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INTRODUCTION

Very little work has been done since 1908 on the oxidation-reduc-
tion potentials of the uranous-uranyl ion system. At that time measure=-
ments were made with little knowledge of ectivity coefficients and their
dependence on ionie strengbthe The results obtained were necessarily ap=
proximate, and it is the purpose of this research to redetermine the
standard potential of the uranous-uranyl ion system taking into account
the present day lmowledge of the behavior of ions in solution.

The standard potential of the urenous-uranyl ion system can be obw
teined by taking measurements of the potentials of cells at various di-
lutions and extrapolating the results to zero ionic strength where the
activity coefficients by definition are equal to unitye.

The standard potential of the uranous-uranyl ion system is neces-
sary in the quantitative determination of uranium by electrochemical
methods and in the use of uranous and uranyl salts as oxidizing and re-
ducing agents. | The relative oxidizing and reducing powers of these two
ions should be useful in research concerning the isolation and concentra-
tion of uranium from its orese. It is hoped that this research may play

some small part in the conquest of atomic powers.



HISTORICAL REVIEW

In 1889 Nernst (20) showed how electromotive force cells could be
troated thermodynemieally using ionic concentrations in the solution of
'the problemes It was not until 1907 that Lewis (13) defined activities
which we now know must be used in the Nernst equation in place of concen=
trations in order to give accurate results.

In 1904 R. Luther and A. C. Michie (18) made en investigation of the
oxidation=reduction potentials of an oxidizing agent which depended on the
hydrogen ion concentration. Their results at that time did not agree with
the theory; therefore, they did not immediately publish them. The cell
which they used was:

0(s0,), (zm)

Pt U0550, (ym) HpS0, (xm) | Hg,SO, Hg
HoS0, (xm)

In 1308, after Lewis had defined activities, they made measurements
to correet for the activities of sulfuric acid, and they published their
results to show that they actually did agree with the theoretically cal~
culated values.

There were several factors which they did not account for or did not
know sboute First of all, although they corrected for the activities of
sulfuric acid, they did not attempt to meke a correction for the activities
of uranous or uranyl saltse Secondly, they eliminated the liquid junction
potential of sulfuric acid by maintaining the same acid concentration in
each half cell, but they did not eliminate the liquid junction caused by
the uranous and uranyl saltse In every cell that they measured, the ratio
of sulfuric ecid to uranium salts were less than 5 to 1l; in fact, in dilute
acid solutions the uranium salts concentration was comparable to the acid

concentration.



The value that Luther and Michie reported for the standard
potential of the ursnous=uranyl ion half cell, whioch undergoes the

reaction,

ot + 4t + 20 = U7+ amp,

was 0.419 volts positive to the Nornst zero point and 04596 volts posi=-
tive to the Ostwald zero pointe The Nernst zero point is the potential
of a half cell when it is referred to the standard hydrogen electrode,
while the Ostwald zero point is the potential of a half cell referred

to the normmal calamel electrode as the standarde The difference be=-

tween the two is the potential of the normal ocalcamel electrode referred

to the standard hydrogen electrode which was given as 04277 volts at the
time Luther and Michie made their measurementse The standard potentials

of half cells now are referred to the standard hydrogen electrode

(Nernst zero point) almost exclusively.

Re. Gerke (6) recalculated these values using a new value for the
standard potential of the reference elsctrode which Luther and Michie
usede He arrived at the value of 04358 volts for the standard potential
of the half cell which he estimeted tobe good to + Osl volts. His cale
culation was made by simply adding the standard potential of the sulfurie
acid, mercurous sulfate, mercury half cell to the measured potentials and

correcting for the concentrations of the acid and urenium saltse To be



exact he should not have used the standard potential of the reference
electrode, but he should have corrected it for the activity of the
sulfate radical; moreover, he should have recalculated the effect of
the hydrogen ion on ‘the standard potential of the redox half cell using
the best possible values of the activity of the hydrogen ion. Galcula;
tions made taking these two effects into cons;deration give 04491 volts
as the standard potential from the measurements of Luther and Michies
This value is still uncorrected for the activibty coefficients of the
uranous and uranyl ions or for liquid junction potentialse

McCoy and Bunzel (19) measured the poténtials of various mixtures
of wranous sulfate and wranyl sulfate which analysed as.0.0495'molar to=
tal uranium salt concentration and 0.125 molar free sulfuriec acid concen-
trations Their equation: o

E = B + 0.0298 logo %2
Gt

did not account for the hydrogen ion concentration or for the activities
of the ions; moreover, they made no attempt to correct for the liquid
junction potentials, but they arrived at a value of E° = 0,615 voltse.

Sheherbina (23) gave the oxidationereduction potential of Ut =
%" in I¥ solutions at 18°C as +0.41 volts.

Popoff and Kunz (21) eliminated the liquid junction of a ferrice
ferrous ion half cell by plotting decreasing concentrations of ferric-
ferrous mixtures against the potential of the cell af'ter correcting for
the salt concentration end extrapolating to zero salt concentration.
The extrapolated value of the potential they called Ede This was re-
peated for decreasing concentrations of acide The E§ wvalues for the
various acld concentrations were then plotted against the acid molality

and again extrapolated to zero ionie strength which gave the true Fo



value since at zero strength all of the activity coefficisnts becomse
equal to umity.

Je Eo Carpenter (2) determined that standard potential of the
vanidolevanadyl ion system which is dependant on the acid concentration
as is the uranous-uranyl ion systeme For his work he used the date of
Coryell and Yost (3)e He plotted the potential of the cell corrected
for the concentrations of salts and acid against the square root of the
ionic strengthe As the square root of the ionic strength approached zero,
the curve approached a horirzontal tengent, and the interoept of the y exis
gave the true value of the standard potential. A method very similar to
this will be used in this research to determine the standard potential of

the uranous-uranyl ion systeme



THEQRETICAL DISCUSSION

Nernst (20), in 1889, postulated thet for a metal immersed in a
liquld there is a definite tendency for the atoms of the metal to go

into the ionic state as indicated by the following equations
M= M + .

This tendency is known as the "electrolybtic solution pressure™, or the
“electrolytic solution tension"s He stated that the more aleétropositivs
an element, the greater the tendency for the metal to give up electrons
and form ionse In this way the electropositivity (or electronegativity)
of a metal is correlated with the "electrolytic solution pressure™. Al-
though the "electrolytic solution pressure™ may be high, the number of
ions going into solution may bq small due to the formation of an electriec
double layer of ions on the surface of the metal. This is caused by the
accunulation of electrons in the metal which exert an electrostatic at-
traction for the ionse.

Another factor influencing the passage of metallic ions into solu-
tion is the osmotic pressure of the ions already in the solution. If the
osmotic pressure is high, the passage of ions into solution is inhibited.
If it is low, the passage is enhanced.

Nernst showedfhat the electrode potential of a metal could be ex-

pressed by the equations

RT

b




where P is the "electrolytie solution pressure™, -] is the osmotic
pressure, R is the gas constant, F is the Faraday, n is the number
of electrons involved, and T is the absolute temperaturee.

The thermodynemic derivation of the Nernst equation is obe-
‘tained from & oconsideration of the free energy change of a cell re-

action. For the general cell reaction,

aA 4+ DB + sessee = yY + 22 + ooooo. (1)
the free energy change for the substances in eny given state can be
written:

AP = (yEY + zpz + ocese ),- (QEL.+ bFB R ooooo). (2)

The stendard free emergy chenge can be written asi
© o ° 0
AF = (yFy + JFy + ceses) o (aFy + bFg + ****°)_ (3)
By the method of Lewis and Randall (14) it is possible to combine these

two equations and obtain the eguations

Zosee
AF-AP.-.RTlnf.z_f%_’. (4)

oe® e
gy %3 g

by use of the relation:

y (Fy = F§) = RTIn e

end similar relations for each of the other reactants and productse
In this equation a represants the activity which may also be called

the effective concentrations



The free energy change of a voltaic cell is also given ass

AF = onFE (5)
or for the standard states
AT = ~nFE° o (6)
Therefore,
a% a; sscee
nFE= nFE® = <RT 1n —-—5 (7
aA gB (T XYY )
or
RT ag a;u...
B = - b (®)
aA B.Bo.oo¢
which is the same as:
y 2
RT Bptesese
ESRE a— % °z
nF n a b
31 B.Bo-oooo

The conventions of sign followed are those given by Geitmen and

Daniels (7) ]

They are as followss

l, The electromotive force is positive when the cell reaction occuring is
spontaneouse

2. The cell is written so that electrons leave the cell at the left and
enter at the right.

3« The potential of the half cell is the potential of the whole cell with

standard hydrogen half cell at the left.



The oxidation = reduction electrode is commonly thought of as a

mixture of two valence states of metal in solution with an inert metal

electrode dipping into the solutione Its behavior is similar tothe

ordinery types of electrodes, and the general reaction may be written
as:
reduced state = oxidized state + n electrons.

The Nernst equation for this type of electrode is:

E= - Bn fx

red
where n is the number of electrons between the two states, and 8ox and
8.oq represent the activities of the oxidized and reduced states respec-

tivelye.

The cell used for this research may be written as follows:

n%so‘,: (2m)
Pt | Hy | H,S0, (m) | U(so,), (yn) | Pt
Neglecting the sulfate radical since it appears on both sides, the cell

can be written as followss

B (xm)
Pt |H, | B () 114*2* (ym) Pt
U02 (zm)

Since oxidetion occurs at the left of the cell and reduction et the right,

it is possible to write the reaction for each half cell:

Hy -2 = 2 H'

4
aw* Uog we = U+ 2w



10

For aqueous solutions at 25°C, the value of _IEE In a when
nF

converted to Briggsian logs is 2.'2.2.?3.?. log ae

The Nernst equation for the hydrogen half cell is then:

2
E,.=5 B = 9.!.9.?.‘21.5_193 °g + (9)

and for the uranous-uranyl half cells

0.056215 log aU‘M- agzo
2

5 4
tuopt Zm+

Egs B (20)

For the hydrogen half cell the standard potential E° is baken
as zero, and the activity of a gas is taken as equal to its pressure in
atmosphereses The potential of the hydrogen half cell can be reiritten
ass

E, =

2
005915 15, &°g+

sz (11)

or
p, = 2:05915 log Pr, - 0.05915 log sy

[

The potential of the entire cell is the surmation of the

potentials of the left and right half cells:

Bo11 = Ep + Epe

Combining the two equationss

= 0405915 log H, = 0.05915 1 +

Ecell = — & %2 * o8 B’H(HZ electrode)
+

+30 o 2:0595 log alU** epo0 (12)

aUOS¥ &y (50lt)
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Solving for E°:

B = Egeqn - 2:9'32}‘5‘ log ?Ha + 0405915 log agt (Hz electrode)

2
+ 0.02915 ]_og &Uﬂ"‘ a HZQ

AUO%"'AH"‘ (solution) (2)

The activity of an jon is related to the molality by the

equations
a = Ca, (13)
where ¢ is the activity coefficient and m is the molality.

Substituting ¢ m for activity it is possible to arrive at the

following egquations

F° = Eggy = 0405915 log FH, + 0,05915 log [E+™ B+) H, (slectrode)

¥
+ 0405915 log®g o 4 0s05915 10g oMU (12)
2 2 Fyo2Hryodt
2

-0.05915 x 2 1log ( ¥ M B+) (solution)

Since the molalities of the hydrogen ion concentrations were
made the same in both half cells, and the hydrogen ion concentration
was over one hundred times as large as the uraniun salt concentration,
the activity coefficient of the hydrogen ion, which is dependent only on
the total ionic strength, can be taken as equal in both half cellss

The above equation can then be further simplified tos
E° = Egg) = 0405515 log Py, = 0s05915 log/H*"g
+ 0.05916 10z Fyat M ot
2

+ 0605915 log aﬂzo . (15)
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Taking separate account of the activity coefficilents and molal=-
jties:

E° 2 g1y = 0405915 log py, - 0.05915 log &gt

m
- 0,05915 log™E+ + Q905915 10 U (16)
T g

V_at
0.05915 100 . U5 4+ 0.05915 1o
3 & ryog* "0

In this equation Ecell’ pH2, mgt, Mgty mU022+ are measurable.
Rearranging the equation to place the measurable quantities on the
same side and the remaining activity coefficients and the activity of
water on the left with E°, we obtains
0,05915 , _ 'U¥+ &
E° - Y log + 0405915 log “H+ = 0405915 log ay o
2 ¥ U0%+ 2

= Bge1) = 0405915 log ¥y, = 0.05915 log" E* (17)

- 0405915 1log U
2 M oat
It was found by Harned and Hemer (10) that the activity
coefficient of sulfuric acid increases rapidly as the solution
approaches zero molalitye. In view of this information, it was decided
to correct for the activity coefficient of sulfuric acid from the ex=
cellent data published by the two authors mentionede. The mean activity
coefficient of sulfuriec acid was used as the activity coefficient of

hydrogen ion since data on the activity of a single ion are open to

question.
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Rearrangement of the preceding equation gives:

' g
0.05915 vt

= Boell = 0408915 log By = 006915 log mpy (18)

- 0,05915 log B+ = 2:2..2922 log Pt

_TE{T(')E'-F

The activity coefficient and molality of water mey be considered
separately to determine their effect on the potential of the cells The
molality of water is always constant and its effect is lumped into E°
of the uranous=-uranyl slectrode. The activity coefficient of water may
be corrected for by use of Harned and Hamer data given in the same Journal
article previously mentioned; or it may be allowed to remain in the equa-
tion as an undetermined quantity since, according to Lewis and Randall
(14), the activity coefficient of the solvent becomes unity in an infin-
itely dilute solution; or it may be neglected since the correction in
even the most concentrated solution used in this research is well within
the experimental errore.

P. Debye and E. Huckel (4) were able to show that the activity
coefficient of_ & substance in dj.lute solution is dependant only on the
jonic strengthyh. Furthermore, as the lonie strength approaches zero,
the activity coefficient becomes equal to unity; therefore, it is ob-
vious that if & plot of the right side of equation (18) is made against
ﬁe ionic strength or the square root of the ionic strength, the extra=-
polation of the curve to zero ionie strength will of necessity be equel
to E°.

The ionic strength of a solution 1s calculated by means of the

equation:

/q = 1/2 X 2 (2 (19)
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where C is the molality, and 2 is the valences

From the value of E®° it is possible to calculate the value of
AT®, the standard free energy change, by means of equation (6)s By

use of the following equation:

AF® = <RT In K, (20)

the equilibrium constant, K, for the reaction,
Hy + U050, + st04 = U(SO4)2 + 25,0,

can be calculated since the standard potential of the hydrogen electrode
is equal to zero.

Combining equation (20) with equation (6):

= BRI
E°-nFan (21)

which gives the following equation in aqueous solution at 25°Cs

® = 0.06915

> log Ke (22)

The ratio of the activity coefficients at the concentrations
used in this research can be calculated from equation (18) since the
value of E° has been determineds The value of the right side of the
equation is the E°' value, and the difference between E° and E°' is the

value of
0405915 10¢ ST
2
ruog*

or expressed as an equation:

| S
- 0405915 TET - gor,
E° —— log ——5§; =

Rearrangings:

0405915

E° « E°t = —5— log 1;%%2# .
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Solving for the ratio of the activity coefficients:

¢ 4

U__ o eanti log 2(F =Y (23)
2+ -

¥ool 0.05915 o

The ratio of the aotivity coefficients is necessary for the exact
calculation of the potential of & urenous-uranyl half cell from the stand=
ard poteatial of the half cell when used over the same range of concentra=~
tions that were measured in this research.

If the values of the mean activity coefficient of either one of
these ions are over determined at the same concentrations that we meas-
ured, it will be a simple matter to calculate the activity coefficient of
the other ion.

The free energy change, AF, can be calculated from the E value of

any cell by use of equation (5)e



FROCEDURE

-Apparstus

Hydrogen for the hydrogen electrode was first bubbled tﬁrough the
saturater, D, shown in figure 1, where it beceme saturated with water
vapor at the same partial pressure as that of the solution. This was
necessary in order not to change the concentration of the acid solution
in the hydrogen electrode, C, when hydrogen passed through it. The hy=
drogen from the saturater was led into the bottom of the hydrogen cell
by means of an inner seal and allowed to bubble up through the solution
around two palladinized platinum electrodess A bubbling tube to prevent
the entrance of air into the hydrogen half cell was placed through the
same stopper as the two electrodes. The stopcock in the arm prevented
any pumping action of the acid when hydrogen was bubbling and was opened
only when the hydrogen was turned off for a reading.

To plate the palladium on the palladinized platinum electrode, the
electrode was made positive umtil all of the old palladium plete was strip=-
ped offe The platinum foil electrode was saturated with hydrogen and
cathodized in a 3% palledium chloride solution for 60 seconds at 150 ma.
It was then washed and saturated with hydrogen again for 30 seconds after
which it was washed again and placed in the cell. Most of the hydrogen
diffused off during the evacuations of the cell to remove the air, but to
prevent the remaining traces of hydrogen from ceusing serious changes in
uranium salt concentration, measurements with freshly plated slectrodes
were first made on concentrated solutions, where the effect of the hydro-
ger would be negligible. A palladinized platinum electrode was good for

about 7-10 cells before it beceme poisoned and had to be replated.



FIGURE |




Photograph 1.

CELL USED TO MEASURE THE POTENTIALS
(See Pig. 1.)
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Two ¥ cells, A in figure 1, were used for each solution measured,
and each arm of the cell contained e palledinized platinum electrode
which was sealed in by means of & wired rubber slip jointe A small bulb,
F, was placed in the ground glass joint as shown in figure 2 when the cell
was to be filled with solutione This bulb was removed during measurements
to avoid overcrowding the thermostate

The H cells and the hydrogen cell were bridged by means of a test
tube, B in figure 1, which contained acid solution of the same concentra=
tion as the cells, |

A system for handling solutions in an oxygen free atmosphere had
to be devised since oxygen is easily reduced by the uranous ion. The
apparatus used is shown diagramatically in figure 2. Whenever a solution
of weter was to be placed into a flask, the flask was first evacuated by
an efficient water pump and filled with oxygen free nitrogene. This pro=-
cess was repeated at least four times in order to insure complete removeal
of oxygen. Water and a stock solution of known concentration of uranous,
uranyl, and hydrogen ions were kept in the two large flasks, G and F re=-
spectively. The mixing flask, D, was made so that it could be attached
to the other two flasks and filled with nitrogen, and so that solution
and water could be tramsferred into it without admitting any air.

The nitrogen used to fill all the flesks was péssed through & small
furnace, B, that contained copper gauze heated to a temperature of 450°C.
Any traces of oxygen in the nitrogen reacted with the hot copper and were
removed. To prevent the ground joints from blowing apart while adding
nitrogen to an evacuated flask, a safety valve, C, was introduced into
‘the system to allow the escape of nitrogen wher the pressure became higher

then a small hydrostatic heade



FIGURE 2




Photograph X

APPARATUS TO FILL REDOX CELL WITH SOLUTION
(See Fig* 2%)



Photograph 3+

STORING AND ANALYSIS FLASKS
(See Fig* 2* )
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The cells were placed in en American Instrument Thermostet bath
filled with water that was held at 24.92° + 0.02°C. Since the thermal
regulator was difficult to set and the change in potential caused by
0.10°C variation in temperature was well within experimental error (see
discussion of errors), the measurements were made at this temperature
rather than at 25°C. Four jacketed burettes were comnected in series with
the thermostat and e small circulating pump enabling titrations to be made
a2t constant temperature; hence, corrections due to temperature changes
were avoided.

A T'ype B Rubicon potentiometer was used to measure the potentials
of the cell, and a Willard L. Ds Cell was used as a source for the working
current. An Eppley Standard Cell which produced an electramotive force of
1,01867 volts was used as the standard potentisle A Leeds and Northrup
Type R galvanometer with & sensitivity of 0.003 microemps per mm and with
sn external critical demping resistance of 2000 olms was usede A Leeds
Northrup lsmp and scale was used to detect the deflections of the galvan=-
anetere It was possible to measure the potential of any peir of electrodes
through a switchboard and a suitable arrengement of jackse. For each setup
a totel of eight measurements was madee

The weights and volumetric glassware were calibrated, and all weights
were corrected to vacuo. The solutions were all prepared by weight using a
Christian Becker Style 14~2 kilogrsm balence. The balance used for weighing
smell quentities of materials, such as for standerdizing sélutions, was a
Style 9 - Regular Christien Becker balences To prevent contamination of the
gsolutions with sulfur which might in twrn poison the electrodes, all rubber

stoppers and connections were boiled for five minutes in 20% alkeli.



PROCEDURE
Materials

Uranyl sulfate and uranous sulfate were prepared from uranyl
acetate (Mallinckrodt- Analytical Reagent)e The preparation of uranyl
sulfate was carried out in the same way that Vanino (24) suggests make
ing urenyl sulfate from uranyl nitrate. After all the acetlc acid formed
hed been removed, the concentrated sulfuric scid was removed by continuing
to heat until no more fumes were evidente Some of the uranyl sulfate had
been reduced to uranous sulfate by the acetic acid first formeds hence, it
was necessary to add water end eveporate the solution to dryness several
times so that the air could reoxidize any uranous sulfate formed back to
uranyl sulfatee The residue was dissolved in a minimum volume of water,
and then twice this volume of alcohol was added. TUranyl sulfate is only
slightly soluble in a GQZ alcohol solution; hence, it was precipitated
oute The crystals were then taken up in a small quantity of hot water and
allowed to crystallize out in the form of U0;S04$2H,0e

The uranous sulfate was prepared directly from uranyl acetate by a
method similar to that used by G. N. Wyrouboff (25). Uranyl Acé¥ate weas
mixed with concentrated sulfuric acid and heated until fumes of S0; appeared.
A amall portion of aleohol (25 cc per 50 gmse of uranyl acetate) was added
when the solution haed coolede The solution was reheated for several hours
mtil it became a deep green colore. The green residue which formed during
heating was dissolved by adding small portions of water until it just went
into solution. To this solution 95% alcohol was added wmtil no further
precipitate was formed on the continued addition of alcohol. The preci-
pitete was filtered, dissolved in dilute sulfuric acid to prevent hydro-

lysis, and reprecipitated with aleohol. This procedure was repeated twice,
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and the final »produc*b was heated to 200°C to drive off any remaini;.:g
alcohol =xd then storedover caleium chlorides Analysis of this comw
pound showed that it contained 81.6% uranous sulfate which corresponds
to a formule of abowt U(S04),*6H,0; whersas, Wyrouboff reported the
compound formed as U(so4)2osnzo. No mention is made of the time of
heating or the conditions under which he stored the material so this
may be the reason for the variation in composition. No anelysis was
made of the final product for uranyl content, but the first analysis
of the stock solutions indicated that it was amall since the deter=-
mined values of the uranyl ic;n_ concentration agreed well with the cal-
culated values. |

An attempt was made to produce sulfate by the method of F. Giolitti
and Ge Bucei (8), which consists of placing & mixture of 1 ge of Uozso ’
12 g. of H,0, 6 ge of alcohol, and 4 g. of sto4 in direct sunlighte. There
was no evidence of a green color due to uranous sulfate af'ter 2 days; there-
fore, the attempt was abandonede The solution was not titrated to deter-
mine the presence of a.ny uranous ione

The sulfuric acid used to make the stock solution was purchased
from the General Chemical Company end was Analytical Reagent.

A stock solution of sulfuric acid was prepared which was epproxi-
mately 1.2 molal and was exactly stendardized by use of the potassium
jodate method of standardizing acids kll). The specific gravity of the
solution was measured with a pycnometer.

From weighed smounts of & stock solution of sulfuric acid and
solid uranous and uranyl salts, two separate stock solutions of urenium
gsalts in known acid concentration were prepared. Deoxygenated nitrogen
was blown through these solutions for two hours in order to rid the solu-
tion of a8 much oxygen as possible. They were allowed to stand seversal

days to insure complete reaction of any remaining oxygen with uranous
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sulfate.

To determine the concentration of the uranous sulfate in the mixture,
& sample of solution was allowed to run into the sample flask, H in figure
2, which had been previously filled with nitrogen. This sample was weighed
and immediately titrated with 0.025 N potessiun permangenate prepared from
Oel N potassium permenganate that had been standardized with Sorensen's
Primary Stendard sodium oxalates

The uwranyl sulfate concentretion was obtained by determining the
total waniun concentration end subtracting the uranous concentration
previously founde To determine the total uranium concentration, a weighed
sample was run through a Jone's Reductor according to the directions of
Kolthoff and Sandell. (11)

The solutions being titrated for total uranium content end uranocus
content were titrated with 0025 N potessium permangenate using Orthophe=-
nanthrolene-Ferrous Complex as &n indicator since the permanganate solu=-
tion was too dilute to act as its own indicator.

Bach stock solution was diluted to give uranium salt solutions of
known concentrations. The cells marked with the asterisk in tables 3 and
4 were prepared from stock solution 2, while the ummarked ones wers pre-
pared fram solution 1. In plates 1 end 2 the black circles indicate
measurements of cells prepared with stock solution 2; whereas, white cir-
cles indicate measurements of cells prepared from stock solution l.

The sulfuric acid for the hydrogen half cell was made to exactly the
seme hydrogen ion molality as the uranium selt solution by adding an exact
quantity of water to a kmown weight of stock acid solution.

Hydrogen and nitrogen were obtained from the Southern Oxygen Companye

The nitrogen was oil pumped and conteined considerable quantities of oxygen.



27

It was necessary to reduce the copper oxide formed in the furnace after
two hours constent use when the rate of flow was about two bubbles a
second through watere. Hydrogen was purified by passing it through a fur-
nace oonteining platinum gauze heated to 200°Ce. Any oxygen present united

with hydrogen and was removed in the form of water wvapore.



Procedurs

Experimental Details

Attempts were first made to ascertain which type of electrode
would be best suited for the uranous-uranyl ion sclution. Iuther end
¥ichie (17) reported that platinized pletinum electrodes attained equile-
ibrium very rapidly, while smooth platinum electrodes drifted toward
equilibriun very slowlye.

A run was made in which two palladinized pletinun electrodes were
used versus two smooth platinum electrodes. The palledinized electrodes
came to equilibrium very rapidly; whereas, the smooth pletinum electrodes
drifted very slowly in the direction of equilibrium. Platinized platinum
electrodes were rot tried since they ars more difficult to plate and are
more sensitive to poisons than palladinized platinum electrodes. In solu-
tions of concentration greater than 0.001 molal totel salt, the palladi-
nized platinum electrodes ceme to equilibrium with & previously saturated
hydrogen electrode in one-half hour without the use of & promoter. Car-
penter (2) found that traces of FeCly behaved as a promoter for the attain-
ment of equilibrium in his work on concentrated wvanidol-venadyl ion systems,
but that they were unnecessary in dilute solutions.

In very dilute solutions agreement between palladinized platinum
electrodes was not so good as in concentrated solutions; therefore, an
attempt wes made to use mercury slectrodes prepared with distilled mercury
because the surface could be easily reproduced. The mercury electrodes
produced unsatisfactory results in that they were 0.3 volts higher than the
pelladinized pletinum electrodes end did not agree with each other. It was

thought that some overvoltage phenomene was occuring at the surface which
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prevented the electrodes from reaching a true equilibrium velue.

In the first attempt to standardize the uranium salt solution for
uranous salt content, it was found that no consistent result could be
obtainede The analyses were run on a solution of approximately 0.01 molal
U(S0,), and 0401 molal U0,50, that was exposed to air in a volumetric flask
but was not shaken. The runs were made at intervals of about 10 minutes

and the following results were obtained:

Table 1l
Semple Noe ge of U(SO4)2 / ge of soln.
1. 04007495
2e 0.007503
Se 0.007447
4, 04007427
5. 0.007357
Ge 0007328
Te 0.007262
8e 0.0072392
e 0007239

The close agreement between the last two analyses is due to the exclusion
of air by bubbling deoxygenated nitrogen through the solution and to the
greet hurry with which the solution was rune

To determine the effect of air on dilute solutions of uranous sul-
fete in actusl cells, a cell was prepared in which the air was not removed.
Over e period of 15 hours the change of potential of the cell was 0«56 volts.
This indicated e change in ratio of uranous ion to uranyl ion fram 0.74 to
1 at the start to a ratio of 1 to 1 x 101° after 15 hours. The totel exposed
surface ares wesg 6 squere centimeters.

These results were surprising since Lundell end Knowles (17) reported
that they found the uranous ion very stable to air; however, their measure-
ments were made in the absence of any uranyl ion, and the results of an

experiment determining the total uranium content of a solution confirmed
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their obg.erva'tion. After all the solution had been run through & Jones
Reductor, it was assumed that the reduction was complete and no uranyl
ions remained. Next it was necessary to bubble air through the solution
to reoxidize ions of the lower valence states of uranium up to the uranous

statee Verious bubbling times were tried and the following results were

obtaineds
Table 2
Time of bubbling ge of U(SO4)2/g. of soln.
3 minutes 0.009850
6 minutes 0.009867
12 minutes 0.009868

These results show that there was no reoxidation of the wranous lon to
uranyl by bubbling air through the solution; and they lead one to the
conclusion that the uranyl ion has a definite catalytic effect on the
oxidation of the uranous ion by eir.

The apparatus shown in figure 2 was constructed to handle solu-
tions in the gbsence of air from the time they were made from the stock
solutior and water until they were sealed in the cell.

The weighed mixing flask, D, was eattached to the flask, F, which
cortained the stock solution of uranium salts, by means of & ground glass
joint which wes lubricated around the top to prevent the leekage of air
intoc the flaske After the cell had been filled with deoxygeneted nitro-
gen, as described under the description of the apperatus, en estimeted
emount of solution was allowed to be drewn into the flask under a vacuume

Flesks D end F were then refilled with nitrogen and flask D was reweighede
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It was then attached to flask G, in the same manner as it had been attached
to flask F, and an estimated amount of water was allowed to run into it.
Flasks D and G were filled with nitrogen, and flask D was again weighed.
From the known concentrations of the stock solution and the smount of water
added, it was possible to calculate the molalities of the uranous, uranyl,
and hydrogen ions of the solution in flask D.

Knowing the exact hydrogen ion molality of the uranium salt solution,
an acid solution of the same molality was prepered for the hydrogen half
coll by weighing out some of the stendardized acid solution in a volumetric
flaske To this solution the exact weight of water necessary to make the
molalities of the two solutions exactly the same was added by means of e
pipette.

To transfer the solution fram flask D to the oxidation=reduction
chamber E, the apparatus was arranged as shown in figure 2. The chamber
was evacuated through the bulb at the top and filled with nitrogen as de-
scribed previously. The solution was then drawn into the chamber and closed
to the air by means of the stopcocke

The hydrogen electrode chamber, C in figure 1, waw rinsed with acid
solution and filled in the ordinary manner. The two electrodes and the
bubbler, which contained the same acid solution as the chamber, were held
in place by means of a rubber stopper. The saturater, D, wes filled with
acid solution, and the hydrogen was allowed to pass through this solution
first in order that the hydrogen could become saturated with water wvapor
and not change the concentration of hydrogen ion in the chamber by absorb-
ing out some of the water. The bulb, F, was filled with acid in order to
heve o reservoir from which to reise and lower the level of acid solution
in the electrode chamber or in the acid bridge, B, which connected the

redox haelf cell with the hydrogen half cells The level of solution in
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chember C and in the acid bridge had to be the same in order to pre~
vent any syphoning effecte

The hydrogen half cell and acid bridge were prepared first and
placed in the thermostat bath which had been previously adjusted to
24.92°C. Hydrogen was bubbled into the hydrogen helf cell while the
redox half cells were being prepared. By the time the redox half cells
were pleced in the bath, the hydrogen helf cell was neerly saturated with
hydrogen.

Cells were allowed to remain in the thermostat until equilibriwm
was attainede The more concentrated solutions reach equilibrium in
one~half to one hour, while the dilute solutions required from one hour
to three days depending on the concentration. When the potential of the
cell no longer drifted but remeined constant for a period of at least

four hours, the wvalue was teken as the equilibrium velue.

Some 49 cells were prepared over a renge from 0.0002 molal to 0.005
molal uranium salts The first eight cells were discarded sinece the results
obteined were not mede under eir free conditionse Other cells were dis-
cerded when it became obvious that the electrodes were not going to come to
equilibrium or when traces of air had been admitted at any time during the
preperation.

The water used to dilute the solutions was boiled for five minutes,

poured into a storing flesk, and nitrogenated until cool.

Teble 3 shows the hydrogen ion concentration of both solutions used
to prepare the cells, the activity coefficient of the hydrogen ion, and the

potentials measured for the thirty-five cells which geve equilibrium values.
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24 ¢ 0000763 _ 0400756 , 0,674 , 02835 "
3e . 0401072 | 0.01078 , 0.628 . 0e2929 "
4, , 0.01339  0.01343 = 0,600 , 002050 "
5e , 0e013556 . 0,01362 , 0,597 , 002061 "
6e , 001599 _ 0.01609 , 04576 , 002999 "
7%, 0,01720 . 0.01710 , 0,568 , O.2082 "
8a, , 0402253  0.02266 , 04530 , 0.3069 "
9 , 0402686 , 0,02686 , 0,507 , O.3082 "
10. , 0402735 | 0.02738 , 0,502 ; 003112 "
11, , 0s03138  0,03157 0,486 , 0.3149 "
12. , 0403175 . 0,03195 0,485 , 0.3148 "
13, | 0.,03759 | 0.05759  0.463 , 0031856 "
14, . 0.03931 _ 0.03937 = 04455 , 0e3185 "
15.* 0.04546 | 0e04519 = 0.438 , 0.3185 "
16. ' 0.,05000 * 0.05020 , 0425 , 003246 "
17.¥ 1 0,05410 . 0.05319 |, 0.416 , 0.3231 "
18. , 0.05361  0.05391  0.416 , 0.3265 "
18.* | 0.,06409 | 0.,06409 0,394 , 0.3283 "
20.* , 007357 , 0,07410 , 0,378 g 043354 "
21. ., 0.07466 , 0.07477 , 0,377 , 063346 "
22,* | 0.07994 | 0.08048 , 0.369 , 03371 "
23.* , 0.08289 , 0.08303 , 0,363 ; 0.3326 "
24, , 0.08444 , 0,08475 , 0.361 ; Oe3361 "
25, . 0409766 , 0409772 , 0.343 ; O.3408 "
26¢* , 0.,1105 , 0,1027 , 04327~¢337 , 0.3392 "
27, s 001196 , 061203 s Oe3N7 ; 0e3466 "
28, , 061215 , 0,1223 , 0.314 . Oe3469 "
294% ., 0.,1324 , 0.132¢ , 0.302 , 0e3456
30 ; 01458 , 041464  ; 04291 . 0.3510
3le* ., 001658 , 001658  , 04277 . 043509 "
324 ¢ 001927 , 041940  , 04265 , 0.3586 "
33¢% 1 001933 1 061921 3 04265 : 0.3537
24, + 042075 3 042086 ¢ 0.262 t 0.3587 "
35.% 3 042607 1 042607 3 04246 : 0.3621 "

* Tese solutions were made from stock solution 2.

33



DISCUSSION QF RESULTS

Calculation of Results

The pressure of hydrogen must be teken into account in the cal=-
culation of the potentiel of the hydrogen electrodes From the equation
for the reaction of the hydrogen half cell;

H, = 28t + 26

the equation for the potential of the hydrogen half cell iss

B ou Q08915 o, St (12)

B

The pressure of hydrogen in atmospheres is always used in this equation.
Since the hydrogen is passed through the solution, the vepor tension of
water must be subtracted fram the total pressure over the solution. The
total pressure over the solution was the sum of the barometric pressure
and a small hydrostetic head in the trap at the top of the hydrogen half
cell which smounted to 2=-5 mm of water. The corrections to the measured

potentials for the pressure of hydrogen are listed in table 4.

The values of the activity coefficients were obtained from e
large graph prepared from the values of the activity coefficients by
Herned and Hemer (10) at various acid concentrations. Table 4 shows
the correction due to the molality and the activity coefficient of the
hydrogen icne In most cases vhere the molelities of the hydrogen elec-
trode differ from the molelity of the redox electrode, they are close
enough so thet no differerce in the ectivity coefficient can be read
from the grephe Where there is a difference in activity coefficients,

the activity coefficients of both sides are given and are teken into ac=—
count in the final correction.

It was not necessary to determine the correction to the measured
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potential for the molalities of uranyl and uranous salts in each diluted
solution. The ratioc of the molalities of the wranous and uranyl selts
remains constent on dilutiocn since both molalities are teken only to the
first powers. The ratio of the molelities was determined for the stock
solution, and this ratio was used to celculete the correction to the
potential due to the molelities of the two saltse Analyses of the urenous
sulfate content were made every itwo weeks, and the change in concentre-
tion during the two weeks was found to be a linear function of the time.
From the analyses of the stock solution and from the time between the
analyses and the preparation of the diluted solution it was possible to
calculate the exact concentration of wranous and uranyl ioms et the time
the solution was prepareds The oxidation of uranous sulfate to uranyl
sulfate liberates hydrogen ions, and the increase of concentration of acid
cen be calculated from the decrease of concentration of uranous ion. The
correction to the potential of the half cell due to the concentration of

ursnous axd uranyl ions is shown in table 4.

The ionic strength also shown in table 4 was calculsted by means
of equaticn (19).
§
. 0.05915 il
In order to determine the velue of — log m?* s it is

necesgsary to teake measurements in extremely dilute solutions or to ex-
trapolate values obteined in more concentrated solutions to the value at
zero jonic strength. In a solution of zero ionic stremgth, the activity
coefficient of eny selt is unity; hence, if the values of the right side
of equation (18) are extrapoleted to zero ionmic strength, the ratio of

the activity coefficients of wenyl and uranous salts should become equel
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> All units are volts except ionic strength and

These solutions were mede from stock solution

-ionic strength.
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4
to unity, and the value of-gﬂggglé 1og&a .. becomes equal to zero.
m022

A plot of the value of E°' against the ionic strength is shown
in Flate le The extrapolated walue of E°! to zero ionic strength gives
the valus of E° as 0.,4117 volts.

Plate 2 shows the plot of E°! against the squaere root of the ioniec
strengthe. The decrease in slopeat low and high concentrations is pro-
bably caused by the uneven variation of the two salts from the Debye
Huckel limiting law. The value of E° obteined from the plot E! against
the square root of the ionic strength is less exact than that from the
plot of E°! against the ionic strength for two reasons; first the measured
values of E°' do not approach the vertical axis as close as in the plot
using ionic strength; second, the slope changes very rapidly when the
square root of the ionic strength approaches zero. For these reasons the
plot of E°!' against the ionic strength was used in preference to that
against the square root of the ionic strengthe The value of the standard
potential of the uranous-uranyl redox electrode was found to be 0.4117
volts using this curve.

Representing the uranous-uranyl helf cell as it is represented in
the Critical Tables (5):

0,80, + 4H" + 50, = + 20 = U(S04), + 2H,0.
E° = 044117 volts

The value of the standard potential allows the calculation of the
equilibrium constant and the stendard free energy change by use of equa-
tions (22) end (8) respectivelys. The velue of the equilibrium constent
jg Bedh X 101§ and the value of the standard free energy change is =18,990

celoriese

By equation (5) the values of the free energy chenges were calcu=
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lated from the measured potentialss Not all the measurements were used
to calculate the free energy, but measurements st various well distri-
buted iox;zic strengths that lay close to the curve were chosens. ,

These same measured potentials were used to calculate the ratio
of the activity coefficients fram equation (23)s These results and the

results of the free energy change are shown in table 5.
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Table 5.
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0.804

0.0368 8 063069 ;3 =14.15

Se

0733

0.0512 t 063149 3 =14.52

4.

0657

060739 s 043185 ¢ =14.68

Se

0.0875 2 0.3265 3 =15406 s 0,608

6e
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0.2169 t 063456 3 =1594 ¢t 06363

10.
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3
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00,4273 1 0,3621 31 «16.70 t 0,264

13.

The velue of the standard free energy changee.

* The value of the standard potential .
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DISCUSSION OF RESULTS

Errors
S———— -

Potential measurements were made to the hundredth of a milli=-
volt but were rounded off to the nearest tenth of a millivolte The
Weston Standard Cell used was calibreted to the hundredth of a milli=
volt; hence, it was fer within the limits of experimental error.

The temperature of the water thermostet bath was 24,92° + 0.02°¢C
as measured with & Beckman thermometer which had been compered to a
thermameter calibrated by the Bureasu of Standards. Iuther and Michie (3)

measured the temperature coefficient of the cell:

bt U(SO4) 2 Eymg
10,50 H
H2°§°44 o 250, (m) | Hgyso, | He

and found that the temperature coefficient of the cell composed of a
l: 1 ratio of uranyl and uranous salts was 0,0005 volts per degree
centigrades L. Je Bercher and G. De Howell (1) reported that the

temperature coefficient of the cell,

Pt HZ H2304 Hg2504 Hg
Wass %‘% ® 0,00027 voltse

From these two temperature coefficients the error caused by a tempera=-
ture variation of 01°C is well within experimental error. This can be
further confirmed by calculations from equation (7)e It shows that the
temperature coefficient of the cell used in this experiment should be
about 000002 volt per 041°Ce

The weights used were celibrated by the Richards' counterpoise

method (22) and were standerdized with & weight standerdized by the



Bureau of Standards. For the preparation of the solutions the weights
used were found to be in error less than 1 part in a 1000 so thet un-
corrected weights were taken. The most dilute solution was prepared
with an accuracy of about 0.1%, and the more concentrated solutions with
even less errore

The hydrogen electrodes were used to ocheck each other end always
egreed within 0000056 volt. The four redox electrodes checked themselves
within 100001 volt in concentrated solutionse The deviation of the
measurements beosme greater with decreasing ionioc strength until the
measurements made in very dilute solutions had an error of +040007 volte
The incressing size of the circles with decreesing ionic strength in
pletes 1 and 2 is an attempt to show the increasing deviation of the re-
sults with decreasing ionic strengthe The value for the measurement of
the stendard electrode potential of uranyl sulfate and uranous sulfate
in sulfurie acid with the above deviation is 044117 + 040007 volte

The check in results between the two stock solutions prepared
was extremely good. In three instaences solutions of very nearly the
same concentration were prepared from both stock solutionse The check
between them was well within experimental error.

Traces of oxygen have a serious effect on dilute solutions of
uranyl-uranous salt mixturese It was necessary to take precautions to
remove es much oxygen as possible from the solutions prepared. In spite
of the preceautions taken, there remained some residual oxygen adhering
to glasswere and electrodes, snd some undoubtedly remained dissolved in

the watere This amall emount of oxygen had no effect on the concentraked
solutions, but the effect became more serious as the solutions were

diluted. As 2 result, the checks between the two half cells and four
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electrodes was not so good in dilute solutionse It was noted that when
& cell contsining & solution less than 040001 molal in uranous sulfate
was made up rapidly with electrodes which hed been used several times,
the error was mot so great as when the solution was allowed to stand in
the mixing flask for several hours, It was thought that the solutions
had not had time enough to completely rgact with all of the oxygen ade
hering to the walls of the mixing flask, end that most of the oxygen
adhering to the electrodes had been displaced. Not only were the results
obtained in these dilute solutions not reproducesble, but many electrodes
never came to what appeared to be an equilibrium wvaluee The potentiel
of the cells drifted slowly, and the values of the four electrodes differed
widely. For these reasons the results below 00001 molal 'salt concen~-
tration thet finally gave a value that seemed to be steady were ignored
in drawing the curve.

There iz also & possibility that the electrodes were behaving
as hydrogen electfodes in these very dilute solutions since the elec~
trodes were saturated with hydrogen in order to remove any chlorine
that may have formed during their pletinge This is not very probeable
since the freshly plated electrodes were always used in a concentrated
cell first of all and allowed to go to equilibrium there. Any hydrogen
present should have diffused off during the repeated evacuation of the
cell, and any remaining hydrogen must have been displaced by or must
have reacted with the uranium saltse

In some instances eerors were made by improper additions of
water to the acid, and a solution resulted of slightly different acid
concentraetion than the uranium solution. The ligquid Jjunction potential

caused by this discrepancy was calculated by means of the lewis and
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Sargent equation (16):

'
E.* -/./\\_"__

where /\. and /\" are the eguivalent conductences of the two acid solu=

tionss In every instance the error due to a liquid junction potential

was found to be far lsss than the experimental error.

The activity coefficient of water in the dilute solutions was es=
sontially equal to l. The error caused by ignoring the activity coeffici-
ent of water in the most concentrated solution used is 0,000056 volts and
the error decreases as the concentration decreases.

The activity coefficients of Harned and Hemer (10) for sulfuric
acid read fram the chart prepared from their data were made with about
0e2 to 0.3% error; nevertheless, the results obtained were much better
than if the activity coefficient of sulfuric acid had been considered an
unknown quantity in equation (17)e. The slope of the curve of the right
side of equation (17) plotted against the ionie strength is changing
rapit_ily and is approaching a large number as the ionic strength approaches
zero; hence, the exact intercept is very difficult to determinee An error
of 0e3% in reading the activity coefficient of sulfuric acid causes an

error of about 0,0001 wolts so that the standard potential can be correct=

ed to 04117 +0,0008 voltse.
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SUMMARY

A short history of previous work on the oxidation and reduction

potentials of uranous and urenyl salts in acid is given.
The principles of the present work are treated theoreticallye

The preparation of uranyl sulfate and uranous sulfate is dis-
cussede The effect of air on a urenous sulfate solution is

shown to be more pronounced in the presence of uranyl ion.

From & plot of the potentials of cells corrected for molalities
of ions, gas pressure, and activities of hydrogen ions ageinst
ionic strength, the standard potential of the uranous sulfete,
uranyl sulfate, sulfuric ecid half cell is found to be 044117
+0,0008 volts when the curve is extrapolated to zero iomic

strength.

The standard free energy change and equilibrium constent are

calculated to be =16,990 calories and 8.34 x 10%3 respectively.

The free energy change of the half cell reaction and the ratio
of the activity coefficients at various concentrations are cal-

culated.



BIBLIOGRAFOY

(1)  Bercher and Howell, J. Am. Chem. Soc., 48,34-40 (1926)
(2) Cerpenter, J. Ame Chem. Soc., 56, 1847 (1934)

(8) Coryell and Yost, Je Ame Chem. Soce, 55, 1909 (1933)
(4) Debye and Huckel, Phys. Z, 24, 185 (1923)

(5) Gerke, International Critical Tables, 6, 333 (1929)

(6) Gerke, Chem, Reve, 1, 390 (1925)

(7) Getman and Daniels, Outlines of Theoretical Chemistry. New Yorks

John Wiley and Sons, 1937. 425ppe
(8) Giolitti end Bucei, Z. Electrochem., 12, 823 (1906)
(9) Guggenheim, Jeo Physe Chan., 33, 842 (1929)
(20) Herned and Hemer, J. Ame. Chem. Soc., 57, 27 (1935)

(11) FKolthoff and Sandell, Textbook of Quantitative Imorganic Analysise

New Yorks MacMillan, 1S37. 521lpp.
(12) ibid, pe. 568,
(13) Lewis, Proc Am. Acade, 42, 259 (1907)

(14) Lewis and Rendall, Thermodynamicse New York: MeGraw=Hill, 1933.

256ppe
(1z) ibid, p. 293.
(16) Lewis end Sergent, Jo Am. Chem., 31, 363 (1909)
(17) Lundell end Knowles, Jo Am. Chem. Soc., 47, 2637 (1925)
(18) Luther end lichie, Z. Electrochem., 14, 826-9 (1908)
(19) 1cCoy end Bunzel, Jo Am. Chems Soc., 31, 370 (1909)
(20) Nernst, Z., Physik. Chem., 4, 150 (1889)

(21) Popoff and Kunz, J. Ame Chem. Soce., 51, 382 (1929)



(22)
(23)
(24)

(25)

BIBLIQGRAPHY CONTe

Richards, J. Ames Chem. Soc., 22, 144 (1900)
Shcherbina, Compt. Rende Acade Soi. UsS.ReRe, 22, 503-6 (1939)

Vaniro, Handbuch der Preaperative Chemie. Stuttgarts Ferdinand Enke,

1933« 609ppe

Wyrouboff, Bulls Soce Mine., 32, 340 (1909)



