Distribution Experiments. 
Experiments by M. A. STBWART. 

In the hope of furnishing further evidence as to the proportion of un
ionized H2SO4 in the sulphuric acid solutions, an attempt was made to 
find an organic solvent between which and water the acid would distribute 
itself to an appreciable extent. In this way at least the relative concen
trations of H2SO4 in different solutions might be determined. Though 
the experiments made in this direction do not lead to very definite con
clusions, yet they seem worthy of record. 

Amyl alcohol was the only solvent that was found to take up from water 
a considerable quantity of sulphuric acid, and the commercial product 
did this in much less degree after it had been thoroughly washed with cold 
dilute sulphuric acid (one volume of the concentrated acid and two of 
water), with alkali, and with water, and distilled. I t was, however, the 
so-purified alcohol that wa,s used for the following experiments. 

The methods of measurement and of computation were as follows: 
The sulphuric acid solutions and amyl alcohol were shaken from four 

to six hours at 25 °, in bottles which had previously been well steamed 
out in an inverted position and then quickly dried by a current of air. 
After settling clear, a certain volume of the alcohol phase was removed 
and shaken in a dry bottle with a certain volume of water which had 
been saturated with amyl alcohol at 25 °. This second ,water phase was 
then separated and its specific conductance measured. The specific 
conductances of the first water phase (i. e., the sulphuric acid solutions 
after they were shaken with the amyl alcohol) were also measured. The 
concentration of sulphuric acid in the first water phase and also its con
centration in the amyl alcohol phase (derived from its concentration in 
the water with which that phase was shaken) were obtained from a plot 
of the cube root of the specific conductance against the ratio of the 
specific conductance to the concentration (I1/C). 

This method of determining the concentration of the sulphuric acid in 
the amyl alcohol was used because the concentrations were so small that 
by ordinary chemical methods of determination large errors would be 
likely to be introduced. The concentration of sulphuric acid in the 
first water phase had to be determined after the shaking because some of 
the water went into the amyl alcohol and some amyl alcohol went into it, 
thereby changing its concentration. The specific conductance of ordi
nary solutions of the acid in water could not be used in this case, for it 
was found that the amyl alcohol which went into the water phase de
creased its specific conductance. Three experiments, made to deter
mine the magnitude of the necessary correction, showed that the de
crease of specific conductance due to saturation with amyl alcohol was 
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5 per cent, at 0.1897 formal, 7.2 per cent, at 0.0471 formal, and 7.6 
per cent, at 0.0059 formal. 

The specific conductance of a 0.0016 normal solution of sulphuric 
acid in amyl alcohol (obtained by shaking amyl alcohol with 0.094 n o r _ 

mal aqueous sulphuric acid) was found to be less than 9 X io~6, which 
showed that the ionization of the sulphuric acid in the amyl alcohol was 
negligible. 

The following tables contain the results. Under C w is given the formal 
concentration of the sulphuric acid present after shaking in the aqueous 
phase, and under CA/CW the ratio to this concentration of that (C4) in 
the amyl alcohol phase. An j attached to the experiment number 
shows the equilibrium was approached from the side of supersaturation, 
namely, by first- shaking the amyl alcohol with a stronger sulphuric acid 
solution than that with which it was finally brought into equilibrium. 
All the experiments were made at 25°. 

TABLE XI.—DATA RELATING TO THE DISTRIBUTION BETWEEN WATER AND AMYL 

ALCOHOL. 
Expt. 
No. CV-

I O. I752 
2 O . I 7 4 9 

3* 0 . 1 8 4 4 
4s 0 . 1 8 4 9 

5 0 . 0 8 3 4 0 
6 0 .08131 

7^ 0.09034 
Ss 0 . 0 9 1 5 4 

9 0.04484 
10 0 . 0 4 4 4 7 

us 0 . 0 4 6 9 5 

12.9 0.04695 
13 0 . 0 2 2 1 6 

14 0 . 0 2 2 3 4 
151 0 . 0 2 1 6 0 

16s 0 . 02162 

103CA/Cw 

8.996 

8 

9 

9 

7 

7 

7 
7 

6 

6 

6 

6 

5 

5 

5 

5 

825 

183 
207 

142 

183 
271 

384 

093 

138 
140 

257 

347 
294 

355 

232 

TABLE XII.—MEAN VALUES OF THE DISTRIBUTION RATIO. 

Cw-

0.0220 

0.0460 

0.0870 

0.1800 

C A/Cy/. 

0.00531 

0.00617 

0.00725 

0.00906 

It will be seen that the concentration (C4) of the acid in the alcohol 
increases more rapidly than its concentration (Cw) in the water, corre
sponding to the increase in the proportion of un-ionized acid in the more 
concentrated aqueous solutions. The fact that the rate of that increase 
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is so small—smaller even than in the case of hydrochloric acid at corre
sponding concentrations—is apparently significant, for it indicates that 
the un-ionized H2SO4 is formed out of two ions (H+ and HSO4

-) in analogy 
with diionic substances, instead of directly out of three ions (H+ , H + , 
and S04

=), in analogy with triionic substances.1 

PART I I — SOLUTIONS OF SODIUM HYDROGEN SULPHATE. 

9. Transference Measurements. 
B T M. A . STEWART. 

Transference experiments with sodium hydrogen sulphate should throw 
much light on the extent to which hydrosulphate ion ionizes into hydro
gen ion and sulphate ion. Such experiments were therefore made with 
an approximately o. i formal solution of this salt at 25°. 

a. Preparation and Analysis of the Solutions.—A solution of sulphuric 
acid approximately 1-formal was made up and titrated against ignited 
sodium carbonate. About 500 cc. of this acid solution were weighed out, 
and enough sodium carbonate was added to it to neutralize it to within 
0.5 per cent. This solution was boiled to expel the carbon dioxide and 
the neutralization completed with sodium hydroxide, with methyl orange 
as indicator. (Sodium hydroxide was not used for the entire neutraliza
tion for the reason that it is not readily obtained so pure as the carbonate.) 
To this solution was then added a second portion of the original sulphuric 
acid solution, of the same weight as the first portion, and the mixture 
made up to ten liters. A second solution (No. 2) was afterwards pre
pared in the same way. 

The solutions were analyzed: (1) by determining the sodium by evap
orating, igniting, and weighing as Na2SO4; (2) by determining the sul
phate as barium sulphate; and (3) by determining the hydrogen by 
titrating (by weight) with a standardized, approximately 0.2 formal, 
sodium hydroxide solution. 

The mean results of the analyses of the sodium hydrogen sulphate 
solutions are as follows, the content being referred to 1000 grams of the 
solution: 

Density 
MoIa. SO4. MoIs. H. MoIs. N». atS5°/4°. 

Solution No. i 0.09889 0.09905 0.09886 1.0063 
Solution No. 2 0.10090 0.10096 0.10083 1.0065 

1 The results of a distribution experiment made by shaking a 0.1015 formal solu
tion of sodium hydrogen sulphate with amyl alcohol are also worth recording. It 
was found in this case that the value of CA was 0.000299. Correcting the NaHSO4 

concentration to just 0.1000 formal, we get for CA the value 0.000294; an<i interpola
tion of the data obtained for the acid itself shows that the sulphuric acid solution 
which would be in equilibrium with this same amyl-alcohol phase, and which would 
therefore contain un-ionized sulphuric acid at the same concentration as the 0.1000 
formal sodium hydrosulphate is 0.0474 formal. 
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b. Description of the Apparatus and Method.—The apparatus used in 
these experiments was of the same form as that used earlier by Noyes.1 

I t consisted of two glass U-tubes, each with one arm bent at right angles, 
joined together by a double band of rubber tubing. The inside diame
ter of the tubes used at first was about 3.5 cm. and the height about 37 
cm. Smaller tubes, 2.5 cm. in diameter, with the other dimensions 
the same as before, were used later. The positive electrode was a polished 
platinum disk which would just fit loosely in the tube, and the negative 
electrode was a platinum spiral. A disk was used as anode, in order 
to give a large surface, so as to reduce the current density and prevent as 
far as possible the formation of decomposition products of sulphuric 
acid. The surface of the liquid at the cathode was kept at about two-
thirds of the height of the tube, and the surface at the anode about 5 cm. 
above the top of the lower bend, with the anode about 1 cm. below the 
surface. The surface of the liquid in the anode limb was kept at this 
low position because the liquid around the anode tends to become heavier 
(due to the migration of sulphuric acid into it), so that to fill up that 
limb much above the bend would unnecessarily increase the quantity 
of solution. This position was maintained by connecting the anode 
arm with a small tube dipping beneath a column of water. All the open
ings were closed with rubber stoppers, but the liquid in the cathode arm 
was open to the outside air through a glass tube passing through the 
stopper. The middle portions of the solutions were removed through the 
small upright tubes on the middle arms. In order to make the joint 
between the U-tubes as tight as possible, a coating of vaseline was put 
over the rubber band and each side wound around with wire. The ap
paratus was immersed in a thermostat at 25° ± 0.020, so that the 
horizontal middle part was covered by at least 3 cm. of water. Two 
silver coulometers were used, one on each side of the transference appara
tus, in order to make sure that there was no leakage of the electric cur
rent. 

After the electrolysis the solution was divided into an anode, a cathode, 
and a middle portion (represented by A, C, and M in the tables below), 
except that in the first experiment the middle portion was divided into 
three parts (MA, M, and Mc). 

The middle portion was titrated with a solution of sodium hydroxide 
containing 0.19816 equivalent NaOH per 1000 grams of solution, the 
content having been determined by titration against a standard sulphuric 
acid solution. The cathode and anode portions were also titrated with 
this sodium hydroxide solution; and, in addition, their contents in sul
phate and in sodium were determined in the same way as was done with 

1 T H I S JOURNAL, 23, 42 (1901). 
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the original solution, the former by precipitating and weighing as barium 
sulphate and the latter by evaporating, igniting, and weighing as sodium 
sulphate. The determination of the sulphate was made in the portion 
of the solution that had already been titrated with sodium hydroxide. 

c. Data of the Experiments.—Ten transference experiments were made, 
but in four of them the change in the middle portion was so large that 
the experiments were not completed. The results of the other six ex
periments are given in the following tables. 

The headings of the columns are for the most part self-explanatory-
The figures in columns II, IV, and V represent grams; those in VI, VII. 
VIII, and IX, milli-equivalents. In the case of Experiment No. i, col
umn Vil la contains the sum of the changes in the anode (A) and anode 
middle (MA) portions or in the cathode (C) and cathode middle (Mc) 
portions: 

TABLB XI I I .—DATA OF THE TRANSFERENCE EXPERIMENTS. 

Experiment No. 1. 

Concentration of NaHSO,: 0.09889 mol per 1000 grams. 
=. 0.060 ampere. Silver in coulometer: 758.5 mg. 

Time = 3.2 hours. Current 

I 

P
or

ti
on

. 

A 

MA 

M 

Mc 

C 

11. 

W
e

i
g

h
t 

o
f 

w
h

ol
e 

p
or


ti

on
. 

208.09 

161.15 ' 

165.89 

181.74 • 

334-78 ' 

III. 

C
on

st
it

u
en

t 
de


te

rm
in

ed
. 

' H 
SO4 

Na 
Na4-H 

. -so. 
H 

SO, 
. Na 

H 

fH 
SO, 

. N a 

H 
SO, 
Na 
N a + H 

L - S O 

IV. 

W
ei

gh
t 

of
 p

or


ti
on

 
a

n
a

l.
 

yz
ed

. 

85-39 
85-39 

I I7 .99 

I 6 I . I 5 
161.15 

165.89 

181.74 
181.74 

122.82 
122.82 
164.62 

. . . . 

V. 

W
e

ig
h

t 
of

 
N

aO
H

 
so

lu


t
io

n
 ,

 
o

f 
B

aS
O

,, 
an

d 
O

fN
a 2

SO
4.

 

49-50 
2.0905 
0.7960 

80.79 
3.7270 

82 .93 

90.76 
4.2042 

55-07 
2-7337 
i.1925 

VI. VII. VIII. 
Content of whole portion, 

u . u . 
U in u .w 

%'« t £. «j 
t ^ t- 0 a 
S •- v *- rt 
» < O 

20.542 

4 I - I4 I 
20.564 

—O.O35 

15-9H 
31.872 

16.382 

17-947 
35-944 

33-°66 
66.226 
33-103 

—0.057 

23.830 
43-578 
19-750 

+0.002 

15.960 
31.884 

16.383 

17-930 
35-967 

29-654 
63-753 
34-H7 

+ 0 . 0 1 8 

+ 3.288 

+ 2-437 
—0.814 

+ 0.046 
+ 0.012 
—0.0341 

+ 0.001 

—0.017 
+ 0.023 
—0.0401 

—3-412 
—2-473 
+ 1.014 

Villa. 
T

ot
al

 c
h

an
ge

. 

+ 3-334 
+ 2-449 
—0.848 

—3-429 
—2.450 
+ 1.054 

IX. 

C
h

a
n

g
e 

pe
r 

fm
ra

da
y.

 

+ 474 
+ 348 
—120 

—487 
—348 
+ 150 

4 
4 
7 

9 
6 
0 

1 Obtained by difference. 
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TABLE XIIl—{Continued). 

Experiment No. 2. 

Concentration of NaHSO, : 0.09889 mol per 1000 grams. Time = 3 hours. Cur
rent = 0.059 ampere. Silver in coulotneter: 721.5 mg. 

M 

11. IV. 

oS 

W
e

i
g

h
t 

w
h

o
le

 
p

 
ti

o
n

. 

2 91 -74 < 

1 2 4 . 3 8 

4 2 4 . 6 8 . 

' H 
SO, 
Na 

C
o

n
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u
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t 
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. 

, Na + H -
H 

r H 
SO, 
Na 
Na + H -

-SO4 

-SO4 

W
ei

g
h

t 
o
f 

p
o

r 
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o
n
 

a
n

a
l 

y
ze

d
. 

125-49 

1 2 5 

1 5 4 

1 2 4 

1 0 3 

1 0 3 

1 5 7 

49 
54 

38 
9 2 

92 

85 

.83 4 

- K a - ' O 
,_ 0 OtSJ 

69.56 
3 . 0 1 6 4 

1-0533 

6 2 . 1 7 

47-95 
2-3334 

1-1327 

B
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o
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 £

 

ULCIlL 
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o
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2 8 . 8 0 3 

57 
2 8 

— 0 

12 

4 1 

84 
4 1 

0 

688 
8 4 0 

0 4 5 

2 8 3 

944 
0 7 0 

9 9 0 

1 3 6 

OI WI IUlC p 

A
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o
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3 1 - 9 4 

59 
2 7 

— 0 

12 

38 
8 1 

4 2 

0 

99 
98 
°7 
282 

7i 
58 
87 
0 0 

J IL lUI l . 

C
h
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g

e.
 

+ 3-14 
-f-2.30 
— 0 . 8 6 

— 0 . 0 0 i 

'—3-23 
— 2 . 4 9 

+ 0 . 8 8 

U 

C
h

a
n

g
e 

1
 

fa
ra

d
ay

. 

+ 469.7 

+ 3 4 4 - 1 
— 128 .7 

- 4 8 3 . 2 

— 3 7 2 . 5 
+ 1 3 1 . 6 

Experiment No. j . 

Concentratic n of NaHSO4: 0.10090 
rent = 0.045 ampere. Silver 

A 326.58 
H 116.89 
SO, 116 
Na 174 

[Na + H —SO, .. 
M 123 .57 H 123 

'K 131 

C 388 .33 . SO, 131 
Na 184 

^ Na + H — S O , . . 

89 
8 2 

57 

93 
93 
6 2 

mol per 1000 grams 
in coulometer: 824 

66.04 32-96i 
2.8635 65.850 
1.2147 3 2 . 9 2 5 

. . . . 0 . 0 3 6 

6 2 . 9 9 12 .474 

6 0 . 8 6 3 9 . 2 0 9 

3 . 0 0 4 0 7 8 . 3 3 3 

1-3583 39 -166 
. . . . 0 . 0 4 2 

. Time 
5 mg. 

36.563 
68 

3 1 

0 

12 

35 
75 
4 0 

0 

438 
9 2 4 

0 4 9 

4 8 2 

499 
6 5 2 

1 9 5 
0 4 2 

= 4 . 5 hours 

+ 3 .602 

+ 2 . 5 8 8 

— i . 0 0 1 

+ 0 . 0 0 8 

— 3 - 7 I O 

— 2 . 6 8 1 

+ 1.029 

Cur-

4 7 1 - 5 
338.8 

1 3 1 - ° 

485-7 
3 5 1 - 0 

134-7 

Experiment No. 4. 

icentration of NaHSO4: 0.10c 
rent 

A 176.28 

M 121.89 

215.12 

of NaHSO4: 
.034 ampere. 

H 
SO, 
Na 
Na + H -
H 

H 
SO, 
Na 
Na + H -

- S O 

- S O , 

0 . 1 0 0 9 0 

Silver in 

8 1 . 8 6 

8 1 . 8 6 

86.49 
. . . . 

121 .89 

9 4 . 4 6 

9 4 . 4 6 

117 .28 

mol per 1000 grams. Time 
coulometer: 568.5 mg. 

47.46 
2 . 0 2 3 6 

o-5944 

62 .09 

4 2 . 3 8 
2 . 1 2 6 4 

0 . 8 6 8 4 

17 .791 

35-543 
17-771 
0 . 0 1 9 

12 .305 

2 1 . 7 2 2 

43-398 
2 1 . 6 9 9 

0 . 0 2 3 

2 0 . 2 5 3 

3 7 2 7 6 

1 7 . 0 4 4 

0 . 0 2 1 

i2.304 

19.125 

4 1 - 4 3 4 
2 2 . 4 0 9 

0 . 1 0 0 

= 4 hours. Cur-

+ 2 .462 

+ 1-733 
— 0 . 7 2 7 

0 . 0 1 

— 2 . 5 9 7 

-—1.964 

+ 0 . 7 1 0 

+ 467.4 
+ 3 2 9 . 0 

— 1 3 8 . 0 

—493-o 
— 3 7 2 - 9 
+ 134-8 
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Concentration of NaHSO4: 
rent = 0.050 ampere, 

1. 11. i n . 

~ 0. a a 

TABLE XI I I— (Continued). 

Experiment No. 5. 

0.10090 mol per 1000 grams. 

Silver in coulometer: 607.4. 
Time = 3 hours. Cur-

Mi . 
« 8 0 
nf .2 

182.45 

M 100.35 

230-77 

0 ^ 
U 

H 
SO4 

Na 
Na + H -

H 

H 
SO4 

Na 
Na + H -

SO4 

-SO4 
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g
h

t 
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o

r
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o
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a 

n
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y
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d
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75-31 
75-31 

101.32 

100 .35 

1 0 0 . i i 

100 .11 

125 .26 

V. 

O " 

43-84 
i.8680 
0 . 6 9 6 2 

51 .16 

44-99 
2 . 2 5 8 0 

0 . 9 2 6 9 

V I . VII. VIII. 
Content of whole portion. 

CJ . 6 . 
V UJ U W 
«j'« 1 'as ti 
OJJi ^N c* 
P u i i . ca 
BS < O 

18 .413 

36.785 
18.393 
0 . 0 2 I 

I O . I 3 0 

2 3 . 3 0 2 

46-553 
2 3 . 2 7 6 

O.O25 

21 .047 

38.712 
17638 
0 . 0 2 7 

10 .138 

2 0 . 5 5 1 

44-534 
2 4 . 0 2 4 

0 . 0 4 1 

+ 2.634 
+ 1.927 
—0.755 

+ 0 . 0 0 8 

— 2 - 7 5 1 
— 2 . 0 1 9 

+ 0.748 

I X . 

C
h
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g
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p
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d
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. 

468.O 

342-4 
134-2 

488.8 
358.8 
1 3 2 . 9 

Experiment No. 6. 
Concentration of NaHSO4: 0.10090 mol per 1000 grams. Time 

rent = 0.060 ampere. Silver in coulometer: 534.4 mg. 

M 

2 hours. Cur-

1 8 1 

1 1 8 

2 1 5 

8 4 , 

1 4 

8 0 

H 
SO4 

Na 
Na + H -

H 

H 
SO4 

Na 
Na + H -

- S O 4 

- S O 4 

6 6 . 2 0 

6 6 . 2 0 

110 .30 

118 .14 

89.38 
89.38 

101 .06 

37-94 
1.6283 

0 . 7 6 3 1 

6 0 . 1 5 

4 0 . 4 0 

2 . 0 2 0 8 

0 -7473 

18 .352 

36.665 
18.332 

+ 0 . 0 1 9 

1 1 . 9 2 6 

2 1 . 7 9 0 

43.532 
2 1 . 7 6 6 

+ 0 . 0 2 4 

2 0 . 6 5 1 

3 8 . 2 6 0 

17 .699 

0 . 0 9 0 

1 1 . 9 2 0 

19.329 

41-745 
2 2 . 4 5 0 

+ 0 . 0 3 4 

+ 2 .299 

+ 1-595 
—0.633 

— 0 . 0 5 

— 2 . 4 6 1 

— 1.787 
+ 0.684 

464-3 
3 2 2 . 1 

1 2 7 . 8 

497.0 
360.9 
1 3 8 . 1 

10. Summary of the Transference Results. 
The results of the preceding experiments are summarized in the fol

lowing table. The figures show the increase in the number of milli-
equivalents of the three constituents named in the heading in the anode 
and cathode portions when one faraday of electricity is passed at 25° 
through a solution containing approximately 0.1 formula weight of so
dium hydrogen sulphate per liter. The "weighted mean" is derived 
from the means of the anode and cathode values by assigning to each a 
weight inversely proportional to the square of its average deviation 
("A. D."). The "final values" are derived from the three weighted 
means upon the basis of the principle1 that the increment of the equiva-

1 This principle can be shown to be a consequence of the facts that one equiva
lent of hydrogen is produced at the anode by the electrolysis; tha t the only ions in 
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lents of hydrogen must equal the difference of the increments of the 
equivalents of sulphate and of sodium (AH = A(JSO4) — ANa), 
by distributing the deviation from this principle upon the three separate 
values in inverse proportion to the square of their average deviations. 

TABLE XIV.—SUMMARY OF THE TRANSFERENCE DATA. 

Expt. 
No. 

I 
2 

3 
4 
5 
6 
Mean 
a. d 
A. D 
We i g h t e d 

mean 
Final value.. 

Hydrogen (AH). Sulphate A(JSO4). Sodium (ANa). 

Anode. 
+ 474-4 

469.7 

471-5 
467.4 
468.0 

3 
2 

6 
I 

464 
469 

Cathode. 
—487.9 

483-2 
485.7 
493-0 
488.8 
497.0 

489-3 
2.9 
i .2 

Anode. 

+ 348-4 
344 
338 
329 
342 
322 

340 
5 

Cathode. 
—348.6 

372 
351 
372 
358 
360 
360 

3 

Anode. 
—120.71 

128.7 
131-O 
138.O 

134-2 
127.8 

i 3 i -9 
3-3 
i . S 

Cathode. 
+ I50.01 

I3I-6 
1,34-7 
134.8 
132.9 
138 . i ' 
133-5 

i -3 
0.7 

478.4 
478.8 

347-5 
345-8 

133-
133-

11. Conductance Measurements. 
Before discussing further the transference values, the results of some 

conductance measurements with sodium hydrogen sulphate will be pre
sented. These measurements were made in a U-shaped conductance 
vessel with electrodes which were mechanically roughened, but not platin
ized. 

The results are given in the following table, in which the "dilution" 
signifies the liters of solution in which one formula weight of NaHSO4 

was contained. 

TABLE XV.—FORMAL CONDUCTANCE OF SODIUM HYDROGEN SULPHATE AT 25°. 
Mean. Barth. 

261.67 
297.00 
337-73 336.8 
381.42 380.7 
424.76 423-0 
463.30 463.0 
494.56 497.0 
516.75 519.0 
530.97 

the solution are H + , N a + , HSO4
- , and S 0 4

= ; that the transference of each constitu
ent is determined by that of these separate ions, as expressed by these equations: 

AH = I + HSO4- - H + , ANa - - N a + , and ASO4 = HSO4- 4- SO4=; 
and that the sum of all the equivalents of all the ions transferred must be unity: 

H + + N a + 4- HSO4- + 2SO4= = i. 
From these equations there results by combination: 

A H - 2 ASO4 — ANa = A(JSO4) — ANa. 
1 Omitted in the calculation, since their deviations are greater than 3 A. D. 

Dilution. 
IO 

20 

40 

80 

160 

320 

640 

1280 
2560 

Series i. 
261.60 
297.00 
337-78 
381.42 
424.94 
463.48 
494.40 
516.60 

530-74 

Series 2. 
261.73 

337-68 

424-58 
463•10 
494.60 
516.89 
531-20 
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Measurements of the conductance of this salt at 25° had previously 
been made by Barth.1 His values, reduced from Siemens' units to recip
rocal ohms and interpolated graphically (from a plot of A against log v) 
for the dilutions at which our measurements were made, are given in the 
last column of the table. 

12. Concentrations of the Sodium Ion and Hydrogen Ion Derived from 
the Transference and Conductance Data. 

A simple interpretation of the transference results is obtained through 
the following considerations. Let Cn, CNa, CSOi, and CHSOi represent 
the formal concentrations in the sodium hydrogen sulphate solution of 
the ions denoted by the subscripts; let AH, JN a , ASOt, and AKSOi repre
sent the equivalent conductances of those ions, and NH, NNa, and N304 

the equivalents of hydrogen, sodium, and sulphate transferred for each 
faraday of electricity passed; and let L represent the specific conductance 
of the solution. Then, since the number of equivalents of any ion trans
ferred is equal to the ratio of the actual conductance of that ion to that 
of the solution, and since hydrogen is transferred in the two forms, H + 

and HSO4", and sulphate in the two forms HSO4
- and S04

= , we have the 
relations 

CNavlNa C H ^ H — CHSO»^HSO4 / >. 
NN a = — ^ (9); N11 = - ^ J j - (10); 

and 

M _ 2CSQ4iS04 + 2CHSO4^HSO4 / -. 
iNS04 - I O 3 L • ^ l> 

In these equations we may substitute CA for io8Iy, introduce the values 
NN a = 0.133, N H = 0.521, N8Q4 = 0.346, A = 261.7, Am = 51, 
^1SO4 = 79» ̂ H = 365 or 348 (see Section 2), and AHSOi = 39.5,2 and solve 
for the ratios C^^/C, CK/C, etc. We thus obtain from equations (9) 
and (11), 

— = 0.68, and H ^ - = 1.15. 

Since the sums of the equivalent concentrations o'f all the positive and 
negative ions must be equal, we have CNa + C11 = 2C804 + CHSOi, 
and therefore also 

CNa , CH , CH 

~C~ + ~C~= 1^S, a n d -Q = o-47. 
A value of CH /C lying between certain not very wide limits can be ob-

1 Z. physik. Chem., 9, 182 (1892). 
8 In Section 3 .4HSO4

 w a s found to be about 40 when Au was taken as 365, and 
about 35 when Aj^ was taken as 348. We have assumed in these calculations ^HSO4 = 
i^so4 = 39'5, since equation (11) can then be solved directly for.2CsO4 + CHSO4-
The error arising from this uncertainty is almost surely less than that arising from the 
errors in the transference data. 
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tained from equation (10) also, since the second term in its last member 
is a much smaller quantity than the first term which contains C11/C. Plac
ing CHS04/C equal to zero as one limit and equal to o. 5 as the other (which 
last is the largest value, consistent with that of Cn/C, which it can have), 
one obtains 

CH = fo.37 for An = 365 and C1150JC = 0.0', 
C {0.43 for An = 365 and Cn^0JC = 0.5 

o r . c_a = jo.39 for An = 348 and CnsoJC = 0.0} 
C (0.45 for An = 348 and CHS0JC = 0.5 J' 

Taking the mean (0.41) of these four values and combining it with the 
value (0.47) obtained from equation (11), we get as the final value 

Cn/C = 0.44. 
Although Cnso/C can be definitely calculated by equation (10), by 

substituting in it the value of CnIC derived from equation (11), yet the 
result (0.85 for An = 365 or 0.65 for An = 348) has no significance, since 
it is seriously affected by the accumulated error resulting from the two 
successive subtractions of terms much larger than that containing Cns0t/C. 

It is therefore only the values of CnIC and C^^/C that can be derived 
with a fair degree of accuracy from the transference and conductance 
data, unless some additional assumption be made. It is of some interest 
to compare the values of these quantities obtained above with the results 
of Noyes and Eastman1 for 0. 1 formal potassium hydrogen sulphate at 
18°, which were derived from conductance data alone with the help of 
estimates as to the concentrations of the un-ionized substances (K2SO4, 
H2SO4, and KHSO4) in the solution, based upon analogies with other sub
stances of these same types. Their values are Cn/C = 0.51 and CNa/C — 
0.63, while ours are Cn/C = 0.44 and C^iC = 0.68. 

13. The Hydrogen-Ion Concentration Derived from Catalysis Experi
ments. 

A value of the hydrogen-ion concentration may also be derived from 
the catalysis experiments made at 35° by Kay.2 He found that the 
specific reaction rate of the hydrolysis of ethyl acetate under the influ
ence of 0.1 formal sodium hydrogen sulphate is 32.4. This becomes 
31.0 when corrected in accordance with his experiments for the influ
ence of the neutral-salt ions (the Na+ and SO4"

1) upon the rate. Divid
ing this value by the specific reaction rate per equivalent of hydrochloric 
acid (708) at the corresponding concentration, as determined by him, 
we get 0.0448 as the concentration of the hydrochloric acid solution which 
has the same catalytic effect as the 0. 1 formal sodium hydrogen sulphate.3 

1 Carnegie Institution Publications, 63, 276 (1907). 
2 Proc. Royal Soc. Edinburgh, 22, 491 (1898). 
3 Kay found the effect of LiHSO4 to be nearly identical with that of NaHSO4, 

and that of KHSO4 to be about 2 per cent, smaller. 
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Taking the ionization of the acid as 95 per cent., we find 0.416 to be the 
value of -C11/C in the sulphate solution at 35 °. The value derived from 
the transference and conductance measurements was 0.44 at 25°. The 
agreement is seen to be fairly close, especially in view of the fact that Cn/C 
decreases rapidly with rising temperature. 

Noyes and Eastman have already pointed out that their value of 
CK/C at ioo0 (0.31 at 0.01 formal) agrees well with that (0.315) de
rived by Trevor1 from sugar inversion experiments at 100°. 

14. Concentrations of the Other Constituents. 
Although unfortunately, on account of lack of accuracy, it was not 

possible to calculate the relative concentrations of sulphate ion and 
hydrosulphate ion from the transference and conductance data alone, 
yet we are in a better position to estimate these concentrations than were 
Noyes and Eastman, for there is now available not only a more directly 
determined value of Cn/C, but also, in addition, a fairly reliable value 
of C N a /C From the latter (0.68) one can at once conclude that the sum 
of the concentrations of the un-ionized salts (2C1^2804 + CNaHS0<) is 
0.32, and no considerable error can result if we distribute this value 
between the two salts in the proportion CNa^SOi : 2C304 = CNaHSC,4 : 
CH S 0 , in accordance with the principle that in a mixture with a common 
ion the un-ionized fraction of a unibivalent salt is approximately twice 
as large as that of a uni-univalent salt. (In making this distribution 
any probable value may be assigned provisionally to CS0JC and CssoJC, 
such as 0.44 and 0.22, and the operation can then be repeated with the 
more accurate values of the latter quantities subsequently obtained.) 
If further we make the assumption, substantiated by Noyes and East
man (see Section 7), that sulphuric acid with respect to its first hydrogen 
and hydrochloric acid are equally ionized under corresponding condi
tions, we can estimate the un-ionized H2SO4 present in the solution and 
finally obtain by subtraction the concentrations of the HSO4

- and S0 4
= 

ions. The results of such a calculation are given in the following table: 

TABLE XVI.—CONCENTRATIONS OF THE CONSTITUENTS IN O.I FORMAL SODIUM HY
DROGEN SULPHATE SOLUTION AT 25°. 

Cjla/C O.68 CNaHS04/C O.08 
Cn/C 0 .44 CNa2so4 /C 0.12 
C H S Q / C 0.44 C H 2 S O 4 Z C 0.02 

C s o / C 0.34 

It is of interest to calculate from these data and also from the corre
sponding data given in Table X for sulphuric acid the values of the prod
uct CHCS 0 4 /CH 8 0 , which, if the mass-action law held, would be the 
ionization constant for the second hydrogen of sulphuric acid. The 
values of this product at 250 are found to be 0.034, 0.031, and 0.022, 

1 Z. physik. Chem,, io , 342 (1892). 
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using the data for o. i formal NaHSO4, 0.05 formal H2SO4, and 0.025 
formal H2SO4, respectively.1 The "ionization constant" at these con
centrations (0.025 — 0. i formal) may therefore be taken in round num
bers at 3 X io - 2 . The rough agreement of the values derived from the in
dependent and widely different data for sulphuric acid and its acid salt 
is welcome evidence of the approximate correctness of the computed 
concentrations of the sulphate ion and hydrosulphate ion in the solu
tions, the computation of which was based in both cases, it must be re
membered, upon the only indirectly substantiated principle that the 
hydrogen of hydrochloric acid and the first hydrogen of sulphuric acid 
are equally ionized under corresponding conditions. 

SUMMARY. 
It has been shown in Section 1 of this article that in the case of a dibasic 

acid like sulphuric acid the hydrogen-ion concentration (CH) can be de
rived from the freezing-point lowering, or from any other property which 
gives the value of the mol number i, by the relation CH/C = i — 1, where 
C represents the formal concentration of the acid (that is, the number 
of formula weights of H2SO4 per liter of solution). The values of CHjC 
at o0 so derived from the existing freezing-point data have been presented. 

Noyes and Eastman have previously shown that there can be derived 
from conductance data alone not very widely divergent maximum and 
minimum values of the hydrogen-ion concentration in sulphuric acid, 
corresponding to the two limiting cases where the only negative ion present 
is S0 4

= and where it is HSO4
-. In their calculations it was, however, neces

sary to assume a value for ^IHSO , the equivalent conductance of hydro-
sulphate ion, the assumption made being that its conductance is equal to 
that of acetate ion, which has a similar molecular complexity. It has 
been shown that any such assumption can be dispensed with, if with the 
conductance data there be combined the transference data for the acid. 
In this way, using the existing transference data and the conductance 
data at 25 ° and o c determined in this laboratory and presented in Sec
tion 2, limiting values of CH/C at these temperatures have been calculated. 

Incidentally, there have been derived through a consideration of the 
existing conductance data at o0 the best values to adopt for the equivalent 
conductance at o° of certain ions. These values are AK = 40.3, Acl = 
41. i, ASOi — 42.8, and AH = 224. The last value is much lower than 
that (240) estimated by Johnston.2 

It has been shown in Section 3 that the transference and conductance 
data enable the value of ^ H S 0 at 25° and 0° to be approximately cal
culated, provided it be true that the hydrosulphate-ion is present in the 

1 The values at o° are 0.061 for 0.05 formal H2SO4 and 0.042 for 0.025 formal 
H1SO4. 

' T H I S JOURNAL, 31, 1015 (1909). 
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sulphuric acid solution in considerable quantity, so that its conductance 
may enter as a factor. The values obtained (35 to 40 at 25 °) are not 
far from one-half of that of ASOi (79 at 25 °). 

From a consideration of the relative catalytic effects of sulphuric and 
hydrochloric acids on the hydrolysis of cane sugar at 25 °, as determined 
by Ostwald, and on that of ethyl acetate at 35° as determined by Kay, 
values of the hydrogen-ion concentration (C11/C) have also been calcu
lated (see Section 4). 

A new isohydric method of determining the hydrogen-ion concentra
tion has been described in Section 5. It consists in determining by ex
periment the relative concentrations of hydrochloric acid and of sulphuric 
acid which drive back the ionization of picric acid to the same extent, 
the condition of equal ionization of the picric acid being ascertained by 
shaking the aqueous solution with benzene, into which the un-ionized 
picric acid distributes itself. 

The values of CnJC at various concentrations at o° and 25°, obtained 
by these various methods, will be found in Table IX on page 1146. 

To derive the concentrations of the other constituents from these 
values of the hydrogen-ion concentration, the latter must be combined 
with some further knowledge or data relating to those constituents. 
Noyes and Eastman, through a study of the conductance of sulphuric 
acid and potassium hydrogen sulphate through a wide range of tempera
ture, have made it highly probable that under corresponding conditions 
the first hydrogen of sulphuric acid is equally dissociated with that of 
hydrochloric acid. Upon the basis of this principle the concentration of 
the un-ionized H2SO4 was estimated by Noyes and Eastman, and, from 
this concentration and that of the hydrogen ion the concentrations of 
the other two constituents, the sulphate ion and hydrosulphate ion, 
were obtained by them by subtraction. We have made similar calcula
tions, using the values of the hydrogen-ion concentration derived in this 
paper. The results, which will be found in Table X on page 1148, show 
that sulphate ion and hydrosulphate ion are both present in large propor
tions at medium concentrations, that the latter is present in much larger 
quantity at 0.05 formal and the former at 0.005 formal, and that at 
0.05 formal the ratio C^80J CSOi increases greatly between o0 and 25°. 
I t will also be seen that the hydrogen-ion concentration decreases mark
edly within the same temperature interval. 

Experiments have been described in Section 8 upon the distribution 
of sulphuric acid between water and amyl alcohol. The ratio CA/CW 

of the concentration of the acid in the alcohol to that in the water was 
found to increase from 0.0053 f° r Cw = 0.022 to 0.0091 for C w = 0.180, 
corresponding to an increase in the proportion of un-ionized sulphuric 
acid in the aqueous solution. The rate of this increase is somewhat 
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smaller even than in the case of hydrochloric acid, indicating that the un
ionized H2SO4 is formed out of two ions (H+ and HSO4

-), in analogy 
with di-ionic substances, instead of directly out of three ions (H+ , H + , 
and S04

=) in analogy with tri-ionic salts. 
Determinations were also made of the transference of sodium, of hy

drogen, and of sulphate occurring during the electrolysis of a o. i formal 
solution of sodium hydrogen sulphate at 25 °. The results are summa
rized in Table XIV, on page 1156. Measurements were also made upon 
the conductance of this salt at various concentrations at 25 °. By com
bining the transference and conductance data the concentrations of the 
sodium ion and hydrogen ion in the 0.1 formal solution were calculated 
(in Section 12). The values so obtained are CNa/C = 0.68, and CH/C = 
0.44. 

It has also been shown (in Section 13) that the experiments of Kay on 
the catalysis of ethyl acetate by 0. 1 formal sodium hydrogen sulphate 
at 350 furnish an independent means of determining the hydrogen-ion 
concentration, and that the value of Cw/C derived therefrom is 0.416, 
which agrees well with that (0.44) derived from the transference ex
periments. 

From the values of CnJC and CHJCy1^ derived from the transference 
and conductance data the concentrations of the other constituents in 
the 0. i formal NaHSO4 were computed (in Section 14) with the help of 
the principle above referred to in regard to the ionization of the first 
hydrogen of sulphuric acid. In this way CHS0JC was found to be 0.44 
and CSQJC to be 0.34 (see Table XVI). 

From these data and also from the corresponding ones for 0.05 formal 
H2SO4 the values of the product CHCS0 JCHSOi, the ionization constant 
of the second hydrogen of sulphuric acid, were calculated to be 0.034 
and 0.031, respectively, or in round numbers 3 X io -2 at concentrations 
0.025 to 0. i formal. 

BOSTON, July. 1910. 

ON SURFACE ENERGY AND SURFACE TENSION. 
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In an article by Whittaker1 "On the Theory of Capillarity," it was 
shown that the following empirical relation was apparently true: "The 
surface energy of a liquid in contact with its own vapor at any temperature 
is proportional to the product of the internal latent heat and the (absolute) 
temperature." 

The proposed relation and further related applications and inferences 
have since been discussed by Kleeman in a number of papers.2 

1 Proc. Roy. Soc, 8 1 , 21 (1908) . 
2 Phil. Mag., 18, 39, 4 9 1 , 901 (1909) ; 19, 783 (1910) 


