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PART I±

The Isothermal Distillation of Nitrogen and
Oxygen and of Argon and Oxygen.

Many investigations have been made in order to find

the relation connecting the composition of the vapour with the

composition of the liquid, when a mixture of two liquids is

distilled isothermally,(see Young's "Fractional Distillation",

Macmillan & Go. where a full summary of the literature on this

subject may be found)j and it has been shown that in some cases
the relation.takes the simple form r = k.r, where r is the

v v

ratio of the two substances in the vapour, r_^ the corresponding
ratio in the liquid and k a constant. In most cases however

k is not an absolute constant but varies slightly with the

molecular composition of the liquid and we thus get mixtures

a) which have a maximum vapour pressure b) which have a

minimum pressure and c) although having neither maximum or

minimum vapour pressure do- not satisfy the' above relation.

These different cases have been very fully investigated by

Zawidzki and others at ordinary temperatures; but the only

paper dealing with distillation at low temperatures is one by



Mr. E.C.C. paly (Phil.Mag. £1900] V. vol.49, p.517) who carried

out a series of distillations of liquid air under a pressure of

one atmosphere. In isobaric distillations however the conditions

are not so simple as they are when the temperature is constant;

so at Mr. Paly's suggestion I decided to complete his work by

making a series of isothermal distillations at .low temperatures

and I received considerable help from him 'in the early experiments

when we hoped to make the research a joint one.

Many forms of apparatus have been devised for carrying out

distillations isothermally but none of them was suitable for work

at low temperatures. Moreover most of the forma used are open

to the objection that care is not taken to ensure that the vapour

is in complete equilibrium with the liquid; and in addition

considerable error may be introduced by "back condensation &c.

The apparatus used by Zawidzki j Zeit.f.phys.Chemic vol.XXTV

P.1&9D avoids most of" these sources of error; but even in this

case, since the sample of distillate is obtained by distilling

over a small quantity of the liquid, the composition of the

liquid may change during this operation and so introduce error.

Such an error would be of considerably greater importance in

dealing with liquefied gases; for in this case one cannot work

with such large quantities of" liquid as Zawidzki used. Put this

error and many others may be eliminated by circulating the vapour



through and through the liquid until no further change 'in either
' I
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takes place; and then collecting and analysing a portion of
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the vapour which has in this way teen drought into - equilibrium

with the liquid.

With such an arrangement it was necessary to keep the

temperature of the distillation "bulb very constant for a con¬

siderable time and an accurate means of-measuring the temperature

was also required. The distillation bulb was therefore immerse

in a long cylindrical vacuum vessel containing about 600 c.c. of
«- #?••»%» < ' * • . 4 . t » ' i •_ j*™« i i • k 1 • * i » ' | * * j . . • •

liquid air and the pressure under which this air was boiling was
' * * '
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varied by means of a Pleuss pump so as to keep the temperature

constant. To measure the temperature a bulb containing liquid

oxygen and connected to a manometer was immersed in the liquid

air so that the manometer registered the vapour pressure of pure

oxygen at the temperature of the distillation bulb. With this

arrangement the Pleuss pump was worked at such a rate that the

manometer showed a constant pressure. In the different
» • • • 4 • ' " | . . ! • '• | I I J* g I

experiments this pressure amounted to either 100, 800, or 300 mm
V t" I ' m • * • f • . a i • t3m A ^ 4k t | . | 0 f . I F® ' I \4 . . « >4 ' r #0* M ' i / . ® 4 ' I I '■ . . /

and the variation of pressure seldom exceeded 0*5 mm. This

variation corresponds to a temperature difference of 0*03°C

0«03°C and 0-01°C in the three different cases. These pressures

according to Travers (Phil.Trans.800.p. 105) correspond to 74-. 7°

79.07° and 88*09° Absolute measured on the Hydrogen scale.
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The apparatus used for carrying out the distillations

is shown diagrammatically in Fig.I the liquid oxygen bulb and

the corresponding manometer "being omitted. The rubber cork A,

which fits the mouth of the vacuum vessel containing the liquid

air has passing through it the liquid oxygen bulb and several

tubes of which three l-2*3 are joined to the distillation bulb

b and another, not shown in the figure, leads to the Fleuss pump.

In an experiment B is half filled with the mixture to be distilled,

and the vapour after being thoroughly cooled by the spiral 4. is

blown through the liquid in B, the tube 3 then carrying the vapour

on into the circuit. The tube I is joined to the bulb B quite

close to the bottom and for a considerable part of'its length

consists of an extremely fine capillary drawn out of an ordinary

piece of capillary tubing. This tube is also connected to a

gasholder C so that when the reservoir of C is lowered liquid is

sucked up the fine capillary to a warm part above the liquid air

and there boils as a whole and is collected in the gasholder. The

circulation of the vapour is carried out by means of the mercury

circulator DE F G- of the pattern described by Collie CJourn.Chem.

Soc. 1889.p.1103 Mercury flows from the reservoir D through a:

rubber tube furnished with a screw clip and then falls in drops

down the tube EF. As each drop falls it drives on the gas



contained in the tube E P and pumps gas in the direction KL HE.

.gy thiT^&e circulator pumps the vapour up the tube 15 and blows
it down 2 and thus sends it round and round the circuit. The

mercury after it falls down the circulator is collected at the

exit G, the height of which above or below F is adjusted so as

to keep the surface of the mercury just below the side tube leading

from F.

The sample of vapour is collected in the bulbs L through

which the vapour is circulated; by closing the taps H.K. this

sample of vapour is shut off from communication with the liquid

in b and can be collected by opening the tap M which leads to a

TOpler pump. The pressure under which the liquid is boiling

can be measured in two different ways. It can either be

calculated from the difference in height of the mercury surfaces

in F and G- and the height of the barometer; or it may be measured

directly by means of the closed manometer N.P. The shorter open

limb N of this manometer can be shut off from the closed limb P

by means of the tap R. By means of the taps Q.R. and the reservoi]

S. the amount of mercury in the manometer can be so regjilated that

when R is open the mercury surface in "N" is close below the side

tube coming from the tap H. In. this way dead gjace is as far as

possible avoided. This manometer could be used for pressures

up to 770 mm. and the manometer G F was used only for pressures



greater than this. Readings of the manometer IF were made

during the circulation so that one could see when the reading

became constant; but the final readings were taken by means

of a telescope after the circulator had been stopped and after

the tap T connecting the tubes 2.3 had been opened. It was

found convenient to close the tap R a moment after T had been

opened and before the readings were taken.

The gases were stored over water in ordinary glass gas¬

holders - the argon alone being kept over mercury - and after

passing through Soda lime and phosphorus pentoxide tubes were

admitted to the apparatus by means of the tap U. As regards

the gases themselves, the oxygen was in all cases obtained by th

decomposition of potassium permanganate. The nitrogen was

prepared by heating a mixture of solutions of ammonium sulphate

and potassium nitrite and was fractionated by means of liquid

air before being passed into the gasholders. A small quantity

of oxygen was then, added and the gas left standing over water.

In this way any traces of nitric oxide were turned into nitrous

or nitric acids which dissolved in the water, and the small

quantity of oxygen 0*5<?o remaining did not matter as mixtures of'

nitrogen and oxygen were to be used. The argon used, which

was kindly supplied to me by Sir Wm. Ramsay, was purified by



means of a hot mixture of quicklime and magnesium and waa

fractionated with liquid air to remove traces of helium and neon.

Its spectrum showed that it was extremely pure.

The analyses in each case were carried out by measuring

off 10 - 13 c.c. of' the gas and then removing the oxygen by

means of a pellet of yellow phosphorus. A measurement of the

volume of the residual gas then gave the molecular composition.

Tests showed that analyses carried out in this way did not have

a greater error than 0*1$ which was sufficiently accurate.

Two parts of the apparatus needed exhaustive testing before

one could be sure of the results. The method of taking the

sample of" the liquid was based on the assumption that by taking

a fine enough capillary the liquid would evaporate as a whole

and would not fractionate itself. The first capillaries

employed were found to give very variable and therefore untrust¬

worthy samples; but by inserting a fine drawn out capillary as

drawn in Pig.l. concordant results were obtained. These tests

were carried out as follows. About five litres of dry air

were condensed in the bulb h - and samples of the liquid, which

half-filled the bulb were then taken and analysed. 'The percentage

of nitrogen found were 78-77, 78-53, 78-74, 78-66 and 78-84

which results., omitting the second pne, give 78.75$ as a mean

the deviation of the Second one from this mean being 0«2$. but



all "the results are lower than the true percentage of nitrogen

in the air which was found to be 7Q«06d'> 78• 99^ in. two consecutive

experiments. This difference can be explained as follows. When
the air was condensed the spiral.4 and the part of the bulb B above

the liquid were filled with vapour which"was in equilibrium with

the liquid and which therefore did not have the same composition

as the air. The vapour in fact contained an excess of nitrogen

so that the liquid contained too high a proportion of oxygen.

The vapour also being at a temperature of less than 80° Abs.the

deadspace contained nearly four times as much gas as the same

space would at ordinary temperatures. Thus 25 cc of dead space

represented 100 cc of vapour measured at ordinary temperatures.

This, vapour contained about 5• 5W of oxygen so that the dead space

contained 94-5 - 4 x 5*5 = 72*5 cc. of nitrogen above the proper

amount for the oxygen. This amount of nitrogen is to be deducted

from five litres of air; and this brings down the true percentage

in the liquid to 78*69^ which is sufficiently near the mean value

78« 75$ found by experiment. It is certainly surprising that the

amount of deadspace can make so great a difference in the com¬

position of the liquid; but it is of course due to the temperature

of the deadspace being so low and to the great difference in the

vapour pressures of nitrogen and oxygen. These tests show

therefore that the sample of the liquid can be taken pretty



A

accurately the error being certainly not more than 0* 3h and

usually not more than'0*1$.

The sampling of th

sary ascertain how long the circulation

true equilibrium

the vapour and the liquid. About five litres of a mixture of

and

and (the

pumped

samples of the and Circulation was

furth samples

taken and again for a further twenty minutes and a, third pair of

samples taken. The tubes K L H were then pumped out and while

some more of the mixture was being taken into B through the tap

U. the tap K was opened thus filling the bulbs L with the mixture;

a second series of experiments was then made exactly as at first

The results are given in Table I.

TABLE I.

Time of
circulation. 10 min. 15 min SO min. 10 min. 15 min. SO min

fo of Nitrogen
in liquid. 74-9 75-0 l74*4 74-8 74-3 74-4

°jo of Nitrogen
in vapour. 93*1 93-0 9S • 7 93-0

1

9S • 8 CD • O

9
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These experiments show that the liquid sampling was

not very reliable hut the experiments were made before the method

of liquid sampling had been perfected. The'vapour samples

show slight variations and equilibrium 'is apparently reached

after ten minutes circulation; so a minimum of twelve minutes

was fixed upon as being sufficient to ensure equilibrium. ■ It

should be remembered that the percentage of nitrogen in the

liquid sample must steadily fall; for the vapour is*richer in

nitrogen than the liquid and some of the vapour is removed in

taking each sample of the vapour. This to a certain extent

explains the lower value obtained for the third samples i.e.

after twenty minutes circulation in each case.

The apparatus having thus shown itself accurate and

convenient for working, two series of distillations were under¬

taken. In the first of these, the results of which are given

in Table II, twenty three mixtures of nitrogen and oxygen were

distilled at that temperature (74*7° Abs.) at which the vapour

pressure of pure oxygen is 100 mm; and the total pressure, the

composition of the vapour, and the composition of the liquid were

determined. In the second series, which was carried out at

79*07° Abs where the vapour pressure of pure oxygen is S00 mm,

only eleven mixtures were taken; the results are given in Table

III.

-10-



TAbLE II.

Pv0 / PQO = 5-31 C = 6-60 - 0-028 m.d ' (Zi

Temp.74.7° Abs. Pure oxygen has vapour pressure = 100*0 mm.

<fo 4g in Ng in Vapour. Total Pressure. Part.Press Part.Press
NTo. liquid. found. calc. diff. found. smoothed .diff. TTitrogen. Oxygen

1 0-0 0- 0 0 100-0 100-0 g 0-0 100-0

2 5-3 25- 5 26-5 -1-0 130-6 130-0 + .5 34- 5 95-5

3 7-3 • 34. 3 33. 6 4 -7 140-7 141-0 -•2 47, 5 93-5

4 11.4 44. 5 44. 7 - .2 162.9 162.7 4 • 1 72.7 90- 0

5 16.6 55. 5 55-0 + .5 190-2 190-0 + .1 104-5 85-5

6 21-0 61-4 61-5 - .1 211-2 210-5 4.3 129.5 81.0

7 25.6 66*5 66 • 9 - .4 232.2 ■ 232.7 4 • 1 155-7 77-0

8 30*5 71.2 71.6 - .4 254- 5 255-0 -.2 182-5 72- 5

9 33-4 73- 6 73.9 - .3 267.1 267.8 -.2 197.9 69.9

10 37.5 76.8 76.7 4 . 1 284.8 285.0 -.1 218-6 66-4

11 41.8 80,0 79-7 4 .3 304. 2 303. 7 4.2 242.0 61.7

12 44.5 81.5 81.1 4 .4 315.6 315.0' 4.2 255.4 59.6

13 48.4 83.0 83.1 - .1 330.1 330.5 -.1 274.6 55.9

14 52.2 84.6 84.6 0 346.4 346.7 -.1 293.3 53.4-

15 56.4 86.4 86.6 - .2 361.1 363.0 -.5 314-. 3 48.7

16 57.3 87.2 87.0 4- .2 366.0 366.5 -.1 318.8 4-7.7

17 63.1 89.2 89.2 0 388.7 390.0 -.3 347 .9 42.1

18 68.6 91.0 91.1 - .1 4-08.5 411.2 -.7 374.6 36.6

19 74.8 93.0 93.0 0 432.5 435.5 -.7 4-05.0 30.5

20 79.2 94.2 94.3 - .1 453.3 453.0 4.1 427.2 25.8

21 84.0 95.9 95.7 - .2 467.5 471.0 -.8 4-50.7 20.3

22 88.9 97.0 97.1 - .1 489.7 490.0 -.1 475.8 14.2

23 93.9 98.4 98.4- 0 509.8 509.0 4 • S 500.8 8.2

24 99.4 99.9 99.9 0 530.0 529.0 4 • 2 528.5 0.5

25 (100.0) (100.0) (100) (531.0) (531.0) - (531) -

-11-



TABLE III.

PNo /P0 = 4.655 C = 5,48 - 0207 m.
2 2

Temp.79.070 Abs. Pure oxygen lias Vap.Press. = 200*0 mm

T Nitrogen cp Nitrogen in Vap. Total Pressure Part.Press Part.Pre
o. in liquid, found, calc. diff. found.smoothed.diff. Nitrogen. Oxygen.

x

1 0 0 0 200 200 — 0 200

2 3.4 16.7 16.0 + .7 233.2 231.5 -f" .7 37.0 194.5

3 10.7 39.2 38.7 .5 297.8 295.5 ~h .8 114.3 181.2

4 19.7 55.5 55.4 + .1 371.8 371.5 •f .1 205.8 165.7

5 27.8 65.4 65.4 0 435.7 435.5 + .0 284.8 150.7

6 40.5 75.8 75.9 -.1 529.7 530.0 -.0 402.2 127.8

7 51.0 82.1 82.1 0 (599)X 604.0 -.8 495.5 108.5
« * 1 *

8 60.4 86.4 86.6 -.2
•

660.4 667.0 -1.0 577.6 89.4

9 72.8 91.5 91.3 + .2 746.0 750.0 -.5 684.7 65.3

0. 82.8 v 94.8 94.8 0 815.5 816.0 -.0 773.6 42.4

1 90.8 97.6 97.2 + .4 872.5 870.0 4- .3 845.6 24.4

2 99.7 99.7 99.95 -.15 931.0 928.§ + • 2 928.0 0.5

3 (100.0) (100.0) - — — 931.0 931.0 e

In the case of Exp.7. the total pressure was by a slip read only

during circulation and is therefore certainly too low.
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Discussion of Results.

If the ratio of nitrogen to oxygen in the vapour he

compared with the same ratio for the liquid it is found that the

quotient of these two ratios is a linear function of the molecular

composition of the liquid. Thus taking the results cf Table II

we find that the experimental values, i.e. those' values given in

the second and third columns satisfy the relation

ratio Hg : Og in vapour
= 6*60 - O 038 m.

ratio Hg : Og in liquid

where m is the molecular percentage of nitrogen in the liquid.

Similarly in Table III the value of this same quotient is

5*48 - 0*0207 m. How by means of" these formulae we can

calculate the composition of the vapour from the composition

of the liquid and these results are given in the fourth column

of the tables under the heading nitrogen in vapour calculated."

It will be seen that the differences from the' found values are

slight except when the value of m is small. How in this case'

an error of 0*1^' in the liquid corresponds to an error of 0*5#

in the calculation of the percentage of the vapour: so that the

apparently large differences between the calculated and found

values correspond to only small errors in the analysis of the

liquid. The formulae given can therefore be fairly used to

smooth the experimental results.

-13-
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As regards the" total pressure, since this could only he

smoothed graphically, the results were plotted on squared paper

on which 2 mm corresponded to If in the liquid, the pressures

teing plotted full size. A steady curve was then drawn through

the experimental points and the "smoothed" values of the total

pressure taken from this curve. Comparison of the "smoothed"

and "found" values shows a fairly good agreement considering

how rapidly the vapour pressure changes with the temperature.

Prom these "smoothed" values of the total pressure and the

composition of the vapour, the partial pressures of the nitrogen

and the oxygen may be calculated and these results are given in

the last columns of the tables.

When now these" partial pressures and the total pressure

are plotted in the usual way against the molecular composition

of the liquid (see Pig.2. for the results of Table II) it is

found that the curves obtained though they have only slight

curvature are certainly not straight lines - a result which was

to be expected from the fact that the relation rv = kr^. did

not hold. This relation is the mathematical expression of the

property "the ratio of the concentrations in the vapour is pro¬

portional to the ratio of the concentrations in the liquid."

Hence we might expect to find the concentration of either substanc

-14-



in the liquid proportional to its partial pressure as vapour,

this being the relation known as Henry's law. Now the vapour

is usually plotted against the molecular percentage and a

straight line for the vapour pressure would therefore indicate

a proportionality between the vapour pressure and molecular

percentage. but since the volume of a gramme molecule of a

liquid is a quantity which is not the same for different liquids

the molecular percentages are not true concentrations. Hence ?

straight line in the usual method of plotting would indicate a

deviation from Henry's law; and it is therefore evident that

the correct method is to plot the partial pressures against the

true concentration.

To obtain the true concentration one needs to know the

density of each mixture used. but a close approximation

to the actual value of the density may be obtained by calculator

the density of the mixture from the densities of the pure com¬

ponents assuming that no contraction takes place. Any

contraction would of course make this calculated value wrong;

but the error thus introduced would be of a higher order than

the differences in density of different mixtures of the same

two liquids. Measurements of the density of liquid nitrogen

and oxygen have been made by baly and Donnan CTrans.Chem.Soc.

1902 .p. 907 ]] ; and they found the values 0-8225 and 1-2160

-15-
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respectively at that temperature at which .baly's curve-for the

vapour pressure of oxygen gives the vapour as 100 mm; and the

values 0*8022 and 1*1947 respectively at the temperature

corresponding to an oxygen vapour pressure of' 200 mm. According

to Travers (loc.cit) Haly's measurements of" the temperature are

erroneous; but the thermometer used being the same in the two

cases the densities given are probably correct.

Hence for the results of Table II the volume of one

hundred gramme molecules of a mixture containing m molecules

per cent of nitrogen will be.

28 m 32 (100 - m) __> oo.

0*8225 1*2160

and the molecular concentrations will be obtained from the

molecular percentages by dividing each molecular percentage by

the corresponding value of this expression. Similarly for the

results given in Table III the factor is

28 m ,32 (100 - m)
j _ Obi

0*8022 1*1947

For simplicity however the concentrations can be better stated

as grams of the corresponding substance per 100 cc. of the

mixture; and the results of Tables II and III are given in this

way in Tables IV and V. If Henry's law holds, the quotient

obtained by dividing the concentration by the partial pressure

should be a constant so the values of this quotient are also given

in the Tables ,c



No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Temperature 74*7° Ats.

Concentra- Partial Goncentra- Part.
tion of Pressure Conceritr. tion of Pressure ooncn Gone.Og
Nitrogen. of pressure. Oxygen. of pressure.(press Op)

Nitrogen. Oxygen.

0.0 0.0 121.6

(pure)
100.0 1.216

5.6 34.5 .1624 113.4 95.5 1.187

7.6 47.5 .1600 110.4 93.5 1.180

11.7 72.7 .1602 104.2 90.0 1.158

16.8 104.5 .1608 96.7 85.5 1.131

21.0 129.5 .1622 90.5 81.0 1.117

25.3 155.7 .1625 84.1 77.0 1.093

29.8 182.5 .1633 77.6 72.5 1.070

32.3 197.9 .1630 73.7 69.9 1.055

36.0 218.6 .1647 68.4 66.4- 1.031

39.6 242.0 .1637 63.0 61.7 1.022

41.9 255.4- .1641 59.7 59.6 1.001

45.1 274.6 .1642 54.9 55.9 .982

48.2 293.3 .1643 50.4 53.4- .944

51.5 314.3 .1639 45.5 48.7 .934

52.2 318.8 .1637 44.4- 47.7 .932

56.6 347.9 .1626 37.8 42.1 .899

60.8 374.6 .1623 31.8 36.6 .868 .630

65.2 405.0 .1610 25.1 30.5 .824 .607

68.3 4-27.2 .1599 20.5 25.8 .795 .581

71.7 450.7 .1591 15.6 20.3 .769 .586

75.0 475.8 .1576 10.7 14.2 .753 .593

78.3 500.8 .1563 5.8 8.2 .709 .586

81.9 528.5 .1550 (.5 (0.5) (1.0)
82.3
(pure)

(531.0) .1550 0 0.0 —

-17-



TAbLE V.

Tempe rature 79*07 A"bs.

Concentra- Part. Concentra- Part.
No. tion of* Pressure Ooncentr. tion of Pressure Concn. 0oncr. . r

Nitrogen. of press. Oxygen. of press.(press) lb
Nitrogen. Oxygen.

1 0 0 - 119.5 200 .597

2 3.5 37.0 •0951 114.2 194.5 .587

3 10.8 114.3 .0948 103.4 181.2 .571

4 19.4 205.8 .0944 90.5 165.7 .546

5 26.8 284.8 .0941 79.5 150.7 .528

6 37.7 402.2 .0938 63.3 127.8 .496

7 46.2 495.5 .0931 50.7 108.5 .467

8 53.4 577.6
•

.0924 40.0 89.4 .447 .228

9 62.3 684.7 .0910 26.6 65.3 .408 .218

10 69.2 773.6 .0894 16.4 42.4- .387 .221

11 74.4 845.6 .0880 8.6 24.4 .353 .219

12 80.0 928.0 .0863 (0.3) (0.5) -

13 TO•O03 931 .0861 0 0 —

-18-
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These two tables show that the solubility of nitrogen in

the oxygen obeys Henry's law quite rigidly up to a molecular

percentage of nearly 70# but that oxygen does not obey this

law. The value of the quotient concentration for oxygen
pressure

varies in such a way as to point to association of oxygen

molecules when dissolved in nitrogen. "Now the surface

tensions of liquid oxygen, nitrogen, argon and carbon monoxide

were determined by Baly and Donnan (loc.cit) and they concluded

that the pure liquids showed no association. But looking at

their results more closely we see that the value of the

temperature coefficient of the molecular surface energy of

oxygen viz: 1*917 is not the same as that found for the other

three gases which all have a coefficient nearly equal to S*003.

Baly and Donnan concluded that'the probable value of this co-
f-

efficient at low temperatures was too uncertain for any con¬

clusion to be drawn as to association; but the fact that

argon,nitrogen and carbon mdnpxide all have the same co¬

efficient points to the value of that coefficient being the

normal one so that oxygen must be slightly associated. The1
r3.Q03)g_

association calculated from these figures would be (1*917)S= J-*068
I

How if oxygen is associated so that m molecules in the vapour

become one molecule' in the liquid we should have according to

Henry's law concentration = const x (pressure)10.

-19-
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but this equation takes no account of' any relation

"between the' association and. the concentration and therefore

at its best can only approximately represent the facts when

the concentration is small. In the equation, m and the

constant are both unknown but may be determined very easily by

plotting the logarithm of the concentration against the logarithm

of the pressure. If now this be done for experiments 23- 20

of Table IV (for all of which the concentration of the oxygen

is low), it is found that the four points obtained lie close to

a straight line the slope' of which indicates that the pressure

and concentration satisfy the relation, - concentration = const

x (press) 1*09 thus indicating an association factor = 1*09.. This

is of the same order as baly and Donnans factor 1*068 so that the

agreement is satisfactory. Similarly the results of' Table V

point to an association factor 1*15 but a slight error in the

composition of the vapour in experiment 11 in that table would

be' sufficient to explain the increase from 1*09 to It 15. Values
concentration Op, an(j concentration 0o

of the expressions (pressure7'°f " (pressurey,s
are given in Tables IV and V (for low concentrations of oxygen)
and the values obtained show how the relation is satisfied.

Since the size of the associated oxygen molecule is not known,

one cannot introduce the corresponding modifications in the
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formula deduced from Henry's law so that, the formula used

cannot be expected to give good results. In addition to this

Richardson (.Phil .Mag. £6]]. 7. p.3663 bas shown that one must
consider separately the solubilities of the simple and associate

molecules.

The results point therefore to nitrogen obeying Henry's

law and to oxygen only obeying it when we allow for association.

"Now in the results of the many isothermal distillations which

have been carried out at ordinary temperatures (see Zawidzki

loc.cit) agreement with Henry's law has not been looked for as

investigators have only looked for a linear relation "between

the partial pressure and the molecular percentage. The same

difficulty that we have experienced in the calculation of the

densities of" the mixtures arises here also in calculating the

concentrations; but it may be overcome in the same way as

before. A few of Zawidski's results have therefore been

recalculated as concentrations and the results showing the

relations between concentration and partial pressure are given

in the Tables VI" to X.
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TABLE. VI.

Propylene .bromide & Ethylene Promide. 85*05°.C.

Ho.
Concentration
Prop. prom.

Pressure

Prop.prom.
Cone.
press.

Concentration
Ethylene prom. Pressure.

Cone,
press.

1 0 0' - 203.4- 172.6 1.178

2 4.4 3.2 1.38 198.6 167.8 1.183

3 15.5 10.2 1.52 186.3 158.6 1.175

4 31.3 19.9 1.57 169.0 145.1 1.165

5 46.7 29.4 1.59 152.6 132.2 1.152

6 60.7 37.3 1.63 136.9 121.4- 1.128

7 63.2 38.1 1.66 134.1 120.8 1.110

8 CO•03■00 52.9 1.56 112.7 101.7 1.108

9 85.1 52.9 1.61 110.2 100.5 1.097

10 105.1 67.7 1.55 88.2 81.9 1.077

11 122.1 79.3 1.54 69.6 64.0 1.088

12 139.5 92.5 1.51 50.5 48.0 1.052

13 153.1 102.5 1.49 35.6 '34.3 1.038

14 163.1 110.4 1.48 24.7 23.5 1.051

15 172.0 117.1 1.47 14.9 13.8 1.077

.16 175.1 120.1 1.46 11.3 10.1 1.123

17 179.9 123.8 1.45 6.2 4.6 1.359

18 182.7 126.5 1.45 - - -

19 185.6 127.2 1.46 - -
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TAbLE VII.

Benzene & Ethylene Chloride. 49*99°C.

No,
Concentrn

Ethylene Ghlor.
Concn..

Pressure, pressure
Concentrn.

. Benzene. Pressure.
Concn.
press.

1 0 0 - 84.5 268 .315

2 16.3 32.0 .511 73.1 231.5 .316

3 32.4 69.2 .469 61.7 189.8 .325

4 33.0 70.5 .468 61.3 188.5 .325

5 46 . 7 98.9 .472 51.7 156.0 .332

6 59.3 123.6 .480 42.9 127.9 .335

7 75.7 154.9 .489 31.3 92.5 .339

8 88.1 178.1 .495 22.7 '65.9 .344

9 10.9.6 21'6.9 .505 7.5 21.7 .347

10 120.4 236.2 .510 0 0 -

TABLE VIII.

Carbon Tetrachloride and Ethyl Iodide 49* 99°C.

No.
Concn.
Iodide. Press,

■

: . 1Cone.
Press.

Concn.
Chloride. Pressure.

Concn.
press.

1 0 0 - 153.4 306.3 .501

2 5.8 15.3 .381 14-8.6 295.6 .503

3 14.3 38.4 .373 141.7 280.8 .505

4 31.8 80.6 .394- 127.3 249.4 .510

5 46.3 110.9 .417 115.4 227.2 .508

6 67.0 153.1 .437 97.4 193.0 .505

7 84.1 183.4 .459 84.3 167.5 .503

8 186.7 354.0 .527 0 0 -
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TABLE IX.

Carbon Tetrachloride & Benzene. 49•99°C.

Concentrn. Cone. Concentn. Cone.
Chloride. Pressure, press. Benzene. Pressure. press,

0 0 - 84-5 268 •315

8.4 18.5 .455 79.9 253.4 .315

M CO • w 40.5 .477 73.9 237.1 .312

28.9 59.7 .484 68.6 221.8 .309

41.0 82.9 .494 62.0 202.5 .306

48.0 97.0 .495 58.2 191.3 .304

63. 7 128.7 .495 49.5 165.8 .299

89.0 176.4 .505 35.6 124.6 .286

106.5 211.8 .503 26.0 93.4 .279

119. 8 238.5 .502 18.7 68.3 .273

153.4 306.3 .501 0 0
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TABLE X.

Benzene and Acetic Acid 49* 99°C.

No.
Goncn.
Benzene. Press.

Cone.
Press.

Mol.Wt.
Acetic Ac
in Vapour.

Concn.
Acetic
Ac.

Pressure.
Cone.
press.

1 84* 5 (268.9) (.314) 0 0 -

2 83.3 262.3 .318 83-0 1-44 3*63 .397

3 81.6 258.7 .316 89.1 3.51 6.53 .539

4 81.0 257.2 .315 90.1 4.30 7.25 .593

5 77.4 249.6 .310 94.7 8-56 11.5 .745

6 74.6 244-. 8 .305 97-1 11.92 14.2 .839

7 69.3 231.8 .299 99.3 18.3 18.4 .994

8 65.9 224.7 .294 100.4 22.4 20.5 1.092

9 57.9 211.2 .274 102.0 32.1 24.8 1.29

10 53.3 200.9 .265 102.5 37.6 27.1 1.39

11 51.4 195.6 .263 103.1 39.8 28.7 1.39

12 33.0 153.2 .215 104.8 62.1 36.3 1.71

13 30.6 147.2 208 105.0 65.0 36.8 . 1.77

14 26.6 135.1 .197 10.5.4 69.8 40.2 1.74

15 11.8 75.3 .157 107.0 87.5 50.7 1.73

16 1.5 13.3 .114 107.9 99.9 54.7 1.83

17 0.5 3.5 .14-8 107.9 101.1 54.7 1.85

18 0 0 — 101.7 (56.5) (1.80)
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In two cases viz propylene ethylene bromides and benzene

and ethylene chloride Zawidzki found that the partial pressure

of either component of the mixture wqs proportional to its

molecular percentage. >Tow as will be seen in Tables VI and

VII the change from molec.percentage to concentration upsets this

relation but the deviation from Henry's law is not very great and

any association would he very slight. In the case of mixtures

of carbon tetrachloride with ethyl iodide Zawidski obtained

slightly curved partial pressure lines; but it will be seen from

Table VIII that the carbon tetrachloride obeys Henry's law very

closely while the agreement for ethyl iodide is not so good.

Similarly in Table IX carbon tetrachloride and benzene show a

fair agreement with Henry's law. It must be remembered, that in

all these cases the concentration has been calculated from the

densities of the two components assuming that no contraction takes

place on mixing. -Until the densities of these mixtures have

been determined a close agreement of the calculated concentrations

with the pressures cannot be looked for. It is possible that

this explains the fact that in Tables IX and X the quotient for

benzene rises with the concentration whereas in Table VII the

quotient falls.
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But "the case of "the distillation of acetic acid and benzene

the results of which are given in Table 7 is particularly inter¬

esting from the point of view of agreement with Henry's law,

Acetic Acid vapour has a molecular weight which shows that the

vapour consists of a mixture of simpld and double molecules.

Now when acetic acid is dissolved in benzene even in the most

dilute solutions, the acetic acid consists entirely of double

molecules. Hence when acetic acid vapour dissolves in benzene

association takes place and this ought to be shown if the partial

pressure be plotted against the concentration. from Table Y it

will be seen that neither the partial pressure of the acetic acid

nor that of the benzene is proportional to the concentration and

that the association factor in the case of acetic acid is con¬

siderable. The association varies with the concentration so

that calculations from the partial pressure curve are not very

accurate. If the' log of concn. be plotted against the log of

the partial pressure as before, the slope of the curve at each

point may be taken as a measure of the association for that

concentration. The result obtained is an association factor

1*50 when the concentration of acetic acid is 3*51 gr per 100 c.c.

According to the molecular weight the factor should bb 1* 35 . It-

will be seen therefore that again the agreement is not close; but

since the method of calculation does not take account of the
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separate solubilities of' the single and double molecules as is
Ou

really necessary, asd better agreement can hardly be looked for.
Zawidski's experiments therefore to a certain extent support

the view that the relation between the partial pressure and the

concentration can be' obtained by means of Henry's law, so that it

may be concluded that oxygen is associated when dissolved in

nitrogen and also in the" pure state.

Distillation of Argon and Oxygen.

In the separation of two gases from one another by means

of fractionation at low temperatures it often happens that at

the temperature used the one substance is below its melting

point. In this case .the relations which hold during dis¬

tillation are modified by the fact that the total pressure

of the saturated solution of the one substance in the other

may be' greater than the vapour pressure of either pure substance

This happens in the case of argon and oxygen. The melting

point of argon is only a little below its toiling point and at

the temperature of fairly fresh liquid air argon is a solid

with a vapour pressure of over 400 mm. In order to see how

a mixture of argon and oxygen behaved when distilled isothermally

a few experiments were made at 82.09° Abs. with the apparatus

already described. As however the quantity of argon available

was only 550 c.c. the greatest percentage of argon that could

be used was 13* 6^ by volume. The results of these experiments
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are given in Table XI. The vapour pressure of pure oxygen at

82-09 Abs is 300* 0_. mm, and this value together with the experiment*

2.3.4.5. gives five points on the vapour pressure diagraril.

Experiment 6. was carried out in quite a doff'erent way. A

quantity of pure argon was prepared and its vapour.pressure at

82-09° Abs. was found to be 411-0 mm. On adding a small

quantity of oxygen the vapour pressure rose to 420 mm. and it

remained equal to this in spite of continued addition of oxygen

so long as any of the argon remained solid. Hence 4-20 mm. is

the total pressure above a saturated solution of argon in oxygen

at 82-09° Abs. Since the solution is saturated the partial

pressure of the argon must be equal to the vapour pressure of

solid argon at the same temperature. Hence the partial

pressure of the oxygen is (420-411*)mm = 9*0 mm. and the per-
411

centage of argon in the vapour is 420 x 100 ~ 97*8fi. Several

samples of the saturated solution were collected in the way

used earlier for liquid samples and it was found that the

composition of the liquid remained constant, however the amount

of oxygen, added might vary, so long as there was solid argon

present. The analysis of the samples showed that the liquid

contained 92-7f by vol of argon. Hence we see that the liquid

containing 92-7<?' of argon gave a vapour containing 97* 8f' of

argon and exerted a vapour pressure = 420 mm.
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TABLE XI.

Argon & Oxygen.

Temp. 83*09 A"bs.

Ho.
<fQ
Argon
in liquid.

°!o Argon

found.

in vapour

cache.

Total

found.

Pressure

smoothed.

Partial
Pressure

Oxygen.

Partial
Pressure

Argon.

I 0 0 6 300.0 300.0 300.0 0.0

2 3.30 5.76 - 308.2 307.5 290.5 17.0

3 5.6 9.15 - 310.8 312.0 283.5
\

28.5

4 10.2 16.0 - 320.1 321.2 269.8 51.4-

5 13.6 20.6 - 328.7 327.5 260.0 67.5

6 92.7 — 97.8 420.0 4-20.0 9.0 411.0
£0LI±
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Since the densities of mixtures of argon and oxygen at

82.09 Abs. are not known and the density of liquid argon at

that temperature cannot "be measured one cannot plot the

pressures against'the concentrations. In default of this the

pressures may "be plotted against the molecular■•percentages and

this has been done in figure 3. The broken lines in this

figure are drawn through the points representing the partial

pressures for low concentrations of argon; and it will be

noticed that they deviate considerably from, the full lines

which are drawn to show what the partial pressures would be

if they were proportional to the molecular percentage. It

will be noticed also that the partial pressure of oxygen above

the saturated solution is much less than would be expected from

analogy with the nitrogen oxygen curve. This shows therefore

that the separation of a solid from a liquid in which it is

soluble is a much more complicated distillation-process than the

separation of two liquids. A simple separation can be obtained

however if one can lower the temperature so far that the vapour

pressure of the pure solid is negligible compared with the vapour

pressure of the other substance. In this case a single dis¬

tillation effects a complete separation and therefore in

practice one always endeavours to obtain this condition of

affairs.

-31-



P" A R T II.

The use of fractional distillation as a method for
the analysis of gases.

Up till the last few years the methods which have been

available for the analysis of a mixture of gases, have been

those in which the changes ih volume of the gases have been

measured either when the gases were passed through some liquid

which absorbed one of the constituents, or when chemical action

between two or more of the constituents was brought about by

means of a spark. Now although these methods are quite

satisfactory when the percentages of the different constituents

are all tolerably large, yet the method is not at all accurate

or convenient when the constituents which are to be estimated

form only a very small percentage of" the' whole". Thus, for

example, if the percentage of carbon dioxide in the air is to

be determined by measuring the contraction that takes place

when a given volume of the air is treated with potash, an

©xtremely elaborate and complicated apparatus is necessary in

order that the changes in temperature and pressure may be

compensated. Hence such a determination is more conveniently

carried out by determining, the carbon dioxide itself by chemical



methods; e.g. "by absorbing it in standard baryta and titrating

the excess of baryta with oxalic acid. But in a case in which

the constituent cannot be absorbed in such a way (e.g. nitrous

oxide) the analytical methods have almost completely failed.

The discovery of convenient methods for preparing liquid

air at a moderate cost, has placed a new method in the hands

of the analyst. for many years the chemist has been in the

habit of separating liquids from one another by the process of

fractional distillation; and since by means of liquid air near!

all gases can be' turned into liquids or solids, one has only to

devise methods for the convenient fractionation of these solids

and liquids in order to produce the desired separation. In the

case of the ordinary distillation o'f liquids the process is

usually carried out at constant pressure and the separation of

two mi&ible liquids can be carried out completely only if the

line representing the dependence of the boiling point upon the

composition of the liquid presents no minimum or maximum. In

the case of the distillation of liquefied gases however, it is

more convenient to carry out the distillation isothermally; and

although the above limitation still remains valid yet the

conditions of temperature and pressure can be changed so readily

that the separation is more likely to be complete.



The methods for the* fractionation of liquefied gases

were first worked out and used by Ramsay and Travers (Proc.Roy.

Soc. LXIII.p.438 LXIV p.183. Phil.Trans.1901) in their work on

the new gases of the atmosphere; and the fact that krypton and

xenon were discovered, although they amount to only one part

in several millions by volume, shows what an extremely good

separation can be effected by this method. It seemed possible

that the same process might be suitable for the solution of some

of the difficult problems in gas analysis; and Sir Wm. Ramsay

kindly suggested that I should attempt to solve in this way a

problem which arises in connection with the chamber process for

the manufacture of sulphuric acid. In this manufacture an

amount of nitre has to be' continually supplied which is equal

in weight to about 3<f>. of the total sulphur burnt. A large

number of investigators have attempted at different times to

discover what becomes of this nitre but their efforts have not

been very successful. The result has been that manufacturers

have not known to what this loss was due and therefore have not

been able to prevent it.

How whatever view we take of the theory of the reactions

in the chambers, the nitre must be considered as being present

either as nitric oxide, nitrogen trioxide or nitrogen peroxide

and if there is sufficient excess of oxygen the nitre should not



be present as nitric oxide for any length of time. Hence since

nitrogen trioxide and peroxide are both soluble in sulphuric

acid (C.O,V.) forming nitrosulphonic acid N00 SOg H (and possibly
nitric acid) they should be retained by the acid which passes

down the Gay Lusaac tower. This acid when it is passed down

the Glover tower is rienitrated by the sulphur dioxide coming

from the burners and the reaction may be written as:-

2 N02 SOg H •+■ SOg -f-HgO = 3 H2 S04 2.HO
Hence since the nitric oxide formed passes on into the chambers,

all the nitre should be retained in the plant and theoretically

no fresh supply should be needed. When it found that in

spite of the Gay Lussac towers a steady supply of nitre was

necessary two rival theories arose to explain the loss. According

to the one theory (Vorster. Dingler's Journal Vol.213. p.506)

which was brought forward as an objection to the use of the

Glower tower, there took place in this tower in addition to the

action already given the following reaction

2 TTO + SOg-f HgO = H3S04 ± Wg0
In this way a proportion of the nitrous gases was supposed to be

reduced to nitrous oxide and as this is not absorbed by the'

sulphuric acid in the Gay Lussac tower and in addition is of no

use in the manufacture Of sulphuric acid it would be a total

Loss. Lunge (Dingler's Journal Vol.225 p.474) showed however



that the conditions under which Vorster carried out his experiments

never obtained in the Glover tower and maintained that the loss

due to the formation of nitrous oxide could never be very great.

The other theory was that the loss took place solely because

of incomplete absorption in the Gay Lussac tower. This incomplete

absorption might be due (1) to the nitre remaining as nitiPic oxide

and therefore being unabsorbed (S) to insufficient contact between

the gases and the sulphuric acid or (3) to the" fact that the

nitrous vitriol formed would have a certain dissociation pressure

and that therefore a certain proportion of the nitrous gases would

always remain unabsorbed. But since in the Gay Lussac tower the

gases come in contact with a stream of sulphuric acid flowing the

opposite way, as they leave the tower they should be in equilibrium

with the acid entering the tower viz pure oil of vitriol and there¬

fore should contain no nitrous gases. For many years a controvert

raged between the exponents of the "chemical" loss and. those of

the "mechanical" loss and the question has never been satisfac¬

torily settled. There is no doubt that the chemical loss was
\

at first greatly exaggerated, some chemists (Journ.Soc.Chem.Ind.
1884 p.134 1889 p.167) even saying that the "chemical" loss

could account for 31$ of the' nitre lost. But in the same way

Sorel (Traite pp.313,393) declared that the unavoidable mechanical

loss amounted to 95$ of the whole loss. In all probability the

loss was due to both causes.



Since according "bo both theories the nitre was carried

away in the flue leading from the Gay Lussac tower, it might be

thought that an analysis of these flue gases would prove which

theory was the correct one. but in these flue gases there was

a very large proportion of nitrogen and oxygen and therefore

analyses were difficult to carry out. Some nitrogen peroxide

and some nitric oxide were certainly present but it was difficult

to absorb them completely. In addition to this, the flue gas

usually contained a small quantity of sulphur dioxide and when

the gases were passed through any absorbent a complicated series

of side reactions took place between the nitrogen peroxide and

the sulphur dioxide and the result was that the analytical data

could not be interpreted. In addition to this, there was no

absorbent for nitrous oxide when its partial pressure was so

small and therefore its presence could not be detected much less

estimated. This problem therefore seemed to be one which might

be solved by carrying out analyses by means of fractionation at

low tempe"ratures.

Since the nitre lost (calculated as sodium nitrate") is

equal in weight to about Z°fn of the sulphur burnt, it is possible,

if we assume that the whole nitre lost is carried away in the

flue gas£s,to calculate what proportion by volume this loss

represents. In the pyrites burners about 48$ of the ore is

sulphur which burns to form sulphur dioxide, andther 48^ is iron
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which "burns to form ferric oxide and the remaining 4C' remains

more or less unchanged. "Now 32 grams of' sulphur will require

Kg.

x 22*4 litres of oxygen to form sulphur trioxide and 56 grams
3

of iron require 4 x 22*4 litres to form ferric oxide. Hence

100 grams of ore require x x -f-fg x fj x 32*4 litres of
oxygen = 64*8 litres. The flue gases usually contain about

6• 5# of oxygen which is 5«5<$ of' the original volume of air.

Hence" 21 - 5*5 = 15»5<^ of the air passing through the burners

is the quantity of oxygen used to form sulphur and iron, oxides.

Therefore each 15*5 volumes of oxygen used means 84»5 vols, of

flue gas; i.e. 100 grams of ore mean 353 litres of flue gas.

The loss of nitre corresponding to 100 grams of ore is

4.8
~i00~~ ^r* sodium nitrate which would give a volume of nitric
oxide = x —o*4 litres « .380 litre = 380 cc.100 85

The loss of nitre should therefore give rather more than one c*c
CWy\

of nitric oxide or an equivalent^of any other oxide per litre of

flue gas. This calculation shows therefore that if a workable

quantity of the nitrogen oxides is to be obtained the volume of

gas dealt with must amount to 10-20 litres. Now although this

volume of gas can be easily worked with when once condensed to a

liquid yet it would not be easy to carry gaseous samples of
OuCicL

10-20 litres from the sulphuric awed works to the laboratory.



It was therefore necessary to carry out the first stages of the

fractionation at the works themselves.

The flue gases consist of (1) a mixture of nitrogen and

oxygen containing ahout 6• 59'' of the latter. This mixture does

not liquefy under atmospheric pressure at the" temperature of

liquid air "boiling in an open vessel (- 189°C) . (S) nitric oxide.

At - 189°G this is a white Solid which has a vapour pressure of

about 0*75 mm. (3) carbon dioxide coming from the atmosphere

(4) nitrous oxide (5) nitrogen trioxide and peroxide (6) sulphur
dioxide (7) sulphur trioxide and the vapour of sulphuric acid.

These latter substances 3-7 are all non-volatile solids at - 189°G

and therefore it should be easy to separate them at that temperatur

from nitrogen, oxygen and nitric oxides by pumping away these three

gases by means of a mercury pump. By this method of course the

nitric oxide would be' lost; but it seemed worth while to carry

out a few experiments to determine the amounts of the* other

oxides of nitrogen which were present in the flue gases. In

order to test the method of separation, a quantity of air con¬

taining a known amount of nitrous oxide - the most volatile" of

the other oxides - was passed through a glass spiral which was

cooled to - 189°C by immersing it in liquid air. This spiral

cpuld be evacuated by means of a TtJpler pump; and after the

whole mixture had passed through it, the spiral was evacuated
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"thus leaving only the solid nitrous oxide behind. The liquid

air was then removed and the nitrous oxide pumped off and

collected. Its volume was then measured and compared with the

volume taken. Two results which are given in Table I show that

the amount of nitrous oxide lost is not more than *003^ of the

whole volume fractionated. Hence this method should give almost

the whole of the nitrous oxide &c. contained in the flue gases.

TABLE I.

vol.of air used. HgO taken NgO found. Vol ,cp of TfgO lost
1000.c.c. 1-31 cc. 1.28 .003

1200 c.c. 1«44 cc. 1.42 .002

The analysis of the mixture of substances which could be

separated in this way from the flue gases still presented some

difficulties. It was impossible to use aqueous absorbents

until the sulphur dioxide had been separated from the nitrogen

trioxide and peroxide so that this stage of' the separation had

to be done by means of a second fractionation. It was found

that at - 122°G ^the melting point of crude ether^only the
nitrous oxide and carbon dioxide were volatile so that these

two could be separated from the other bodies at that temperature.

At - 95°C the sulphur dioxide begins to distill over and at the

same time nitrogen trioxide decomposes giving nitric oxide and



I

peroxide, of which only the nitric oxide distills over. Hence

at - 95°G sulphur dioxide and nitric oxide could "be pumped away

from the peroxide and separated from one another "by a second

fractionation at - 189°C. In this way the flue gases were

divided into the following fractions:-

1. Nitrogen oxygen and nitric oxide

3. Nitrous oxide and carbon dioxide

3. Nitric oxide (from trioxid.e)

4. Sulphur dioxide

5. Nitrogen peroxide and sulphuric acid, and possibly

nitrosulphonic acid.

The analyses of these different fractions then presented

no difficulty. . Fraction (3) was measured, then mixed with oxygen

(or air) and treated with caustic potash. (The addition of oxygen

(or air) lowered the partial pressure of the nitrous oxide and

therefore lowered the amount dissolved by the potash). The

residue was then again fractionated at - 189°C and the nitrous

oxide thus obtained pure. It was then measured and its volume

deducted from the original volume, the difference" being the

volume of the carbon dioxide. Fractions (3) and (4) required

only to be measured. Fraction (5) which was left in the spiral

after the fractionation was complete was shaken with air and water

thus forming sulphuric and nitric acids. The solution formed
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was titrated with n/10 barium hydrate" and the amount of "barium

sulphate formed was determined gravimetrically. From the

figures thus obtained the amounts of nitrogen peroxide and

sulphuric acid could be calculated.

A method for analysing the flue gases having thus been

worked out, experiments were made in a sulphuric acid works in

order to see what conclusions could be drawn; and Dr. Messel

of Spencer Chapman and Messel Ltd. very kindly gave me leave

to carry out some analyses at the works in Silvertown. The

plant which was tested consisted of two sets of chambers which

had one Gay Lussac tower each and a third one in common and the
JU.

samples were taken directly from the flue which lead from this

last tower to a large chimney. Two large carboys fitted with

corks and tubes and filled with water, served as aspirators the

volume of gas taken being equal to the volume of water run out,

the pressure being shown by means of a small mercury gauge. The

water was run out at the rate of about 5-6 litres per hour.

In order to cool the gas thoroughly it was passed through a

spiral of the design shown in Fig.l. The gas entered by the

tap A and passed down the spiral and then out by the" tap B.

Since the volume at ordinary temperatures and pressures of the

gas which would be condensed in the spiral, might be considerably

greater than the volume of the spiral, the bulb C was evacuated

before each experiment and then the tap D closed. ' In this way

-11-



after the whole volume of gas had been passed through the spiral

the taps A.Is were closed and then D opened so that the condensed

gas could on warming up expand into the hulls C.

The samples of gas were in some cases aspirated directly

from the flue through the spiral but in the earlier experiments

a wash bottle containing concentrated sulphuric acid was placed

between the spiral and the flue. by this means the last traces

of nitrogen peroxide and trioxide were removed and all risk of

the formation of chamber crystals in the bulbs was avoided.

Since however it was found to be impossible to estimate the

nitrous gas absorbed by the sulphuric acid - the quantity being

so very small - in the later experiments the washing was omitted

and the gas taken directly from the flue through the spiral.

In the earlier experiments the nitrogen and oxygen remaining in

the spiral when the taps A b were closed were not pumped out;

and therefore when the gases warmed up any nitric oxide was

turned into peroxide. but in the later experiments the spiral

was evacuated by means of a small mercury pump while" it was

still in the liquid air so that any nitric oxide that had been

condensed remained unacted upon. The results obtained are

given in Table II.
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îenth

*••

^
COH

to

01

01iP

o

cn

CI

cn

«

01

CI

01

M

CO

01

CO

-1?

Ol

03M

Ol

0oo

tototo

COU01

01on

ooo

ooo

COCOCO

03CI03

•

<2>

0O0O

toto050:5

0
00300

0100500

M>

•••

00OO

00MM

-3

Ol0505

OCOM
05

o

^3

MJDZQ

Prrwjsr

13d'3*za

CD

a
p.

o

Experiment:

Date.

Volume

inlitres.

!>moop

MHOXH

C+OHc+

4
Mp.4

CD4CD
H-

bJfflo

Carton

dioxide

cc

in.'lOL

oxide

ccin10L

Sulphur

dioxide

ccin10L

Residual

acidity

Bariumgr.per

Sulphate10litres

SO3gr.per

10litres.

<

toiP05ihM
05toA3

«•••••V.

03>Pcnjoto0C.5no

O0.hcncn
0CO

-5

cn01Cn

-53

01cn05

•••••••

MtocnOCO
toM

01>pO01IP01
O

ci

05

05

4

H-

O0

CD
4

0XP

03

H-M

HP
P.

H-

P-0CD4

P4
030

0
<h

M930

—

O034

1-3

mp

O
H-O

r+c+■

93
4

M0

•
03.

MM0
M

•
••

•

COCO
to

to

onCO
to

MMM
M

•«•
<4

COCOM
O

nop

CD4

4
93

H-

O4

-U

o

93

M

O

d

D*

•03

H,O

r+05

4^

(DO

034

P

X1

M03

c+

93
1-3

OO

Hc+

p-93

H-M

C+

<<



%

These fifteen analyses fall into two classes. In the

first seven experiments the gases were washed with strong

sulphuric acid (C.O.V.) before they passed through the cold

spiral; while in the last eight cases the gases passed direct

from the flue into the spiral. The effect of this washing

was that all the nitrogen peroxide and water vapour were

removed and therefore the sulphur dioxide, which was daught

in the spiral, remained unacted on when the gases warmed up.

In the last eight cases the sulphur dioxide formed chamber

crystals in the spiral and bulb and was therefore found as

sulphuric acid. An attempt was made to preserve the sulphur

dioxide from action by drying the gases with phosphorus

pentoxide but this seemed quite ineffective.

In considering the different nitrogen compounds found

in the flue gases it will be simplest to begin with the question

of nitrous oxide. According to the exponents of the "chemical

loss" theory the loss as nitrous oxide should be a considerable

proportion of the whole loss. The analyses however at once

dispose of this possibility. It is true that nitrous oxide is

found but it seldom exceeds 3 parts in 100,000 (equivalent to

4 parts of NO per 100,000); and since the total loss is some¬

what greater than 1 part per 1000 calculated as NO the loss as

-14'



nitrous oxide does not account for more than 3 or APfo of the

whole loss. As such small quantities of nitrous oxide were

found its identification was somewhat difficult. It can

however be analysed fairly accurately by measuring' the con¬

traction that takes place when it is exploded with hydrogen

and by measuring the volume of nitrogen generated. The

reaction with hydrogen takes place according to the equation

NsO + H2 = N2 4- HgO
Hence it may be seen that if the substance is nitrous oxide

both the contraction and the volume of nitrogen formed should

be equal to the volume taken. In Table III are given the

results of three analyses which serve to show that gas was

really nitrous oxide.

TABLE III.

Volume
taken.

Volume of
Hydrogen
added.

Volume after * Volume of
explosion. Contraction. "Nitrogen.

1.03 c.c,

.695

.79

1.51

1.06

1.39

1.51

.95

1.37

1.03

.80

.81

.695

The analyses of the flue gases show therefore that Lunge

was quite right in stating that the loss as nitrous oxide was

-15-
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very small; (Sulphuric acid and Alkali Vol.I.pp641.708)
and there is very little evidence to support a theory of

reduction to nitrogen.

Taking next the question of the nitric oxide it is at

first sight surprising that any is found. It has already

Peen shown (page 2? ) that the vapour pressure of nitric oxide

at - 189°G is too high for it to he separated at that temperature

from the flue gases. The conclusion must therefore he drawn

that the nitric oxide was not condensed as such hut was formed

in the hulh. Now in the fractionation the nitric oxide was

found at two stages namely in the first fraction when it was

obtained mixed with nitrogen and in the later fraction when it

was obtained together with the sulphur dioxide; being formed

by the decomposition of the trioxide. In the earlier

analyses these were not kept separate; but the two parts were

analysed separately for all the samples collected on Dec.22.

The nitric oxide found as such is given in column A and that

obtained from nitrogen trioxide is given in column B. It

seems probable then that the nitric oxide was partly condensed

with nitrogen peroxide as nitrogen trioxide and that it was

partly formed in the bulbs by the action of sulphur dioxide.

Prom the figures for the residual acidity (stated as cc

of n/10 baryta per 10 litres) and for the barium sulphate

-16-



(grams per 10 litres) we may calculate the quantity of

sulphuric acid in the residual acidity and also the quantity

of acid oxides of nitrogen. The latter is "best stated as

c.c. of nitric oxide per 10 litres and these figures are given

in the table. From these figures, combined with those for

the nitric oxide and those for the nitrous oxide (1 cc of NgO is

equivalent to 3 cc of NO) we may calculate the total amount of

nitrogen oxides found. The figures thus obtained vary from

3.10 to 7.05. and in the mean (4*93) account for about half the

quantity of nitre" lost the total loss being equivalent to 10'8vcc

of NO per 10 litres.

The conclusion to be drawn therefore from these analyses

is that half the nitre is lost as nitrogen peroxide and trioxide

so that the loss is mainly mechanical being due to incomplete

absorption in the Gray Lussac tower. This conclusion is

supported by the experience of many manufacturers who find that

if two Gay Lussac towers are used in series instead of a single

tower, the second tower catches a not inconsiderable amount of

nitrous gases.

From the amounts of nitric oxide nitric peroxide

sulphur oxides and carbon dioxide one can easily calculate the

"total acidity." The results are given in the column headed

-17-



"Total Acidity calculated" the next column giving the result

found "by the ordinary works method on the same day as my

experiments but not at the same time. The agreement between

these figures is not particularly good but the results are of

the same order. It is to be noted that quite a high pro¬

portion of Total Acidity is due to carbon dioxide.

During these experiments one peculiar fact was noticed

but not fully explained. In the experiments 6.6 & 7. of

Oct. 13. the bulb seemed to contain a colourless gas but when

it was cooled with liquid air the solid that separated was

¥ed and not white as one would .expect. During the fractionation

of.5. this red substance got into the pump and at once acted

on the mercury. Special precautions were taken in analyses

6 & 7 to isolate this red substance but there seemed to be

only a small quantity and it could not be identified. The

flue gases on that day however contained a chloride and it
NOCC

seemed possible that the gas was nitrosyl Chloride TjggiE. This

substance however on being prepared pure condensed to a

yellowish white and not a red solid so no definite conclusion

can be drawn. It is possible that nitrosyl chloride was

present and that its solid solution in the other substances

was red; but such a supposition needs further proof. Un¬

fortunately this red substance was not obtained in any other

samples.



The a,hove method., though it gives definite results in

regard to the nitrous oxide and the peroxide, is, as already

stated, unsatisfactory in so far as the nitric oxide cannot

he estimated hy means of it since its vapour pressure is by no

means negligible at - 189°C. In order therefore to get the

nitric oxide condensed its partial pressure above the condensed

portion must be lowered, and this can be done in two ways, -

either by lowering the temperature or by dissolving out the

nitric oxide by means of a liquid in which it is very soluble.

As nothing was known regarding the solubility of solid Nitric

oxide it was decided to try the effect of lowering the

temperature; and it was found that its vapour pressure became

very low -<0.1 ran.. at - 195°C a temperature easily attainable

by boiling liquid air under diminished pressure. Hence by

working at - 197°C, at which temperature nitrogen and oxygen

condense very readily, the vapour pressure of nitric oxide

and consequently its loss during fractionation would be

negligible. It was therefore decided to make a.few analyses

by condensing the flue gases and fractionating them at a

temperature not higher than - 197°C. In this way it was

expected that almost the whole of the nitric oxide would be left

behind condensed in the bulb so that an accurate estimation of



1

the total loss of nitre would, be possible. The only difficulty

lay in measuring the volume of gas dealt with. Since the

condensed gases would have to be fractionated by making them

boil in the vacuum of a Fleuss pump there was no means of

measuring the volume of gas pumped off so that the measurement

had to be made by measuring the volume of the liquid formed at

a known temperature; and then from Baly's and Donnan's (J.C.S.

Vol.81 p.907) measurements of the densities of liquid nitrogen

and oxygen the Volume of gas corresponding to one cubic centi¬

metre of liquid could be calculated on the assumption that no

contraction took place on mixing liquid oxygen and nitrogen.

Now at - 197°C the densities of these liquids are 1-2104 and

0.8171 respectively. Hence 2240 litres of a mixture containing

of oxygen and (100-3£)$ of nitrogen would give a volume of

liquid = *X .88J1CiO_-30 c c

1«J3104 -8171

= 3427 - 7.83X. .

Now in the flue gases DC= 6.5$

. . 2240 litres of gas from 3376 c c of liquid

or 1 cc of liquid = .663 litre of gas.

The bulb used in these experiments is shown in "ffie figure^.
The lower part of the tube was about 20 mm. diameter and 120 mm.

long and was graduated in millimetres. In order to make the
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fractionation effective it was necessary that boiling should

be regulab and it was found that a few tetrahedra of Platinum,

such as are used in a Beckmann's Boiling Point Apparatus quite

prevented bumping and ensured steady boiling. After these had

been introduced into, the bulb, the volume of the bulb up to

different graduations was determined by running in measured

amounts of water. The volumes so obtained were corrected for

the contraction that takes place on cooling the bulb to - 197°C.

In order to measure the temperature use was made of a long

narrow bulb C filled with oxygen under pressure and communicating

with a manometer D. When this bulb was placed in liquid air

some of the oxygen condensed to a liquid and the manometer then

registered the vapour pressure of the oxygen. By measuring

this pressure the temperature could be read off the vapour

pressure curve for liquid oxygen, (see Travers Phil. Trans 1903)

In carrying out a fractionation the bulb and thermometer

were put through holes in a rubber cork which fitted the mouth

of a large cylindrical unsilvered vacuum vessel; and a tube

leading to the flue was joined to the bulb at A. The vessel

was then filled with liquid air and placed in a larger silvered

vacuum vessel also containing liquid air. A Pleuss two

cylinder pump (two cylinders working in parallel) was then

connected to the tube E. and the pump being set; in action the
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air in the inner vessel was made to toil vigorously thus lower¬

ing the temperature. In this way the temperature was lowered

to - 197°C and then the tap A. being opened the flue gas rushed

into the bulb and there condensed to a cloudy liquid at the

rate of about one litre of gas a minute, the pump being kept

working slowly in order to keep down the temperature. Mien

sufficient gas had condensed the tap A was closed and the inner

vacuum vessel lifted out of the .silvered one. Through the

walls of the vessel one could then read off the volume of the

liquid in the bulb the temperature indicated by the thermometer

being noted also. The Fleuss pump was then connected to the

tap B. and this being opened the liquid was made to boil off

into the vacuum of the Fleuss pump. By this evaporation the

liquid air in the vacuum vessel was continually cooled so that

its temperature did not rise. When the whole of the liquid

had evaporated the tap B. was closed and the bulb removed from

the liquid air. The further analysis of the contents of the

bulb was then carried out according to the methods employed in

the earlier experiments. Since the condensed nitrogen and

oxygen on being fractionated give off a vapour much richer in

nitrogen than the liquid, towards the end of the fractionation

almost pure oxygen was left behind and the last traces of this

were not removed from the bulb. Hence in the subsequent
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fractionation nitric oxide was not usually ifbiind, as it acted

on the excess of oxygen forming nitrogen peroxide. The results

of four'analyses carried out in this way are given in Table IV.

TABLE IV.

0
-p
P
Q

H
©

1
3

c.c.ofLiquid Litres'ofgas.
(U
0
u
-p
■H

(1) rH
b
•H O
X r-4
o
L

O 0)
•H ft
^ "-P o
•H •

S o Carbondioxide ccper10litres nitrousoxide ccper10litres W
rH
P >5
p H-3
b th
•h b
U1 -r)
© o
pd <1

,h
©
P O
P i—!
n
P, u
H 0
P P.
03
r, ®0 0
p i
'H fH
M p
P P
pq bD

L
0

EQ Pi
0
0! 0
P CM b
fcO O -H

X
« o oq
p o
O CO
p ffirlH
E P L
•H -P
a g

CO

-P
P.
0
03

1 27.5 18.1 0 5.42 0.10 5.74 .0459 4.70

2 54.0 22.5 0 5.78 0.10 6.21 .0569 7.00

10 5 59.5 26.1 0.16 5.14 0.19 11.2 .1090 4.70

-p
p.
0
CO

4 29.9 19.9 0 5.16 0.25 7.66 .0745 5.54

x

Residual Acidity is given as c.c. of n/10 Baryta per 10 litres.

The last column in the table shows the total amount of

nitrogen oxides found in the flue gases. It will be noticed

that the fluctuations are very considerable; but on the whole

the results agree with those already found in the earlier

experiments. If therefore this method for the estimation of

nitriq oxide is a sound one the conclusion must be drawn that
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only a small quantity of nitric oxide is present in the flue

gases and that a considerable proportion of the nitrous gases

must he reduced to nitrogen. On the other hand as only four

analyses were carried out at the lower temperature, and these

analyses show considerable fluctuations, there is hardly

sufficient ground for stating that these analyses represent the

average composition of the flue gases. Hence since the question

of the presence or absence of nitric oxide depends real'ly upon

the difference between these analyses and the earlier ones,

one cannot safely .say that nitric oxide is not present. This

question can however be completely settled by carrying out a

larger number of analyses at the lower temperature and I hope

to be able to do this during spring 1906.

The results of this research may be summed up as follows.

(1). Only very small quantities of nitrogen peroxide and trioxide

are reduced to nitrous oxide in the sulphuric acid chambers.

(2). About 50<fc of the total loss of nitre takes place owing to

incomplete absorption of the nitrogen trioxide and peroxide in

the Gay Lussac tower.

University College,
London, W.C.
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BY J. K. H. INGLIS.

The question of the loss of nitre in the chamber process
has long been the subject of discussion and investigation }
but no very satisfactory solution of the question has as yet
been obtained. The difficulty in the investigation is three¬
fold. Not only does the total amount of nitrous gases lost
amount to only a fraction of a per cent, of the flue gases,
but endless complications arise (c/*. Carpenter and Linder,
this J., Dec. 1902J when the flue gases are treated with
aqueous absorbents so that an interpretation of the analysis
is very difficult. The third difficulty is that no means have
been devised for detecting small quantities of nitrous oxide,
which many authorities believe is formed in the chambers
and causes the " chemical loss" as opposed to the
" mechanical loss," due to incomplete absorption in the Gay-
Lussac tower.
Sir W. Ramsay, in his researches on the " Gases of the

Atmosphere," found that fractional distillation of liquefied
gases at low temperatures gave in many cases a satisfactory
separation ; and he, therefore, kindly suggested to me
that I should attempt analysis of the flue gases by that
method. This paper gives a preliminary account of some
of the results that have been obtained; but the experiments
have not yet been brought to a conclusion.

The flue gases may consist of nitrogen, oxygen, nitric
oxide, nitrogen peroxide, nitrous oxide, sulphur dioxide,
carbon dioxide, and possibly sulphuric acid vapour. The
gases, nitrous oxide, carbon dioxide, and sulphur dioxide,
•v» ere first of all prepared, and it was found that they could
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be almost completely separated from a large volume of
air by passing the mixture through a spiral cooled with
liquid air to a temperature of about — 185° C. At that
temperature these gases and nitrogen peroxide are non¬
volatile solids, and therefore by exhausting the spiral with
a Topler pump all the nitrogen and oxygen could be
removed. At this temperature nitric oxide is also a solid,
but it has a slight vapour pressure, so that its separation
from nitrogen by this means is not quite complete. But if
the vapour pressure of nitric oxide at that temperature is
known, the amount lost can be calculated, since its partial
pressure in the escaping gas is equal to its vapour pressure.
Exact measurements of this vapour pressure have not as

j yet-been made, so that to this extent the research is
% I**' ~ncpmplete. W.hfen the nitrogen oxides, carbon dioxide, and

rtni (i py-T1— dioxide, sulphuric acid, &c., have been obtained
free from nitrogen and oxygen, the further separation is
not difficult. It was found that by repeated fractionation
at suitable temperatures the substances could be divided
into the fractions:—(1) Nitrogen and nitric oxide;
(2) Nitrous oxide and carbon dioxide; (3) Sulphur
dioxide; (4) Nitrogen peroxide and sulphuric acid.
Fractions 1,2, 3, were measured and then analysed in the
ordinary way. The fourth fraction, which remained in
the spiral, was washed out with distilled water and titrated
with baryta, using phenolphthalein as indicator. The
precipitate of barium sulphate was boiled with dilute nitric
acid, filtered off and weighed; and then, knowing the total
barium hydroxide used and the barium sulphate formed, the
amount of nitrogen peroxide could be calculated.
When this method of analysis had been worked out,

Dr. Messel very kindly gave me permission to carry out a
series of analyses at Messrs. Chapman and Messel's works
in Silvertown. I am glad to take this opportunity of
thanking him for the facilities and for the advice which he
was always ready to give me.
A calculation of the total loss of nitre (3 per cent, of the

sulphur burnt) showed that if the total loss occurred as
nitric oxide the amount in the flue gases would amount to
0*1 per cent. Hence it was evident that at least 10 or
20 litres of the flue gases must be used for each analysis.
As it was obviously impossible to carry samples of 10—20
litres away from the works, the first part of the fractionation
was carried out while the sample was being taken. A large
aspirator drew the flue gases at the rate of 5 litres per hour

THE SOCIETY OF CHEMICAL INDUSTRY. 5

through a spiral which was immersed in liquid air. At
each end of the spiral there was a stop-cock, and a side tube
led from the spiial through a third stop-cock to a large
bulb holding about 130 c.c. Before taking a sample, this
bulb was evacuated and the stop-cock turned off: the gases
were then led through the spiral, and when sufficient
quantity of gas had been taken, the spiral was evacuated by
means of a small mercury pump. The first two stop-cocks
were then closed and, the third one being opened, the
condensed gasss were allowed to evaporate into the vacuum.
For subsequent analysis, by cooling the spiral again with
liquid air the whole of the gas was condensed into the
spiral, and the fractionation could then be proceeded with.
In the earlier experiments the gases from the flue were led
through a wash-bottle containing C.O.V. before passing
through the spiral; but in the later experiments this
washing was omitted as the small quantity of nitrous gases
absorbed by the C.O.V. cculd not be accurately determined.
The total volume of the flue gases analysed amounted to

284 litres, and. the results obtained were fairly constant.
In every case a small quantity of nitrous oxide was
obtained, amounting to about 0*002 per cent. This quan¬
tity is so extremely small that it shows that the " chemical
loss" of nitre is negligible in so far as nitrous oxide is
concerned. The percentage of sulphur dioxide found was
quite appreciable when the gases were washed with C.O.V.
(0*02 per cent.), but when the gases were taken directly
into the spiral no sulphur dioxide was found. The analyses
showed that about 0*02 per cent, of the flue gases was
separated as nitric oxide; but it must be remembered that a
certain amount of nitric oxide is always lost, owing to its
vapour pressure at — 185°. This loss may easily amount to
0* 02 per cent., but no exact figure can as yet be given.
The total amount of nitric oxide is, theiefore, about 0*04 per
cent. The carbon dioxide found was about 0*05 per cent.,
this being the amount usually present in the atmosphere.
The sulphuric acid found was always constant in parallel
experiments, but seemed subject to fluctuations. It seemed
to be about 0*008 grm. per 10 litres. The estimation of
the nitrogen peroxide was in some ways the most difficult
of all. As this gas acts on mercury it was necessary to
estimate it by titration, and since it is then determined by
difference, the result is not very exact. In addition, traces
of nitrogen peroxide usually came over with the sulphur
dioxide and got lost through combining with the mercury.



6 REPRINTED PROM THE JOURNAL OF

Tbe amount of nitrogen peroxide found was about 0*03 per
cent, of the flue pases. Adding to this the probable amount
of nitric oxide (0*04 per cent.), we find as the total nitre
in the flue gases 0 * 07 per cent.; whereas the total loss of
nitre would be accounted for by 0*1 per cent. Hence, we
find that 70 per cent, of the nitre lost is lost partly as nitric
oxide, partly as peroxide. The loss of nitre in the process
is therefore mainly determined by the efficiency of the
Gay-Lussac tower, and is thus mechanical and not chemical
loss.
This is the chief result so far obtained in this research,

but I hope at a later date to give a further account of my
work on this subject.
I have great pleasure in expressing my gratitude to

Sir W. Ramsay both for suggesting this research and for
the advice and help he has so often given me. I should
also like to thank Mr. E. C. Thompson for the help he so
willingly rendered me at the works in Silvertown.

Discussion.
Dr. Messel considered that Mr. inglis's interesting

experiments had finally proved that the loss of nitric acid
in the chamber process was purely mechanical and not
chemical, unless its reduction to nitrogen was assumed, for
which, however, there was no warranty.
Dr. Divers said that he had inteuded to try to show

the great improbability of any production in the lead
chambers of either the unknown dihydroxylamine-sul-
phonic acid, as suggested by Raschig, or even of the well-
established hydroxylaminedisulphonic acid, or, again, of
peroxylaminesulplionic acid (nitrosodisulphonic acid), as
quite recently suggested by Trautz, to account for the loss
of nitre. But such a demonstration had now become
unnecessary, for Mr. Inglis's experiments had clearly
settled, as Dr. Messel had just said, that the loss was
after all mechanical and not chemical. They disproved
the formation of any nitrous oxide, and, by showing tbe
escape of so much of the lost nitre under the form of
nitric oxide and peroxide, indirectly proved also the non-
formation of nitrogen. From these experiments, therefore,
it was to be concluded that hydroxylamine derivatives were
not produced in a normally working lead chamber.
Mr. Hogbean said that Mr. Inglis had not attempted

to deal with the loss in the other departments of the
process, the mechanical loss from the running of the acids
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in the different towers, and the other sources of loss there
might be. He had had the-privilege of working with the
fifrst Lunge tower erected- in^this-country, and by taking
special precautions he had been able to reduce thqgjpss
down* to nearly one-third-of--the—loss here stated to occur.
Ally one accustomed to work according to Dr. Lunge
wcffildTay that it would5 be almost impossible to bring the
cohStfiifption of nitre down below- -Mparts ««nvthe-»l 00.v.of
sulphur ; but by working on different lines ..he diminished
that loss down to •below 1 ■•■3 parts -on»the-100.of-sulphur.
He did not think that had been attained elsewhere in this
Country,, and it was a practical proof of ithe copcfujion
Mr. Ingiis -had' arrived afcj tfhat the rosSjr- 'Was -entirely
mechanical. w

* ^Mt.'Guttma5tn congratulated- Mr,. Inglis #qn5 the results
^obtained by examining these gases. Last week he had
listened tf> a paper by Dr. Raschig, who had taken up
again his old theory of the chamber process, and he was
very gratified to hear the references made to the work of
Prof. Divers and Mr. Haga. Dr. Raschig, in the presence
of Prof. Lunge and others, had demonstrated the correct¬
ness of his theory by analyses on the large scale. But
apart from that he could confirm what Mr. Inglis had
found, viz., that the loss in the Gay-Lussac tower was
mechanical. He showed, in a paper read in Manchester
some time ago, that it was the practice abroad, and
occasionally in this country, to erect central or " catch"
Gay-Lussac towers, which took up the loss out of three or
four ordinary towers ; but even then it was found that,
owing to differences in temperature and pressure, there was
a mechanical loss which could never be avoided in the
manufacture of sulphuric acid.
The Chairman said they must all congratulate the author

on such an interesting industrial application of a new
scientific fact. It evidently was of the utmost importance
to one of our greatest chemical industries that the source
of loss had been identified. No doubt when the paper was
published, ways might be suggested of getting out of the
difficulty; for, although the loss did not appear great in
itself, yet when dealing with hundreds of thousands of tons
it meant a great deal to the chemical manufacturer.
Mb TiTiTinv-j in reply; mtiid milli ilffliTl Uu I'liU UbitilllS'lll'bn
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nnnil.«.nrl nt »L n piffflfip-p nf liquid si.- rei'+Ti n n.^i..y
p»mpt 11 fift'Lue ii'ould bu Mhtuiaa.il whiab—tmiluu'UHftlly
ppir1-^ ta aama '""-i tmi—th ■ »11 '1 ' « 1 ; 1 1 [ 1 ■"

r.n n in p 11 i r ,1 1 ... -
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From the Proceedings of the Physical Society op London,
vol. xviii.; also Phil. Mag. March 1903.

A Suggested Theory of the Aluminium Anode. By W. W.
Taylor, M.A., D.Sc., and J. K. H. Inglis, M.A.,
B.Sc.*

ALTHOUGH aluminium is one of the metals which de¬compose water, it is very slowly acted upon by dilute
sulphuric acid, even at moderately high temperatures. With
dilute hydrochloric acid the action is violent, and it is found
that, if a little hydrochloric acid or soluble chloride (e. g.,
potassium chloride) be added to dilute sulphuric acid, the action
is, to all appearance, as violent as with hydrochloric acid of
similar concentration.

* Read November 14th, 1902.
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The primary object of this investigation was to find an
explanation of this anomalous behaviour of sulphuric acid,
and of the effect produced by the addition of chloride. It
has long been known * that, when an aluminium electrode is
employed as anode in a solution of a sulphate or of sulphuric
acid, there is a very great resistance offered to the current,
and that this resistance is due to a film which separates the
electrode from the solution. If the aluminium is the cathode,
or if other acids are substituted for sulphuric acid, this great
resistance does not exist. The film cannot merely act as a
dead resistance, for the resistance is different according to
the direction of the current. It seems probable, then, that
the two phenomena are related, and that the film is also the
cause of the slow action of sulphuric acid on aluminium.
This paper is an attempt to find an explanation which will
satisfactorily account for all these phenomena.

Historical Summary.
The behaviour of aluminium as anode in dilute sulphuric

acid has been the subject of many investigations,- but they
have been mainly directed to proving the existence of the
abnormalities, and not to finding the cause of them. The
earliest measurements appear to have been made by Wheat-
stone j, who tried to ascertain the position of aluminium in
the voltaic series. He found that its position depended on
the electrolyte used, and he noticed especially the slight
action of nitric acid and of sulphuric acid, and the small
current obtained with the latter acid. His experiments were
repeated in greater detail by Buff J, who observed remarkable
peculiarities with dilute sulphuric acid as the electrolyte.
He found on electrolysis of dilute sulphuric acid with an
aluminium anode and an external battery, that the anode
became covered with a dark skin which he supposed to be
silicon. Tait § investigated the polarization of the alu¬
minium cell, using a variable polarizing battery. If six
Grove's cells formed the polarizing battery, the reverse E.M.F.
was A20 Daniells ; in this case the polarizing E.M.F. was
1044 D. As his measurements were made with a Thomson
electrometer, they were independent of resistance.

The dark skin first observed by Buff was the subject of
several investigations made by Beetz ||. He at first supposed
* Buff, Liebig's Anna/en, eii. p. 269 (1857).
t Phil. Mag. [4] x. p. 143 (1854).
f Loc. ext.
§ Phil. Mag. [4] xxxviii. p. 243 (1869).
II Pogg. Anna/en, vol. exxvii. p. 45; vol. clvi. p. 464; 1877, vol. ii.
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it to be an aluminium suboxide; but, later, came to the
conclusion that it is merely the ordinary oxide or hydroxide.
More recently Norden * showed that the film is the ordinary
hydroxide, A1 (OH)3. Lawrie f had previously come to the
conclusion, based on experiments upon the effect of amal¬
gamation on the electrochemical behaviour of aluminium,
that the peculiarities are due to a layer of oxide or of sub¬
oxide.

The subject has also been investigated by several physicists
who endeavoured to explain the physical peculiarities. At
first the film of oxide was supposed to act as a layer which
protected the electrode from the action of the electrolyte ;
but Oberbeck I and Streintz § suggested that the film acts
as a non-conductor, and that the electrode, the film, and the
electrolyte form a condenser ; and a condenser consisting of
two aluminium plates with a solution of a sulphate as
electrolyte has been described by Haagn ||. In all these
cases a neutral sulphate or sulphuric acid solution formed the
electrolyte, Streintz especially mentioning that in nitric acid
the behaviour of aluminium is quite normal. The question
became one of practical importance when Pollak If and
Gratz ** independently showed that a cell consisting of one
aluminium electrode and one carbon electrode in dilute
sulphuric acid could be used to change an alternating current
into a direct current, since the phase in which aluminium is
the anode is stopped by the cell. Various investigators ft
found that currents of 20 volts or even of 100 volts potential
can be so transformed. Later researches have not brought
to light many new facts, though Wilson ff showed that the
transformation is not complete if the period of alternation is
less than ^ second. Hone of the investigators attempt to
explain how this film is produced and maintained. Norden § §,
however, gives the following explanation :—When sulphuric
acid is electrolysed with an aluminium anode the secondary
oxygen produced acts on the anode to form A1 (OH)3, which
* Zeit.fiir Elektrochemie, vi. pp. 159, 188 (1899-1900).
t Phil. Mag. f5] xxii. p. 213 (1886).
J Wied. Ann. xix. p. 625 (1883).
§ "Wied. Ann. xxxii. p. 116 (1887); xxxiv. p. 751 (1888).
|| Zeit. fur Elektrochemie, iii. p. 470 (1896-97).
If Compt. Rend, exxiv. p. 1443 (1897).
** Wied. Ann. lxii. p. 323 (1897).
+f Bleibldtter, xxiii. pp. 108, 502, 564, 650; Elektrotechn. Zeits. xxi.

p. 913.
JJ Electrical Review, 1898, p. 371; Proc. Roy. Soc. vol. Ixiii. p. 329

(1898).
§§ Loc. cit.
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is slowly dissolved by the sulphuric acid or by the aluminium
sulphate already in solution, and thus the film is continually,
renewed on one side and dissolved on the other. It' hydro¬
chloric acid be used as electrolyte, the free chlorine acts on
the aluminium and forms a soluble salt A1C13, and not a
difficultly soluble oxide.—This explanation is hardly sufficient,
for no reasons are given for the formation of secondary
oxygen ; and, further, aluminium sulphate is a fairly soluble
salt. Hence a full explanation is still wanting.

Experimental Results.
Experiments were made, in the first instance, to ascertain in

what way the addition of certain salts to the electrolyte affected
the aluminium anode. For this purpose the 12 volt storage-
battery of the laboratory was used, and in the circuit were a
3 ohm (approximate) resistance, an ammeter which could be
read to O'Ol ampere and up to 3*0 amperes, and the electro¬
lytic cell, all in series ; a voltmeter reading to 0"05 volt and
up to 15'0 volts was also in parallel circuit with the cell.
The cell consisted of a beaker containing a 1/1 molar solution
of sulphuric acid and the two electrodes, the one of sheet-
aluminium, and the other a spiral of thick platinum wire.The procedure was as follows :—The circuit was closed, with
the acid alone as electrolyte, and the readings of the volt¬
meter and ammeter noted as soon aS they became constant.To the acid were added successive small quantities of asolution of the salt under investigation ; and, after closingthe circuit, readings were noted every few minutes until they
again became constant. It was found necessary to use afresh piece of aluminium each time, as, through the continuedaction of the weak current, the film on the anode became so
thick and resisting that addition of even large quantities of
potassium chloride had no influence on the current, although
a small quantity only was required when a fresh surface wastaken. It was therefore necessary to have the surface in asuniform a condition as possible in order that the experimentsshould be comparable, and this was most easily ensured byusing a fresh surface each time.
Effect of Chloride and of Bromide.—The results are givenin the following tables.
In the case of ammonium alum solution (Table I.) the effectot potassium bromide was also determined, and after addition

r Ci'C" '! m°lar KBr solution, the current passedfreely, though it did not increase so rapidly as after additionof chloride.
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Table I.

Solution of ILSOi= 1 molar.
„ KG1 =3'9 molar (saturated).

Voltmeter in
open circuit. Electrolyte.

Voltmeter in
closed circuit.

Current in
Amperes.

11 7 volt. 25 c.c. blso4 11-6 001
+019 c.c. IfCI. 11-6 002

„ +0'25 o.c. KC1. 11-6 0-02
+0-33 c.c. KC1. 11-6 003

falling rapidly rising to
to 71 1-50

11 '7 volt. 25 c.c. saturated ammonium
alum solution

„ +0 27 c.c. KC1.
11-6
9-4

<001
0-76

The experiments were then repeated with more dilute
solutions of chloride and bromide.

Table II.

Solution of H?SO,[=l molar.
KOI =0-39 molar.

Voltmeter in
open circuit. Electrolyte.

Voltmeter in
closed circuit.

Current in
Amperes.

11-7 volt. 25 c.c. H,SO,,
+0 97 c.c. KC1.

„ +2 0 c.c. KOI...
„ „ (fresh

surface)...

11-65
11-65

falling to 7-0

falling rapidly.

<0-01
o-oi

rising to 0'50

rising to 0 80

11-7 volt. 25 c.c. H2S04
+ 1-0 c.c. KC1...

„ +1-2 c.c. KC1...
+1-4 c.c. KOI...
+1-6 c c. KC1...

11-65
11-60
11-60
11-60

<0-01
0-025 (rising)
0-02 (rising)
0-02 (rising)

1-0

In the second of these experiments the currents rose at
once to 1*0 ampere alter addition of 1*6 c.c. KC1 solution,
but with smaller concentrations of chloride the current was

rather variable, as if the resistance of the film was continually
changing. In the case of bromide the current did not
increase until 5'0 c.c. of a 0'4 molar KBr solution had been
added. It then rose steadily to 0*5 ampere, but the increase
Was not so rapid as with chloride.



306 Dr. Taylor and Mr. Iuglis :

Similar experiments were made with other salts, and the
results may be very briefly described.
Nitrate.—A 2'6 molar solution of potassium nitrate was

used. After addition of 3-0 c.c. of the solution to 25 c.c. of
acid, the current at once rose steadily ; considerable irregu¬
larity was shown after addition of 2-0 c.c. of the nitrate
solution.
Acetate.—Addition of sodium acetate to sulphuric acid had

no effect. In order to attain a considerable concentration of
acetions, a saturated solution of sodium sulphate was then
used instead of sulphuric acid, but this made no difference.

Tliiocyanate.—A 2*0 molar solution of potassium thio-
cyanate was used. Addition of 2'0 to 3'0 c.c. of the solution
was found necessary to enable the current to pass readily.
Chlorate.—Addition of potassium chlorate was also found-

to enable the current to pass readily.
As the presence of aluminium salt might, conceivably,

influence the results, several of the above experiments were
repeated after 1*0 c.c. of 0'5 molar aluminium sulphate solution
had been added to the acid, hut no differences were found.

These experiments show that the presence of certain ions,
even in small concentration, enables a large current to pass
through the cell; and it seemed to us probable that the reason
is that the film of aluminium hydroxide with which the anode
is covered is permeable to certain ions, but impermeable to
others*. If this is so, any anion which can readily pass
through the film will enable a current to pass, whilst anions
which cannot readily pass through will not enable it to do
so. The anomalous behaviour in sulphuric acid would then
be due to the impermeability of the film to S04" ions, and
also to A1 •" • ions. This explanation is also in accord with the
fact that reversal of the current immediately causes a current
to pass through the cell, this being due to the permeability
of the film to H ions, for it is difficult to suppose that reversal
of the current immediately removes the film and subsequent
reversal immediately restores it.
We next made a series of experiments to determine the

relative rates of' diffusion of these ions through a film of
aluminium hydroxide. The method adopted is one devised
by Walden f and consists in forming a film of gelatine
containing ammonium chromate over one end of a glass tube,
exposing it to daylight, and then washing out all soluble

* Cf. Ostwald, Zcit.f. Phys. Chem. vi. p 71 (1800).
f Zcit.f. Physih Chem. x. p. 699 (1892).
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substances. The tube is then placed in a solution of alum¬
inium salt, and ammonia solution is put inside the tube. In
this way a film of Al(OH)3 is formed where the two solutions
meet, i.e., in the interior of the gelatine. A solution of the
salt under examination is then added to the ammonia solution
in the inner tube, and from time to time the outer solution is
tested for the salt. From the fact that a film of aluminium
hydroxide can be formed in this way, one may conclude that
it is impermeable to Al'" ions, and to OH' ions, as otherwise
diffusion would continue until one or other of the salts was

completely removed.
Having set up a large number of cells we found that KC1,

KBr, KN03, KC108, and KCNS all diffuse through rapidly,
though not equally so ; NaC2H302 diffuses slowly, and
K2S04 only to a very slight extent. To confirm this result,
more cells were set up, and mixtures of KC1 and K2S04,
KBr and K2S04, were added to the ammonia solution, so that
the rates of diffusion through the same film could be observed.
The same results were obtained.
It now seemed very probable that the abnormal behaviour

of the aluminium anode in sulphuric acid waS? due to this
impermeability. According to Ditte *, the surface of alum¬
inium is covered with a thin film of hydroxide which
preserves it from the further action of the air. If, there¬
fore, a piece of aluminium be made the anode in dilute
sulphuric acid, the SO/' ions are unable to pass from the
solution through the film to the anode, and similarly Al-"
ions are unable to pass from the anode into the solution.
Hence there are no ions to carry the electricity through
the film, and no current can pass. A very slight current
does pass, and this may be due to Al"" ions being formed at
the anode, H- ions of the water passing at the same time
through the film and thus leaving OH' ions which form
Al(OH)3 with the AD" ions just formed. This aluminium
hydroxide replaces that which may be removed by solution in
the acid, and in this way the continuity of the film is main¬
tained.
If CI', Br', or KO/ ions are present, they can migrate

through the film, thus carrying electricity to the anode
where they unite with AD" and form neutral salts ; and
this formation of salt behind the film will break it loose, and
so enable the current to pass easily. In this way the results
obtained admit of an easy and rational explanation.
If this explanation is correct, it should be possible- to

* Compt. Rend'. cxxvii. p. 919 (1898).
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reproduce the peculiarities of the aluminium electrode with a
platinum electrode and a film of aluminium hydroxide. There
are various ways in which this might be done, but for
practical reasons the following was adopted. The cell con¬
sisted of two large pieces of platinum foil as electrodes, an
inner porous cell containing ammonia solution (1 molar) and
an outer glass beaker containing aluminium sulphate solution
(|- molar). In this way a film of aluminium hydroxide was
deposited in the wall of the porous cell.
If the aluminium sulphate solution contained the anode,

no current should pass, since A1 • • • ions cannot migrate
through the film to the cathode, nor OH' ions to the anode.
Addition of SO/' ions to the ammonia should have no effect
on the current, but addition of CI' ions should cause a current
to pass. Reversal of the poles, also, should cause a current
to pass, for NH/ ions can readily pass through the film.
With such a cell, and with the 12-volt storage-battery and
the same arrangement of apparatus as already described, the
following results were obtained :—

Aluminium
sulphate solution

contained :

Time from
closing circuit
(minutes).

Voltmeter. Ammeter.

Anode. 0
60

1140

11-6
120
120

0-20
0-07
0-03

Cathode. immediately.
45

11-2
10-4

0-20
0-41

Anode. 10
180

11-7
11-95

010
003

Cathode. 1-5 10-8 0-43

Anode.
Anode.

6
immediately.

4
20

11-7
(50 volt current

used.)
J>

}j

0-13
022

0-07 '
0-04

Cathode. immediately. (50 volts.) 0-83
(42ohmsincircuit.)

The small current which passes is due to the low con¬
ductivity of ammonia solution ; so a similar experiment wasmade with a solution of sodium carbonate in the porous cell,
as sodium hydroxide might act on the film. The onlydifference found was that the maximum current was much
greater.
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Aluminium
sulphate solution

contained:

Time from
closing circuit
(minutes)..

Voltmeter. Ammeter.

Anode. 0
13
65

11-3
11-8
11-95

0-22
007
0-04

Cathode. immediately.
3
4

10-3
9-6
91

0-5
0-8
10

Anode. 9
19

11-8
11'9

0-09
0-06

In the next experiment also sodium carbonate solution was
used, and after the current had fallen to 0'07 ampere, part
of the sodium carbonate solution was replaced by a saturated
solution of potassium chloride. The current increased steadily,
after 60 minutes it was 0'35 ampere. On reversal, the
current rose immediately to over 2 amperes.
In a similar experiment, after the current had fallen to

0 08 ampere, half of the sodium carbonate solution was
removed, and a saturated solution of potassium sulphate
added ; even after 60 minutes there was no change in the
current. Ammonia was also used in the inner cell, and half
of it replaced by saturated solution of potassium sulphate
after the current had decreased to 0'04 ampere. After 60
minutes the current was 0*05 ampere, and after 20 hours it
was constant at 0'10 ampere. On reversal it immediately
rose to over 2 amperes.
An experiment was also made with solutions of sodium

carbonate and aluminium chloride. In this case, after the
current had fallen to 0*05 ampere, the poles were reversed
and the current increased rapidly (to 0'6 ampere in 1'5
minute) ; but on again reversing, it quickly diminished to
its former value.

There is still another way in which the explanation might
be tested—by direct measurement of the resistance which
the film offers to the passage of different ions. Suppose that
solutions of the four salts A12(S04)8, A1C13, K2SO,i, KC1, be
prepared so that they have the same conductivity at say
25° C., and that now the two electrodes be separated by a
film of Al(OH)3; then the resistances depend upon the rapidity
with which the ions can pass through the film, and the four
solutions will, in this case, have different conductivities.
The differences should, moreover, be of quite a high order.
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For in the casts o£ A12(S04)3, neither ion would pass throughthe film, and the resistance measured should be high; in thecase of A1C13, and of K2S04, only one ion could pass through,and the resistances should be of the same order, thoughmuch smaller than in the first case. The presence of thefilm should not make much difference to the resistanceof the KC1 solution, since both ions can pass through ; thissolution should, therefore, have the smallest resistance.
The apparatus which we used consisted of two glass tubeswith flanges ground to fit one another.

Between the two tubes was placed a
piece of filter-paper which had been
soaked in a dilute gelatine solution. The
flanges were pressed together while the
gelatine was hot, so that a close and
water-tight junction was made. Dilute
solution of aluminium sulphate was
poured into one tube which was closed
with a rubber stopper provided with
an overflow tube; the apparatus wasthen reversed and a dilute solution of •
ammonia was poured into the other
tube. In this way a film of Al(OH)3
was formed in the gelatinized paper,and after a few hours the whole was

carefully washed out with distilled
water. One tube was then filled with
the solution to be examined, the corre¬
sponding electrode adjusted to a definite
mark— an overflow tube preventingrupture of the film ; the apparatus wasthen reversed and the other tube filled
with the same solution, and the electrode
inserted. The whole was placed in athermostat at 25° C. and measurements
of the resistance made. They were asfollows :—

A12(S04)3
A1CIS
KC1

289 ohms
259 ohms
248 ohms.

These differences are very small, espe¬cially as we found the error of adjust- —ment of the electrodes to be considerable.It is doubtful if it ispracticable todetermine these differences
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with an alternating current. There can be no migration of
the ions (with a high frequency and small current), and there¬
fore a very small amount of certain salts in the film is
sufficient to enable a current to pass ; and will, in fact, largely
determine the conductivity. Now the formation of the film
by the interaction of the two salts necessarily produces such
a salt in the film ; and this, no doubt, is very difficult to
remove completely by mere washing *.
We propose therefore to repeat the experiments with a

more suitable arrangement of electrodes, and with special
preparation of the film. We also hope to make measurements
of the resistances using continuous currents.
The explanation of the peculiarities of aluminium when

used as an anode in solutions of sulphates, which has thus
been suggested, may be applied to the phenomena observed
in the reaction between aluminium and dilute acids. But it
seemed desirable to determine by experiment whether the
presence of those ions which have so marked an influence on
the anode has a similar influence on the rate of solution of
aluminium in sulphuric acid. Accordingly, the following
rough determinations were made of the rate of evolution of
hydrogen from the acid, both alone, and with addition of
certain ions.
Preliminary trial showed that at temperatures of 80° C. to

85° C., and with a 2-molar solution of sulphuric acid, the
reaction proceeded at a rate which could be conveniently
measured. A thermostat was adjusted to 85° C., and all the
experiments were made at this temperature. Small flasks of
about 80 c.c. capacity, and pieces of sheet aluminium of
uniform size and weight (25 mm. square, 0'45 gm.) were
used. Each flask contained one piece of the metal and
60 c.c. of a 2-molar sulphuric acid solution, and in addition
a known quantity of a concentrated solution of the salt
under investigation. The gas evolved was collected in a
burette. The salts employed were KC1, KBr, KN03, and
KCNS. The results are summarized below.
Chloride.—Four experiments were made to determine the

effect of chloride, a 3*9 molar solution of potassium chloride

* With a direct current this salt is removed from the film by the
action of the current. This is probably the reason why, in the series of
experiments last described, the current at first is so long (20 hours) in
reaching a minimum, although afterwards it reaches the same minimum
in much less time (about the same time that had elapsed between the
two previous commutations).
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being used. The intervals of time required for the evolution
of 50 c.c. of hydrogen were

(1) 00c.c. acid. 180 minutes,
(2) 60 c.c. acid+1 c.c. KC1.

(3) 60 c.c. acid+ 2 c.c. KC1.
(4) 60 c.c. acid+ 4 c.c. KCI.

diminishing to 150 minutes.
70 minutes, diminishing to

50 minutes.
2 minutes.
2'5 minutes, diminishing to

1*7 minute.

These figures show that chloride has a very decided
influence on the velocity of the reaction, but it does not seem
to play the part of a simple catalysator. One noticeable
feature is that when 2 c.c. of the solution have been added,
its maximum effect has been almost reached.
The action may be explained as follows—when a piece of

aluminium is put into dilute sulphuric acid, it is covered with
a film of hydroxide ; this film, being impermeable to S04"
ions, is impermeable to H • ions also, for the one ion cannot
go anywhere without the other. Thus there is no action
between the metal and the acid. The aluminium, however,
acts slowly on the water in the film, forming hydrogen and
aluminium hydroxide, which maintains the continuity of the
film. In this way a slow continuous action takes place. If
potassium chloride be added to the acid, H • ions can permeate
the membrane, for the CI' ions can go with them, and the
metal thus comes in contact with II ■ ions. This action
breaks up the film and so admits the sulphuric acid to the
surface of the metal.
If the concentration of CI' ions is too small to cause violent

action and so destroy the film, they will still have an accele¬
rating influence, but the maximum effect will not be attained.
Bromide.—Addition of bromide appears to have very little

influence on the velocity of reaction. Four experiments
were made, a 4-molar solution of potassium bromide being
used. The times of evolution of 50 c.c. of hydrogen were

(1) 60 c.c. acid 150 minutes.
(2) 60 c.c. acid + 2 c.c. KBr. 160 „

(3) 60 c.c. acid+ 4 c.c. KBr. 155 „

(4) 60 c.c. acid (no. 1) +1 c.c. KBr. 140 „

The fourth experiment was made with the aluminium and
acid already used in experiment (1), in order to remove
uncertainty as to the uniformity of the surface. Hence the
influence of bromide is very slight and the experiments are
not sufficient to show whether it accelerates- or retards the
reaction.
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Nitrate and Thiocyornate.—These salts were found to have
an accelerating effect. With nitrate the reaction was some¬
what irregular, and the gas evolved was found to contain
nitric oxide. In the case of thiocyanate, hydrogen sulphide
was produced in considerable quantity. The results, con¬
sequently, are of no value.
Finally, two experinj.ents_ were made, with acetic acid, and

with a mixture of acetic acid and potassium chloride ; for
according to the theory, presence of chloride should have an
accelerating effect. •The. acetic acid solution was that of
maximum conductivity, and the potassium chloride solution
was 3-9 molar.. The action was very slow and the curves
obtained were irregular. In 30 hours 18 c.c. of hydrogen
were evolved when acetic acid alone was used, and in the
same time 22 c.c. of hydrogen with a mixture of 2 c.c. KCI
and 60 c.c. of acetic acid.

These experiments must be regarded as rough preliminary
observations, and we wish to return to the subject at a later
date.

Summary.
1. The influence of chloride, bromide, nitrate, acetate,

chlorate, and thiocyanate, in varying concentration, on
an aluminium anode in sulphuric acid was investigated.

2. A theory to explain the results was brought forward and
tested experimentally.

3. The essential peculiarities of an aluminium anode were
reproduced by means of a platinum anode and a film of
aluminium hydroxide.

4. Some measurements were made to determine the influence
of chloride and of bromide, on the reaction between
aluminium and sulphuric acid.
Chemical Laboratory,

University of Edinburgh,
October 1902.
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XCVIII.—Notes on Ozone. Estimation, Solubility, and
Interaction with Hydrogen Peroxide.

By John Kenneth Harold Inglis, M.A., B.Sc., 1851 Exhibition
Scholar.

The experiments of Ladenburg (Ber., 1901, 34, 1184) have sho.vn
that ozone can be accurately estimated by means of its action on
potassium iodide in neutral solution, the solution being acidified after
the action is complete. In this case, a molecule of iodine is formed
for each molecule of ozone present. If, however, the ozone acts on
an acidified solution of potassium iodide, the amount of iodine set free
is greater than would correspond with this ratio; for in this case if
the iodide is very dilute three atoms of iodine are formed for each
molecule of ozone. Now it has been shown that ozone forms some

complex when dissolved in acids (Zeit. physikal. Chem., 1903, 43, 229),
and it was thought that the nature of this complex could be deter¬
mined by a study of the solubility of ozone in water and acids. The
object of these experiments was (1) to find a reliable method for the
estimation of ozone in acid solution and (2) to study the solubility of
ozone in water and acids. At the suggestion of Sir W. Bamsay, some
further experiments were made regarding the action of ozone on
hydrogen peroxide.
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I. Estimation of Ozone in Acid Solution.
When these experiments were begun, no data for the estimation of

ozone in acid solution had been published. But in a recent paper
Ladenburg (Ber., 1903, 36, 115) has shown that ozone can be estim¬
ated in acid solution by means of its action on sodium hydrogen
sulphite and on arsenious acid. The results obtained by Ladenburg
show, however, considerable variation, so that further work on the
subject seemed desirable.
Since the extra amount of iodine formed in acid solution was

probably due to the hydriodic acid being too easily oxidised by the
ozone, it seemed likely that a less easily oxidisable substance, such as
hydrobromic acid, would give more regular results. As it was possible
that the action of ozone gas on hydrobromic acid would not be the
same as that of an acid solution of the gas, Ladenburg's method could
not be directly employed. Hence, in order to ascertain the amount
of ozone taken the following procedure was adopted. A solution of
ozone in water was prepared and equal volumes (50 c.c.) were added
to 10 c.c. of (1) water, (2) an acid. To No. 1, potassium iodide was
added, followed by a small quantity of acid; to No. 2, potassium
bromide, and then, after a short time, potassium iodide. The iodine
liberated was then titrated with 1Y/100 sodium thiosulphate, and in
this way the same amount of ozone was estimated by means of Laden¬
burg's method and by means of potassium bromide in acid solution.
The water and acid used in these experiments were first of all treated
with ozone to destroy any oxidisable matter, and then boiled to drive
off the remaining ozone. Usually, five estimations were carried out
together, the first and last according to Ladenburg's method and the
remaining ones by the bromide method. Table I (p. 1012) shows the
number of c.c. of thiosulphate required in each 'case.
A solution of ozone in 7Y-HNOs gave the following figures :
(a) Estimation with iodide (in acid solution), S'75 c.c. and 8'70 c.c.
(b) Estimation with bromide, 6'30 c.c., 6-40 c.c., 6'45 c.c.
These figures show that the iodide method gives a high result with

an acid solution of ozone, and also that the estimation by means of
bromide does not give very concordant results ; but although every
precaution was taken in order to increase the accuracy a closer agree¬
ment could not be obtained. Now, the differences between the iodide
t'itres of Table I are not much less than those between the other three
litres, and they are all probably due to experimental error, which is
unavoidably high owing to the method which has to be adopted.
Hence, the conclusion may be drawn that ozone in acid solution acts
on potassium bromide according to the equation 03 + 2HBr = Br2 +
O +H,0.
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Table I. •

Potassium
iodide,
neutral.

Potassium bromide in acid solutiou. Potassium
iodide
neutral.

Acid. 1. 2. 3.

10-50 1v-h2s04 10-13 9-87 9-58 10-50

9-00 iy-h2so4 8-65 8-80 8-65 9-00

11-95 iy'hnog 12-05 12-30 12-07 12-55

13-10 iv-HNO3 13-40 12-80 13-10 13-55

13-00 w-hnog 12-05 12-05 12-85

12-85 iv-hnog 12-30 11-80 11-50 12-00

12-65 w-HNO3 12-40 12-20 12-15 12-15

II. Solubility of Ozone.

In some experiments carried out by Schone (Ber., 1873, 6, 1224), it
was shown that when ozonised oxygen was passed through distilled
water a true equilibrium was not reached since, although the con¬
centration of the dissolved ozone remained constant, the gas did not
pass through the solution unchanged, one-fourth of the ozone being
decomposed into oxygen. Schone applied this result to correct Carius'
determination of the solubility, not realising that in such a case there
can be no question of a solubility, since the apparent solubility would
depend on the rate of passage of the gas. It seemed advisable, there¬
fore, to repeat Schone's experiments in order to decide whether the
solubility could be used to ascertain what complex is formed by the
ozone in acid solution.
The method employed was as follows: pure dry oxygen, prepared

from potassium permanganate, was passed through an ozoniser and
thence through (1) a bulb fitted with two taps and having a capacity
of 80 c.c.; (2) a gas-washer containing distilled water; (3) a phos¬
phorus pentoxide tube; (4) a second bulb similar to (1). The gas-
washer contained a spiral through which the ozone was bubbled,
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this arrangement ensuring good stirring and thorough contact of the gas
with the solution. Thg ozone was passed through the apparatus until the
concentration of the ozone in the gas-washer was constant. The taps on
the two bulbs were then closed, the apparatus disconnected (the different
parts were connected by ground glass joints), and the contents of the two
bulbs were then analysed byaspiration into neutral potassium iodide, &c.,
as in Ladenburg's method. If no decomposition had taken place during
the passage of the ozone through the solution, the contents of the two
bulbs should give identical results on analysis. In order to be certain
that any differences found were caused by the action of the water and not
by that of the connecting tubes or the phosphorus pentoxide, similar ex¬
periments were made in which the gas-washer was omitted. The results
are given in Table II.

Table II.

Gas-washer used. Gas-washer
omitted.

Percentage of ozone in first bulb ... 10-5 127 11 -i 11-8 8-67 6-00

Percentage of ozone in second bulb... 9-9 12-1 10-5 101 8-29 5-84

The above results confirm Schone's expei-iments and indicate that
ozone, when passed through water, is partly decomposed. Hence there
can be no question of the solubility of ozone in water, and it is there¬
fore impossible to study the molecular state of dissolved ozone by means
of its solubility relationships.

III. Interaction of Ozone and Hydrogen Peroxide.
Ever since the time of Schonbein (see Dammer, Handbuch der anorg.

Chem., Vol. I, p. 434) it has been believed that ozone and hydrogen
peroxide mutually destroy one another. Now the odour of ozone is
not destroyed by passing it through hydrogen peroxide, and it has
been stated recently (Per., 1902, 35, 2905) that the substances have n
action on one another. Sir W. Ramsay suggested to me that the
action might possibly be a slow one, and that by mixing solutions of
the two substances the rate of their reaction might be determined. A
solution of ozone in water was therefore prepared, and equal portions
(50 c.c.) were placed in a sei'ies of flasks. Each of these was treated
with 5 c.c. of a dilute hydrogen peroxide solution (5 c.c. = 14'2 e.c. of
Ar/50-KMnO4), and then, after different intervals of time, dilute
sulphuric acid was added and the amount of unchanged peroxide was
estimated by means of permanganate solution, which has no action on
ozone.
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Table III.

Time 5 minutes. 20 minutes. 36 minutes. 50 minutes.

Permanganate used 11*2 c.c. 12'2 c.c. 12'6 c.c. 12'65 c.c.

These figures would seem to indicate that the amount of peroxide
decomposed diminishes as the time increases, but the true explanation
is as follows. Although ozone has no action on permanganate, it
oxidises a manganous salt to the dioxide, and this dioxide is easily
reduced by hydrogen peroxide. Now the permanganate used was so
pure that it had no action on pure hydrogen peroxide until a small
quantity of manganous sulphate was added {Zeit. Elektroclwm., 1903,
9, 226). Hence, during the titration, the manganous salt would act
catalytically on the ozone and hydrogen peroxide and so diminish the
number of c.c. of permanganate required, and as some of the ozone
would undoubtedly slowly escape, the catalytic action, and therefore
the apparent amount of decomposition of the peroxide, would diminish
as the time increased. As a confirmation of this explanation, it was
found that if manganous sulphate was added at once to the mixture of
ozone and peroxide and the titration carried out after the lapse of a
few minutes, the number of c.c. of permanganate used (10'5 c.c.) was
still less than had been the case in the previous experiment.
Another method had therefore to be devised to show that the

reaction really took place without a catalytic agent. A current of
ozone (free from nitrogen and oxides of nitrogen) was passed through
a solution of hydrogen peroxide and the amount of unchanged peroxide
was estimated, as before, after definite intervals of time. The concen¬
tration of the peroxide chosen was so great that the greatest possible
concentration of ozone would not be nearly sufficient to destroy the
peroxide originally taken, so that the catalytic effect during titration
would necessitate only a small correction. In this way, it was found
that the titre of the peroxide diminished from 14'8 to "T6 in 205
minutes, whereas a similar current of oxygen merely caused this value
to diminish from 24 0 to 23'6 in 410 minutes. This result shows that
the original experimenters were correct, and that ozone does act slowly
on hydrogen peroxide.

In conclusion, I wish to express my thanks to Sir W. Ramsay for
the kind interest he has taken in the above experiments and for the
advice and help he has given me.

University College,
London, w.C.

R. CLAY AND SONS LTD., BREAD ST. JIILL, E.C., AND BUNGAY, SUFFOLK,
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The Action of Silver Salts on Solutions of Ammonium

Persulphate. By Hugh Marshall, D.Sc., and J. K. H.
Inglis, M.A., B.Sc.

(Read February 17, 1902.)

In a paper already communicated to the Society by one of us*
attention was drawn to the fact that, in presence of a soluble
silver salt, ammonium persulphate is decomposed with formation
of nitric acid as well as sulphuric acid. The action had at that
time been studied only in a roughly quantitative way, and it was
therefore thought that a more exact study of the velocity of the
reaction, and of the influence exerted by other salts present in
solution, might prove of interest, and also throw light on the course
which the reaction follows.

As stated in the paper already referred to, the reaction appears
to be expressible by the equation—-

(а) 4(NH4)2S208 + 3H20 = 71STH4HS04 + H2S04 + HNOs,
but it was found that the rate of change corresponded approxi¬
mately to that of a monomolecular reaction, indicating that the
reaction takes place in several stages, one of which being much
slower than the others, determines the velocity. If the above
equation is written in the form—

(б) NH4' + 4S208" + 3H20 = 10H' + 8S04" + NOs',
it is evident that the reaction could not be monomolecular. But

if the intermediate formation of silver peroxide is assumed (and
there are good grounds for the assumption), the reaction is divisible
into the two stages represented by the following equations—

(c) S2Os" + 2Ag' + 2HaO 2S04" + 4H' + Ag202;
(d) 4Ag202 + NH4' + 6H'=^ 8Ag' + N03' + 5H.,0 .

Neither of these is actually monomolecular. But we may consider
the concentrations of the Ag' and the Ag202 as being constant, if
the concentration of the total silver is small compared with the

* Marshall, Proceedings,, vol. xxiii. p. 163.
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concentration of persulphate; for the silver will then be divided
in a practically constant ratio between the two phases Ag' and
Ag202. Making this assumption, equation (c) becomes in effect
monomolecular, for, if the reaction is irreversible, it is necessary
to consider only the members on the left of the equation. The
case is quite different with equation (d), for the concentrations both
of H' and of NH4" vary, that of the former starting from zero and
increasing rapidly, while that of the latter diminishes.
Preliminary experiments showed that, as was to he expected,

change of temperature has a very marked effect on the rate of
change; at 50° the velocity is about eight times greater than it is
at 25°. Also, the rate increases nearly, but not quite, proportion¬
ally, with increase of concentration of silver. As a result of the
preliminary experiments, it was found most convenient to study
the reaction in solutions which were 0'5 normal as regards
ammonium persulphate and 00005 normal as regards silver; the
solutions were kept in closed flasks placed in a thermostat at 25°.
The choice of salts whose influence on the action could be studied

is rather a limited one, halides being, of course, entirely excluded
on account of the precipitation of insoluble silver salts.
Six solutions were prepared as indicated in the following table,

the quantities stated being dissolved, in each case, in one litre of
solution.

I. -KNH4)2S208 + ^AgN03
II. ](NH4)2S3Us + AgNOs + JNaNO,
III. i(NH4)2S2Os + + i(NH4)2S04
IV. |(NH4)2S2Os + + £NH2NOs
V. KNH4)2S208 +W^AgN03 + £im03
YI. |(NH4)2S2Os + ^VoAgNO, + £H2S04

The course of the reaction was followed by removing, at
intervals of twenty-four hours, 5 c.c. of each solution and titrating
with N/5 alkali, using methyl orange as indicator. In presence of
silver the indicator is rapidly bleached by the residual persulphate,
but the difficulty was overcome by the addition of a drop of sodium
chloride solution, which precipitated the silver. In the case of
solutions Y. and VI. the initial acid concentration was determined
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in a similar manner and taken into account in determining the
rate of increase. The figures obtained are given in the following
table ; in the case of solutions Y. and VI., A indicates the initial
figure.

Acidity, in c.c. o/JST/5 alkali required to neutralise 5 ex. of
the solution.

Time in
days.

Sol. I. Sol. II. Sol. III. Sol. IT. Sol. V. Sol. VI.

0 A A
1 2-63 2-09 2-21 2*20 A + 2'74 A+2-66
2 4-86 3-98 4-01 4-11 4-90 4-79
3 6-61 5-58 5-68 5-77 6-71 6-77
4 8-24 6-89 7-19 7-17 8-38 8-30
5 9-54 8-18 8-40 8-42 9-63 9-37
6 10-56 9 "25 9-29 9-46 10-60 10-34
7 11-43 10-14 10-22 10-40 11-37 11-29
8 12-11 10-94 11-10 11-21 12-05 12-03
9 12-65 11-53 11-67 11-80 12-53 12-53

10 13-17 12-10 12-23 12-33 12-90 12-94
00 15-34 15-34 15-32 15-31 14-56 14-82

These figures show that the addition of a neutral salt simply
retards the action somewhat, but the end point is the same as with
persulphate alone. In solutions III. and IV. the HH4" concentra¬
tion is doubled, or nearly so, and yet the velocity is not increased;
hence equation h cannot determine the reaction-velocity. This
must therefore be determined by equation a, that is, by the action
of Ag on S2Os , as already deduced on other grounds. The
retardation caused by the addition of the various salts would thus
be explained, for such an addition would tend to diminish the
concentration of the persulphate ions.
The effect of acids, as shown in V. and VI., is specially note¬

worthy. At first it would appear that the action is accelerated;
but the end point is not the same as in the other case, indicating
the simultaneous occurrence of some other action which results in
the production of less acid. The equation
W 2Ag202 + 4H' = 4Ag" + 02 + 2H20

would represent such an action, and it is evident that in this case
an increase of acid concentration would tend to accelerate the
change.
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Regarding the action as determined by the equation
(c) S20s" + 2Ag' + 2H20 2S04" + 4H' + Ag202

the expression for the reaction velocity is

-a-A"-c-
where C denotes the concentration of persulphate ions, the con¬
centration of the silver ions being taken as constant. As the
solutions to begin with were only semi-normal as regards ammonium
persulphate, the concentration of the persulphate ions may be
assumed, with a fair degree of accuracy, to be that of the unde-
composed persulphate.
Integration of the above equation gives

logeCk=K1t',
or, changing to common logarithms (which gives a new constant K),

1, Co T

t gwct= '
where C is the initial persulphate concentration, and C, is the con¬
centration after a time t.

If x is the increase of acid concentration in the time t, and a is
the increase in infinite time, then

Co «
_

C, a-x'
Hence -log a =K.

t "a-x

Values of K for the different solutions.

Time in
Days.

Sol. I. Sol. II. Sol. III. Sol. IV. Sol. V. Sol. VI.
t. *

1 •082 •064 •068 •067 •090 •086
2 ■083 •065 •066 •068 •089 •071 (?)
3 •081 •065 •067 •068 •098 •088
4 •084 •065 •069 •069 •093 •088
5 ■085 ■066 •069 •069 •094 •087
6 •084 ■067 •068 •070 •094 •087
7 •085 •067 •068 •071 •094 •U89
8 ■085 •068 •070 •071 •095 •091
9 •084 ■067 •069 •071 •095 •090

10 •085 •068 •070 •071 •094 •090
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At first sight these results appear very satisfactory, the iiearly
constant values obtained for any single solution indicating that the
reaction was really monomolecular, while the different values for
different solutions showed the effect of the various substances

added. When the results are examined critically, however, especi¬
ally those from the two acid solutions Y. and YI., difficulties are
encountered. In the two cases mentioned the end points are
different from the remaining ones and from one another. The
discrepancy is greater with nitric acid than with sulphuric acid, as
would be expected from the greater ionisation of the former.
Though the discrepancies are not very great, they indicate a con¬
siderable amount of action other than that resulting in the formation
of nitric acid. Examination of the two equations

(6) NH4" + 4S208" + 3H20 = 10H" + 8S04" + N03'
if) 4S20/ + 4H20= 8H' + 8S04" + 202

shows that the second action produces only one-fifth less acid
than the first. Assuming that in solution I. the ultimate acidity
(15'34) was wholly produced by the first action, the acidity which
would have been produced by the second action alone would
have been 3'07 less than this. In solution V. therefore it may be
assumed that one-fourth of the total persulphate had decomposed
without producing nitric acid; in the case of the sulphuric acid
solution YI., the proportion would be about one-sixth of the total.
The higher rate of increase in the acidity in solutions V. and VI.
would therefore seem to be due, not to an acceleration of the action
producing silver peroxide, but to the superposition of another
action (apparently negligible in the other cases) similar to that
which takes place in solutions of persulphate free from silver. It
might have been expected that the acid gradually produced in,
say, solution I. would result in bringing about the second of the
above actions; but, if the effect in that case had been appreciable,
it is to be presumed that in solutions II., III. and IV., to which
neutral salts had been added (and in which, therefore, the
concentration of the hydrogen ions would be diminished), the
effect would have been less marked, with the result that the
final acidities in these cases would have been higher; but this is
not the case. Even in solution I. the concentration of hydrogen
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ions would probably not be very considerable until the greater
portion of the persulphate had been decomposed, owing to the
considerable quantity of neutral salt present; so that the former
equation (ft) might perhaps be replaced by the following one—

(ft') NH4' + 4S2Os + 3H20 = 2H" + 8HSO/ +SOf
While the results of the experiments are in some respects in¬

complete and inconclusive, there seems little doubt that the speed
of the reaction is determined by the formation of silver peroxide,
the oxidation of the ammonium ions taking place much more

rapidly.
It has been assumed that silver peroxide is actually formed in

the above decompositions, but another, and, on the whole, prefer¬
able hypothesis is possible. Silver peroxide has never been
prepared quite pure, and its exact nature is somewhat doubtful.
When prepared from silver nitrate it cannot be obtained free from
nitrate; it dissolves in nitric acid, and can be reprecipitated from
the solution. It is therefore permissible to assume that silver
peroxide is really an exceedingly feebly basic oxide, whose salts
are hydrolysed with great ease. If we make the assumption, which
involves the possible existence of perargentic ions (' diargention') in
minute quantity, the interaction of persulphates and silver salts
may be represented as follows—

(0 2Ag- + S208"===2Ag" + 2S04".
In absence of oxidisable substances hydrolysis takes place, with
separation of perargentic hydroxide, oxide, or basic salt. In
presence of ammonium ions, however, the formation of nitric acid
takes place, with ' reduction ' of the perargentic ions as follows—

(d) 8Ag" + NH4' + 3H20 ==? 8Ag' + 10ir+NO3'.

(Issued separately Uarcli 31, 1902.)
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BEMERKUNGEN ZUR ELEKTROCHEMIE DER UBERMANGANSAURE')•
Von J K. H. Inglis, M. A., B. Sc.

]n Anbetracht des haufigen Gebrauchs
von Permanganaten in chemischen
Laboratorien zu Oxydationszwecken
ist es von grosser Wichtigkeit, den

Einfluss der Anwesenheit anderer Substanzen
auf die Oxj'dationskraft zu kennen. Empirische
Regeln sind vielfach aufgestellt worden und
werden befolgt, z. B. ist das Hinzuftigen von
Manganosalzen vorgeschrieben, wenn Ferrosalze
bei Gegenwart von Chloriden titriert werden
sollen, um em^-Oxydat'ion des Chlorides zu
Chlor zu verhindern2). Quantitative Messungen
liber den Einfluss der Manganosalzkonzentration
sind jedoch nie gemacht worden, da konstante
Resuitate nicht erhalten werden konnten.

Nach Ostwald kann die Oxydationskraft
durch Messung des Oxydationspotentials der
Substanz bestimmt werden; Bancroft3) und
Neumann4) haben eine grossere Anzahl solcher
Messungen gemacht. Zuerst wurde angenommen,
dass das Oxydationspotential unabhangig von
der Konzentration sei; die richtige Beziehung
zwischen beiden hat Peters5) aufgestellt. Im
Falle des Permanganates schienen jedoch alle
quantitativen Messungen zu versagen, wenn
auch eine rohe quantitative Verifizierung der
Theorie Crotogino3) gelang. Neuerdings hat
Haber7) die vorliegenden Messungen gesichtet
und sie mit den Forderungen der Thermochemie

1) Nach eingesaudtem Manuskript iibersetzt. H. D.
2) Pogg. Ann. 118, 45, 119, 225
3) Zeitschr. f. physikal. Chemie 10, 387.
4) ib. 14, 210.
5) ib. 26, 193.

6) Zeitschr. f. anorgau. Chemie 24, 225.
7) Zeitschr. f. Elektrochemie 7, 1043.

verglichen. Nun entspricht, wie Luther1) ge-

zeigt hat, ein ganz bestimmter Potentialwert
jedem Vorgang, der bei der Reduktion eines
Oxydationsmittels eintreten kann, und es lassen
sich einfache Gleichungen aufstellen, die die Be¬
ziehung zwischen den Potentialen, die zu diesen
verschiedenen Vorgangen gehbren, angeben.
Da Uebertnangansaure zu Mangansuperoxyd und
zu Manganosalz reduziert werden kann, existieren
zwei Potentiale, von denen das dem ersten Vor-

• 1 1

gange entsprechende numerisch den grOsseren
Wert hat. Bancroft erhielt den Wert 1,76 Volt,
und nahm an, dass dieses Potential der Reaktion

Mn 04' + 8H- = Mn" + 4 H2 O+ 5 © (1)
entspreche.

Zweck dieser Untersuchung ist nun, zu
prflfen, ob dies rich tig ist oder ob die Messung
Bancrofts nicht die Reaktion:

Mn 04' -f- 4H'— MnO,-j-2//20-f 3© (2)
betrifft

In Beziehung zu den beiden Gleichungen
steht eine dritte:

^O2 + 4//- = ^"+2^2O+ 20, (3)
die genau durch Tower2) untersucht wurde; er
fand das diesem Vorgang entsprechende Potential
zu 1,63 Volt. Unter Benutzung seiner Resuitate
kbnnen wir die den Reaktionen 1 und 2 ent-

sprechenden Potentiale nach Luthers Formel3)
berechnen, wenn wir den Wert filr eines der-
selben kennen. Deshalb wurde nach Wieder-

holung einiger Messungen von Tower die
Reaktion 2 unter Aenderung der Konzentration

x) Zeitschr. f. physikal. Chemie 34, 488, 36, 385.
2) Zeitschr. f. physikal. Chemie 18, 17.
3) 1- c.
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studiert und wurden gleichzeitig die entsprechen-
den Potentialanderungen geraessen.

Die Formel von Peters lautet:

p p ' \ RT \rj ' Ci"'2 2
3 -F1 CM„0pC^o'

in der R die Gaskonstante, T die absolute
Temperatur und die indizierten C die Konzen-
trationen der im Index stehenden Stoffe sind, und
P2 das Potential, wenn alle C=i sind. C//2o
kann als konstant betrachtet werden, da die
Ldsungen verdflnnt waren; da Mn 02 als fester
Niederschlag auf der Elektrode vorhanden ist,
ist auch Cm„o., elne Konstante. Bei Zimmer-
temperatur lautet obige Formel also:

R2 = P'l + °^58 CMnCp ' &H-,
eine quantitative Beziehung, die sich prufen
lasst. In ahnlicher Weise konnen auch die

ubrigen Reaktionen gepruft werden. Filr die
Reaktion 3 sind die entsprechenden Messungen
schon von Tower gemacht worden; doch um

Interpolation seiner Resultate zu vermeiden,
wurden sie wiederholt, und zwar mit denselben
Konzentrationen, die bei den Messungen filr 1
und 2 benutzt wurden.

worfen, um etwa anhaftendes Manganosalz zu

oxydieren. Die erhaltenen Resultate sind:
Tabelle I.

iMolikf«S04 in 100, xooo, 10000 Liter
ergab fur iMol/T2S04

in 20 Liter 1,551, 1,574, 1,602 Volt,
„ 200 „ 1,437, L467, L49° ,,

Die Resultate sind vollkommen gleichmassig
und gehorchen der Formel:

+ °,°29 log
CP,

Versuchsresultate.

Ftir samtliche Potentialmessungen wurde die
Poggendorfsche Kompensationsmethode be¬
nutzt; ein Akkumulator diente als Arbeitselement
an der Wheatstoneschen Brtlcke, so class an
den Enden des Bruckendrahtes 2 Volt waren.

Ein Lippmannsches Kapillarelektrometer war

Nullinstrument, der Akkumulator wurde gegen
ein Kadmium-Normalelement (1,019 Volt) ge-
aicht. Als Normale diente eine Decinormal-
Kalomelelektrode (0,616 Volt); sie wurde an die
zu mcssende Elektrode mittels eines Hebers, ge-
filllt mit der entsprechenden LOsung und in ge-

sattigte iTC/-Losung tauchend, angeschlossen. Die
E. M. K. konnte auf 0,001 Volt genau gemessen

werden, doch sind die Versucbsfehler etwas
grosser anzunehmen.

Zuerst wurde das Potential einer MnO2-
Elektrode gegen eine mit Mn S04 versetzte
SchwefelsaurelOsung gemessen. Die 7l/«02-Elek-
troden bestanden aus Platinblecb, auf welchem
elektrolytisch MnO2 niedergeschlagen war; sie
wurde gewaschen und als Anode in Schwefel-
sSure der elektrolytischen Formierung unter-

2 CM,r
Das Potential, welches zu dem Vorgang

Mn0±^-Mn02 gehOrt, muss mit Hilfe von
Mn 02 in einer sauren Losung von Permanganat
gemessen werden. Da Permanganat empfind-
lich ist gegen Staub, der aus der Luft hinein-
kommt, so wurden alle Messungen in einem
geschlossenen Gefass ausgefuhrt, welches drei
Elektroden enthielt und mittels eines Hebers
mit der Normalelektrode verbunden war.

Stets wurde das Potential mehrere Mai nach

Verlauf je mehrerer Stunden gemessen, und
zwar dasjenige aller drei Elektroden; aus den
nach Konstantwerden gewonnenen Zahlen wurde
das Mittel genommen. In der erstcn \ ersuchs-
serte wurde di

konstant gehalten (1 Mol in 100 Liter) und
die Konzentration der Schwefelsaure geandert.
Tabelle 2 giebt die Resultate wieder.

Tabclle 2.

100,1 Mol KMnOi in
1 „ SO, „

100,
20,

i,77L

L776,

100 Liter,
100

„

L73L

L73I-

4,

Potential, gemessen 1,803,
„ korrigiert 1,816,
In der nachsten Versuchsreihe (Tabelle 3)

wurde die Schwefelsaurekonzentration konstant

gehalten (x Mol in 20 Liter) und die des Per-
manganats variiert.

1 Mol H2 S04 in 20

Tabelle 3.

20,

5°,

20,

100,

20 Liter
1

„ KMnOi „ 20,
Potential 1,787, 1,781, 1,771, 1,761.

Tragt man die Resultate der Tabelle 3 in
ein Koordinatensystem ein, in welchem man statt
der Konzentrationen den Logarithmus derselben
wahlt, so ergiebt sich, dass die vier Punkte auf
einer vollkommen geraden Linie liegen. Es
berechnet sich aus dieser geraden Linie die
Gleichung:

[Nr. it.

P2=pz" + °,OI9 ]og CM„os,
wahrend Reaktion 2 die Formel:

P2 = P2 -\ ^— log Cmho4' • Oh-
-verlangt.

Die Resultate der Tabelle 3 sind also voll¬
kommen mit der Formel in Uebereinstimmung,
wenn log Oh- als Konstante in den Wert P2
-einbezogen wird.

Was Tabelle 2 anlangt, so ist zu berilck-
sichtigen, dass allemal die Summe des eigent-
lichen Elektrodenpotentials und des Potentials
an der Beruhrung der Saure mit der konzen-
trierten K CI - Losung gemessen wird; das
Potential an der Beriihrungsstelle von gesattigter
KCl- und Decinormal-Elektrode kann vernach-

lassigt werden. Nun andert sich das Potential
„Saure | ges. KCl"" mit der Saurekonzentration.
Nach der Formel von Planck1) finden sich die
Werte:

1 Mol H2 SOi in 4, 20, 100 Liter,
ergiebt das Potential
zwischeni^SC^undWQ 0,013, °,005, ojo.

Diese Werte miissen also den gemessenen

Wertcn^ zuaddicrt wcrden. Die
so gewoinencu, „korrigierten" Werte der
Tabelle 2 zeigen eine mittlere Abnahme des
Potentials um 0,06 Volt, wenn die Verdunnung
um das Zehnfache wdchst. Bei zehnfacher Vei--

dunnung nimmt aber die W-Ionenkonzentration
weniger ab, als 1:10 wegen des grosseren

Dissociationsgrades bei grdsserer Verdunnung.
Man erhalt so annahernd:

P2 = P2 + 0,065 log CH-,
was annahernd mit dem theoretischen Wert 0,077
stimmt. Es ergiebt sich, dass das hier gemessene
Potential der Reaktion 2 entspricht.

Wir konnen nunmehr Luthers Formel an-

wenden fur die Berechnung des Potentials der
Reaktion:

MnO± Mn ".
Nennen wir dieses Potential P{, so er¬

giebt sich:
Px-5F=P2-zF+ P,-zF,

Px 3P2+ 2P3

Fur eine Losung:
1 Mol in 20 Liter und 1 Mol MnSOi

in 10000 Liter ist Pa = 1,602,
far 1 Mol //2S04 in 20 Liter und 1 Mol KMnOi

in 100 Liter ist P2 = 1,771,
also fur '/20 Mol H2SOit 1IX0000 Mol MnSOit
]/100Mol KMnOi in 1 Liter ergiebt sich:

3-i,77i+2-1,602
=

1
5 '7 3'

I,7°3 Volt mQsste also eine Platinelektrode
in dieser gemischten Ldsung aufweisen.

Stellt man solch eine Ldsung her, so bildet
sich ein brauner Niederschlag, der aus einem
hydratisierten Peroxyd besteht und gleichzeitig
hydratisiertes (?) Manganooxyd enthalt. Dadurch
andert sich aber wieder die Konzentration, und
man kann nicht erwarten, den berechneten
Potentialwert zu erhalten. Ich fand, dass das
Potential zuerst 1,7x6 war und innerhalb mehrerer
Tage auf 1,740 stieg. Eine zweite Ldsung mit
nur V10 der oben genannten Manganosulfat-
menge, die der Berechnung nach ein Potential von
1,714 haben sollte, gab ebenfalls einen schwachen
Niederschlag von Mh02, und das Potential stieg
von 1,700 auf 1,717 in vier Stunden und dann
^mite^^^^^^2t^n^nrciTagetr Demnacn^cLT
die Entstehung des Niederschlages die quanti-
tativeti Beziehungen, da ein Mehr an Mangano¬
salz statt einer Abnahme des Potentials eine
Zunahme desselben hervorruft. Die hier statt-

findende Reaktion formuliert Ostwald1):
2 Mn 0\ -f 3Mn" -f 2 H2 O =. 5 Mn 02 -f 4W,
wobei das Mn02 vermutlich durch Hydrolyse
eines Manganisalzes entsteht. Diese Reaktion
findet so lange statt, bis Gleichgewicht erreicht
ist. Sie kann zerlegt werden in:

2 (Mn 04' -(- 4H' = Mn 02 -J- 2 H2 O -(- 3 0)
3 (Mn02 -f- 4H'= Mn" 2.H20 -j- 2 0.)
Die Reaktion verlauft also so lange, bis die

beiden Potentiale, die diesen Reaktionen ent-
sprechen, gleich geworden sind, sowohl unter-
einander, wie auch dem Potential der Reaktion:

Mn 04' -v Mn".
Deshalb musste in der resultierenden Losung

eine Platinelektrode dasselbe Potential haben,
wie eine Mn02-Elektrode. Dies ist aber nach
angestellten Versuchen nicht der Fall, wofur der
Grund leicht zu finden ist. Da die Konzen-

1) Wied. Annal. d. Physik 40, 561. 1) Grundlinien der anorgan. Chemie, 606.
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tration der Mn" - Ionen sehr klein ist, ist die
Platinelektrode ausserst polarisierbar und giebt
deshalb ein zu kleines Potential.

Aus den ftir die Reaktionen 2 und 3 ge-
messenen Potentialen kann man die endgilltige
Konzentration des Mn" berechnen. Wenn man

zu einer Losung, die i/ao molar in Bezug auf
H%SOi und i/jQQ molar in Bezug auf KMnOi
ist, nur eine kleine Menge MnSO4 hinzufugt,
so wird die Konzentration von HiSOi und von

KMnO4 praktisch dieselbe bleiben. Nun hat
eine jf/«02-Elektrode in solcher LSsung das
Potential U77U wenn sie die Reaktion Mn O.
-> MnO^ anzeigt. Dasselbe Potential muss sie
haben, wenn sie die Reaktion:

Mn 02 ->■ Mn"
misst. Nun ist in einer */20 molaren H.iSOi
das Potential 1,602, wenn die Mn" - Ionen die
Konzentration xo—+ molar haben. Deshalb er-

giebt sich die Konzentration ftir das Potential
1,771 aus der Gleichung:

10 4
1,771 — 1,602 = 0,029 1°^' »

X

log X=—10,
X = IO—I°.

Wir konnen nunmehr begreifen, warum das
Potential einer Platinelektrode in einer sauren

L8sung von Kaliumpermanganat, die Mangano-
salze enthalt, nicht gemessen werden kann.
Denn sie ist hOchst polarisierbar, und es findet
eine Reaktion statt, die praktisch alle Mangano-
ionen aus der Ldsung entfernt. Da nun die Kon¬
zentration des Manganosalzes in der Gr6ssenord-
nung io~I0sich bewegt, so genugt eine sehr kleine

Menge oxydabler Substanz, das Gleichgewicht
enorm zu verschieben. Und da ferner die Kon¬
zentration der Manganionen so klein ist, wird
die Elektrode sehr polarisierbar, und das Gleich¬
gewicht wird wahrend der Messung fortwahrend
verschoben, und da schliesslich das Gleich¬
gewicht verschieden liegt, je nach den ver-
schiedenen Anfangskonzentrationen, kann man
nicht erwarten, Werte zu bekommen, die mit
der Formel ubereinstimmen.

Es erfolgt das Resultat, dass quantitative
Zahlen fur das Oxydationspotential MnO^-^Mn"
nur durch Berechnung nach der Lutherschcn
Formel erhalten werden konnen.

Die obige Berechnung der Konzentration
des im Gleichgewicht befindlichen Mn"-Ions ist
von Interesse fur die Erscheinungen, die bei
einer Titration mittels Permanganat auftreten
kOnnen. Man bemerkt namlich haufig, dass der
erstq Tropfen des zugesetzten Permanganats
eine dauernde Farbe hervorruft; wird aber etwas
Manganosalz vorher zugesetzt, so verschwindet
die Farbe sehr rasch, und die Titration lasst
sich glatt ausfilhren. Dies bedeutet, dass die

leicht auch gar nicht) oxydieren konne
wenn ein Manganisalz oder ein Salz des vier-
wertigen Mangans in der LOsung ist, kann die
Reaktion vor sich gehen.

Die angeftihrten Versuche wurden im Che-
mischen Laboratorium der Universitat Edin¬

burgh ausgefflhrt, und ich mOchte an dieser
Stelle dem Direktor desselben, Herrn Professor
Dr. Crum-Brown, fUr sein freundliches Inter¬
esse meinen besten Dank aussprechen.

Druck von Wilhelm Knapp in H&ile a. S.
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Uber Ozon als Oxydationsmittel.
Yon

It. Luther und J. K. H. Inglis.

(Mit 7 Figuren im Text.)

Vorliegende Untersuchung nahm ihren Ausgang Ton der gelegent-
lichen Beobachtung, dass die Fliissigkeit in derNahe der Anode einer elek-
trolytischen Zelle nach der Elektrolyse die Anwesenheit eines starken Oxy-
dationsmittels erkennen lasst: eine nachtraglich eingetauchtePlatinelektrode
ergab, mit der Kalomelnormalelektrode kombinierf, ein Element von der
E. K. Ton rund 1-1 Yolt. Geloster Sauerstoff oder Wasserstoffperoxyd
konnte wegen des hohen Oxydationspotentiales nicht in Betracht kom-
men. Da ferner angenahert die gleiche E. K. nicht bloss bei der Elek¬
trolyse von Schwefelsaure, s.ondern auch bei Salpetersaure und Phos-
phorsaure gefunden wurde, so konnte Perschwefelsaure, resp. Carosche
Saure, das gesuchte Oxydationsmittel nicht sein, wie anfangs Termutet
wurde. In Alkalien blieb die Erscheinung aus. Dies alles liess Ter-
muten, dass gelostes Ozon das betreffende Oxydationsmittel sein konnte.

Eine genauere Untersuchung ergab in der Tat, dass es sich um ge¬
lostes Ozon handelte. Uber das elektromotorische Yerhalten Ton Ozon

lag nur die kurze Bemerkung Schonbeins1) Tor, dass eine in ozoni-
siertem Sauerstoff gehaltene trockene Platin- oder Goldplatte, die kurze
Zeit in ozonisierten Sauerstoff getaucht war, sich stark ,,elektrone-
gatiT"2) gegen eine gewohnliche Platinplatte erweist.

J) Verh. d. Bas. Ges. 4, 67 (1842).
2) Also den positiven Pol des Elementes Pt-Ozon|FlussigkeitjPt-Lutt bildet.
Ware es nicht zweckmiissig, mit der alten Volta-Berzeliusschen Bezeich-

nungsweise zu brechen und z. B. Natrium als ein stark elektronegatives Metall
(statt stark elektropositives Metall) zu bezeichnen? Natrium bildet stets den nega-
tiven Pol eines galvaniscken Elementes; es hat eine grosse Tendenz, positive La-
dungen aufzunehmen und in Natriumion iiberzugehen; die positive Ladung kann
umgekehrt dem Natriumion nur sehr schwer entzogen werden —, dies alles sind
Eigenschaften, welche einem stark negativen Stoff zukommen, wahrend man mit der
Vorstellung eines elektropositiven Stoffes eher die Fahigkeit verkniipft, leicht posi¬
tive Ladungen abzugeben, resp. negative aufzunehmen.
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tjber das elektromotoriscbe Verhalteu von gelostem Ozon lagen
(bei Beginn der Arbeit) iiberhaupt keine Angaben vor1). Es wurde

Es ist dies natiirlieh eine reine Frage der Zweckmassigkeit. Es ist indes
(nicht bloss fur den Anfanger) mnemotechnisch schwierig, die Tatsache zu merken,
dass nach der heutigen Bezeichnungsweise in einem galvanischen Element das ,,elek-
tronegative" Metall den positiven, das „elektropositivere" Metall den negativen Pol
bildet. >

Die Yoltasehe Nomenklatur stammt von seinem „Fundamentalversuch" her,
bei welchem naeh unserer jetzigen Auffassung die Ladungen verglichen werden,

welche die an die Elektroden angrenzenden
Elektrolyt-(Luft-)schichten eines kurzgeschlos-
senen Elementes von enormem Widerstand an-

nehmen, wie iu Fig. 1 angedeutet ist.
Unsern jetzigen Betrachtungen legen wir

aber nieht das kurzgeschlossene, sondern das
offene Element (von nicht allzu grossem Wider-

stande) als normalem Bezugszustande zu Grunde (Fig. 2).
Die in obigen gemachten Bemerkungen sind keineswegs neu, sondern bereits

1801 von L. A. v. Arnim iti etwas anderer Gestalt gemacht worden (vergl. Ost-
wald, Elektrochemie S. 168).

1) Die Arbeit wurde im Herbst 1901 begonnen und war zu einem vorlauflgen
Abscliluss bereits im April 1902 gediehen. Die Resultate sollten auf der Haupt-
versammlung der Deutsehen Elektrochemischen Gesellschaft in "Wiirzburg mitgeteilt
werden, was indes wegen Zeitmangels unterbleiben rnusste. Die Resultate sind da-
her nur kurz in der Zeitschrift fiir Elektrochemie 1902, 645 mitgeteilt. Die Ver-
zogerung der vorliegenden Veroffentlicliung wurde verursacht einesteils durch (vor-
lhufig resultatlos gebliebene) Versuche, die etwaige Uberfuhrungsriehtung von ge¬
lostem Ozon festzustellen, anderseits durch genauere Feststellung der Titrations-
bedingungen von gelostem Ozon, sowie durch hierdurch bedingte Nachpriifung friiher
gewonnener Resultate.

Inzwischen erschienen zwei Arbeiten (Grafenberg, Zeitschr. f. Elektrochemie
8, 297 (1902); Brand, Drudes Ann. 9, 468 (1902), welche sich mit demselben Pro¬
blem befassen, wie die unsrige, die indes, wie es scheint, die von uns gewonnenen
Resultate nur wenig beriihren.

Unser Hauptaugenmerlc war auf die Bestimmung der Konzentrationsfunktion
der E. K. gerichtet, was bei Grafenberg, wenigstens in seiner vorl&ufigen Notiz,
nicht der Fall ist. Die experimentellen Ergebnisse stimmen im iibrigen mit den
unsrigen iiberein. Den theoretischen Auseinandersetzungen konnen wir indes nicht
zustimmen. Die Arbeit Brands, die sich allerdings mit der Abhangigkeit der E. K.
von der Ozonkonzentration befasst, scheint im allgemeinen von wesentlich andern
Gesichtspunkten aus gemacht zu sein. Die Resultate sind mit den unsrigen nicht
direkt vergleichbar, weil die meisten Messungen Brands mit platinierten Elektro¬
den ausgefiihrt wurden und diese, wie wir (iibereinstimmend mit Graf enberg) ge-
funden haben, Ozon sehr energisch zerstoren, und daher zu niedrige Oxydations-
potentiale ergeben, wie das auch Brand findet. Aus demselben Grunde ist viel-
leicht auch der Wert des Temperaturkoeffizienten nicht ganz sicher. Brand titrierte

Zjl Cw -

Zn CIC

Fig. 1. Fig. 2.
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daher dieses Problem in Angriff genommen, und zwar war das Haupt-
augenrnerk auf die Peststellung der Abhangigkeit der E. K. von der
Ozon- nnd "Wasserstoffionkonzentration gerichtet. Ehe diese Aufgabe
mit einiger Sicherheit gelost werden konnte, mussten eine ganze Reihe
von Vorfragen beantwortet werden, die sich z. T. erst im Verlauf der
Arbeit ergaben.

Der Zusammenhang der einzelnen Kapitel der vorliegenden Arbeit
erscheint aus diesern Grande vielleicht etwas locker, nnd es ist daher
zweckmassig, an dieser Stelle in knrzen Zugen den Gedankengang des
Inkalts zu geben.

Im Abschnitt I (Vorversuche) werden einige qualitative Fragen
liber das Verhalten verschiedener Elektroden in Ozonlosungen behandelt.
Bei diesen Vorversuchen wurde eine Erscheinung festgestellt, welche
in Abschnitt la (Einfluss der Gasbeladung auf die E. K.) naher un-
tersucht wird, wobei auch das Mittel angegeben wird, um den Ein¬
fluss der „Vorgeschichte" der Elektrode auf die E. K. zu eliminieren.
Im Abschnitt lb werden noch andere Yorsichtsmassregeln, die zur Er-
langung definierter E. K. notwendig sind, angegeben. Im Abschnitt
II werden zunachst die a priori wahrscheinlichen Formeln flir die
Konzentrationsfunktion der E. K. besprochen, worauf in IIa die (vor-
laufigen) Yersuche in dieser Richtung mitgeteilt werden. Da die Yer-
suche noch starke Schwankungen zeigen, und die Ursache der Schwan-
kungen in der ungenauen Gehaltsbestimmung der Ozonlosungen liegt,
so werden im Abschnitt lib die genauen Titrationsbedingungen saurer
Ozonlosungen besprochen, wobei ein relativ grosser Raum durch die
Mitteilung alterer (aber wenig bekannter) Brodieseher Versuche ein-
genommen wird. Im'Abschnitt lie sind endlich die genauen Yersuche
iiber die Konzentrationsfunktion der E. K. gegeben. Im Abschnitt III
werden die Resultate der Messungen und Titrationen naher diskutiert.

I. Vorversuche.

Die Vorversuche sollten einige qualitative Fragen beantworten und
gleichzeitig Fingerzeige fur die zweckmassigste Wahl des Elektroden-
materials und der iibrigen Yersuchsbedingungen geben.

Die erste Frage war die, zu entscheiden, ob die beobachtete E. K.
ferner das austretende gasformige Ozon, was sicher theoretisoh richtiger, aber experi-
mentell nicht unbedenklick ist, weil naeh unsern Erfahrungen das Gleichgewicht
zwiseben Gas- und Fliissigkeitsphase sich nur ausserordentlich langsam herstellt.

"VYeder Grafenberg, noch Brand beachteten den Einfluss der Vorbehandlung
der El'ektroden.
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wirklich dem Ozon eigentumlich ist. Wenn dies der Fall war, so musste
die E. K. an jeder nnangreifbaren und indifferenten Elektrode den glei-
chen Betrag zeigen und aueh bis zu einem gewissen Betrage unabhangig
vom Elektrolyten sein.

Beide Forderungen waren experimentell erfullt, wenn auch grosse
unregelmassige Schwankungen unverkennbar waren. Die Unabhangig-
keit von Elektrolyten wurde dadurch gepriift, dass elektrolytisch
hergestelltes Ozon langere Zeit durch verschiedene Sauren (1|1 normal
bis 1|10-normal Schwefel- Salpeter- und Phosphorsaure geleitet wurde,
dass in diese Losungen glatte (mit Chromsaure behandelte und ausge-
gltihte) Platinelektroden eingesetzt wurden, und dass die E. K. dieser
Ozonelektrode gegen eine Kalomelnormalelektrode gemessen wurde. Die
Messung wurde nach dem Kompensationsverfahren ausgefiihrt mit einem
Kapillarelektrometer als Nullinstrument. Um eine etwaige Chlorentwick-
lung zu vermeiden, wurde ein Zwischengefass mit 1|1-norm. Chlorkalium-
losung benutzt, in welcher einerseits die Miindung der Normalelektrode,
anderseits ein durch entfetteten Glashahn verschlossener, mit der be-
ti'effenden Saure gefullter Bleber tauchte, welcher die Verbindung mit
der Ozonlosung herstellte.

Das ganze Zahlenmaterial hier anzufiihren, hat keinen Zweck, da
unter gleichen Bedingungen angestellte Versuche gewisse Abweichungen
zeigten und spater die Quelle dieser Schwankungen entdeckt wurde. Es sei
hier nur so viel gesagt, dass im allgemeinen alle Elektrolyten bis auf
etwa + 0-05 Volt iibereinstimmend E. K. ergaben. Eine Abhangig-
keit der E. K. von der Ozonkonzentration liess sich zunachst nicht
konstatieren. Uber die Titrationsmethode des gelosten Ozons siehe
weiter unten.

Auch das Zahlenmaterial, welches die Unabhangigkeit der E.K.
vomElektrodenmaterial in groben Ztigen bewies, soli nicht ausfuhrlich
mitgeteilt werden. Es geniigt, das Verhalten der verschiedenen Elek-
troden kurz zu charakterisieren.

Es wurden glatte und platinierte Platin-, Gold-, Bleioxyd- und
Manganperoxydelektroden verglichen. Die letztern drei bestanden aus

glatten Platinelektroden, die elektrolytisch mit den betreffenden Stoffen
bedeckt waren. Die Versuche wurden meist derart ausgefiihrt, dass
mehrere verschiedene Elektroden in die gleiche Losung tauchten, durch

. die ein elektrolytisch hergestelltes Gemenge von Ozon und Sauerstoff
durchgeleitet wurde.

Da a priori anzunehmen ist, dass alle freiwilligen Vorgange wie
Zerfall des Ozons, Reduktion durch Staub, das Oxydationspotential
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des Ozons zu klein erscheinen lassen werden, so wurde das Haupt-
augenmerk auf die Versuchsbedingungen gerichtet, bei welchen ceteris
paribus das Oxydationspotential einen moglichst bohen Wert katte.

Siimtliche Elektroden ergaben angenahert (+0-05 Volt) die gleiche
E. K Dass auch die Blei- und Mangauperoxydelektroden das elektro-
motorischeVerhalten des Ozons anzeigten, ergab sich (abgesehen yonder
Hohe des Oxydationspotentials) aus der Tatsache, dass die urspriingliche
E. K. beim Durchleiten von Ozon stieg.

Die hochsten und iibereinstimmendsten Oxydationspotentiale zeig-
ten glatte Platinelektroden. Goldelektroden gaben recht konstante Zahlen,
die indes stets geringern Oxydationspotentialen entsprachen, als die an glat-
ten Platinelektroden gefundenen. Mit der Zeit wurden die E. Iv. sehr
schwankend, was stets mit einer sichtbaren Auflosung der GoldschichtHand
in Hand ging1). Mangansuperoxyd wurde von Ozon angegriffen, die Lo-
sung farbte sich rosa und zeigte die Absorptionsstreifen der Permanganate.
Die beobachteten E. K. waren unter scheinbar gleicben Bedingungen
sebr schwankend. Ebenso scbwankend waren die mit Bleiperoxyd
erhaltenen Zahlen, obgleicb eine chemiscke Veranderung des Bleiper-
.oxyds nicht nachzuweisen war. Dagegen scbeint Bleiperoxyd auch ge-
lostes Ozon katalytisch zu zersetzen, wenigstens zeigten Bleiperoxyd-
elektroden die Erscheinung, dass beim ruhigen Stehen das Oxydations¬
potential abnahm, urn beim Schiitteln oder Hmriihren der Losung vor-

iibergehend zu steigen. Nock starker war diese Erscheinung bei plati-
nierten Platinelektroden, die irn iibrigen recht konstante, aber im Ver-
gleich zu glatten Platinelektroden stets niedrigere Oxydationspotentiale
zeigten8). Dies deutet unzweifelhaft auf eine Erschopfung der Losung
an Ozon in der Elektrodenoberflache, d. h. auf eine Zersetzung des Ozons.

Es war anzunehmen, dass dieser Zerfall auch an glatten Platinelek¬
troden eintritt, obgleich beim Schiitteln (besonders nach langerm Ver-
weilen der Elektroden in der Ozonlosung) nur eine kaum merkliche
Anderung der E. K. eintrat. Um nun den Zerfall nach Moglickkeit zu
verlangsamen, versuchten wir, die glatten Platinelektroden vorher mit
dem Zerfallprodukt des Ozon: Sauerstoff zu sattigen, in der Erwartung,
hierdurch hohere Oxydationspotentiale zu erhalten. Die Versuche zeig¬
ten, dass derartig mit Sauerstoff beladene Elektroden sich gerade ent-

]) Vergl. Schiel, Lieb. Ann. 159,489 (1871). Bereits Grothus hatte (1802) be-
obachtet, dass der Anodenanteil elektrolysierter konzentrierter Schwefels&ure Gold
zu losen vermag. Ob dies etwaiger Uberschwefelsaure, resp. Caroscher Saure oder
gelostem Ozon zuzusehreiben ist, ist unsioher.

2) Vergl. Grafenberg, loc. cit.; Brand, loc. cit.
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gegengesetzt den Erwartungen verhielten: sie zeigten regelmassig nie-
drigere Oxydationspotentiale im Yergleich zu nicht vorbehandelten
Elektroden.

Umgekehrt zeigten Elektxoden, die vorher elektrolytiscli mitWasser-
stoff beladen waxen, regelmassig ein hoheres Oxydationspotential.

Da diese Erseheinnng nicht nur filr die Messimg der E.K von
Wichtigkeit ist, sondern auch Einblicke in den elektromotorisch wirk-
samen Yorgang versprach, so wurden eine Reihe von Yersnchen in
dieser Richtung angestellt.

la. Einfluss der Gasbeladung der Elektroden auf die E. K.
1. In eine Ozonlosung in yerdiinnter Schwefelsaure wurden gleich-

zeitig yier Elektroden getaucht:
1. glattes Platin mit Wasserstoff beladen;
2. dasselbe mit 02 beladen;
3. Bleisuperoxyd mit 02 beladen,
4. Gold mit 02 beladen.

Hier, wie in alien Eallen, wo nicht ausdriicklich das Gegenteil an-
gegeben ist, wurde die Gasbeladung elektrolytisch in verdiinnter Schwe¬
felsaure ausgefiihrt. Yor dem Eintauchen in die Ozonlosung wurden
die Elektroden gut mit destilliertem Wasser abgewaschen. Die Gold-,
xesp. Bleiperoxydelektroden waren mit zum Yergleich herangezogen, um
zu priifen, ob bei konstanter Gasbeladung die E.K. nicht unabhangig
vom Elektrodenmaterial wird, ferner ob sich nicht eine Beziehung zur
Uberspanmmg ergibt.

Die mit Wasserstoff beladene Elektrode hatte kurz nach dem Ein¬
tauchen das kleinste Oxydationspotential. Die E. K. vergrosserte sich
indes rasch, und nach kurzer Zeit ergaben sich folgende E. K.:

Tabelle 1 und 2.

TTOzon—Ttify, i^-norm. kcl iu Volt.
Ft, Pt, Pb 02, 0, Aw, 0.2
1-335 1-307 1-309 1-285

Es wurden ferner je eine Gold- und eine Platinelektrode mit Wasser¬
stoff, resp. Sauerstoff beladen.

Pt, H„ Pt, 02 Aw, H2 Aw, 0.2
1-326 1-301 1-326 1-305

2. Um zu sehen, ob Wasserstoff- oder Sauerstoffbeladung konstan-
tere Resultate ergibt, wurden einerseits drei mit Wasserstoff beladene
Elektroden, anderseits drei mit Sauerstoff beladene miteinander ver-
glichen. Wir waren bestrebt, die elektrolytische Gasbeladung der drei
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miteinander zu vergleichenden Elettroden unter moglichst denselben
Bedingungen auszufiihren.

Tabelle 3 und 4.

Pi, IF Ft,m Pi, H, PbO.,, Os
1-333 1-334 1-331 1-309

Ft, 02 Pt, 0.2 Ft, 0, Au, H.2
1-300 1-294 1-303" 1-331

Aus diesen Yersuchen geht hervor, dass wasserstoffbeladene Elek-
troden (sowolil Gold wie Platin) untereinander bessere tibereinstimmung
ergeben als sauerstoffbeladene. Bleisuperoxydelektroden scheinen einen
konstanten Unterschied gegen wasserstoffbeladene Platinelektroden zu

geben. Yergl. Tabelle 1 und Tabelle 3.
3. Wurden platinierte Elektroden mit Wasserstoff beladen, so zeig-

net sie — wohl wegen der sehr grossen Wasserstoffkapazitat — in
Ozonlosungen sehr lange Zeit eine E. K., welche derjenigen desWasser-
stoffs sehr nahe lag.

4. Sehr eigentiimlich erschien uns daher, dass glatte wasserstoff¬
beladene Elektroden stundenlang ihr holies Oxydationspotential beibe-
halten. Wir versuchten daher, ob es moglich ware, die Wasserstoff-,
resp. Sauerstoffbeladung in der Ozonlosung selbst auszufiihren. DerVer-
such war eifolgreich.

Drei glatte, ausgegliihte Platinelektroden wurden in schwefelsaure
Ozonlosung getaucht und kurzgeschlossen einige Zeit lang sich selbst
iiberlassen, bis sie angenahert das gleiche Oxydationspotential angenom-
men hatten. Hierauf wurden. zwei der Elektroden einige Sekunden lang
mit den Polen eines Akkumulators yerbunden. Die dritte Elektrode be-
fand sich fast vollkommen ausserhalb der Stromlinien.

Die „dritte" Elektrode zeigte nach der Stromunterbrechung die ur-
spriingliche E. K. Die sauerstoffbeladene Elektrode zeigte ein niedri-
geres Oxydationspotential, wahrend die Wasserstoffelektrode ini ersten
Moment das niedrigste Oxydationspotential zeigte, das aber rasch stieg
und schliesslich (in zwei Fallen) den hochsten Betrag erreichte.

Tabelle 5.
Dritte Elektrode Ft,

Yersuck 1. 1-272 1-259 1-269
Versucli 2. 1-312 1-257 1-317
Yersuch 3. 1-299 1-295 1-306

Aus diesen und den friihern Yersuchen ergibt sich deutlich, dass
die Yorbeliandlung der Elektrode einen bedeutenden Einfluss auf die
E. If. hat, dass aber auch der Grad der Gasbeladung eine wesentliche

Zeitschrift f. physik. Ckemie. XLIU. 14



210 B. Luther und J. K. H. Inglii

Eolle spielt, denn einerseits sincl die UnterscMede der E. K. zwischen
sauerstoff- und wasserstoffbeladenen Elektroden nicht kolist.ant, ander-
seits zeigen auch verschiedene Sauerstoffelektroden recht bedeutende
UnterscMede. Wasserstoffbeladene Elektroden zeigen allerdings im all-
gemeinen passable Ubereinstimmung und Konstanz, indes trauten wir
ihnen nicht ganz, weil es uns unwahrscheinlich erscliien, dass Platin-
wasserstoff mit Ozon nur langsam reagieren sollte. Auch ware eine ge-
naue Dosierung der Gasbeladung experimentell schwierig.

5. Wir glaubten daher sicher zu gehen, wenn wir auf chemi-
schem Wege eine bestimmte, und zwar moglichst kleine Gasbeladung
herstellten. Da ein Gemenge von Eerro- und Ferrisalz in saurer Losung
relativ rasch mit Platinsauerstoff, resp. Platinwasserstolf reagiert1), so ver-
suchten wir, die „Vorgeschichte" der Platinelektrode dadurch zu elimi-
nieren, dass wir die Elektroden vor dem Gebrauch stets in einer ange-
sauerten Ferro-Ferrilosung badeten. Dies Yerfahren erwies sich ■ bei
glatten Platinelektroden als brauchbar: drei Platin- unci eine Goldelek-
trode, die teils mit 03, teils mit H2 beladen waren, wurden in eine
Ozonlosung getaucht und ergaben gegen die Kalomelelektrode die E. K.:

l.Pt,Si 2. Pi, K2 3. Pt, 0-2 4. Au,B.2
1-310 1-313 1-253 1-313

Hierauf wurden die Elektroden ca. 15 Minuten in einer angesauer-
ten Ferro - Ferrisalzlosung gebadet, darauf grundlich mit destilliertem
Wasser abgespiilt, in die Ozonlosung getaucht und wieder gemessen.

1- 2. 3. 4.
1-308 1-311 1-308 1-296

Die Goldelekt.rode zeigt also wieder ein zu geringes Oxydations-
potential. Es werden daher weiterhin keine Goldelektroden verwendet.
Die drei Platinelektroden haben dagegen fast identische Oxydationspo-
tentiale angenommen, and bei Elektrode Nr. 3 ist derEinfluss der Sauer-
stoffbeladung durch das Eisenbad verschwunden. Es wurden daher
fortab alle zu vergleichenden Elektroden stets vor dem Yersuch langere
Zeit in der Eisenlosung gebadet.

6. Auffallig erschien uns, dass die E. K. nach dem Eisenbade fast
identisch ist mit der E. E. nach Wasserstoffbeladimg. Die Eisenlosung
enthielt im Liter 1j10 Mol. Ferrosulfat, 1|10 Mol. Ferrialaun unci 1|2o Mol.
Schwefelsaure.

Berechnet man aus den Zahlen von Peters, resp. Fredenhagen

') Peters, Diese Zeitschr. 26, 193 (1898). - Fredenhagen, Zeitsehr. fiir
anorg. Chemie 29, 396 (1902).
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einerseits, den Zahlen von Smale1) anderseits, die Art und den Betrag
der Gasbeladung, welche einer derartigen Losung entspricht, so findet
man, dass der Partialdruck des Sauerstoffs ca. 10~25 Atm., der des Wasser-
stoffs 10~27 sein musste. Die minimale iibrig bleibeude Gasbeladung be-
stelrt also vorwiegend aus Sauerstoff.

Wir hatten demgemass erwartet, dass die Behandlung mit der
Eisenlosung zu Ozonpotentialen fiihren wiirde, die in dor Mitte zwischen
denen der Sauerstoffbeladenen und der Wasserstoffbeladenen liegen
wiirde, und zwar naher zu erstern, wahrend der Yersuch das Umge-
kehrte ergab.

In Ubereinstimmung damit stellte es sich heraus, dass die Zusam-
mensetzung und Konzentration der Eisenlosung, sowie die Konzentra-
tion des H-Ions in derselben keinen merklichen Einfluss auf die spa-
tere E. K in einer Ozonlosung ausiibt.

7. Es lag daher der Yerdacht nahe, dass die Whining der „Sauer-
stoff'beladung nicht dem in Platin gelosten Sauerstoff, sondern irgend
eineni andern Stoff zuzuschreiben sei, der bei der Elektrolyse an der
Anode entstehen konnte. Als solcher karne zuniichst tlydroperoxyd in
Betracht2), da es bekannt ist, dass bei zahlreichen Yorgangen, in denen
Ozon bei Gegenwart von Wasser, resp. wasserstoffhaltigen Stoffen, re-
duziert wird, sich die Entstehung von Hydroperoxyd nachweisen lasst.
Hydroperoxyd kann also ein Iieduktionspsodukt des Ozons sein, und
konnte als solches eine Yerminderung des Oxydationspotentials von
Ozon bewirken.

Weniger wahrscheinlich war es, dass das etvvaige auf Platin ad-
sorbierte Hydroperoxyd einfach durch eine chemische Reaktion mit
Ozon eine Konzentrationsabnalime des Ozons an der Elektrode bewirken
und hierdurcli eine Abnahme des Oxydationspotentials verursachen
konnte. Dazu war die Erniedrigung des Oxydationspotentials durch
elektrolytische Sauerstoffbeladung zu nachhaltig, ausserdem auch zu un-

empfindlich gegen Riihren der Losung.
Es wurden daher ehiige Yersuche iiber den Einfluss von Hydro-

peroxyd auf das Oxydationspotential von Platinozonelektroden gemacht.
7 a. Zu der Ozonlosung wurde etwas Hydroperoxydlosung zuge-

fiigt. Die E. K. der Platinelektrode verschob sich um mehrere Centi-
volt. nach der Zinkseite3).

1) Diese Zeitschr. 14, 577 (1894).
a) Eine Beladung durch den hypothetischen Stoff OH ist wegen der langan-

dauernden Wirkung der „Sauerstoffbeladung" wenig wahrsckeinlich.
3) Vergl. Grafenberg, loc. cit.

14*
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Bei den folgenden Yersuchen wurden stets drei mit Eisenlosung
entgaste Elektroden gleichzeitig in der Ozonlosung gehalten. Eine blieb
wahrend des ganzen Yersuchs unverandert darin nnd diente zur Eon-
trolle. An den beiden andern wurde der Einfluss verschiedener Be-

handlung auf die E.E. untersucht. Jeder Yersuch wurde erst begonnen,
wenn alle drei Elektroden bis auf 2—3 Millivolt, iibereinstimmende
Werte der E. K., die sich innerhalb 10 Minuten niclit merklicli anderte,
angenommen hatten. Nach jeder Behandlung wurden die Yersuchselek-
troden (eine Yiertelstunde und langer) in Eisenlosung getaucht, griind-
lich abgewaschen und wieder in die Ozonlosung gebracht, wo sie stets
nack 15 bis 20' ikre friihere E. E. annahmen. Mit Ausnahme einiger
besonders erwahnter Yersuche wurde stets eine Losung von Ozon in
verdunnter (1j1- bis 1j10-norm.) Schwefelsaure verwendet. Jedesmal be-
vor eine Elektrode in eine neue Losung gebracht wurde, wurde sie ca.
■10 Sekunden tuchtig mit fliessendeni, destilliertem Wasser abgespiilt.-

Durch einen besondern Yersuch hatteu wir uns iiberzeugt, dass
eiu derartiges Abspiilen fur sich keine dauernde Anderung der E. E.
verursacht. Die abgesptilte Elektrode nalim nach 10—20 Minuten ihre
frtikere E.E. an.

7 b. Das Oxydationspotential von Elektroden, die einige Zeit inver-
diinnte (ca. 1|10-norm.) angesauerte Hydroperoxydlosung getaucht hatten,
war regelmassig dauernd gesunken, und zwar war die Abnahme um so

grosser, je langer die Elektrode .in die Hydroperoxydlosung getaucht
hatte. Bei einstiindiger Einwirkung betrug z. B. die Abnahme 20
Millivolt.

7 c. Die Abnahme des Oxydationspotentials war unabhangig davon,
ob die Elektrode nach dem Baden in der Hydroperoxydlosung einer
liingem Einwirkung einer angesauerten Permauganatlosung unterworfen
wurden oder nicht. Eine angesauerte Permanganatldsung fur sich gibt
(siehe unten) eine bedeutend geringere Erniedrigung des Oxydations¬
potentials und hatte eine etwaige Hydroperoxydbeladung zerstoren
sollen.

7d. Auch die Wirkung einer elektrolytischen „Sauerstoff"beladung
wurde durch ein nachfolgendes Bad von angesauertem Pennangauat nicht
geandert. Die Abnahmo des Oxydationspotentials betrug vor imd nach
dem Permanganatbad 36 Millivolt.

7e. Es wurden zwei Elektroden gleich lange Zeit (40 Sekunden)
mit derselben Stromdichte (0-2 Amp.-cm-2) airodisch in verdunnter
Schwefelsaure mit, resp. ohne Zusatz von Permanganat behandelt. Die
Erniedrigung der E. E. (33 Millivolt.) war in beiden Fallen die gleiche.
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Auch hier ware anzunehmen, dass in der permanganathaltigen Schwe-
felsaure sich keine oder eine nur viel geringere Hydroperoxydbeladung
ausbilden kann als in der permanganatfreien.

8. Ebenfalls fur das Nichtvorhandensein einer Hydroperoxydbe¬
ladung spiicht der Umstand, dass die „Sauerstoffbeladung" auf rein che-
mischem "Wege in Losungen erzielt werden kann, in denen Hydroper-
oxyd in endlicher Menge nicht vorhanden sein kann. Ein viertelsttin-
diges Baden in angesauerter Permanganatlosung bringt z. B. eiiie dau-
ernde Erniedrigung von rund 6 Millivolt, hervor, ein einstiindiges von
rund 10 Millivolt. IJm die Ausbildung der Gasbeladung zu beschleu-
nigen, wurde einigen der Permanganatlosungen etwas Eerrisalz zugesetzt,
doch ohne dass liierdurch eine merkliche Anderung in der Wirkung
der Permanganatlosung liervorgerufen wurde.

Angesiiuerte Chromatlosungen brachten Erniedrigung liervor, die
indes innerhalb der Fehlergrenzen fallen (2 Millivolt.).

8 a. Fur die Praxis wichtig ist die Frage, ob atmospharische Luft
und Ozonlosungen selbst die „Sauerstoffbeladung" liervorbringen konn-
ten, da es ja haufig vorkam, dass die Elektroden aus einer Losung
durch die Luft in andere gebracht wurden.

Es stellte sich keraus, dass kurze (ea. 15 Sekunden) Beriihrung
der feucliten, abgewaschenen Elektrode mit Luft keine merkliche Ab¬
nahme des Oxydationspotentials verursachte, dass dagegen eine langere
Beruhrung (bis 20 Minuten) eine deutliche Abnahme (rund 0 Millivolt.)
ergab.

8b. Analog dem obigen fanden wir, dass, wenn eine Platinelek-
trode langere Zeit in einer verdiinntern oder konzentriertern Ozon¬
losung gebadet war und darauf — einerlei ob mit oder ohne Wasser-
sptilung — rasch in die urspriingliche Ozonlosung zuruckgebracht wurde,
keine dauernde Anderung der urspriinglichen E. K. eintrat. Ebenso
nahmen Elektroden, die wakrend des Verdtinnens der. Ozoulosung mit
Sckwefelsaure, resp. wahrend des Konzentrierens (durch Zusatz konzen-
trierterer Ozonlosung) in der Losung geblieben waren, sehr bald (beim
Verdunnen sofort) ihre definitive E. K. an, die sich nicht merklich von
der E. Ii. vorher in Eisenlosung gebadeter Elekti'oden untersckied. Wurde
dagegen eine Elektrode, die man langere Zeit in die Ozonlosung ge-
tauckt hatte (ca. 15 Mini;ten, mit oder ohne vorangegangene Wasser-
spiilung), an der Luft gelassen, so zeigte sie nach demWiedereintauchen
in die Ozonlosung eine dauernde Abnahme des Oxydationspotentials
von ca. 10— 15 Millivolt.

9. Wir untersuchten ferner, von welchen Umstanden der Betrag
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der Sauerstoffbeladuug abhangt, d. h. ob man eventuell die Sauerstoff¬
beladung dosieren kann. Es stellte sich heraus, dass wenn die elektroly-
tische Beladung in verdiinnter Schwefelsaure ausgefuhrt wurde, die
durchgegangene Elektrizitatsmenge fiir die Sauerstoffbeladung, d. h. fur
die Erniedrigung des Oxydationspotentials, massgebend war. Es wur-
den namlich drei gleich grosse Elektroden (je 4qcm Gesamtoberflache)
mit verschiedenen Stromstarken anodisch behandelt: die erste mit 2*6

Amp. 12 Sekunden, die zweite mit 0-8 Amp. 40 Sekunden, die dritte
mit 0 3 Amp. 100 Sekunden. Alle drei ergaben die gleiche Abnahme
des Oxydationspotentials von ca. 30 Millivolt.

9 a. Wird dagegen die Sauerstoffbeladung in verdunuter Salpeter¬
saure ausgefuhrt, so ist die Erniedrigung des Oxydationspotentials ce¬
teris paribus weit geringer als in Schwefelsaure. Die Erniedrigung ist
zudem nicht allein von der durcbgegangenen Elektrizitatsmenge, son-
dern auch von der Stromdichte abhangig: je grosser die Stromdichte,
um so geringer die Erniedrigung. Drei Elektroden wurden in 1[1-norm.
Salpetersaure anodisch behandelt: die erste 2-6 Amp. 12 Sekunden, die
zweite 0-8 Amp. 40 Sekunden, die dritte 0-3 Amp. 110 Sekunden.
Die erste zeigte eine Erniedrigung des Oxydationspotentials von nur
2, die zweite von ca, 16, die dritte von 22 Millivolt.

Dieser Unterschied irn Yerhalten im Yergleich zu Schwefelsaure
kann auf zweierlei Art erklart werden. Einerseits ist es moglich, dass
bei anodischerBehandlung in Salpetersaure, besonders bei hohern Strom-
dichten, neben der Sauerstoffbeladung auch eine Ozonbeladung auftritt,
denn der Ozongeruch ist bei der Elektrolyse von Salpetersaure ceteris
paribus weit starker als in Schwefelsaure, anderseits ware es nicht un-
deukbar, dass die Potentialerniedrigung durch Beladung in Schwefel¬
saure mit der Bildung von Perschwefelsaure im Zusammenhang steht.

10. Durch einige Yersuche iiberzeugten wir uns, dass die etwaige
Bildung von Perschwefelsaure nicht die Ursache des verschiedenen
Yerhaltens sein kann. Eine Elektrode, die langere Zeit in angesauerter
gesattigter Kaliumpersulfatlosung gebadet war, ergab keine dauernde Er¬
niedrigung des Oxydationspotentials. Auch Zusatz von Kaliumpersulfat
zu der Ozonlosung verursachte keine merkliche Anderung des Oxyda¬
tionspotentials1).

10 a. Dass Perschwefelsaure keine Rolle spielt, geht aus der Tat-
sache liervor, dass die Sauerstoffbeladung auch in sulfat- und karbonat-
freier (um Perkarbonatbildung auszuschliessen) Kali-, resp. Katronlauge

!) Vergl. Brand, loc. cit.
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hervorgebracht werden kann. Bei einer 10 Sekunden langen Bekand-
lung mit 0-6 Amp..com-2 betrug die Erniedrigung des Oxydationspo-
tentials rand 25 Millivolt.

Aus alien angeftihrten Yersuchen geht mit ziemlicher Sicherheit
hervor, dass die Erniedrigung des Oxydationspotentials einer Sauer-
stoffbeladung zuzuschreiben ist, die, wie es sckeint, nur sebr langsam
duxch Diffusion verschwindet. Eine Wasserstoffbeladung verschwindet
an der Elektrodenoberflache (infolge der Reaktion mit Ozon, resp. dem
gelosteri Sauerstoff) sehr rasch, und es stellt sick die normale, dem ge-
losten Sauerstoff entsprechende Sauerstoffbeladung von ca. einer At-
mosphare Partialdruck ein. Um die beobachtete (wenn auch geringe)
Erkohung des Oxydationspotentials durch vorangegangene Wasserstoff¬
beladung zu erklaren, muss man annehmen, dass die Sauerstoffbeladung
durch den aus dem Innem der Elektrode zunachst diffundierenden
Wasserstoff auf einen etwas geringern Druck gebalten wird (im Yer-
gleich zu Elektroden, die keinen Wasserstoff entbalten). Man muss fer-
ner annehmen, dass unter den Yersuchsbedingungen Platinwasserstoff
mit Sauerstoff rascher reagiert als mit Ozon.

Elir die Theorie der elektromotorischen Wirksamkeit des Ozons ist
in jedem Pall der Umstand von Wichtigkeit, dass Sauerstoff (direkt
oder indirekt) als ein primares Produkt der elektrolytischen
Reduktion von Ozon er&cheint, denn nur dadurch ist die Tatsache
erklarbar, dass durch Erhohung der Sauerstoffkonzentration das Oxy-
dationspotential des Ozons abnimmt und umgekehrt.

lb. Tiefe des Eintauchens, Einstellungsziel, Reproduzierbarkeit
der E. K.

Besondere Yersuche iiber den Einfluss partiellen Eintauchens wur-
den nicht gemackt. Die Erfahrungen, die wir im Laufe unserer Mes-
sungen gemacht hatten (vergl. z. B. 8 a und 8 b S. 213), wiesen indes
darauf hin, dass es besser ist, die Elektroden stets ganz eingetaucht
zu verwenden.

Die Einstellungszeit hangt von der Konzentration und Durchriih-
rung der Ozonlosung ab. Bei dauerndem Riihren ist die definitive E. K.
bis auf ca. 1 Millivolt, in ca. 5 Minuten erreicht. Bei nur zeitwei-

ligem Riihren sind hierzu etwa 10 Minuten erforderlich. Ist eine An-
naherung bis auf ca. 0-5 Millivolt an den definitiven Wert erwiinscht,
so ist die Zeit natiirlich betrachtlich langer: bei zeitweisem Ruhren
sind hierzu z. B. iiber 30 Minuten erforderlich. Die Unveranderlichkeit
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der E. K. beim Riihren ist in diesem Pall ein gutes Kriterium dafiir,
dass der Endwert erreicht ist.

Die Reproduzierbarkeit der E. K. einer gegebenen Ozonlosung ist
eine gute. Mehrere gleichzeitig eintauchende Platmelektroden zeigten
nacli langerer Yorbehandlung mit Eisenlosung Unterschiede von hocli-
steDS 5 Millivolt. Meist betrug der grosste Unterschied weniger als
3 Millivolt., also die Abweichung vom Mittelwert nur etwa 1 Millivolt.

Kleine, konstante individuelle Yerschiedenheiten der Elektroden
sind unverkennbar: Haufig zeigt eine Elektrode wahrend inehrerer Tage
konstant ein etwas hoheres oder niedrigeres Oxydationspotential als die
andern Elektroden, okne dass die Drsache. ersicktlich ware. Wie ge-
ringfugige Umstande ubrigens auf die E. K. einen Einflnss haben, gebt
aus folgenden Beispielen hervor. Eine Elektrode wurde beim Heraus-
nehmen aus der Eisenlosung zufallig mit dem Pinger beriihrt. Trotz-
dem sie zuvor gut mit den beiden andern Elektroden tibereingestinimt
hatten, zeigte sie jetzt dauernd ein urn 11 Millivolt niedrigeres Oxy-
dationspotential. Sie wurde abgewasclien, ausgegliibt und fur 20 Minu-
ten in das Eisenbad gesteckt. Sie zeigte jetzt ein urn ca. 7 Millivolt
niedrigeres Oxydationspotential. Nachdem sie liber ISfaeht im Eisen¬
bad gestanden hatte, stimmte ihr Wert bis auf 1 Millivolt, mit deir
tibrigen Elektroden iiberein.

Eine andere Elektrode zeigte einmal plbtzlich eine Abnahme des
Oxydationspotentials um 15 Millivolt und behielt audi weiterhin dau¬
ernd diese geringere E. K. Als mutmassliche Ursache erwies sich ein
Sprung in der Einschmelzstelle des Elektrodenstiels in die mit Queck-
silber gefiillte Glasrohre.

Der Sprung war so gering, dass er „vakuumdicht'' hielt, trotzdem
aber wahrscheinlich geniigend gross, um Spuren von Quecksilber auf
die Elektrode gelangen zu lassen.

II. Einfluss der Ozon- und Wasserstoffionkonzentration auf die E. K.

Die Oxydationen durch Ozon verlaufen bekanntlich nach sehr ver-

schiedenen Gleicliungen. Ozon kann (wie man sich ausdriickt) sowohl
mit einem, wie auch mit zwei und drei seiner Sauerstoffatome oxy-
dierend wirken1).

Es wiirde dies folgenden Elektrodenvorgangen entsprechen:
1. 03+ 2(—F)^0"+0„ resp. 0;J+2i/'-H2(— (),.

l)-\ergl die S. 223 naher besproehenen Arbeitep von Brodie, Brunck, La-
denburg.
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2. 03+4(-P)+;0"+ i/202, resp. Os+ 42T+4(-P)£ 211,0++ 02.
3. 03+ 6(—F)^3 0" „ 03+ 6i7'+ 6(—F)^3H20.

Endlich sind Vorgange denkbar, wo Ozon ebenso wie Hydroper-
oxyd durch Reduktion von Sauerstoff entstekt, also umgekehrt zu
Sauerstoff oxydiert werden kann1). Der entsprechende Elektroden-
vorgang wiirde lauten:
4. 08 + 0" + 2(+P)= 202 resp. 03 + H,0 + 2(+F)= 2H' + 202.

Die Abkangigkeit der E. K. von der Konzentration ware in diesen
Tier Fallen durch folgende Formeln gegeben:

1. 08) — (Losung)=^ ^ In2P 02
0 , RT , 03X(H'Y

" » =*2+ 4PlQ—
3- „ „ In Osx(Ry,

, RT ^ oB
?? *^4 H~ o IT72P (.HyxO22

In den ersten drei Fallen mtisste mit steigender Konzentration des
Ozons und des "Wasserstoffions das Oxydationspotential der Elektrode
zunehmen (die Elektrode also znnehmend positiver oder katliodischer
werden). Wenn dagegenOzon nacb Gleichnng 4 reagiert, so miisste um-
gekehrt mit steigender Konzentration des Ozons und des Wasserstoffions
das Oxydationspotential abnehmen, ahnlick wie dies von Haber und
Grinberg2) fur Hydroperoxyd gefunden wurde.

Ila. Orientierende Versuche.

Die Versuche wurden bis auf einen in der Weise durchgefiihrt,
dass in die zu untersuchende Saurelosung, in welche die Platinelektrode
tauchte, Ozon eingeleitet wurde. Yon Zeit zu .Zeit wurde die E. K.
dieser Elektrode gegen eine Normalkalomelelektrode gemessen. Urn

J) Yergl. Lutlier, Diese Zeitschr. 3G, 394 (1901). Die Bildung von Ozon bei
der langsamen Oxydation von Phosphor kann formal nacli diesem Schema, als Re¬
duktion von Sauerstoff durch Phosphor zu Ozon aufgefasst werden. Die von Ost-
wald (Diese Zeitschr. 34, 248, 1900) verlangte Koppelung wurde hier— wie bei alien
sonstigen Oxydations- und Reduktionsvorgangen — durch den Umstand gegeben
sein, dass keine freien Ladungen auftreten. Also an Stelle der Koppelung durch
einen Zwisclienstoff (P208) Koppelung durch F's. Yergl. die Ausfiihrungen Ha-
bers fiber Hydroperoxyd, Zeitschr. f. Elektrochemie 7, 441 (1901).

2) Zeitschr. f anorg. Chem. 18, 37 (1898).
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eine grossere Ozonkonzentration zu erzielen, wurde elektrolytischer ozon-
haltiger Sanerstoff in einem Bei'tlielotschen Ozonisator nock weiter
ozonisiert. Kg. 3 zeigt das Schema der Yersuchsanordmmg.

Fig. 3.

A ist das Gefass zur Entwicklung elektrolytischen Sauerstoffs. Als
Elektrolyt diente verdiinnte Schwefelsaure nack Hoffmann (lYolumen
I~L,S04 5 Yolume H.,0). Die Kathode bestand aus Kupfer oder Blei,
die Anode aus Platin oder Blei. Das Auffangerokr fiir Sauerstoff war
oben mit Glaswolle gefiillt und mittels Sckliff1) mit clem Schwefelsaure-
trockengefass B verbunden. Dieses war direkt an den Berthelotscken
Ozonisator G angeblasen, der in einer Kaltemischung stand. Der Ozo¬
nisator war mittels Schliff mit dem eigentlicken Elektrodengefass D yer¬
bunden. Dasselbe war in Eis eingepackt und hatte einen eingescliliffe-
nen Stopfen in den folgende Rokren eingeblasen waren: 1. das Ozon-
zuleitungsrokr; 2. ein mit Quecksilber gefiilltes Glasrohr, in dessen un-
term Ende der Elektrodenstiel eingeblasen war; 3. einen Tubus, in
welclien mittels Schliffes das Ozonableitungsrolir eingesetzt war, und
welches zur Entnahme yon Fltissigkeitsproben diente; 4. das Verbin-
chmgsrohr mit der Normalelektrode. Dasselbe hatte einen (von Fett be-
freiten) Hahn, der wahrend der Messung geschlossen blieb2). Das Yer-
bindungsrohr war mit derselben Saure gefiillt und tauchte in das mit
i^-norm. KCl gefullte Zwischengefass E, in welches auch die Miindung
der Normalelektrode F tauchte.

Bei der sekr geringen Geschwindigkeit, mit der sick Ozon in wass-

J) Alle Schliffe waren von Fett befreit und mit Wasser oder konzentrierter
Schwefelsaure gediehtet.

s) Vergl. Ostwald-Lutker, Seite 378.
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rigen Losungen lost (s. w. u.) und der relativ grossen Einstellungsge-
schwindigkeit der E. K. schien dies Yerfahren, die E. K. wahrend der
Sattigung zu messen, berechtigt.. Unmittelbar nach jeder Messung der
E. K. wurden der Losung mittels einer Pipette1) 20 ccm entnommen und
zur Gehaltsbestimmung verwendet.

Die Bestimmung geschah durch Titration des aus neutralem Jod-
kalium ausgeschiedenen Jods mittels Thiosulfat. Da nach Brodie2),
Brunck3) und Ladenburg*1) die Jodausscheidung in saurer nnd neu-
traler Losung verschieden ist, und nach Ladenburg die Resultate in
saurer Losung stark schwanken, wir aber gezwungen waren, in saurer
Losung zu titrieren, so hofften wir wenigstens, in sich iibereinstimmende
Resultate zu erhalten, wenn wir stets unter den gleichen Bedingungen
titrierten. Es wurden die herauspipettierten 20 ccm sofort in tiber-
schiissige neutrale Jodkaliumlosung gebracht und die ausgeschiedene
Jodmenge sofort mit verdiinntem (ca. ^oo-norm.) Thiosulfat titriert. Die
Nachblauung wurde nicht berticksichtigt.

~W"ie im Yerlauf der spatern Yersuche festgestellt wurde, mtissen
ganz bestimmte Yorsichtsmassregeln innegehalten werden, damit bei
dieser Methode tibereinstimmende, d. h. der Ozonkonzenti'ation proportionale
Angaben erhalten werden (naheres s. w. u.). Diese orientierenden Ver-
suche geben daher nur ein angenahertes Bild vom elektromotorischen
Yerhalten des Ozons, und es ist unsicher, ob sie direkt mit den spatern
genauern verglichen werden konnen.

Zum Yerstiindnis der Tabellen sei folgendes bemerkt:
Die Temperatur der Ozonlosung beti'ug bei alien Yersuchen ca. -f- 1°.
Die erste Spalte gibt die Konzentration der Ozonlosung ausge-

driickt in Milliaquivalenten Jod, welche von einem Liter der Ozonlosung
(unter den bei der Titration innegehaltenen Bedingungen) in Ereiheit
gesetzt werden.

Die zweite Spalte gibt die direkt gemessene E. K. x {Ft, 03) —
x (Hg, KCl) der Kette:

D Als Schutz diente ein Natronkalkrohrchen. Trotzdem haben wir genug Ge-
legenheit gehabt, Ozon zu riecben und zu schmecken. Sehr verdunntes Ozon riecht
angenehm, wie frischer Schnee, massig konzentriertes bat den charakteristisclien
Ozongeruch. Selir konzentriertes, besonders in Losungen, riecht melir siisslich, etwa
wie Chlorkalk (vergl. Bayer und Villiger, Ber. d. d. chem. Ges. 34, 853. 1901),
oder wie konzentrierte Scbwefelsilure, die durch organischen Staub verunreinigt ist.
DerGeschmack von Ozon erinnert sehr an den einer sebrverdiinnten Permanganatldsung.

2) Phil. Trans. 1.62, 435 (1872).
3) Ber. d. d. chem. Ges. 33, 1835 (1900).
4) Ber. d. d. chem. Ges. 34, 1184 (1901).
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Pt | saure Ozonlosung | Saure | Saure | 1/1-norm. KCl, HgCl Hg
1° 20®

Wegen der Unsicherkeit, mit der die Berechnung der versckiedenen
Potentialdifferenzen (Saure kalt — Saure warm; Saure —- Cklorkalium-
losung) bekaitet ist, sowie wegen der Unsickerkeit, welcke iiber die
Wasserstoffionkonzentration der verwendeten Sauren kerrsckt, liessen
sick die Yersucke nur sckleckt zur Berecknung des Einfiusses der
Wasserstoffionkonzentration auf die E. K. des Ozons verwenden.

Es wurden daker nacktraglick die E. K. von Wasserstoffqueck-
silberketten:

PtH2 (Atmospk.) Saure | Saure j 1/1-norm. KCl, Hg
1® 20®

gemessen. Es wurden kierbei stets zwei Wasserstoffelektroden gleick-
zeitig benutzt, von denen eine vor dem Yersuck elektrolytisck mit
Wasserstoff iibersattigt war. Sekr reiner Wasserstoff, der okne wei-
tere Wasckung verwendet werden konnte, wurde aus Wasser und amal-
gamiertem Aluminium1) kergestellt. Urn Reduktionsersckeinungen zu
vermeiden, wurde an Stelle von Salpetersaure, wie sie bei den Ozon-
versuchen verwendet wurde, Salzsaure genommeu. Es ist also die Aus-
nahme gemacht, dass bei gleicker Konzentration die beiden Sauren auch
gleicke BI-Ionkonzentration kaben, und dass der Untersckied der "Wan-
derungsgeschwindigkeiten von NOa' und Cl' imwesentlick ist. Die
Zaklenweite der gefundenen E. K. sind in der ersten Tabelle angegeben.

Die dritte Spalte gibt die mit Hilfe der obigen Zahlen berechneten
E. K. der Ketten: Pt, Ozon, Saure, H.2Pt bei ca. -f-1®.

n [Pa, Vi-norm. KCl)20" — n{Pt, K2)i<> in Volt.
iibersattigt ungesattigt Mittel

Vi-norm. HCl 0-3266 0-3262 +0-326
Vio-norm. HGl 0-3654 0-3644 + 0-365
Vj-norm. H.2804 0-3392 0-3390 + 0-339
Vi0-norm. R2S02 0-3746 0-3746 + 0-375

7,-norm. (1 Mol = 2 Liter).
C n(Pt, 03)io— n(Hg, KCl)20°. n(Pt, 03)i<> — n(JPt, H.2)i".
0-64

0-65
0-82

1-4
2-2
4-2

+1-293 + 1-632
+ 1-299 + 1-638
+ 1-308 + 1-647
+ 1-321 + 1-660
+ 1-337 + 1-676
+ 1-354 + 1-693

7 Bodenstein, Diese Zeitsehr. 22, 3 (1897).
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Bei dem folgenden Yersuch wurde eine konzentrierte Ozonlosung
mit 1|1-norm. II2SO.L verdiinnt.

c 7t(Pt, 00)io— n(Sg, KGl)2o°- n(Pt, 03)i»—n(P
2-0 + 1-329 Volt + 1-668
1-4 + 1-309 + 1-648
0-9 + 1-299 + 1-638
0-6 + 1-275 + 1-614
(0-3 + 1-235 + 1-574)

yio-norm. E.2S04 (1 Mol = 20 Liter).
1-1 + 1-267 + 1-642
1-8 + 1-280 + 1-655
2-3 + 1-289 + 1-664
3-3 + 1-300 + 1-675
4-3 + 1-311 + 1-686
4-0 + 1-311 + 1-686

0-8 + 1-253 + 1-628
2-0 + 1-291 + 1-666
2-4 + 1-296 + 1-671
3-5 + 1-302 + 1-677
4-2 + 1-316 + 1-691

'/jo-norm. EN03 (1 Mol = 10 Liter).
0-8 + 1-250 + 1-615
1-6 + 1-285 + 1-650
2-4 + 1-295 + 1-660
3-6 + 1-316 + 1-681
4-4 + 1-323 + 1-688
4-2 + 1-323 + 1-688

0-7 + 1-261 + 1-626
1-8 + 1-290 + 1-655
2-9 + 1-309 + 1-674
3-2 + 1-317 + 1-682
3-6 + 1-315 + 1-680

0-8 + 1-248 + 1-613
1-3 + 1-279 + 1-644
2-2 + 1-300 + 1-665
3-6 + 1-313 + 1-678
4-3 + 1-317 + 1-682
4-0 + 1-311 + 1-676

E2P04 (1 Mol = 2 Liter).
0-5 + 1-249
1-3 +1-282
1-7 + 1-293
2-7 + 1-301
3-3 +1-306
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^o-norm. HNO,

In Figur 4 sind die Resultate der Messungen an Schwefelsaure
und Salpetersaure in Koordinaten eingetragen. Als Abscissen sind die
Logarithmen der Konzentration, als Ordinaten die E. K. der Ozon-
Wasserstoffelemente eingetragen. Die Messungen an 1/1-norm. L/2SO.t
sind durch Dreiecke, die an 1/10-norm. H2S0A durch Yierecke, die an

durch Kreise gekennzeichnet.
Die Fig. zeigt zunachst, dass

die einzelnen Versucke nicht
sehr gut untereinander iiberein-
stimmen. Indes sind keinerlei

systematische Unterschiede zwi-
schen den Kurven in verschie-
den konzentrierten Ff-Ionlosun-

gen zu konstatieren. Daraus folgt,
dass die E. K. der Kette Pt j Ozon j
Saure | Pt, Hs unabhangig von
der LZ-Ionkonzentration ist, d. h.
dass die E. K. it (Pt, 03)— (La¬
sting) sich durch die Formel dar-
stellen lasst:
jc (Pt, Og) — n (Losung)

a i i n
— M -j- -p- In Cr .

Fur die Bestimmung der Ab-
hangigkeit derE.K von derOzon-
konzentration sind die Messun-

, gen offenbar nicht genau genug.
Aus der Tatsaclie, dass die Punkte
mehr oder minder atif einer Ge-

A fB2S0^
o To ff2S0f
O lollNO,

A o
o log.C0

Fig. 4.

raden liegen, ergibt sich, dass die E. K. proportional deni Logarithmus.
irgend welcher Potenz der Ozonkonzentration wachst, und zwar liegt
diese Potenz zwischen 1-5 und 1. Dies geht am einfachsten aus der
Betrachtung der beiden Hilfshnien der Figur hervor. Dieselben geben
die Richtung der Kurve an, welche sie haben musste, wenn die E.K.
einmal durch:

_ JIT
^Ozon

das andere Mai durch:

^Ozon —

■ Jtrltiss. ■—• P -p F 2
In C,Ozonj

_ RT
■ ■TCFIQss. — jp ' AH AvOzon

ausgedriickt werden konnte.
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Die Yorversuche fiihren also zu folgender Formel fiir die Abhan-
gigkeit der E. K von der Ozon- und i?-Ionkonzentration:

jRT BT
Jtozon — JfLos. — + -p~ In Co3 X On, resp. :r0 -f In 0% X CH.
Die Entscheidong zwischen diesen beiden Formeln wurde durch

genauere sorgfaltig ausgefiihrte Yersuclie zu Gunsten der erstern ge-
troffen. Als hauptsachlichste Quelle der Unsickerheit erwies sich die
Gehaltsbestimmung der sauern Ozonlosungen, und es soil daher zunachst
auf diesen Punkt etwas naher eingegangen werden.

Immerhin ergeben schon die Yorversuche das positive Resultat,
dass fiir das elektromotorische Yerbalten sicher keine der S. 217 an-

gefiihrten theoretischen Eormeln giiltig ist.

2 b. Titration des Ozons in saurer Losung.
Die Tatsache, dass Ozon je nach den Umstanden in selir verschie-

dener Weise reagieren kann, wurde in umfassender "VVeise zuerst durch
die sorgfaltige Arbeit von Brodie1) festgostellt, nachdem schon vorher
durch Soret2) und Meissner3) einzelne Beispiele fur diese Erschei-
nung beigebracht waren.

Da Resultate der Brodieschen Untersucliung in den gebraucli-
lichsten Nachschlagewerken1) gar nicht oder nur sehr unvollstandig er-
wahnt sind, und da sich auch in den neuern Arbeiten iiber denselben
Gegenstand6) kein Hinweis auf Brodie findet, so mogen bei der Wich-
tigkeit der Angelegenheit nicht bloss fur die Titration des Ozons, son-
dern auch fiir die Theorie der Oxydationswirkungen des Ozons hier
kurz die Eesultate der Brodieschen Arbeit mitgeteilt werden.

Brodie stellt zunachst fest, dass Ozon bequem in glasernen Gaso-
metern fiber koiizentrierter Schwefelsiiure aufbewahrt und volumetrisch

gemessen werden kann. Auf diese Weise konnte er sehr genau die Yo-
lumenanderung, welche bei den Anderungen, die Ozon unter verschie-
denen Dmstanden erleidet, bestimmen.

Er fand hierbei, dass die Gleichung, nach welcher Ozon reagiert,
sehr verschieden sein kann, dass aber die Molekularkoeffizienten der
verschiedenen Beaktionsschemata im allgenaeinen in einfachen, ratio-
nalen Yerhaltnissen stehen.

Q Phil. Trans. 162,435(1872). 2) Lieb. Ann. 130,54(1864); 138,45(1866).
3) Untersuchungen tiber den Sauerstoff 1869.
4) Jahresberichte 1872; Graham -Otto; Gmelin-Kraut; Dammer; Feh-

lings Handworterbuch der Chemie; Bngler, Uber Ozon.
6) Brunck, loc. cit. — Ladenburg, loc. cit.
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Die Gehaltsbestimmung der Ozonsauerstoffgemenge wurde stets
durch Titration (nach vorangegangenem Ansauern) des aus neutraler
Jodkaliumlosung ausgeschiedenen Jods ausgefiihrt, weil diese Eeaktion
sicb als Yollkommen storungsfrei erwies und stets nbereinstimmende
Resultate ergab1).

In der folgenden Tabelle sind die Resultate Brodies kurz zusam-
mengestellt.

Im Abscbnitt C steht in Spalte 1 der Stoff, mit dem Ozon in Be-
riihrung gebracht wurde; in Spalte 2 die Anzahl der Sauerstoffaquiva-
lente (0), die pro Mol. Ozon (08) in Reaktion treten; in Spalte 3 die
Anzahl der Yersuche und in 4 die Temperatur.

A. Indifferent sind: Gold, Aluminium, Ara2C,Og-Losung beliebiger
Konzentration (? L. u. I.).

B. Katalysierend wirken: Erhitzen, metalliscbes Silber2), MnOX)
KOI! gelost.

C. Reduktion (Schema: 03 + 2A).
KJ, neutral, bei beliebiger Iionzentr. und Temp. 1 1

Kupfer (metalliscbes) ca. 1 1 18°

SgN03 ca. 1 2 18°

H20.2 + Na.2C03, resp. + NaHC03 1-06 ±0-04 7 I—4 CO o

FeCl2, resp. FeSOl (neutral?) ca. 1 3 I—1 CO ©

Schema: (Os + 4F).
HJ, konzentriert8), (%- bis %-norm.) 1-99 ± 0-02 *) 33 18°

(12J, verdfinnt6) ca. 1-5 7 18°)
(7a - bis %-norm.) (L4-1-7)

HJ, konzentriert %-norm. ca. 1-9 2 55°

Na2S.203 + konzentriert6). 1
Na.2COs / 0° und14°2-03 ± 0-04 22

Baryumpolysulfld') 2-04 6 0°

Natriumpolysulfld') 2-13 11 0°

Schema: (Os + 5A)(?).
HJ, konzentriert, %-norm.6) 2-4 5 0°

NaHS, konzentriert') 2-5 5 20°

1) Vgl. Babo und Claus, Lieb. Ann. Suppl.-Bd. II, 297 (1863). — Laden-
burg, Ber. d. d. ckem. Ges. S3, 1835 (1900).

2) ca. 10% des Ozons werden zur Bildung von Ag.202 verbraueht.
B) Korrektion wegen Oxydation dureh Sauerstoff ist angebracht.
*) Meissner, Untersuchung fiber den Sauerstoff, S. 95, findet 2-02.
6) Die Zahlen fur die verdunntesten Losungen sind nicht berucksichtigt, weil

die Gesamtmenge von HJ unzureichend war.

6) Korrektion wegen Oxydation dureh Sauerstoff angebracht.
*) Korrektion wegen Oxydation durch Sauerstoff nicht angebracht. Die Baryum-

polysulfidlosung schied Schwefel ab.
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{NaHS, sehr verdiinnt1) 2-2 1)
JBaS1) 245 2

X-iS1) 2-6 1

]•

Schema (03 +6 F).
3-02 + 0-01 17 0° und 18"

3-02 + 0-01 10 0° und 18°
JS[a2S.203 + verdimnt
Na2COs
Terpentinol3) 3-02+0-030 8 0°imdl0o
SnCl2, konzentriert +- HCl5) 3-4 5 0°
SnCl2 verdiinnt + HCl 3-1 2 0°

Die Eeaktion zwischen gasformigem. Ozon unci saurer Jodkalium-
losung ist nach Brodie ziemlich bedeutenden Stomngen unterworfen:
der wahrscheinliche Eehler der Einzelbestimmung betragt + 6 °/0. Einen
ahnlichen Eehler findet auch Ladenburg (I.e.), wahrend Brunck (1. c.)
die Reaktion zwischen Ozon und saurer JodkaliumlosuDg fiir glatt halt").

Each Brodie ist das Reaktionsschema sehr wesentlich von der
-HJ'-Konzentration abhangig, doch ist dies moglicherweise auf den Um-
stand zu schieben, dass in den konzentrierteren Losungen die nachtrag-
liche Jodausscheidung beim Beginn der Titration bereits praktisch zu
Ende war, wahrend sie in den Yersuchen mit verdiinntern Losungen
nur zum geringen Teil abgelaufen war. Brodie erwahnt iibrigens nir-
gends diese „]Srachblauung", und es scheint daher, dass erst durch die
Untersuchungen von Brunck (1. c.) und Ladenburg (1. c.) erwiesen
ist, dass diese nachtragliche Jodausscheidung einen relativ bedeutenden
Anteil der gesamten ausgeschiedenen Jodmenge ausmacht.

Fiir die Titration yon Ozon in saurer Losung mit KJ ist daher
nach den Yersuchen von Brodie und Ladenburg keine zu grosse

Oenauigkeit zu erwarten7). Es darf indes nicht vergessen werden, dass
Brodie und Ladenburg mit gasformigem Ozon arbeiteten, welcher
relativ langsam durch die saure Jodidlosung geleitet wurde, wahrend

1) Siehe Anm. ') auf voriger Seite.
2) Die Losung war zum Schluss „stark sauer" (?).
3) Dampfdruck in Betracht gezogen.
*) Soret fand als Mittel seiner ersten fiinf Versuche 3-4, aus fernern sieben

Versuchen 2-8.
s) Oxydation durch Sauerstoff beriicksichtigt. Korrektur unsiclier.
6) Vergl. Ladenburg, Ber. d d. chem. Ges. 33, 2282 (1900).
7) Die Titration mit FeSOt ist bei kleinen Ozonkonzentrationen, wegen der

geringern Empfindlichkeit des Endpunktes nicht vorzuziehen. fiber die Titration
mit As203 fanden wir in der Literatur keine genauen Angaben. Beides sind zudem
Restmethoden.

Zeitschrift f. physik. Chemie. XLIII. 15



226 R. Lutlier und J. K. H. Inglis

wir mit Ozonlosungeh arbeiteten, bei denen a priori grossere Regel-
massigkeit za erwarten war.

Es fragt sich zunachst, was vorteilhafter ist: die erste Jodaus¬
scheidung als Mass fur die Ozonkonzentration zu wahlen oder die ge-
samte (einschliesslich der nachtraglichen Jodausscheidung). Irn er-
stern Palle lauft man Gefahr, dass durch Hineinspielen der Nachblau-
ung in die erste Titration der Yerbrauch an Thiosulfat zu gross ausfalit.
Tm letztern Falle muss man dagegen einige Zeit mit der Titration
warten, und wahrend dieser Zeit kann aucli der geloste und aus Ozon
entstandene Sauerstoff mit Jodion reagieren. Unter der Voraussetzung,
dass der Stoff, welcher die Nachblauung bedingt, wirklich Hydroperoxyd
ist — und aucb unsere Versuche sprechen indirekt fur diese An-
nalime1) —, erhalt man einige praktische VYinke. Eine Abkiirzung der
Nachblauungszeit durcb Erhohung der Jodidkonzentration fiihrt nicht
zum Ziel, denn hierdurch wird zwar die Reaktionsgeschwindigkeit zwi-
schen Hydroperoxyd und Jodion erhoht, aber in demselben Yerhalt-
nis auch die Reaktionsgeschwindigkeit des gelosten Sauerstoffs mit
Jodion, wie einige besonders angestellte Yersucbe zeigten. Der prozen-
tische Eehler bleibt also derselbe.

Auch durch Zusatz von Katalysatoren (vergl.Brode, Diese Zeitschr.,
37, 257, 1901.) scheint man das Yerhiiltnis der beiden Reaktionen nicht
andern zu konnen, da, wie es scheint, alle Katalysatoren, welche die
Reaktion iJ20.2 + J' beschleunigen, dasselbe auch gegeniiber der Reaktion
0.2-\- J' tun.

Mehr Aussicht bietet die Anderung der JEf-Ionkonzentration. Denn
wahrend die Reaktion H302 + J' relativ unempfindlich gegen Ande-
rungen der /T-Ionkonzentration ist (Brode, 1. c.), ergaben unsere Hand-
■versuche, dass die Reaktionsgeschwindigkeit 02-\-J' proportional der
77-Ionkonzentration zu verlaufen scheint, so dass die Reaktionsgeschwin¬
digkeit in sehr geringen J7-Ionkonzentrationen (Uberschuss von Natrium-
acetat) praktisch gleich Null wird.

Durch Erhohung der Jodidkonzentration bei gleichzeitiger Anwesen-
heit von viel Natriumacetat kann also die Geschwindigkeit der Folge-
reaktion sehr vergrossert werden, oline dass der geloste Sauerstoff mess-
bare Storungen verursacht. Indes wird durch Zusatz von Natriumacetat
zur Jodlosung die erste Jodausscheidung durch Ozon schwankend.

Wollte man also die gesamte Jodausscheidung bestimmen, so miisste
man zunachst die Ozonlosung zu der Jodkaliumlosung fiigen, dann Na-

') Vergl. dagegen Garzarolli-Thurnlaekh, Wien. Monatsh. 22, 955 (1901).
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triumacetat hinzusetzen und dann nach einiger Zeit titrieren. Wir
zogen es der Einfachheit wegen vor, die ersteJodausscheidung zu
bestimmen.

Dm iibereinstimmende und der Ozonkouzentration proportionale
Zahlen zu erhalten muss die Konzentration der Jodkaliumlosung eiueu
bestimmten maximalen Betrag haben, der sich durch folgende Uber-
legungen annahernd angebeu lasst. Aus den Messungen von Brode
(1. c.) liber die Geschwindigkeit der Reaktion H.,02 J' lasst sicb be^
rechnen, dass bei Zimmertemperatur imd mittlerer Siiurekonzentration
der duroh uberschiissiges Jodion pro Minute reduzierte Brucliteil des
vorhandenen Wasserstoffperoxyds numerisch anniihernd gleich der Jod-
ionkonzentration (Aquivalent pro Liter) ist1).

Yom Momente des Yermischens der Ozonlosung mit der Jodkalium¬
losung bis zur Beendigung der Titration vergehen etwa 1—2 Minuten.
Sollen in dieser Zeit nicht mehr als etwa. 2°/0 des entstandenen Hydro-
peroxyds reagiert haben, so muss die Jodionkonzentration im Gemenge
nicht mehr als etwa 100-norm. sein. Wir nahmen daher bei den ge-
nauen Yersuchen stets 10 com einer 1ko-norm. ATiJ-Losung, wahrend die
Menge der Ozonlosung meist 20 com betrug. Die Konzentration des
Jodions im Gemenge betrug also hochstens 1/160-norm.1 Diese Menge
reichte in alien Fallen aus, urn das hineingebrachte Ozon zu reduzieren;
die Konzentration war anderseits so klein, dass wahrend der Titration
keine merklichen Fehler durch Hineinspielen der Nachblauung z.u be-
fiirchten waren. Es darf nicht vergessen werden, dass die wirkliche
Konzentration des Jodions noch kleiner war, da ein Teil durch . Ozon
oxydiert und hierdurch. ein anderer Teil durch das ausgeschiedene; Jod
gebunden wird. Zur Sicherheit noch verdiinntere Jodkaliumlosungen
zu verwenden, ist nicht ratsam, da dann grossere Yolume angewandt
werden mussen, und hierbei die Gefahr wachst, daiss durch die in jedem
destillierten Wasser vorhandenen organischen Stoffe reduzierend auf
das Ozon wirken. Ebenfalls nicht ratsam scheint es zu sein, die Jod-
kaliumlosung angesauert zu verwenden, weil hierbei — nach einigen
Handversuchen — die Resultate weniger konstant werden. Ebenso
gibt das Hinzufiigen von neutraler Jodkaliumlosung zu der angesauerten
Ozonlosung schwankendere Resultate als die umgekehrte Reihenfolge
des Yermischens.

') Einige gelegentliche Messungen iiber die Geschwindigkeit der Nachblauung
ergeben eine angenaherte Ubereinstimmung mit den aus den Brodieschen Zahlen
berechneten Werten. Es ist dies der Seite 226 erwahnte indirekte Wahrscheinlich-
keitsgrund dafur, dass der „nachblauende" Stoff Ht0.2 ist.

15*
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Das Titrationsverfahren bei den genauern Bestimmungen bestand
daher in folgendem. Es wurde die abgemessene Menge der Ozonlosung
mittels einer rascb ablaufenden Pipette in 10 com einer 1|50-norm. Jod-
kaliumlosung hineingebracht, umgeriibrt, mit etwas Starke versetzt und
unmittelbar darauf rasch mit einer 1I200-norm. Tbiosnlfatlosung aul farb->
los titriert. Von der verbrauchten Thiosulfatmenge wurde konstant
0-2 com abgezogen. Es ist dies der durch eine Beilie blinder Versuche
ermittelte Betrag des „Ubertitrierens" bei raschem Titrieren auf farblos.
Es wurden meist 20, resp. 25 com der Ozonlosung in der obigenWeise
titriert, bei verdiinntern OzonlOsungen entsprecbend mehr: 50 com, audi
100 ccm.

Von den zahlreicben Titrationen geben wir in den folgenden Ta-
bellen nur die, welche sich auf die Priifung der Brauchbarkeit der an-
gewandten Methode und auf die Bestimmung des Eaktors zur Berecb-
nung der absoluten Ozonkonzentration bezieben.
I. 20 ccm einer Losung von Ozon in 7,o -norm. H„SOt wurden hinzugefiigt zu:

1. 10 ccm ^so-110™- IVl; sofort mit 7soo-norm- Na2S203 titriert
= 114 (—0-2) = 11-2 ccm

2. Ganz wie 1. =11-3 (—0-2) = 11-1 ccm
3. 30 ccm 7i5o-n°nm KJ =11-1 (—0-2) = 10-9 ccm
4. 20 ccm 1/.200-norm. FeSOit schwach angesauert. Nach 30 Min.

nnt 7200-n- Permanganat zuriicktitriert. Yerbrauch 12-5 ccm,
also oxydiert 20-12-5 = 7-5 ccm

5. Ganz wie 4. = 7.5 ccm

6. Ganz wie .. 11-2 (-0-2) = 11-0 ccm

II. 20ccm einer Ozonlosung in 7100-norm. HiSOi wurden binzugefugt zu:
1. 10 ccm Vso-norm. KJ, sofort mit 7300-norm. iVo2S2Oa titriert

= 8-6 (.— 0-2) = 8-4 ccm
2. 20 ccm 7J00-norm. K^SO^)-, 25 ccm hiervon wurden zu 10 ccm

7so-norm. KJ gefiigt und sofort titriert = 5-4 (— 0-2) = 5-2 ccm

7ooo-n°rm- Na.2s/Ja. Das gesamte Ozon = 5-2^40 = 8-3 ccm
3. 50 ccm 7ioo-norm. II2SOi. Hiervon 50 ccm zu 10 ccm 750-n.

KJ. Sofort titriert = 6-0 (— 0-2; = 5-8 ccm

Vaoo-n. JYa2S2Oa. Das gesamte Ozon entspricht = 5-8x70 _ 8-1 ccm
50

4. 20 ccm 7i-norm. 25 ccm hiervon titriert
= 5-4 (— 0-2) = 5-2 ccm

Vsoo-norm. Na2S303. Das gesamte Ozon = 5'2X 40 = 8-3 ccm
25

J) Hier, wie bei den tibrigen Verdiinnungsversuchen wurde zum Verdiinnen
„sterilisierte Saure verwendet, die durch Steben mit etwas Ozon von den reduzier-
baren Verunreinigungen befreit war. Der Uberschuss von Ozon wurde durch Er-
warmen oder einen wattefiltrierten Luftstrom entfernt.
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5. 20 ccm 7a0O-norm. FeS04, schwach angesauert. Nach 30 Min.
mit Vs!oo_norm- KMnOi zuriioktitriert = 14-6 com 1/im-norm.
KMnOs. Oxydiert 20-0—14-6 = 5-4 ccm

6. Wie 1. =8-3 (-0-2) = 8-1 ccm

= 6-3 ccm

III. 20 ccm einer neutralen Ozonlosung wurden hinzugefiigt zu:
1. 10 ccm V50 -norm. KJ\ darauf mit 10 ccm Vio"n- H„S04 ver-

setzt und vorsichtig mit V2oo-n- Na„S.2Oa auf farblos titriert
2. 20 ccm Vjo-norm. 77,,50.,; hiervon 25 ccm sofort titriert =6-0

An

(•—0-2) =5-8 V2oo_n- Na.2S203. Gesamtes Ozon =——— = 9-3 ccm

3. 20 ccm 7S00-norm. FeS04 (+ 10 ccm 7io~norm- H^SOJ. Zum
Zuriicktitrieren nach 30 Min. verbraucht 13-8 ccm 7soo~llorm-
KMnOv Oxydiertes Eerrosalz — 20-0—13-8 = 6-2 ccm

4. 20 ccm Vi-norm. S2S04\ hiervon 25 ccm zu 20 ccm 1/200-norm.
FeS04. Oxydiertes Eisen (nach 30 Min.) — 3-7 ccm 1/200-n.

3.7 40
KMn04. Dem gesamten Ozon entsprechen =——— = 5-9 ccm

AO
5. Wie 1. = 6-1 ccm

Aus dem Vergleich der Yersuche 1(1), 1(2), 1(6), ferner 11(1),
11(6) ergibt sich, dass die Titration verschiedener Proben derselben
sauren Ozonlosung iibereinstimmende Werte ergibt, und zwar, wie 1(3)
zeigt, spielt hierbei die /fJ-Konzentration keine Rolle. Aus dem Ver¬
gleich der Yersuche II (2) und II (4) sieht man, dass bei den verwen-
deten Saurekonzentrationen diese letztern keine Rolle spielen. Aus
den Versuchen 11(1), 11(2), 11(3) sieht man, dass die ausgeschiedenen
Jodmengen proportional der Ozonmenge (unabhangig von der Konzen-
tration) sind. Der Vergleich der Yersuche II (4 und 5), 11(5), 111(1,3,
4,5) mit den ubrigen der entsprechenden Reihen zeigt endlich, dass
die Oxydationswirkung einer sauern Ozonlosung auf neutrale Jodkalium-
losung sehr genau um 50°/0 grosser ist als die Oxydationswirkung der
gleichen Ozonmenge in neutraler Losung auf neutrale Jodkaliumlosung,
oder in saurer oder neutraler Losung auf angesauerte Ferrosulfat-
losung.

Aus den Yersuchen von Babo und Claus, Brodie, Ladenburg,
ergibt sich, dass gasfSrmiges Ozon in den beiden letztern Fallen derart
oxydiert, dass jedes Mol. Ozon zwei Aquivalente Jodid, resp. Ferro-
salz oxydiert.

Macht man die sehr naheliegende Amiahme, dass auch fiir neutrale
Ozonlosungen das gleiche Oxydationsschema gilt, so wtirde sich er-
geben, dass Ozon in saurer Losung aus neutraler Jodkalium¬
losung pro Mol. drei Aquivalente Jod ausscheidet. Bs sei an
dieser Stelle erwahnt, dass unsere vorlaufigen Yersuche liber die Nach-
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blaming zu dem Resultate fiihren, dass bei der „Nachblauung" ein Aqui-
valent Jod pro Mol. Ozon ausgeschieden wird. Anf diesen Punkt kom-
men wir weiter unten zuriick.

Es sei ferner hervorgehoben, dass die Bildimg von „Wasserstoff-
superoxyd keineswegs regelmassig bei der Reduktion von Ozon in saurer
Losung auftritt: bei der Reduktion durch Ferrosalz bleibt sie z. B. aus1).

2e. Genauere Bestimmungen der E. K. als Funktion der Ozon-
und Wasserstoffionkonzentration.

Da aus den Yersuchen hervorging, dass verschiedene Sauren keine
individuellen Yerscbiedenheiten zeigen, so schien es geniigend, nur
zwei verschiedene Sauren, dafiir aber moglichst sorgfaltig, zu untersu-
chen. Es wurden nur Messungen in 1|1-norm. HNOs und 1/10-norm.
H.jSOt gemacht, deren "Wasserstoffionkonzentration im Yerhaltnis von
etwa 12:1 steht.

Um von der Einstellungsgeschwindigkeit der Elektroden moglichst
unabhangig zu sein, wurde nicht wahrend des Durclileitens von Ozon
gemessen, sondern in einem besondern Gefiiss. Dieses Gefass von ca.
300 ccm Inhalt war in Eis eingepackt und war wahrend der Messung
often. Der Ozonverlust ist trotzdem in der Zeit, welche zur Einstellung
der Elektroden erforderlich war (ca. 30'), so klein, dass er keine Rolle
spielt. Indes wurde die Gehaltsbestimmung stets erst dann ausgefiihrt,
wenn die Elektroden konstante E. K. angenommen hatten. Jede Elek-
trode war 1x2 qcm gross. Kg. 5 zeigt das Schema der Messzelle.
Es wurden stets drei unabhangige Elektroden gleichzeitig gemessen.
Die Elektroden tauchten vollkommen ein und wurden nur von Zeit zu

Zeit energisch bewegt. Als Zeichen dafiir, dass die definitive E. K. er-
reicht war, wurde die Erscheinung angesehen, dass die E.K. sich nicht
anderte, einerlei, ob die Elektrode 5 Minuten lang unbewegt gewesen
war, oder ob sie. lj2 Minute kraftig bewegt wurde. Hierzu waren durch-
schnittlich 30 Minuten erforderlich.

Im Laufe einer Yersuclisreihe wurde von den drei Elektroden stets
eine ohne jede Yorbehandlung in die nachstfolgende Losung gebracht,
wahrend die beiden andern stets zwischen je zwei Yersuchen 15 Mi¬
nuten in die saure Ferro-FerrilSsung tauchten undvor dem Einbringen in
die Ozonlosimg gewohnlich mit destilliertem Wasser abgespiilt wurden

Die Sattigung der Sauren mit Ozon wurde in einer (etwas modify
zierten) lYalterschenWaschflasche von ca. 400 ccm Inhalt vorgenommen,
die in Eis stand.

') Vergl. Garzarolli-Thurnlackh, Wiener Monatsberichte 22, 955 (1901b
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Die Sattigung mit Ozon ist ein ausserordentlick lang-
samer Yorgang. Dm ilm zu beschleunigen, und auch um grossere
Ozonkonzentrationen zu erzielen, modifizierten wir den Bertlielotschen
Ozonisator im Sinne der Yorschlage von Skenstone und Priest1)
(dtinnes Glas, geringere Dicke der Sauerstoffschicht) und waklten auch
die Oberflache kleiner, so dass sich der Ozonisator mehr dem Babo-
schen, resp. Houzeauschen nahert (vergl. Fig. 6). Nach der Intensitat
des Leuchtens und den maximalen erreichten elektromotorischen Kraften
zu urteilen, war er (wenigstens flu- das Ton uns Terwendete Indukto-
rium) Tiel wirksamer als der Berthelotsche Ozonisator.

Zum bessem Yerstandnis der folgenden Tabellen sei gesagt, dass
die erste Spalte die direkt gemessenen E. K. der drei Ozonelektroden
gegen die Normalkalomelelektrode enthalt. Die dritte Spalte enthalt die
mittels der Zaklen (S. 220) berechneten E. K. der Ozon-Wasserstoffele-
mente (bei ca. 1°). In der Tierten Spalte ist der direkt gefundene Thio-
sulfatTerbrauch angegeben. Bei der Berechnung der fiinften Spalte ist
Ton den direkt gefundenen Zahlen konstant 0-2 ccm abgezogen. Die
fiinfte Spalte ist unter der Yoraussetzung berechnet, dass bei denTitra-
tionsbedingungen ein Mol. Ozon drei Aquhudente Jod ausscheidet (vergl.
S. 22.9), ' ' . . '

Journ. Chem. Soc. (53, 952 (1893).
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Yersuche, die an verschiedenen Tagen angestelltwurden, sind durck
einen Doppelstrich getrennt. Die Yersuche sind in chronologischer
Eeihenfolge angefiihrt.

TC(Pt, Os) — n

(.Eg, Vi-n. KCl)
in Volt

Mittel
in Volt

7i (.Ft, Os) —
— Tt (Pt, H3)
Volt bei + 10

Titration
com VSoo-n. Na&Os

Ozonkonzen-
tration Millimol

pro Liter

Ozon in Vj-norm. HNOs.

1-328
1-330
1-326

1-328 1-654
50 com = 5-4 ccm

100 = 10-8
0-18

1-349
1-353
1-351

1-351 1-677 20 com = 4-9 ccm

50 = 12-2
0-40

1-376
1-377
1-376

1-376 1-702 20 ccm = 11-5 ccm

20 = 11-3 0-95

1-360
1-360
1-359

1-360 1-686 20 ccm = 5-5 ccm

25 = 7-2
0-47

1-321
1-320
1-319

1-320 1-646 50 ccm = 3-1 ccm

100 = 6-4 0-10

1-302
1-301
1-300

1-301 1-627 50 ccm = 1-9 ccm

100 = 3-4 0-053

Ozon in 710-norm. SiSOi (E^SOt in 20 Literal.
1-300
1-302
1-300

1-301 1-676 25 ccm = 5-3 ccm

50 = 10-4 0-37

-

1-308
1-309

1-308 1-683
20 ccm = 6-6 ccm

25 = 8-3
50 = 16-4

0-54

1-326
1-329
1-329

1-328 1-703a)
20 ccm = 14-4 ccm

20 = 14-4 1-18

1-308
1-309
1-308

1-308 1-683 20 ccm = 6-4 ccm

25 = 7-8 0-51

1-295
1-295
1-295

1-295 1-670 25 ccm = 4-2 ccm

50 = 8-3 0-27

*) Elektrode 1 liatte langere Zeit an freier Luft gestanden; sie zeigte eine ganz
abweichende E. K.; ygl. Seite 213. Sie wurde fur 15 Min. in Eisenlosung gebadet.

a) Der hocbste von Grafenberg (loc. cit.) erreichte Wert betrug (bei Zim-
mertemperatur f) 1-65 Volt.
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n (Ft, 03) — n

(Eg, Vx-n. KCl)
in Volt

Mittel
in Volt

n (Pt, 03) —
— n (Ft, E3)
Volt bei +1°

Titration
com Vajo-n. Na.2StOa

Ozonlconzen-
tration Millimol

pro Liter

1-272
1-273
— *)

1-273 1-648 50 ccm = 3-6 com

50 = 3-5
0-11

1-314
1-316 1-315 1-690

20 ccm = 8-3 ccm

50 = 20-5 0-68

1-323
1-323
1-320

1-322 1-697
20 ccm = 12-8 ccm

25 = 15-7
1-04

1-306
1-306
1-303

1-305 1-680 20 ccm = 5.5 ccm

50 = 13-4
0-44

1-278
1-278
1-277

1-278 1-653 50 ccm = 4-1 ccm

50 = 4-0
0-13

x) Elektrode war mit
Seite 216.

Finger beriihrt und gab stark abweichende Zahl; vergl.
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In Fig. 7 sind samtliche Resultate graphisch dargestellt. Die Or-
dinaten sind die E. K. der Wasserstoffozonketten, die Abscissen die de-
kadischen Logarithmen der Ozonkonzentration. Die Versuche mit 1-
norm. Salpetersaure sind durch Kreise, die Yersucbe mit 1|10-norm.
Schwefelsaure durcli Yierecke gekennzeichnet. In der Figur ist ferner
eine Gerade gezeichnet, welche die Neigung angibt, welche die Kurve

JRT
habere miisste, wenn die E. K. durch die Formel A -|—p— In Co3 dar¬
gestellt wird.

Aus der Figur ist ohne weiteres ersichtlich, dass die experimentell
gefundenen Punkte ohne systematische Abweichung in einer Geraden
liegen, die praktisch vollkommen parallel der Hilfslinie verlauft. Da

04343 fiir + 1° den Wert von 0-054 Yolt hat, so kann die E. K.
der Ozon-AVasserstoffkette durch die Formel:

jr(Pt, 03) — H2)= jt0 +• 0-054 log Co3 Volt
ausgedriickt werden. Der AVert von jc0, d. h. die E. If. fiir den Fall,
dass ein Mol. Ozon im Liter gel5st ist, ergibt sich als Mittel aus alien
A+rsuchen zu 1-861 + 0-001 Volt.

Aus dem Zusammenfalien derWerte fur 1-norm. HNOs unci 1|10-norm.
H2SOi geht ferner hervor, dass die E. If. einer Ozon-Wasserstoffkette bei ge-
gebener Ozonkonzentration unabhangig von der Wasserstoffionkonzentra-
tion ist, d. h., dass das Oxydationspotential der Ozonelektrode propor¬
tional dem Logarithmus der iF-Ionkonzentration zunimmt. Es fiihren
mithin die experimentellen Resultate zur Formel:

n (.Pt, 03)— jt (Losung) — jr0 -f- In G0a X CH- Yolt.
Die Giiltigkeit dieser Formel ist fiir ein Ifonzentrationsintervall

1:12 beim li-Ion, 1:20 bei Ozon gepriift.

III. Besprechung der Resultate.

Die experimentell gefundene Formel stimmt mit keiner der a priori
zu erwartenden Seite 207 aufgestellten Formeln iiberein, und zwar an-
dert sich die E. If. mit der Ozonkonzentration weit starker als zu er-

warten war. Es entsteht die Frage, wie dieses eigentiimliche Yerhalten
zu erkliiren ist.

Die nachstliegende Annahme ist natiirlich die, dass es sich nur
um ein zufalliges Resultat handelt, dass durch experimentelle Fehler
vorgetauscht ist. Es ist ja eine experimentell gut bekannte Tatsache,
dass bei starken Oxydations- und Reduktionsmitteln in sehr verdiinnten
Losungen die Abhangigkeit der E. If. von der Ifonzentration (infolge
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Oxydation durch Luftsauerstoff, resp. Eeduktion diirch organischen Staub)
experimentell leitet, zu gross erscheint. Diese Annahme scheint in
unserm Pall nicht zuzutreffen, denn die Eesultate sind viel zn kon-
stant und reprodnzierbar. Wir haben nns gegen derartige Tauschungen
daduxcb zu scbiitzen versucht, dass wir den Ozongebalt nicht aus der
Yerdiinnung berechneten, sondern stets direkt bestimmten, und zwar
nachdem sich die E. K. konstant eingestellt hatte.

Eine zweite Moglichkeit ware die, dass gasformiges Ozon bei der
Absorption durch Sauren dem Henryschen Gesetz nicht folgt. Auch
diese Ausnahme trifft nicht zu, denn einige Loslichkeitsversuche erga-
ben, dass Ozon zum mindesten sehr angenahert dem Henry schen Ge¬
setz folgt1).

Auch andere Yersuche, die eigentiimliche Gestalt der Formel auf
direkte oder indirekte Fehler in den Annahmen oder in der Yersuchs-

anordnung zu schieben, fiihren zu keinem Eesultat, so dass nichts an-
deres iibrig bleibt, als anzuuehmen, dass die obige Formel in der Tat
die Konzentrationsfunktion der E. K von gelostem Ozon dai'stellt.

Yersucht man, auf Grand dieser Formel die Gleichung fur den
elektromotorisch wirksamen Vorgang aufzustellen, so stosst man auf be-
deutende Schwierigkeiten. Bei der Besprechung der Titrationsversuche
(Seite 223 u. ff.) hatte sich ergeben, dass gelostes Ozon nach verschie-
denen Eeaktionsgleichungen oxydieren kann:

03 + 2(— F) + 2R = H.,0 + 0, (1)
(Ozon und KJ in neutral'er Losung, Ozon -j- FeSOti in saurer Losung.)

Oa + 3 (— F) + 3H 11,0 + 'I, ILO, + i/jO, (2)
(Ozon in saurer Losung + KJ in neutraler Losung.)

Hierzu kame noch der elektromotorische Yorgang:
08 + l(-F) + H = xO,+ (?). (3)

Beriicksichtigt man nun, dass bei der elektrolytischen Eeduktion
— die, wie es scheint, umkehrbar erfolgt — nur eine negative Ladung
pro Mol Ozon aufgenommen wird, dass dagegen bei den chemischen Ee-
duktionen bis 3 (und wahrscheinlich sogar bis zu 6) negativen Ladungeu
aufgenommen werden, so muss man annehmen, dass die Eeduktion von
Ozon in Stufen erfolgt: es entstehen zunachst Stoffe, die ihrerseits
Oxydationsmittel sind und weiter reduziert werden konnen. Beriick-
sichtigt man ferner, dass Sauerstoff bereits in der ersten Phase der Ee¬
duktion, der elektrolytischen, und zwar umkehrbar auftritt (vgl. S. 215),

') Die Versuche waren angestellt, bevor die genauen Titrationsbedingungen von
in Sauren gelOstem Ozon ermittelt waren, und haben daher nur Wert als relative
Zahlen.
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beriicksichtigt man ferner, dass die Gleichung (2) notwendigerweise mit
dem Faktor 2 multipliziert werden muss, damit rechts ganzzahlige Mo-
lekularkoeffizienten auftreten, so ergibt sich daraus, dass schon in der
ersten Phase der Reduktion — das elektrolytische Ozon mit mindes-
tens zwei Molen an dem Vorgange Teil nimmt.

Versucht man, auf Grand der obigen tlberlegungen den Elektroden-
vorgang zu formulieren, so muss man noch einen Punkt beriicksichtigen,
die Gleichungen miissen derart beschaffen sein, dass sie sich nicht in
mehrere unabhangige Gleichungen zerlegen lassen1).

Trotz dieser Binschrankungen ist. die Zahl der moglichen Formu-
lierungen ziemlich gross. Im folgenden sei eine angefiihrt, die nur
einen unbekannten Zwischenstoff voraussetzt:

Sicherlich stellt dieses Schema noch keineswegs den „Mechanis-
mus" der Vorgange in alien Einzelheiten dar, denn die angefiihrten
Gleichungen wtirden ziemlich komplizierten Vorgangen entsprechen,
wahrend die nahere IJntersuchung des „Mechanismus" chemischer Re-
aktionen immer mehr darauf hinzudeuten scheint, dass die iiberwiegende
Zahl der chemischen Vorgange hochstens zweiter Ordnung ist, und dass
dort, wo scheinbar eine hohere Ordnung vorhanden ist, diese durch das
Vorhandensein gewisser Gleichgewichtsbedingungen kunstlich hineingc-
bracht wird. Zahlreich sind ja auch die Falle, wo man komplizierte
Vorgange aus reaktionskinetischen Griinden als eine Folge einfacherer
Zwischenreaktionen aufzufassen genotigt. ist, und in einzelnen solcher
Falle haben sich auch die hypothetischen Zwischenstoffe nachweisen,
resp. zur Reaktion bringen lassen2). Insbesondere die eigeutlichen Elek-
trodenvorgange scheinen nach allem, was man liber sie weiss, stets einem
sehr einfachen Schema zu entsprechen8). Gleichungen von der Gestalt
wie (3) auf Seite 235, derzufolge mehrere Stoffe gleichzeitig an der
Elektrode entstehen, resp. verschwinden sollten, kbnnen mithin nur als

r) Yergl. Ostwald, Diese Zeitsohr. 34, 248 (1900).
4) Vergl. z. B. Schilow, Diese Zeitschr. 42, 641 (1903).
a) Sogar der als „gla,tt" geltende Vorgang der elektrolytischen Oxydation von

Chlorion zu Chlor bei ca. +1-6 Volt (gegen Tropfelektrode) geht, wie eine im Gange
befindliche Untersuchung im hiesigen Laboratorium mit Sicherheit zeigt, nicht nach
dem Schema 2CI' -j- 2(-j- F) = Cl2 vor sich, sondern derart, dass ein zweiwertiges
C7.,"-Ion nach CJ2" + 2(+ F) = Clt entladen wird.

2 03 + 2H + 2 (- F) = mO, + 02 (3)1
mOi+ 2H-+ 2(— F) = 2H20+ 0.2 (la) J
2 03 + 2R + 2(— F) = + 0.2 (3)1
11,0,+ 4J?" -j- 4(— F) = m02 + 2m0 (2a)/-

(1)

(2)
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Bruttogleichungen des Elektrodenvorganges aufgefasst werden. Es ist
daher wahrscheinlich, dass auch diese Gleichung noch weiter zerlegt
werden muss, und zwar derart, dass der eigentliche Elektrodenvorgang
als eine Reaktion erster Ordnung auftritt.

Man kann a priori verschiedene derartige Zeriegungeii vornehmen,
die alle daraui hinauslaufen, dass gelostes Ozon mit Wasser unter Bil-
dung (sauerstoffreicher) Ionen reagiert. Fiir die Ausnakme, dass Ozon
mit "Wasser reagiert, spricht der Umstand, dass die Sattigung der
wassrigen Losung auffallend iangsam erfolgt. Da a priori die Ent-
stehung von sauerstoffreicken Kationen, wie Anionen gleick wahrschein-
lick ist, so versuckten wir, diese Alternative dadurck zu entsckeiden,
dass wir die Abkangigkeit der Loslickkeit des Ozons von der Saurekon¬
zentration bestimmten. Die Yersucksresultate geben aus den Seite 235
erwaknten Grtinden nur Relativzaklen, sie zeigen indes deutlick, dass
mit steigender Saurekonzentration die Loslickkeit abnimmt.
Dies wiirde fiir die Entstekung neuer Anionen sprecken. Da nack
Seite 236 Ozon bei alien Oxydationen mit mindestens zwei Molen be-
teiligt ist, so konnte die Ionisierung vielleickt nach der Eormel: 2 03

H20 H07' -f- IT, natiirlick nur in ganz geringem Betrage erfol-
gen. Yielleicht kydrolysiert auch Ozon aknliche wie Cklor, etwa nach
dem Schema 2 03 + HO ^ S + HO5' + 02.

Es darf indes nicht vergessen werden, dass die Loslichkeitsab-
nahme durck Erhokung der Saurekonzentration auch einer spezifiscken
Anderung des Losungsmittels zugeschrieben werden kann. Leider liegen
so gut wie kar keine exakten Bestimmungen des Einflusses von Sauren
auf die Loslichkeit von indifferenten Gasen vor, so dass nicht einmal
die Ricktung dieses spezifiscken Einflusses angegeben werden kann.
Fur die Annakme, dass Ozon in wassriger Losung eine (schwache)
Saure ist, sprickt auch die von Bayer und Yilliger1) gefundene Tat-
sacke, dass Ozon mit starken Alkalien Salze zu bilden vermag. Aller-
dings waxen wir auf Grund unserer Yersucke eher geneigt, der den
Salzen zu Grande liegenden Saure die Formel II.,07 oder H.205 zuzu-
schreiben (und nicht LL04, wie es Bayer mid Yilliger tun). Die Un-
bestandigkeit von Ozon in alkaliscker Losung ware der Unbestandigkeit
des Anions H07\ resp. HO- zuzuscki'eiben, welcke nach der Gleichung
H07—110'+ 3 0.,, resp. HOI= HO' + 2 02 zerfallen, und die nur bei
sehr tiefen Temperaturen oder in geringen Konzentrationen (zeitlich) etwas
bestandiger sind.

Wir versuckten auck, die Existenz von Ionen in wassriger Ozon-
') Ber. d. d. chem. Ges. 35, 3038 (1902).



238 R- Luther und J. K. H. Inglis, Ozon als Oxydationsmitte).

losung durch Leitfahigkeits-, resp. Uberfuhrungsversuche nachzuweisen,
haben aber bisher keiiie unzweideutigen Resultate erhalten. Die zahl-
reichen Yersuche haben indes den Weg gezeigt, auf welchem noch am
ehesten ein positives Resultat zu erlangen ist.

Am meisten Erfolg zur Aufklarung der Sachlage scheint das Sta¬
dium der Loslichkeit von Ozon unter verschiedenen Bedingungen zu

bieten, ferner aber aueh die Untersuchung gleichzeitiger Oxydation
zweier Reduktionsmittel dnrch Ozon1).

Zusammenfassung.

GelOstes Ozon ist elektromotorisch ein starkes Oxydationsmittel.
An glatten Platinelektroden, die in geeigneter Weise vorbehandelt sind,
gibt Ozon E. K. die bei gegebener Temperatur von der Af-Ion- und
Ozonkonzentration abhangen, und die auf + 1 Millivolt definiert sind.

Bei der elektromotorischen Betatigung von Ozon entsteht primar
Sauerstoff, denn eine Sauerstoffbeladung erniedrigt, eine JYasserstoffbe-
ladung erhoht das Oxydationspotential der Ozonelektrode. Durch Baden
in einer angesauerten Eerro-Ferrisalzlosung kann eine Platinelektrode prak-
tisch frei von JYasserstoff und Sauerstoff gemacht werden. Hierdurch
kann der Einfluss der „Yorgeschichte" der Elektxode eliminiert -vverden.

Die Abhiingigkeit der E. E. einer Platinozonelektrode von der J?-Ion-
und Ozonkonzentration ist durch die Eormel gegeben:

R T
jt (Pt, Oa) — ji (Losung) '= jt0 -J- -j-,- In C0a X Or-.

Die E. K. einer Ozon-Wasserstoffkette bei -f-1° ist durch die Formel
gegeben (C in Molen. pro Liter):

jt (Pt, Os) — jr (P£,.i72) = 1-861 + 0-054 log10 C0s Yolt.
Ozon ist vielleicht das Anhydrid einer (sclrwachen) Saure, deren

mutmassliche Zusammensetzung i?207 oder H206 ist..
Bei der. Einwirkung von Ozon in saurer Losung auf Jodkalium

ini.neutraler Losung werden drei Aquivalente Jod pro Mol Ozon in
Fkeiheit gesetzt.

Bei der Einwirkung in neutraler Losnng von Ozon auf JodkaRum
werden ztvei. Aquivalente Jod pro Mol Ozon in Ereiheit gesetzt.

Bei der Einwirkung in saurer Losung von Ozon auf Eerrosalz
werden pro Mol Ozon zwei Mole Ferrosalz zu Eerrisalz oxydiert.

J) Yergl. Schilow, Diese Zeitschr. 12, 641 (,1903).

Leipzig, Januar 1903.


