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I. INTRODUCTION

Of the many electrochemical reactions which may theoreticall}^

be employed to determine the faraday, i. e., the quantity of elec-

tricity associated with a chemical equivalent in any electrochemical

change, that of the deposition of silver from a solution of silver

nitrate is the only one that has been extensively investigated.

The values which have been accepted for the faraday from time to

time have almost entirely been based upon results with the silver

voltameter. This naturally resulted from the fact that the inter-

national ampere is defined in terms of the silver deposited under

more or less rigorously fixed conditions, and hence this instrument

has been the subject of many thorough investigations both by the

national standardizing laboratories and by private individuals.
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As a result of tnese investigations it has been possible for the* past

few years so to define the conditions to be used in connections with

the silver voltameter that a reproducibility of i or 2 parts in

100 000 may be obtained. Until recently no other voltameter

had attained an)rthing approaching such a degree of precision

A little over a year ago, however, Washburn and Bates ^ pub-

lished the results of a study of an iodine voltameter which they had
devised and which was found to have a reproducibilitv of the same

order as that of the silver voltameter. The apparentlv complete

reversibility and purity of the electrochemical reaction in the

iodine voltameter, coupled with the fact that no solid deposit is

obtained, made it a particularly valuable reaction to employ for

determining the faraday and warranted very exact electrical meas-

urements. Since the Bureau of Standards had as a result of re-

cent work on the silver voltameter exceptional facilities for such

measurements, arrangements were made for the comparison dur-

ing the smnmer of 19 13 of the silver and the iodine voltameters

at the Bureau of Standards.

II. ARRANGEMENTS FOR THE WORK
So far as the methods of making the silver deposits and washing,

drying, and weighing them are concerned, no essential changes

from those previously employed ^ at the Bureau of Standards were

made. But the methods of measuring the ctirrent had to be some-

what modified owing to the high resistance of the iodine vol-

tameters and the smaller current to be employed. An electromo-

tive force of 240 volts was used to pass a current of one-fourth of

an ampere through the circuit containing the voltameters and the

ballast resistance of about 400 ohms. This necessitated particu-

larly high insulation owing to the damp weather which is preva-

lent in Washington in summer. Fortunately this was obtainable

by mounting the galvanometers and all apparatus on paraffin and
using paraffin insulators to support all wires pertaining to the cir-

cuit. The circuit is shown diagrammatically in Fig. i The ctirrent

was measured by means of a Wolff potentiometer (P) , and also by
directly balancing (B) the electromotive force of a Weston stand-

ard cell (No. 109) maintained at 28° in oil against the fall in poten-

tial across two 2-ohm resistance standards (R), through a second

1 J. Am. Chem. Soc. 84, pp. 1341, 1515; 1912. * xhis Bulletin, 9, p. 151, Reprint No. 194.
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galvanometer, similarly to the method previously described.^ To
eliminate the errors of the potentiometer, however, the dials were

set to the voltage of the cell as nearly as possible and balanced with

the standard cell on the same terminals to which the emf of the

standard resistance was applied. To faciHtate this a double pole,

double-throw switch (S2) with all joints soldered and embedded
in paraffin was used. Q is a series resistance for quick adjustment

of the current, A is an ammeter for convenience, C the compen-

sating resistance usually about 590 ohms, K is a Kelvin rheostat

for fine regulation, Sj is the main switch to throw the current on or

off through the voltameters V. As a test of the circuit a com-

parison of the two methods of measuring the current was made
when the humidity was 75 per cent and they agreed to within 2

WVV^

400 n C
VvwsAA/v—1—v^A/y^A/

360 fi

L-c>^hC)-^-€HTl

300 ft K

Fig 1.

—

The circuit

parts in i 000 000. All of the experiments were made under

lower humidity conditions, and, when necessary, refrigerating

coils were used to reduce the humidity of the room. A photograph,

Fig. 2, shows the voltameters and some of the control apparatus.

As the potassium iodide solution in the iodine voltameters has a

high temperature coefficient of conductivity and was subject to

considerable heating by reason of its high resistance, some trouble

was anticipated in maintaining the current at constant value, but

this was avoided by immersing the iodine voltameters to a little

above the V tube in large water baths. At the beginning of an

experiment the drift in current due to heating in the voltameters

was rapid for about five minutes, after which it decreased and

This Bulletin, 9, p. 179, Reprint No. 194.
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finally became surprisingly steady during the greater part of the

experiment.

Some of the experiments were at 0.25 ampere for four hours; in

all of these except the first two the current was maintained

constant during the experiment. In the other experiments a cur-

rent of 0.05 ampere was used for 20 hours but the current was
not measured against the standard cell and resistance. For the

purpose of computing the value of the faraday it is not necessary

to measure the ciurent by cell and resistance. It was, however,

deemed advisable to do so in some cases at least so that the silver

voltameter determinations might be connected with previous work
at the Bin-eau of Standards. For this purpose the same standard

cell and resistances were again employed as in the previous investi-

gation. Comparisons of these with the standards maintained at

the Bureau showed only very slight changes to have taken place.

III. THE VOLTAMETERS

A. THE IODINE VOLTAMETERS

1. APPARATUS AND MANIPULATION

The three iodine voltameters used were of the same type as those

previously employed by Washbtim and Bates. The apparatus,

which is shown in Fig. 3, consists essentially of two upright limbs

connected by a V tube. At the bottom of each limb is an elec-

trode. The anodes consist of a platinum iridium alloy, it having

been foimd that iodine is without appreciable effect on such an

electrode, though one of pure platinum is attacked. Since the

cathode solutions were not to be analyzed in the present investi-

gation, it was permissible to use platinum electrodes for the

cathodes. The electrodes were sealed into glass tubes, through

which ran the electrical connections to the outside. These tubes

as well as the capillary tubes through which the solutions were

poured aroimd the electrode come out through small openings in

the caps at the top of the limbs. The joints between these tubes

and the caps are made atir-tight by means of short pieces of rubber

tubing.

In order to prevent diffusion within the voltameter and also to

prevent rapid changes in the resistance of the voltameters due to

heating, the voltameters were placed in large water baths.
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The voltameter is first filled through the side tubes with a 10

per cent solution of potassium iodide, which has been evacuated

under an air pump to remove dissolved air. At the cathode side

about 10 cc of a concentrated solution of potassium iodide (i g
salt to I g water) is then rim down the capillary tube and this is

immediately followed by about 20 cc of a concentrated solution of

iodine and potassium iodide, which completely covers the electrode.

In a similar manner the anode is sinrounded by about 25 cc of the

concentrated solution of potassium iodide.

At the conclusion of a rim the solution in the cathode limb is

discarded after having been sucked into a flask through the capil-

lary and delivery tubes.

The amount of iodine formed at the lanode by the passage of the

current is determined by titration with a standard solution of arse-

nious acid. The theory of this titration and the calculation of the

conditions which reduce the error to about 0.00 1 per cent have

been previously discussed.^ After the first rough weighing of one

of the silver voltameters, the approximate quantity of electricity

that has passed through the system, and hence the approximate

amount of arsenious acid solution necessary for the titration, are

calculated. An amoimt of the standard solution about one drop

less than this is weighed out into a liter Erlenmeyer flask, and
disodium phosphate solution added to control the hydrogen ion

concentration. The flask is then fitted to the delivery tube so

that the tip of the tube is below the level of the liquid and the

anode solution quietly pulled up the capillary tube and over into

the flask ("A," Fig. 2) by applying a gentle suction to the latter.

The solution is then mixed and the titration completed in the man-
ner described below.

2. CHEMICALS AND SOLUTIONS

The water employed for all of the solutions used in connection

with the work of the iodine voltameter was obtained by redistilling

the distilled water of the laboratory from alkaline permanganate,

the first and last fractions of the distillate being discarded.

The potassium iodide was obtained by recrystallizing J. T.

Baker's product until it was no longer alkaline to phenolphthalein.

Because of the damp weather prevalent diiring this investigation,

the potassium iodide was kept in desiccators over calcium chloride.

* J. Am. Chem. Soc, 30, p. 31; 1908; 34, p. 1353; 1912.
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The concentrated iodine solution which was used for surround-

ing the cathode was prepared by dissolving 910 g of C. P. iodine

and 585 g of potassium iodide in 320 g of water. The dilute

standard iodine solution was prepared by diluting the concen-

trated solution till it was about 0.0 1 normal. Its strength was

determined by titrating it against the dilute standard arsenious

acid solution.

The standard arsenious acid solution was prepared by dissolving

240 g of Kahlbaum's arsenious acid which had been recrystallized

from conductivity water in a solution containing 120 g of J. T.

Baker's C. P. sodium carbonate. The solution was then made
up to approximately 5 liters and kept in a 5 -liter glass bottle.

The bottle was fitted with a delivery tube containing a stopcock

and with a three-way tube through which hydrogen passed as

the solution was withdrawn by means of the delivery tube. This

three-way tube was attached to a manometer to indicate the

pressure of hydrogen within the bottle and to Geissler bulbs which

contained some of the same solution as was in the bottle and

through which the hydrogen bubbled before entering the bottle.

It has been discovered in the previous investigation that the

arsenious acid solution slowly oxidized. Hence, before beginning

this investigation the solution was practically freed from dissolved

air by slowly bubbling hydrogen through it. This was led in by
means of the tube which afterwards served as the delivery tube,

and which reached to the bottom of the bottle. After hydrogen

has been bubbling through the solution for 24 hours, the stream

of hydrogen was attached to the Geissler bulbs, care being taken

that no air was permitted to enter the bottle. The pressure of

hydrogen within the bottle was then raised to and maintained at

a pressin-e equal to 4 or 5 cm of mercury greater than atmospheric

pressure.

The hydrogen which was used for this purpose was prepared

from C. P. zinc and sulphuric acid in a Kipp's generator. It was
passed through a wash bottle containing alkaline permanganate and
then over reduced copper contained in a quartz tube. This tube

and the copper were kept red hot all the time during the course

of this investigation by means of an electric heating device.

From the quartz tube the hydrogen was led to the bottle contain-

ing the standard solution by means of a flexible copper tubing.
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The bottle was kept in a large tank or pail of about 20 liters

capacity. This pail was filled with water to prevent condensation

of moisture on the upper part of the inside of the bottle due to

temperature changes in the surroimdings. The whole w^as

mounted on a turntable in such a manner that the delivery tube

might be swung directly over the mouth of a flask resting on the

pan of a large Rueprecht balance.

The dilute arsenious acid solution was prepared by diluting

about 10 g of the standard solution to 100 times its weight. This

solution was not protected from the air and since it slowly oxidized,

a fresh lot was prepared every week or 10 days. It was com-

pared with the dilute iodine solution every three or four days;

in this way it was possible to determine the strength of the solu-

tions so that no error greater than 5 parts in i 000 000 was intro-

duced because of a change in their concentration.

3. METHODS OF STANDARDIZATION AND ANALYSIS

For the careful standardization of the arsenious acid solution,

it was necessary to prepare a quantity of pure iodine. For this

purpose potassium permanganate was added to an acid solution

containing an excess of potassium iodide and the precipitated

iodine after having been washed by decantation till the wash
water was no longer acid, was dried in the centrifuge. It was

then distilled from a retort and caught in a molten condition in a

flask. The iodine was broken up in a dry mortar and kept in a

desiccator over sulphuric acid, from there it was transferred as

needed to the sublimation apparatus. This consisted of a Jena

gerathe glass tube, Fig. 4, about 100 cm long and 3 cm diameter.

Into one end of it fitted a ground-glass stopper through which a

current of air could be passed. This air was bubbled through a

solution of alkaline permanganate, through two wash bottles con-

taining sulphuric acid and then passed through a tube containing

phosphorus pentoxide which had been recently sublimed into

it. At the end nearest to the subliming apparatus this tube was
closed by means of a stopcock, which was joined with Khotinski

cement to the glass stopper of the subliming tube. During the

course of the experiments very little moisttire reached the phos-

phorus pentoxide and that only at the end farthest from the

subHming apparatus.
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The iodine in a porcelain boat is placed inside the sublimation

apparatus at S just ahead of the glass stopper. Movable heating

coils of manganin wire serve to sublime the iodine from this posi-

tion down the length of the tube. The rate of sublimation could

be conveniently controlled by regulating the temperature of the

heating coils and the cvurent of air passing through the tube. In

passing from one end to the other of the sublimation apparatus

the iodine was sublimed at least three times. It was then trans-

ferred without exposiU"e to the atmosphere of the room, into a

previously weighed quartz weighing bottle B, by means of the

rake R which was operated through a narrow tube some 40 cm in

length sealed onto the subliming tube.

Fig. 4.

—

Sublimation apparatus

The iodine was weighed in the constant temperature room on

the Oertling balance which has been previously described.^ When
empty the weighing bottles were always left on the balance pan

at least four hours before a weighing was attempted, when they

contained iodine they were left over night. The weighings were

made by substitution, an empty weighing bottle serving as part

of the counterpoise. The set of weights employed had been com-

pared with the standard weights of the Bureau. It is believed

that the weight of iodine was known to 0.02-0.03 mg.

For the first week or two of the present investigation the iodine

voltameters did not check well and the arsenious acid solution could

not be accurately standardized. It was found that the trouble

lay in the method of weighing the solution. Up to June 26 the

* This Bulletin, 9, p. 174, Reprint No. 194.
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method was that employed in the previous investigation at the

University of Illinois. Liter Erlenmeyer flasks were balanced on

the two pans of a large Rueprecht balance, the desired amount
of solution run into the flask on the left-hand pan, a rubber stopper

which had been weighed with the flask inserted into its mouth and

the weight of the added solution accurately determined. The
previous work had been done during the spring of the year in a

basement room which was not heated artificially. The room was
quite cool and the variation in the amount of evaporation of the

solution during the time required to draw off the solution and
stopper the flask was not rapid enough to introduce an error

greater than 0.002 per cent. The temperature of the room in

which the weighings for the present investigation were made was
between 29° and 31° C. This caused an uncertainty in the weigh-

ing which depended upon the length of time it took to transfer

the proper amount of solution to the flask and to stopper it. This

time was somewhat variable, since toward the end of the addition

of the solution to the flask it had to be added slowly in order to

get the weight within o.i g of that required for the titration,

before the final weighing to a few tenths of a milligram was

attempted.

This uncertainty in the weight of the standard solution was

greatly reduced by the following modification in the method of

weighing. About 25 cc of water was added to both of the flasks

on the balance pan, they were then balanced and it was determined

whether or not the rate of evaporation of water from both of them
was the same. The mouth of the counterpoise flask was somewhat
larger than that of the flasks in which the solution was weighed, so

it lost weight more rapidly. However, by adjusting the size of

the opening by means of a small piece of paper, the rate of evapo-

ration from the two flasks could be practically equalized.

The required amount of solution was then added, both flasks

left unstoppered, and the weight determined as soon as possible.

The rate of evaporation was again investigated, and if it were

not the same as it was before the solution was added, an allow-

ance was made for this. The imcertainty in the weight of solu-

tion taken was seldom over 0.5 mg, but is probably the greatest

source of error connected with the iodine voltameters in this inves-
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ligation. With practice this error was reduced, since toward the

end of this investigation both the voltameters and the standardi-

zations checked to i or 2 parts in 100 000.

After the arsenious acid solution was weighed out, the required

amount of disodium phosphate solution was added to the flask.

In the case of the standardizations some 30 g of potassium iodide

was also added, and then the quartz weighing bottle was intro-

duced into the flask and opened below the level of the liquid to

prevent any loss of iodine vapor. When the iodine had com-
pletely dissolved, water was added till the volume of the solution

was 250 to 275 cc.

The dilute arsenious acid solution was then run from a burette

into the flask till the iodine color all but disappeared and the

solution set aside for three to five minutes for equilibrium condi-

tions to be attained. For the completion of the titration the flask

containing the solution and another containing the same volume

of water were set side by side on a large sheet of unglazed white

paper before a north window\ The arsenious acid solution was
then added drop by drop till the iodine color just disappeared.

It was possible by proceeding in this way and by comparing the

appearances of the liquids in the two flasks to detect the effect

of a single drop of the arsenious acid solution upon the iodine

color. After determining the end point, about i cc of the dilute

iodine solution was run in and the end point again determined.

In this way three or more observations were always obtained

for each end point; with practice and with favorable illumination

it was possible to decrease the uncertainty in the end point to

0.02-0.03 cc of the dilute arsenious acid solution. This corresponds

to an uncertainty in the titration of 5 or 6 parts per i 000 000.

In order to get the iodine formed at the anode of the voltameter

into a flask to be analyzed, a rubber stopper carrying the delivery

tube was fitted to the flask containing the arsenious acid solution

and the phosphate solution, in such a way that the end of the de-

livery tube dipped below the siurface of the liquid. (Fig. 2.)

The flask was then supported beside the voltameter and the

delivery tube connected to the bulb at the top of the capillary

tube by means of the ground glass joint. On applying a gentle
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suction to the flask the anode portion was sucked over, the last

visible trace of iodine from around the electrode disappearing up
the capillary by the time half of the solution contained in the anode

limb had been sucked over into the flask. As a precaution,

however, the entire anode solution was used to wash out the

capillary and delivery tubes. The solution was then thoroughly

mixed and the titration completed as described above.

4. STRENGTH OF THE STANDARD ARSENIOUS ACID SOLUTION

The data obtained for the standardization of the arsenious acid

solution are given in Table i . This table is divided into two parts,

corresponding to the two methods of weighing the solution. The
first column gives the date of the standardization, the second the

number of grams of iodine taken (corrected to vacuo by adding

0.0099 P^^ c^^^ o^ ^^^ apparent weight) . In the third is found the

number of grams of arsenious acid solution used in the titration;

the fourth gives the grams of iodine corresponding to i gram of

the standard solution ; this value will hereafter be referred to as the

factor. The value for the factor, as calculated in the manner

described below, js given in the next column, and in the sixth is

found the difference in per cent between the value of the factor as

found and as calculated.

The results show that even with the precautions taken the

standard solution was oxidizing. In order to compare the stand-

ardizations and to determine the strength of the solution at any
time the values of the factor found in colimm 4 were plotted against

the corresponding days upon which the titrations were performed.

It was found that for the period during which the second and more
accurate method of weighing was employed a straight line could

be drawn through the points in a satisfactory manner. From this

line the strength of the solution for any particular day may be
read off or the factor may be calculated from the equation of the

line. The value for the factor F on the V^ day after Jime 30
is given by F = 0.1081 352 — o.oooooo96t, and therefore changes

at a rate less than o.ooi per cent per day. The values for the

factor given in the fifth column of Table i were calculated by means
of this equation.
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TABLE 1

Standardization of Arsenious Acid Solution

FIRST PERIOD

[Vol.10

Date Iodine
Arsenious

acid
solution

Factor
found

Factor
calculated

Difference
in per
cent

June 4.

.

June 7.

.

June 11.

June 14.

June 16.

June 19.

June 21.

1913.

Average deviation.

4.81605

5. 11905

4. 97658

2. 89043

5. 96126

4. 13730

4. 78222

44.5100

47. 3058

46. 0003

26. 7085

55. 1136

38. 2395

44.2131

0. 108201

212

186

221

163

220

163

0. 108193

190

186

183

180

178

176

+ 0.008

+ 0.020

0.000

+ (0.035)

- 0.016

+ (0.039)

- 0.012

0.011

SECOND PERIOD

Date

June 30. .

.

Julyl....

Julys.--.

July 9 . . -

July 10...

July 12 .

.

July 16 -.

Julvl7-.

July 19 .

.

July 21 -

.

July 22 -

.

July 23 -

.

July 25 .

.

July 28 .

.

July 29 .

.

July 30 . -

July 31 .

.

August 1

August 2

1913.

Average deviation-

Iodine

5.80150

5. 73071

5.39535

4.50081

5. 41817

4. 64987

5.37630

5.98294

5. 78941

4.93161

5. 00639

5.31224

5. 15089

4. 91674

4. 70907

5. 77480

4.31213

5. 18195

5. 55903

Arsenious
acid

solution

53.6502

52. 9967

49. 8957

41. 6258

50. 1110

43. 0048

49. 7256

55. 3427

53. 5518

45. 6139

46. 3064

49. 1342

47. 6395

45. 4787

43. 5590

53.4188

39. 8883

47.9361

51.4236

Factor
fotind

0. 1081356

334

326

254

233

244

197

071

086

163

144

169

222

108

078

042

051

012

027

Factor
calculated

Difference
in per
cent

1081352

343

323

266

256

237

199

189

170

151

141

132

112

083

074

064

054

045

036

+ 0.0004

- 0.0008

+ 0. 0003

- 0.0011

- 0.0021

+ 0.0006

- 0.0002

-(0.0109)

-(0.0077)

+ 0.0011

+ 0.0003

+ 0.0033

+ (0.0101)

j}- 0.0023

+ 0.0004

- 0.0020

- 0.0003

- 0.0030

- 0.0008

0.0012
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Of the standardizations obtained by the second method of

weighing, those of July 17,^19, and 25 were not considered in

placing the line, because they deviated widely from the other

observations . That of July 1 7 is furthest from the calculated value,

the difference being 0.0 1 1 per cent.

The average deviation of 0.0012 per cent is about what would
be expected from the uncertainties in weighing the iodine, in

weighing the solution, and in determining the end point.

For the first period, during which the method of weighing was
imsatisfactory, it is extremely difficult to draw a line in a manner
similar to that drawn for the second period. The slope of such a

line, however, should be the same as that for the second period,

since the change in the method of weighing could not have in-

fluenced the rate of oxidation of the solution. Having thus

obtained the slope of the line, its position was chosen so that the

positive and negative deviations were equal. The value for the

factor for this first period was determined graphically.

B. THE SILVER VOLTAMETER
1. FORMS USED

Two forms of silver voltameter were used in all experiments.

Smith's new form and the porous cup form. Both of these have

been described in detail elsewhere.^ They are shown photograph-

ically in Fig. 2. In the tables that follow in the next section it

will be seen that the results of the absolute runs made with these

voltameters are in good agreement with the best previous work.

As in the case of the third series of experiments published by
Rosa, Vinal, and McDaniel,^ where the mean value of the Weston
normal cell is given in terms of both forms of voltameters, so

here we have included in the mean both forms of voltameters to

obtain the value of the silver with which to compare the mean
iodine deposits.

2. MATERIALS, ETC.

The details of the manipulation of the voltameters and the

preparation of materials have all been described before.^ The
electrolyte was prepared from double-distilled water and silver

nitrate especiallly prepared and tested for acidity by iodeosine

and for reducing agents by potassium permanganate as described

by Rosa, Vinal, and McDaniel.^ The anode and cathode acidi-

6 This bulletin, 10, reprint No. 220. (In press.) « ibid., p. 524, reprint No. 201.

^ Ibid., 9, p. ifi, reprint No. 194.
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ties of each voltameter were measured at the conclusion of the

experiment. The mean acidity of the electrolyte at the begin-

ning of the experiment and the cathode acidity at the end of the

experiment were thus determined for each voltameter and correc-

tions to the deposit could be made for the acid present according

to the equation Y = 4.5X where Y is the amount to be added to

the deposit in parts per million and X the acidity of the electro-

lyte in parts per milHon. This correction was determined by
Rosa, Vinal, and McDaniel and is described by them. In the

present case the electrolyte was always very nearly neutral so

that the corrections are very small in all cases.

IV. TABLES OF RESULTS

The details of each experiment made or attempted are given in

Table 2. The experiment of June 6 which is designated as No. i

we have omitted from the summary of results contained in Table 3
since during the run iodine from the cathode was seen to have
migrated up this limb and over into the anode side, coloring the

liquid in the connecting V-tube quite distinctly.^ Before starting

the experiment it had been suggested that the first run would
be largely of a preliminary nature. Aside from this run the only

silver voltameter measurements omitted in computing the results

are those enclosed in brackets. One of them on July 22 deviates

fromthemeanby aboutfour times the average deviation oftheothers
and hence may be called a gross error. Two others, on July 30,

were found to be alkaline at the close of the experiment which
is sufficient reason to discard them as shown in previous investi-

gations.*^ Owing to a miscalculation which resulted in much too

little arsenious acid solution being weighed out for two of the

voltameters of run No. 9, but one accurate analysis of the iodine

formed in this experiment was obtained.

In the column of remarks the experiments designated as " ab-

solute" are those in which the current was maintained constant

during the entire time of the run and measured in terms of a

standard cell and resistance. In the *' comparative" experiments

this was not done.

9 This movement was prevented in subsequent runs by the addition of the few cubic centimeters of

concentrated potassium iodide solution which was run into this limb just before the iodine solution. With
this procedure, it was never possible to detect any coloration due to iodine more than one-third way up the
cathode limb.

10 Report of Int. Tech. Com., p. 157.
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In Table 3 are contained the summarized results and the com-

puted values for the ratio of silver to iodine, the electrochemical

equivalent of iodine, and the value of the faraday. Column i

gives the number of the experiment corresponding to the numbers

given in Table 2. Columns 2 and 3 contain the mean deposits of

silver and iodine for each experiment. Under "calculated cou-

lombs " we give the number of coulombs as calculated from the

silver voltameter deposits, using the value i . 1 1800 mg per coulomb

as defined by the London conference. These are therefore in

international units. We also give the coulombs as calculated from

the measurement of cinxent and time when the absolute runs were

made. These also are international unit coulombs, since they

have been computed on the basis of the Weston normal cell taken

as 1.01 83 volts at 20° C and the international ohm. The differ-

ences between these are given in the next column. On the average

the coulombs calculated from the voltameter are —— smaller
100 000

than from the measurements of current and time. This is as it

should be, since the voltameter measurements at the Bureau of

Standards recently have given a value for the cell about 2 or 3

parts in 100 000 lower than the adopted value 1.0183. The slight

ambiguity that arises in the term "international coulombs," due

to the possibility of measuring them in terms of the silver volta-

meter and time, or in terms of the international ohm, volt, and

time, is fully explained in Part IV of the series of papers by Rosa,

Vinal, and McDaniel." For the present ptirposes this difference is

immaterial, because in computing the value of the faraday the

international atomic weight for iodine is involved, which is ex-

pressed to only five significant figures.

The system used in weighting the several experiments was
piu-ely mathematical, based upon the fact that for each result the

error is due to the combination of experimental errors entering

from the value of the factor for the arsenious acid (zj, from the

titration of the iodine deposits (zg), and finally from the deter-

mination of the silver (zg). The final result Z is then a function,

of these three quantities, Z = f(ziZ2Z3).

« This Bulletin, 10, Reprint No. 220. (In press.)
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We may easily compute the probable errors of each of these

factors from the average deviation. If we designate them as

rj T2 rg the probable error of the result of the experiment is given by

--(i)"-(©'--(i)''-
TABLE 3

Summary of Results

Mean
silver

deposit

Mean
iodine
deposit

Calculated coulombs

Weight
Ratio
silver:

iodine

Electro,
chemi-

cal
equiv-
alent of

iodine

Value
of the
faraday

(1=126.92)

No.
of

run
From
Ag.

volta-

meter

From
Cell
and
Res.

Diff.

Remarks

2

mg
4105. 82

mg
4829. 59 3672. 47

pts. in loe

1.3 0.850138 1. 31508 96 511 4-hour run

3 4104. 69 4828. 62 3671. 45 3671. 53 -22 3.0 075 518 504 Do.

4 4099. 03 4822. 24 3666. 39 3666. 55 —44 25.0 026 526 498 -^
• Do.

5 4397. 11 5172. 73 3933.01 22.2 056 521 562f^ 20-hour run

6 4105. 23 4828. 51 3671. 94 3671.84 + 27 24.4 2O5 498 518 ''-^ 4-hour run

7 4123. 10 4849. 42 3687. 92 16.2 226 495 5211 20-hour run

8 4104. 75 4828. 60 3671. 51 3671.61 -27 20.0 09i 515 506-ti 4-hour run

9 4184. 24 4921. 30 3742. 61 20.8 23o 494 5211 20-hour run

10 4100.27 4822. 47 3667. 50 3667.65 -4i 45.5 242 492 523 'I 4-hour run

11 4105. 16 4828. 44 3671.88 3671.82 + l6 100.0 204 498 519 5 Do.

Arithmetical mean (No.4-11) 0.85016 1.31505 96 514

Weightedmean (all obseri^ations) 0.85017 1.31502 96 515

These calculations have been carried out and weights computed

inversely as the square of the probable error. Some system of

weighting seemed to be necessary since the later experiments were

deemed more reliable than the earlier ones. The experiments

numbered 2 and 3 have very small weights, owing to the difficulties

in weighing out the arsenious acid at this time, so that they may
practically be disregarded. We give the arithmetical mean of

experiments 4 to 1 1 for comparison with the weighted mean. The
differences are very small.
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V. DISCUSSION OF RESULTS

A. THE SILVER-IODINE RATIO

In Table 3 the results of this investigation have been presented in

three ways— (i) as the ratio of silver to iodine, (2) as the electro-

chemical equivalent of iodine, and (3) as the value of the faraday

calculated from the iodine voltameter. The ratio has been given

chiefly because it possesses certain advantages for discussing the

results. If the increase in weight of the platinum bowls used as

cathodes represented only the weight of silver electrolytically

changed from the simple Ag + ions to metallic silver, and if the

only reaction taking place at the anode of the iodine voltameter is

the formation of iodine from iodide ions imder the action of the

cinrent, then according to Faraday's law the amounts of silver

and of iodine so found are in the ratio of the atomic weights of the

elements.

Baxter,^^ who has made a very careful study of the atomic

weights of silver and of iodine, as the result of early work gave

0.849997 as the value of this ratio. As a result of further work he

arrived at the result 0.849930,^^ and more recently from a series of

very concordant experiments he found the value 0.849906.^^ That

calculated from the international atomic weights (19 14) for silver

and iodine, which are largely foimded on Baxter's results, is

0.84998. The only other investigation of recent years which is

comparable with the results of Baxter is that of Kothner and
Amer,^^ who determined the silver-iodide silver-chloride ratio in

eight closely agreeing analyses. Their result, on the basis of

chlorine 35.457, gives 0.850013 as the value of the silver-iodine

ratio.

It is not our purpose to discuss these atomic weight determina-

tions. It is evident that our determination of the silver-iodine

ratio is from 0.015 to 0.030 per cent higher than that calculated

from pmrely chemical methods. It seems unlikely that further

work employing the same chemical reactions as have been hitherto

12 Carnegie Public. No. 135, p. loi.

" Ibid., p. 108.

" J. Am. Chem. Soc, 32, p. 1591 (1910).

16 Ann. d. Phys., 337, pp. 123, 362 (1904).
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used would cause this discrepancy to disappear, although Baxter

considers that further evidence upon the silver-iodine ratio is

desirable.

Our consistently higher results are in the direction of too heavy

a deposit of silver or the formation of an insufficient amount of

iodine. It may readily be suggested that the difference may be

in part accoimted for by inclusions of liquid in the silver deposit,

but the conflicting results of previous observers do not permit us

to estimate the amount. The last work by Laird and Hulett ^®

indicates that deposits from pure solution probably do not contain

more than 0.005 P^^^ cent inclusions. The whole question of

inclusions is critically discussed by Rosa, Vinal, and McDaniel."

Their opinion is that the deposits so perfectly crystalline as formed

from the purest AgNOg obtainable do not contain significant

inclusions. It is hoped that the work being carried out on this

important subject in several laboratories will definitely settle the

matter shortly.

In connection with the iodine voltameter three possible sources

of error suggest themselves.

1

.

The main reaction which takes place at the anode, resulting in

the formation of iodine from iodide ions, may have been accom-

panied by another electrochemical reaction, such as the formation

of oxygen which then remained dissolved in the solution.

2. Sufficient iodine may have been formed, but a slight amount
of it reacted with the water or with the metal of the electrodes.

3. The iodine used to standardize the arsenious acid solution

may not have been suffciently pure.

In the first place there is no certain difference between the re-

sults obtained using the current strengths of 0.05 ampere and of

0.25 ampere. The arithmetical means differ by 0.002 per cent

while the weighted means differ in the opposite direction by 0.003

per cent. This shows that there is no appreciable error arising

from such a reaction as the electrolytic formation of oxygen, for

such a reaction would evidently be much greater with the higher

current densities.

'8 Trans. Am. Blectrochem. Soc, 22, p. 345; 1912.

" This Bulletin, 10, 1913, Reprint No. 220. (In press.)
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Secondly, had any of the iodine been lost by reacting with the

platinum-iridium electrodes this fact would have been immediately

noticed, for it was found in the previous investigation that the

presence of the slightest trace of platinum—less even than that

corresponding to a loss of 0.00 1 per cent iodine—so affected the

color of the solution that the end point in the titration was quite

uncertain.

In solutions of iodine which contain in addition potassium iodide,

as did all of our solutions, the iodine exists almost entirely as the

triiodide ion, I3-. Iodine may react with water in two ways;

these may be most conveniently expressed in the ionic forms,

0H-+ l3- = HIO + 2l-

and 60H-+ 3l3-= IO3-+8I-+ 3H2O.

The equilibrium constants of these two reversible reactions have

been calculated. ^^ In accordance with these calculations the con-

ditions of the titrations in the present investigation were so regu-

lated, by controlling the hydroxy1 ion concentration, that when
equilibrium was attained, no appreciable amoimt of hypoiodite or

of iodate were present. The calculations showed that even with

a rather large variation of the hydroxyl ion concentration an

amount of iodine less than 0.00 1 per cent would be lost. This was
confirmed experimentally by adding different amounts of sodium

phosphate to some of the solutions which were being analyzed. In

this way the hydroxyl ion concentration was varied about fiftyfold.

Such a change had no noticeable effect on the end point, that

is, it affected the analytical results by less than 0.00 1 per cent.

The best evidence that the combined effect of errors due to the

formation of electrolytic oxygen and to the loss of iodine through

side reactions is negligible was obtained in the previous investiga-

tion on the iodine voltameter.

The reaction which takes place at the cathode of the voltameters

is the formation of iodide ions from iodine, being just the reverse

of that occurring at the anode. Hence, in order to determine the

silver-iodine ratio or to calculate the Faraday it is just as feasible

theoretically to employ the amount of iodine used up at the

cathode as it is to employ the amount formed at the anode. In

the previous investigation both of these amounts of iodine were

18 Washburn: J. Am. Chem. Soc, 30, p. 31; 1908.
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determined, and it was found that they agreed with one another

within the experimental error of 0.003 P^i" cent. That is, within

this limit no side reactions resulting in the formation of too little

iodine at the anode occur; the reaction taking place at the elec-

trodes is strictly reversible. The amount of iodine used up at the

cathode was not determined in the present investigation because

the analysis of the cathode solution is much more difficult experi-

mentally than is that of the solution at the anode.

Thirdly, if any of this discrepancy between the silver-iodine

ratios is to be ascribed to impurity in the iodine, this impurity

would have had to consist of some oxidizing substance having a

smaller equivalent weight than has iodine. The presence of an

inert substance such as moisture would have caused a deviation

in a direction opposite to that actually foimd. Special precautions

were taken to eliminate from the iodine any oxidizing substance,

such as bromine. As described above, the iodine was precipitated

by means of potassium permanganate from a solution containing

an excess of potassium iodide. The partly dried iodine was then

distilled from a retort and caught in a molten condition, and finally

it was repeatedly sublimed in a ciurent of dry air. Any one of

these three procedures should have practically eliminated any

trace of chlorine or bromine which might have been present.

The last step, the fractional sublimation, was carried out sepa-

rately each time the arsenious acid solution was standardized.

The procedtue was not always the same; occasionally but three

sublimations were employed, but more often five or six. It is

scarcely possible that imder such circumstances an amount of vol-

atile impurity sufficient to account for an appreciable part of the

discrepancy of (0.015 to 0.03 per cent) should have remained so

constant in amoimt that the average deviations of the standard-

izations (see Table i) were but 0.0012 per cent, an amount easily

accounted for by experimental error.

Taking these various sources of error into consideration, it is

probable that the amount of iodine calculated to have been found

at the anode is within 0.005 P^r cent of that corresponding to the

electrochemical change of iodide ions to iodine. The calculations

of the value of the Faraday from this involves the atomic weight

of iodine and the electrical measiu-ements of the present investi-
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gation. It seems unlikely that the mean value for the Faraday

(96514 international coulombs) given in Table 3 is in error by
more than 0.015 per cent.

The possibility of electrical leakage on the voltameter stands

being a source of error was also considered, but tests easily made
showed the insulation to be amply sufficient.

B. THE FARADAY

If the increase in weight of the platinum bowls of the silver

voltameter be assumed to represent only the metallic silver formed

from silver ions, then taking the atomic weight of silver as 107.88,

the Faraday is defined as '—z— = 96 494 international cou-

lombs. From the iodine voltameter we obtained the value 96 5 14

;

the mean, 96 504, probably represents within o.oi per cent the

true value in international imits.

Values in absolute units,—For theoretical purposes it is desirable

that the value of the Faraday should be known in absolute imits.

We do not, however, think it advisable to emphasize this value at

the present time, for the following reasons:

1

.

Electrical measurements are almost imiversally made at the

present time in terms of the international units as maintained by
the several national laboratories.

2. Recent absolute measurements of the electrochemical equiv-

alent of silver made in several coimtries differ somewhat among
themselves, and therefore it is necessary to state explicitly what

is the basis of any computations that one might make. This is

not the case with the international units.

3. It is probable that the difference between the absolute electro-

chemical equivalent of silver and the value 1.11800 adopted for

the basis of the international ampere is as small as the imcertain-

ties in the atomic weights of silver and iodine which are involved

in the computation of the Faraday. .

A recent investigation at the Bureau has given for the electro-

chemical equivalent of silver 1.11804 ^§ P^i" absolute coulomb.

Hence, the absolute coulomb is 0.004 P^^" cent greater than the

international coulomb, or the faraday in absolute imits is less by
this amoimt. In absolute units the rounded off figure 96 500,

seems the best value to assign, for the present, to this constant.
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VI. COMPARISON WITH PREVIOUS INVESTIGATIONS

A. SILVER VOLTAMETER

The present results with the silver voltameter are most easily-

compared with past work by considering the values computed for

the Weston Cell at 20° for the experiments in which the current

was controlled. These experiments are called ''absolute experi-

ments" in Table 2. In Table 3 we gave the coulombs as cal-

culated from the silver deposits and also from the measured
current and time. We noted in the discussion of this table that

the first method gave a lower value on the average than the second

by 100 000 which is significant of the difference between the exact

value for the cell 1.01827 recently foimd by the voltameter and
the figure adopted for use by the international committee 1.0183

volts. It is evident then that the present work has given the value

1.01 8285 for the cell value. This is perhaps more readily seen

by computing the cell value for each silver voltameter deposit

in an absolute experiment and taking the mean. Having done

this we find the average value from Smith's new form of voltameter

to be 1.018289 and from the porous cup voltameter to be i.018280

whence the result i.018285 as given above. The value i.01827

given as the result of previous work is based on 211 deposits

made with the greatest care by Rosa, Vinal, and McDaniel. It

thus appears that the present work agrees with the past to 0.0015

per cent.

B. IODINE VOLTAMETER

In their investigation Washbiu-n and Bates made a preliminary

comparison of the silver and iodine voltameters. The relation

between their results and ours is more readily discussed in terms

of the silver-iodine ratio than by means of the value for the fara-

day calculated from the iodine voltameter. This is because their

value for the faraday involves Smith, Mather, and I^owry 's absolute

determinations using the filter paper voltameter. For the silver

iodine ratio Washburn and Bates obtained the value 0.85045,

which is 0.033 P^^ cent higher than that recorded here. This

difference is due to the fact that following the specifications

of Smith, Mather, and Lowry, they employed the filter paper form

of silver voltameter. Recent investigations at the Bureau of
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Standards have shown conclusively that deposits obtained in

such a voltameter are too heavy, because of the action of the filter

paper. Hence, in order to compare the previously obtained

ratio with that given, here, it is*necessary to compare the filter

paper voltameter with those forms used in the present investi-

ation.

The silver voltameters we employed were of the porous cup and
nonseptum types. The electromotive force of the Weston normal

cell at 20°, calculated from deposits made in such voltameters is

1.01827 ^^ volts. With the filter paper form the value i.01866 ^^

was obtained; that is, the deposit in such a voltameter is about

0.038 per cent heavier than that obtained in the types used in

the present investigation. Making the percentage correction to

the silver iodine ratio determined by Washburn and Bates, the

value 0.85013 is obtained, which agrees within 0.005 P^^" cent with

our final value. This agreement is probably in part accidental,

since the filter paper voltameter is, in the hands of various inves-

tigators, scarcely capable of such reproducibility, and since in the

previous investigation an accuracy better than 0.02 per cent was

not claimed for the final value, which was founded on but four

comparative runs. It does, however, confirm the belief that our

results are not in error by more than 0.0 1 per cent.

VII. SUMMARY

We have made a careful comparison of the silver and iodine

voltameters, using them in series so that the deposits of silver and

iodine should be strictly comparable. The best procedure learned

from previous investigations has been followed in each case. Our
results are as follows

:

1. Ratio of silver to iodine o. 85017

2. Electrociiemical equivalent of iodine i. 31502

3. Value of the faraday (1=126.92) 96 515

4. Value of the faraday (Ag= 107.88) 96 494

5. Value recommended for general use 96 500

Nos. 2, 3, and 4 are calculated on the basis of the international

ampere, using 1.11800 mg per coulomb as the electrochemical

equivalent of silver.

19 This Bulletin, 10, Reprint 220. (In press.) Mlbid, 9, p. 197.
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We are indebted to the University of Illinois for the use of

part of the apparatus and materials for the iodine voltameter.

These were loaned through the coiu-tesy of Prof. Washburn, who
cooperated with the Director and Dr. Rosa, of the Bureau of

Standards, in making this work possible.

Washington, January 2, 1914.
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