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An accurate value of the faraday has been determined by the electrolytic dissolution
of metallic silver in aqueous solutions of perchloric acid. Standards of electric current,
mass, and time as maintained by the National Bureau of Standards were utilized in the
determinations. The electric current was measured in terms of the standards of electro-
motive force and electrical resistance. Silver of high purity, freed from oxygen, was used.

The value of the faraday was found to be

faraday—96516.5+ 2.4 coulombs gram-equivalent—! (physical scale),
faraday—96490.0 + 2.4 coulombs gram-equivalent~! (chemical scale).
These values were obtained using 107.9028 +0.0013 and 107.87314-0.0013, for the atomic
weight of silver on the physical and chemical scales, respectively.
The electrochemical equivalent of silver was found to be
electrochemical equivalent of silver—1.117972-+0.000019 milligram coulomb—!.
This value may be used in an alternate method of defining the ampere in absolute value,
namely, that steady current which will dissolve 1.117972 milligrams of silver per second and

depends only on the standards of mass and time. The indicated uncertainties are overall
limits of error based on 95 percent confidence limits for the mean and allowances for the

effects of known sources of possible systematic error.

1. Introduction

The classic method for the determination of the
faraday involves the electrolytic deposition of silver
on platinum from an aqueous solution of silver
nitrate. This method has been extensively studied
and under closely specified conditions [1] ! was used
for many years in defining the international ampere.
In the original work at the National Bureau of
Standards the national standards of electric current,
mass, and time were used, and great emphasis was
placed on the reproducibility of the method as a check
on the stability of the existing standards of electro-
motive force (Weston cell) and electrical resistance
(mercury ohm). In 1916 Rosa and Vinal [2] sum-
marized the work that had been done with the silver
coulometer not only in yielding a value of the faraday
but also in attaining conditions wherein reproducible
results could be obtained. At that time the consensus
was that the silver coulometer gave highly accurate
as well as reproducible results and yielded a value
of the faraday accurate to within 0.001 percent
(10 ppm).

However, 4 years earlier (in 1912) Washburn and
Bates [3] had proposed an improved ? iodine coulom-

1 Figures in brackets indicate the literature references at the end of this paper.

2 The iodine coulometer had been studied earlier by Herroun [4], Danneel [5],
Kreider [6], and Gallo [7] but these experimenters did not claim high accuracy for
their work.

eter for which high reproducibility and accuracy
were claimed. In 1914 Vinal and Bates [8, 9] made
a direct comparison of the silver and iodine coulom-
eters in the laboratories of NBS and found that
the two methods yielded different values for the
faraday. Since the two types of coulometers were
run in series the ratio of the results given by the two
methods was independent of the electrical units and
the durations of the runs. The result obtained
with the iodine coulometer was 220 ppm higher than
that given by the classic silver method. To date
this discrepancy has not been resolved conclusively.?

In the ensuing years the silver coulometer has been
criticized on two main counts: (1) a partial separation
of the isotopes of silver may occur during the deposi-
tion, and (2) the silver deposits may contain occlu-
sions of electrolyte (silver nitrate), acid (nitric acid),
and water, alone or in combination. The first
criticism does not appear to be valid judging from
the results of the most precise determinations [12, 13]
on the atomic weight of silver wherein in some cases
the silver was reported to have been purified by
repeated electrolysis. 1t will be shown later in this
paper that no measurable separation of the isotopes
of silver occurs on one, two, or three successive
electrolyses; therefore, the first criticism is, in fact,
not pertinent. Vinal and Bovard [14] studied the

3 In recent years two new methods, one a physical method using an omegatron

[10] and the other an electrochemical method involving the anodic oxidization
of sodium oxalate [11] have been reported. These are not considered here.
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occlusion problem at length and observed a loss in
weight when the silver deposits were heated to
slightly above 600° C. They attributed this loss in
weight to occluded foreign matter which was released
on heating. This loss in weight amounted to a
correction of only 0.004 percent in the faraday and
was insufficient to explain the discrepancy between
the silver and iodine values. Others [15 to 18] who
worked on the problem found occlusions, the amounts
of which varied from 0.004 to 0.016 percent. In all
this work it is evident that corrections for occlusions
remain uncertain.

Although the iodine coulometer has received less
criticism in the ensuing years, the iodine value for
the faraday has not been generally accepted. Vinal
and Bates discussed the possible sources of error in
each method but did not indicate a preference for
either method. Instead they recommended that a
rounded value of the average of the values given
by the two methods, namely 96,500 international
coulombs per gram-equivalent, be adopted for gen-
eral use. It is somewhat surprising that this situa-
tion has persisted more or less to the present
time. One veason for this lies in the fact that the
national standardizing laboratories were engaged in
work leading to the conversion from international to
absolute electrical units. Two World Wars had
caused delays in the necessary experimental work.
When this conversion was finally realized on January
1, 1948, it was then deemed an appropriate time to
redetermine the faraday. Several electrochemical
methods were considered and of all those considered
the one presented here was considered to be the
most promising.

Because of the two main criticisms of the silver
coulometer a method wherein these would not be
valid would be desirable. Electrolytic dissolution
(or corrosion) of metallic silver at once suggests
itself. Ocelusions could play no part in electrolytic
dissolution of pure silver. Also, 1sotopic separation
would be eliminated a priori (see p. 393), since whole
(or bulk) silver would be uniformly dissolved electro-
Iytically. This method using an electrolyte of silver
nitrate was used in a few qualitative experiments by
Mascart [19] and Gray [20]. Also, Rosa, Vinal, and
MecDaniel [21] investigated the 910(t101yt1( dissolu-
tion of silver in silver nitrate in studies of the
reversibility of the silver coulometer. Their results,
although generally overlooked, indicate good reversi-
bility. Their anode consisted of silver deposited
electrolytically on platinum and the loss in weight
agreed well mdeed with the gain in weight in a
conventional coulometer, run in series, wherein the
silver was deposited electrolytically. In two runs,
electrolytic deposition gave 96,494 whereas electro-
lytic dissolution of silver gave 96,488 international
coulombs gram-equivalent —*

These two experiments of Rosa, Vinal, and
MeceDaniel, therefore, showed that the silver coulom-
eter was reversible to at least 6 parts in 100,000.
However, the silver anodes that were corroded had
been prepared by electrolytic deposition and were,
therefore, subject to occlusion errors. Furthermore,

Rosa, Vinal, and McDaniel stated that the amount
of silver on the platinum bowl should not fall below
a critical amount and that a large surface of silver
should be used. If the current density became too
high, or the amount of silver on the platinum too
small, current flowed from the underlying platinum
whereby simultaneous reactions occurred at the
anode. Although not stated by Rosa, Vinal, and
MecDaniel, silver oxide or oxygen plobablv formed
at the (-Yposod platinum in the neutral silver nitrate
solution if the current density became too high.
Since silver oxide is not appreciably soluble in silver
nitrate it would be included in the anode sediment
(the silver that fell from the anode during the
electrolysis) which must be weighed at the end of an
experiment; this silver oxide would thus cause errors.
Likewise, if oxygen were formed at the anode in
neutral silver nitrate solution it would escape to the
atmosphere also causing errors in faraday deter-
minations.

It is obvious, therefore, if a method wherein silver
is electrolytically dissolved is to be considered
seriously for a determination of the faraday, these
sources of error must be eliminated or reduced to a
minimum. This may be done (1) by using silver
anodes thereby elimmating platinum entirely, and
(2) by using an acid electrolyte in which silver is
highly stable but in which the silver salt is freely
soluble. By using an acid solution the formation of
silver oxide would be precluded as well as the forma-
tion of oxygen (see below). The problem then
rested in finding the proper electrolyte to use with
silver anodes so that the electrochemical reaction:

Ag (metal)—Ag™ (lons)+e(electrons)
would proceed quantitatively without any side
reactions.

Of all the electrolytes considered or studied it was
found that perchloric acid was the most suitable and
was used in some preliminary studies by Craig and
Hoffman [22]. The stability (or solubility) of silver
in perchloric acid, in the absence of current flow, has
recently been studied in detail [23]. It was found
that silver is highly stable in perchloric acid (20
wt 9), more St‘lble in perchloric acid (20 wt 9) con-
taining a small amount (0.5 wt %) of silver per-

(hlomto and practically 1inert in conductivity
water. The stability is such as to cause negligible

errors in faraday determinations.

Although occlusion errors are eliminated in the
method deseribed herein, the purity of the silver
remains a most important problem. The purity of
deposits (old method) and the purity of silver used
as anodes (new method) are equally important.
Fortunately, however, extremely pure silver may be
prepared for use in the present method whereas the
determinations of the occlusions in silver deposits is
extremely difficult. The most insidious impurity
that is encountered in preparing pure silver is oxygen
either as the element or combined as silver oxide.
When it is present as free or uncombined oxygen it
introduces an error which is proportional to its con-
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centration. When combined as the oxide 16 parts
of oxygen are equivalent to 232 parts of silver oxide
which is chemically soluble in perchloric acid, and,
accordingly, its presence as combined oxygen in the
starting silver would cause appreciably larger errors
in determining the faraday (this is discussed in more
detail in appendix 1 to this paper).

2. Method and Coulometer
2.1. Method

The method consists simply of the electrolytic
dissolution of metallic silver in aqueous solutions of
perchloric acid (20 wt 9;) initially containing a small
amount (0.5 wt 9;) of silver perchlorate according to
the electrochemical reaction:

HCI10, and AgClO,
Ag (metallic) —

Ag™ (ions)
e (electrons)

wherein silver (the anode) is electrolytically oxidized
to argentous ions. Metallic silver, in sheet or rod
form, is used. It is weighed before and after the
passage of a known current through the coulometer
for a known time. Platinum gauze is used as the
cathode. Silver perchlorate is added to the per-
chloric acid in the small amount stated above to
reduce the chemical solubility of silver in perchloric
acid to an insignificant amount [23]. Sufficient
silver oxide is initially added to the solution around
the platinum cathode to provide silver ions so that
silver is deposited throughout the run on the cathode
and discharge of hydrogen ions and formation of
hydrogen gas on the cathode are prevented; turbu-
lence at the cathode and within the coulometer is
thereby prevented.

2.2. Coulometer

A schematic view of the coulometer is given in
ficure 1 and a photograph in figure 2. The silver
anode is housed in a Pyrex beaker, the platinum
cathode in a separate Pyrex beaker, and the solutions
i the two beakers are brought into contact by two
siphons and an intermediate beaker. In some cases
two intermediate beakers and three siphons were used
(see photograph). The coulometer was housed in a
plastic cabinet to minimize exposure of the solution
to dust and fumes. The diagram as shown in figure 1
is self-explanatory except for the reference silver
electrode shown at the extreme right. The silver
anode, during electrolysis, exhibits a potential, the
value of which depends on the voltage drop in the
solution, the concentration of silver ions in its
vicinity, and on electrode polarization. As silver
goes into solution during the electrolysis these
effects change in a systematic manner; evidence of
side or undesirable electrode reactions would be
indicated by abrupt changes in the potential of the
silver anode with respect to the reference (non-
corroding) silver electrode. No abrupt change in
the potential of the silver anode was observed in any
of the coulometrie runs.

pt
GAUZE

CATHODE INTERMEDIATE ANODE

Ficure 1. Schematic view of the coulometer.

Ficure 2. Photograph of coulometer with two intermediate
beakers.

Thermodynamic data may be used to show that
the reaction at a silver anode in agueous solutions of
perchloric acid is the postulated one. The following
electrochemical reactions may conceivably occur at
silver anodes in aqueous solutions of perchloric acid
containing a small amount of silver perchlorate (such
solutions contain Agt, ClO,~, OH~, and H' ions):

(a) Ag (metallic)——Agt+e, E°=—0.799 v
(b) Ag (metallic) +Cl10,~, (aq)
———AgClOy(aq) + €, E°=—0.799 v
[(¢) Ag (metallic)+OH~, (aq)
— (%) Ag0+ () H:0 (1) €7,

(d) (%)qu () —— (%) O0:(9)

+H*+¢, E°=—1.229 v
(e) H:0 () (%) H,0; (aq)
+H le——1.77 v
(f) (%)Ag (metallic)
(WAgtt+e, E°=—1.39 v

383



where ag represents aqueous solution, / liquid, and ¢
gas. Since AgClOy is completely dissociated into
silver and perchlorate ions, reaction (b) is equivalent
to reaction (a). Since Ag,0 dissolves or reacts
readily with HCIO4 according to the reaction:

(2) (A)Ag0+HCIO————AgClO,+ (%) H:0
reaction (¢) combined with (g) is equivalent to
reaction (b) which in turn is equivalent to reaction
(a). Thestandard electrode (or oxidation-reduction)
potentials are listed above for the pertinent eletro-
chemical processes [24].

Since the reaction requiring the least free energy
will oceur in preference to those of higher free energy,
reactions other than reaction (a) will occur only to a
negligible extent unless the overpotential for silver
dissolution is high, of the order of 0.5 to 1.2 v.
Measurements of the potentials of the silver anodes
relative to the reference silver electrode throughout
the experiments showed that these potentials, when
concentration differences and /R drop were con-
sidered, were very close to the standard silver po-
tential; accordingly, then, reaction (a) takes place
in the electrolytic dissolution of silver in aqueous
perchloric acid and the other reactions are negligible.
In the above the standard potentials were used.
Actually, the potentials corresponding to the per-
chloric acid-silver perchlorate solution should be
used. However, the differences between the standard
potentials and those corresponding to the solutions of
perchloric acid-silver perchlorate are so small as not
to alter the above conclusion.

Since the above electrode potentials relate to
reactions in solutions free of oxygen some consider-
ations must be given to errors that might have arisen
from the oxygen dissolved in the solutions during the
faraday determinations. Two reactions are involved,
viz:

2Ag+(1/2)0,—Ag:0,
followed by

(2) Ag:0+2HClO,—2A2Cl10,+ H,0.

Both of these reactions are thermodynamically
spontaneous. The first reaction is rate controlling
and has an extremely slow rate under the conditions
prevailing in the faraday determinations. In a careful
study the errors that could arise from these reactions
were found to be extremely small and are given in a
previous paper [23].

The dimensions of the coulometer used with the
purified anodes were for the most part as follows:

(a) Anode beaker—5 e¢m in diameter and 8 em in
height, especially constructed with rounded bottom
to facilitate removal of anode sediment; cathode
and intermediate beakers 7 em in diameter and 9
cm in height.

(b) Siphons—2.1 em in bore, 2.3 ¢cm in outside di-

ameter, 5 em between legs, 25 em along center of
bore.

(¢) Silver anode (sheet form)—4 cm in width, 0.02
to 0.03 ¢m thick, 1 to 3.5 ecm in solution at start of
electrolysis.

(d) Silver anode (elliptical rod form)—1.0 to 1.2 cm,
major axis; 0.4 to 0.6 cm, minor axis; 1 to 3 ¢m in
solution at start of electrolysis.

(e) Cylindrical platinum cathode—5 em in height
and 4 cm in diameter; 0.1 em thick gauze.

(f) Reference electrode vessel—glass tube 9 e¢m in
height and 1.5 em in inside diameter.

(2) Reference silver electrode—wire 10 cm in length
and 0.2 em in diameter.

(h) Siphon (to reference electrode)—0.3 em in inside
diameter, 0.5 em in outside diameter, 7 cm between
legs, 24 cm along center of bore.

During the electrolysis the silver anode dissolves
electrolytically and means had to be provided to
lower the anode at intervals into the solution. The
means by which this was done for sheet anodes is
shown in figure 3. The silver anode sheet was sus-
pended in the solution by gold-plated clips. A piece
of thin silver foil was bent over the entire top edge of
the silver anode so that it was between the anode and
the gold-plated clips. In all cases the silver foil and
gold-plated clips were above the solution. These
gold-plated clips were fastened to other clips by
copper wires. The latter elips were clasped to a sheet
of brass (% in. thick) which was soldered at the
upper middle edge to a brass rod, threaded at its

THREADED
BRASS ROD —————»
<—NUT
CLAMP
<« SUPPORT
RUBBER / HuI

- COPPER WIRES
GLASS TUBE

(+)
TERMINAL

L-

BRASS SHEET

]

<4—GOLD - PLATED CLIPS

BN

~
SILVER FOIL

Ag

Ficure 3. Schematic view of support for silver anode showing
the method for lowering the anode into the coulometer
solution.
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upper end. The threaded end ])mtlll(h‘(l through a
olass tube and the location (height) of the sheet
brass and, therefore, the silver anode was adjusted
by a nut on the thread placed over the upper end of
the glass tube. The glass tube was housed in a
rubber stopper supported by a clamp on a ring stand.
A clasp was placed around the glass tube and at the
outer end of the clasp a copper wire was attached
which looped around the sheet of brass; this wire
prevented the silver anode from rotating during the
lowering process. Current and ])()l(‘lllldl leads were
connected to the sheet of brass asindicated in figure 3.

Silver anodes of the elliptical rod form were sup-
ported in a different manner. Silver wires were
mserted through holes bored in the upper end of the
silver rods as shown in figure 4. These wires were
looped through the holes several times and were
covered with a sheet of silver foil at their upper
parts. This silver foil was covered with a second
foil and then clasped by gold-plated clips; the rest
of the support was identical to that described above.
Here also, the wires, silver foil, and gold-plated clips
were above the solution.

In these arrangements the question may arise as
to whether the electrolyte creeps up the anode and
onto the sllw foil and gold- plated clips during the
electrolysis causing errors in the final results.
Repeated (ll(‘( ks were made on this possibility by
weighing the silver foil over the period of time during
which 1t had been used in experiments. Typical
results on the constancy of the weight of the silver

View of a silver anode showing the means of support
and corrosion pattern.

Ficurs 4.

555462—60—2

foil which was used with sheet anodes are given in
table 1.  No trend in the weight of the silver foil was
observed over a period of 2 months. These data
show that any creepage that occurred was insignifi-
ant.  Similar results were found for the foil used
with anodes of the rod type.
Data on the constancy in weight of silver foil used in
the \///)pm/ of silver anodes

TABLE 1,

Weight of

|
Electrolyses

Date Hour | silver foil
| (after
! | electrolyses)
4:15 p.m. | None |
10:00 a.m. | One |
1:00 p.m. | One ‘
8:15 p.m. ‘ None ‘
:56 p.m. None
:00 p.m. One
: One |
None ‘
i One
One |

Three ‘

3. Coulometer Circuit

The circuit, sketched in figure 5, consisted of the
coulometer with an alternate circuit of equal resist-
ance, approximately 25 ohms (labeled Sub. res.) for
use 1n adjusting the current prior to an actual run;
a standard resistor (or resistors), SR; a battery, B;
a double pole switch, BS, for connecting the battery
to the circuit; two fixed resistors, FR; suitable rheo-
stats, CC, for adjusting the current during the run.

Sub. res.
COULOMETER

FR
ANV

F1Gure 5.  Coulometer circuil.

(These were in parallel with one of the fixed resistors,
FR, which carried approximately 959, of the current.)
The circuit also contained an ammeter, A; a chrono-
eraph, Ch; a reference silver electrode with a volt-
meter, V (25,000 ohms), for measuring the potential
of the hll\(‘] anode (Iulmg the electrolysis; and a
large double-pole switch, SS;, for simultancously
closing the coulometer and chronograph circuits.
Two parallel circuits, 1 and 2, were used in measuring
the IR drop across the standard resistors during the
run.

4. Constancy and Magnitude of IR

The constancy of the IR drop across the NBS
standard resistor or resistors was maintained by
balancing the 7R drop against the electromotive
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force of NBS saturated standard cell No. 1064 using
a sensitive galvanometer as null detector (circuit
No. 1). Thus, the IR drop should be equal to the
electromotive force of the standard cell. The
galvanometer key was always closed except when
opened momentarily from time to time to check the
zero. The galvanometer had a nominal sensitivity
of 0.0007 wa/mm of scale; actual experimental checks
were made during each run and gave 3.5 ppm/mm
for the current sensitivity at 0.2 amp for circuit
No. 1. Circuit No. 2 consisted of NBS saturated
standard cell No. 1073 (PRC) and a Brooks standard
cell comparator [25]. Suitable leads and connectors
were used so that the emf of cell No. 1064 and the
potential across the standard resistors could be
measured independently of one another.

Electromotive force readings on NBS standard
cell No. 1064 (in circuit No. 1) were made prior to,
during, and after a run using NBS saturated standard
cell No. 1073 (in circuit No. 2) as the reference cell.
These readings were made to verify that the emf of
1064 remained constant throughout the run. Illus-
trative data, obtained in a run on May 22, 1958, are
given in table 2.

TasLE 2.  Electromotive force of NBS standard cell No. 106/
during a coulometric run (May 22, 1958)
Time emf Time emf

v v
8:45 a.m. 1. 0182103 12:10 p.m. 1. 0182103
8:47 a.m. 1. 0182103 12:18 p.m. 1. 0182102
8:50 a.m. 1. 0182103 12:51 p.m. 1. 0182102
start 12:54 p.m. 1. 0182102
1. 0182103 1:26 p.m. 1. 0182102
1. 0182103 1:29 p.m. 1. 0182103
1. 0182103 2:06 p.m. 1. 0182103
1. 0182103 2:09 p.m., 1. 0182103

1. 0182103 2:20 p.m. end
1. 0182103 2:28 p.m. 1. 0182103
5 1. 0182103 1. 0182103
11:31 a.m. 10182108 [l e e s e e
Meanvalue.___________________________ 1. 0182103

A direct and more accurate measure of the /R drop
across the standard resistors was also made at inter-
vals by means of circuit No. 2.  With the Brooks
comparator, in circuit No. 2, the actual /R drop
across the standard resistors was measured against
cell No. 1073. The sensitivity for these measure-
ments was checked before each run and was 5
wv/em on the galvanometer scale.  As an illustration,
data taken on May 22, 1958 are given in table 3.
The IR drop was 1.0182103 v which agrees exactly
with that given by circuit No. 1 and no correction
was necessary. In all cases the agreement was within
3 ppm; the /R drop as given by circuit No. 2 was
always used in calculating the faraday.

Saturated standard cells No. 1064 and No. 1073
were in a well-stirred oil bath maintained during the
run to +0.002° C. The temperature of the bath
during all the runs was 28.00°4+0.01° C. The tem-
perature of the bath was measured with a platinum
resistance thermometer using a Mueller Temperature
Bridge. Both cell No. 1064 and cell No. 1073 were

TasrLe 3. Measuremenls of the 1R drop by circuit No. 2
figure 5 @
|
Time IR setting b| Swings to left | Swings to right [Correc-| Correct
| tion | IR drop
v cm cm o v

9:20 a.m., S e [
9:37 ¢ 1.0182103 | 0.7, 0.6, 1.1 (0.3, 0.6, 1.1 —0.3 | 1.0182100
. 1. 0182103 o3, .3, 0.2 o2 082 .0 | 1.0182103
10:52 a.m. 1. 0182103 | 1.0, & i AT 2 2 .4 .0 | 1.0182103
11:29 a.m. 1. 0182103 | 0.5, P .610.2 .7, .4 .0 | 1.0182103
12:11 p.m. 1. 0182103 <25 o1, .3 .2, ik .3 .0 | 1.0182103
12:16 p.m. 1. 0182103 a0, 207 D 2495 ik o) —.1 | 1.0182102
1. 0182102 <16 =6, .4 T 46, 4 .0 | 1.0182102
1. 0182102 .4, o .5 A aGh 6 .1 1.0182103
1.0182103 | 1.3, ok .2 | 1.3, oab 2 .0 | 1.0182103

2:20 p.m. e e
Mean value._ e 1. 0182103

a On May 22, 1958.
b As given by circuit No. 1, figure 5.

compared prior to and after a run with two cells in
the National Reference Group (the group of standard
cells used to maintain the volt for the United States).

Throughout a run frequent measurements were
made of the potential of the silver anode against the
reference electrode using the voltmeter, V| having a
resistance of 25,000 ohms. The average number of
coulombs used in these measurements for an entire
run was only 0.0005 coulomb; this correction for each
run was made, see footnote (*) of table 10.

Finally, a check was made on the time delay that
might have occurred in the current reaching a steady
value when the circuit was closed at the start of a
run. This was done by connecting an oscilloscope
across the standard resistor in a simulated experi-
ment. When the starting switch was closed the
oscilloscope indicated that a steady current was
reached immediately.

In some runs, the initial current through the
coulometer deviated very slightly from that desired;
in these cases adjustments were quickly made and
the coulombs were corrected accordingly. These
corrections were almost negligible but are incorpo-
rated in the values of the coulombs given in tables
10, 15, and 17.

5. Magnitude of the Current

The NBS standard resistors were housed in a well-
stirred oil bath and the temperatures of the resistors
were measured at intervals throughout a run with
calibrated mercurial thermometers placed in the cen-
tral hole of the resistor coils. From the time-aver-
aged temperature the values of the resistance of the
standard resistors were calculated by known equa-
tions expressing the resistance of the coils as a func-
tion of temperature. These equations are of the
form:

Ri=(mv+k)[14 a(t—25)+B({t—25)*]ohms,

where np (nominal value of resistor), k, «, and 8
have the values as given in table 4 for the seven
different resistors used in this investigation. The
temperature, ¢, is in degrees Celsius. Various com-
binations of the resistors were used; these will be
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discussed later. The resistance of the standard resis-
tors on the date the measurements were made were
interpolated from the data for £ given in table 4,
the coefficients a and g did not change with time.
The values, as calculated from the above equation
and the data of table 4 4, are for conditions under
which the heating due to the test current is negligible.
Of course, during the coulometric experiments the
current through the resistors is larger and part of the
heat gener: ated may alter the resistance of the stand-
ard resistors. In use, then, the load resistance rather
than the nonload resistance of the standard resistors
must be employed. These load resistances, as
determined by the Resistance and Reactance Section
of NBS, for currents of approximately 0.1, 0.2, 0.3,
and 0.5 amp which were used in the runs, are given

TABLE 5.

Load resistances of standard resistors

Current

amp
0.1

.2

J Resistor '
No

Temper-
(.\lh-) ature
Lo

204 25.1
204 ‘ 24.8
205 24.8
12 . 2
13 . 2
8 .2
12 25.4
13 25.3

Total
resistance
(no load
correction)

Ohms
10. 000026
9. 990988
9. !0!)!!9!!‘*( 1)

4. U‘.P‘J‘J‘J?

1. 000620 ¢ ()
1. 00¢

3. (KHH‘)

T 0999901
1. 000621 (»)

0. ‘JE!‘J&NL’}

2 o«mmz

Total
resistance
(with load
correction)

Ohms
10. 000026

4. 999997

3.001139

2. 0006104

in table 5

TABLE 4.

Constants of the equation for the resistance of the
standard resistors as a function of temperature

=(nv+-k) [14a(t—25°C)+B(t—25°C)?]

k
Resnstox Nominal
value aX106 BX1086
(\'BS) (nv) March April April
1956 1957 1958
Ohms Ohm Ohm Ohm
204 10 | 4-0. 00002 0 0. 00001 +5.8 —0. 53
205 10 —+. 00002 0 —. 00001 +6.0 —. 56
12 10 —. 00044 —0. 00046 —. 00047 +3.4 0
17 10 -+. 00078 . 00078 +.00077 —=1.0 —.24
S 1 -+. 000530 . 000529 -+. 000528 +9.2 —. 50
12 1 0 —. 000009 —. 000016 -3.8 —.12
13 1 -+. 000617 -+. 000617 +. 000617 +5.4 i) |

As shown in table 5, the load resistance differed
from the nonload resistance only for high currents,
Le., 0.5 amp.

For illustration in the run of May 22, 1958,
resistors 12 and 17 were used in parallel. Therefore,
the magnitude of the current during the run was as
given in table 6. The mean (i.e., time-averaged)
current was, therefore, 0.20363887 amp which agrees
exactly with the value obtained from the quotient
of the mean /% drop and the mean resistance. In
all cases the mean current agreed with the quotient
of the mean [/ drop and the mean resistance to
within 0.1 ppn.

a=in parallel; b=in series.

6. Time

The duration of a run was determined with the
aid of an NBS chronograph. The second pulses
were supplied by NBS standard crystal oscillators
which keep mean solar time and the time of day was
obtained from broadcasts of WWV. Since the 59th
pulse is omitted in the NBS broadcasts from WWV
the beginning of each minute could be identified with
the time of day. The chronograph had two pencils,
one (No. 1) was activated by the second signals
(NBS erystal oscillators) by direct wire and indicates
the start of each second on the chronograph chart;
the 59th second has a characteristic trace. Pencil
No. 2 was activated simultaneously with the opening
or closing of the coulometer circuit by a double-pole
switch (see fig. 5). This switch was closed after the
signal from WWYV had indicated the beginning of a
new minute, and a displacement in the marking on
the chronograph chart indicated the start or end of
a run, as illustrated for a start in figure 6. A similar
procedure was followed just prior to the end of a
run. A radio receiver was used for picking up sig-
nals from WWV. The chronograph drum was
started about 20 to 30 sec before the start and the
end of a run.

TaBLE 6. Magnitude of the current in run of May 22, 1958
Tempera- | Resistance of | Tempera- | Resistance of Total
Time IR drop ture resistor| resistor 12 |ture resistor| resistor 17 resistance Current
y 17
v e/ Ohms °C Ohms Ohms amp

9:208 1. 0182103 24.5 9. 9995130 24.5 10. 0007744 5. 000072 0. 20363913
9:37 1. 0182109 24.6 9. 9995164 24.6 10. 0007736 5.000073 . 20363903
10:12 1. 0182103 25.1 9. 9995334 25.1 10. 0007690 5. 000076 . 20363896
10:52 1. 0182103 25.4 9. 9995436 25.4 10. 0007656 5. 000077 . 20363892
11:29 1. 0182103 25.6 9. 9995504 25. 6 10. 0007631 5. 000078 . 20363888
12:11 1. 0182103 25.7 9. 9995538 25.7 10. 0007618 5. 000079 . 20363884
12:16 1. 018210, 25.8 9. 9995572 25.8 10. 0007605 5. 000079 . 20363882
12:52 1. 018210, 25.9 9. 9995606 25.9 10. 0007591 5. 000080 . 20363878
1:27 1. 0182103 26.0 9. 9995640 26.0 10. 0007576 5. 000080 . 20363880
2:07 1. 0182103 26. 1 9. 9995674 26. 1 10. 0007561 5. 000081 . 20363876
2:20b 1. 0182103 26.1 9. 9995674 26. 1 10. 0007561 5. 000081 . 20363876
E o B L e P S I O S Py DO T eSSt 5.000078 0. 20363887

a Start.
b End.
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Ficure 6. Illustration of recordings on chronograph chart.

Since the chronograph chart showed a constant
distance, 7.48 c¢m, between the second markings the
time could be ascertained to better than 0.01 sec.
For a 3-hr run this means that the duration of a run
was known to better than 1 ppm; for longer runs it
was known, of course, with more accuracy.

To ascertain the delay in activating and deacti-
vating the chronograph pencil when the switch was
thrown, an electric timer used in the calibration of
watthour meters and activated by a crystal-con-
trolled 60-cps frequency was inserted directly in the
coulometer circuit in several simulated starts and
stops. Checks were made over 2-min time intervals.
The electric timer was calibrated directly against
NBS crystal oscillators. The total time indicated
by the timer and the chronograph for a 2-min inter-
ral differed, on the average, by only 0.009 +0.006
sec with the chronograph in all cases giving the
lesser time. Thus, the correction used for the dura-
tion of a run was +0.009 sec. Although this correc-
tion is insignificant it was nevertheless applied in
all the calculations.

7. Mass

For the runs with mint silver the masses of silver,
crucibles, etc., were determined using a semimicro-
balance. For those runs with purified silver rods
a microbalance was used; its capacity was 20 g.
Weighings were made by double transposition, with
sensitivity measurements interspersed, in a constant-
temperature room maintained at 25 4+1° C, and
with a relative humidity of always less than 50 per-
cent. The balance was supported on an Alberene
slab anchored to a wall of the laboratory. All
weighings  were repeated until constancy was
achieved. Silver sediment (see later) was collected
in Pyrex crucibles and weighed using an identical
crucible as a tare. The silver sediment was retained
in the crucibles from one run to another. The
densities of silver (10.50) and the laboratory air
and also the densities of the brass (8.4), platinum
(21.5), and aluminum (2.7) weights were used in
making buoyancy corrections.

In calculating the density of the laboratory air the
following data were used:

(a) Smithsonian Meteorological Tables, 6th re-
vised edition, 1951, Smithsonian Institution Publi-
cation (specifically table 46). This publication gives
data for correcting the barometric pressure at an
observed laboratory temperature in degrees Celsius
to the barometric pressure at 0° C.

(b) Psychrometric Tables for Obtaining the Vapor
Pressure, Relative Humidity, and Temperature of
the Dew Point, by C. F. Marvin, Weather Bureau,
U.S. Department of Commerce, U.S. Government
Printing Office, Washington, D.C.; 1941. This pub-
lication gives the relation between relative humidity
and the temperature difference, in degrees Fahren-
heit, as given by a dry- and a wet-bulb thermometer.

(¢) Design and Tests of Standards of Mass, NBS
Cire. No. 3, 1918. Table 15 in this publication
gives the data required for correcting the barometer
for the observed relative humidity.

(d) National Bureau of Standards gravity
=980.100 ¢m sec™?; standard gravity at 45° latitude
and sea level=980.665 cm sec 2

(e) 1.293052 ¢ liter'=density of dry air contain-
ing 0.04-percent carbon dioxide at 0° C and 1 atm,
NBS Cire. No. 3, 79 (1918).

(f) 1/1.000028=—=factor to reduce values of milli-
grams milliliter—* to milligrams cm—3.

The barometric pressure, temperature, and the
humidity of the laboratory air were measured at the
time of each weighing.

8. Materials and Purification
8.1. Materials

In the determination of the faraday by anodic
dissolution of silver in aqueous solutions of perchloric
acid contaiing a small amount of silver perchlorate
four materials were needed. These were: (1) silver,
(2) perchloric acid, (3) silver perchlorate, and (4)
water. The silver used was high-grade samples
received from the U.S. Mint in Philadelphia, Pa.
It was stated by the mint that the silver was of
high purity, had been purified by one or two elec-
trolyses, was melted in silica, was rolled into sheet
form on steel rolls, con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>