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ABSTRACT

A spectrovhotometric study of the behavior of uranyl
solutions of concentrations from 0.004 M to 0,16 M and
- pH values betwesn 2.00 end 4.30 has beon made. The
absorption spsctrum of UQs¥Y is asaumed to bs given by~
studies at pE 2. Beer’s Lew is obayed at this pH.

The fit of the detu obtainmed to the dimerizetion eque=
tion propcsed by Best, Taub, and Longsworth,
2 U0,°" ¢ Hp0 & UOgzoU0,™ < 2 B

L

~

has been investigated. It is found that the above ra-
gction, with a mass action constant, K 2 1,35x10-6
doas not edequately explain the results under condi- ~
tions of advanced hydrolysis.
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A SPECTROPHOIOMETRIC STUDY OF THE HYDROLYSIS OF URANYL ION

In the course of study of the solution physical chemistry of
hexavalent urenium and its complexes, it beceme apparent thet the
hydrolysis of uranyl ion deserved considerable attsntion. The color
of a uranyl solution deepsns with increasing basicity, and therefore,
optical methods of analysis show promise. Th® spectrum was sxplored -
in great detail as a function of pH and uranyl concentrations over
the range of wavelengths from 210 mp to 500 mp, as disoupaed in the
work below. Previcus work by Best, Taub, and Longsworth was re=
examined critically and correlation of the conclusions with these
studies was attempted.

Experimental

The spectrovhotameter used wes the Bsckman Quartz Spectro-
rhotometser, which gives a minimum bend width of approximately one
millimicron (never mors than two) over the range from 210 to 1000,
mu. Quartz absorption cells ranging in length from 0.5 to 10 cm
are used in an effort to kesp the optical density beiween 0.1 land

1 since values below 0.1 are inaccurate and abové 1 are found to be
questionable due to the scettered light in the instrument: The
Beckman Laboratory Model pH ¥eter wes used for the determination of
pH velues, :

Uranvl perchlorate was prepared by fuming uranyl nitrate
repeatadly with perchloric acid and then finally fuming off wost
of the excess perchloric acid and diluting to & convenient concen=
tration. It was also prepared by adding an approximately equiva-
lent amount of concentrated perchloric acid to a weighed sample
of uranyl oxide(2 o The UOs wes prepared according to the dirsctions
of Best, Taub, end Longsworth by precipitation of uranyl percxide,
1gnition of the washed solld, suspension of the ignited solid several
times in water, followed finelly by ignition to obtain an anhydrous
product, The HC1l04 solutions of U0z were made up to a converlient cone
centration and analyzed for uranium content by gravimetric analysis.

) Solutions for spsctrophotomstric study were then mads up by
taking aliquots of the stock solution, diluting to the proper «on-
" centration and adjusting to the desired pH by adding 6 N sodium _
hydroxide or concentrated perchloric acid. Meny of these sclutions
were again checked for concentration and pH after the absorptjon
curve had been taken.



Results:

Pre liminary absorption curves were obtained using Mallinckrodt
uranyl nitrate over the comcentration rangs 2x10~3 to 4x10°° ¥ in
order to determine workable concentration and wavelength ranges.
Ho attempt was made to control the pH of thess solutions. These.
curves soon made it clear that the uranyl nitrate system is not &
simple one, @aince agreement with Beer‘s lLaw was not obtained. The
curves showed a weak peak at about 410 mu, a minimum at 870 mu, a
pronounced riss, with a shoulder at about 305 mp, to & very strong
absorption in the ultra violet rising rapidly at about 250 mu. There
seemed to ba a peak at around 225 mu. Attempts to determine the N
molar extinction coefficient of this pesk by investigating more di-
lute solutions showed that the "peak® was not within ths wevelength.
range of the instrument and that the apparent decreases beyoné a max-
imum was due to scattered light obtained when & tungsten lamp was used
. &8 the light source rather than the more appropriate hydrogen lamp.

_ Further exploratory work was carried out at pH 2.0 (0.01 N
RNOS) sBince Beer's law was obayed at this pH for wavelengths greater
than 330 mu. The studies showed that nitrate ion was respensible
for a great deal of the light absorption in the fer ultraviolst,

The experimental curve for the molar sxtinction coefficisnt & of
nitrioc acid is given in Figure 1 as a function of the waveleagth.
(The molar extinction coafficient € is the negative decade logarithm
of the transmittance I/Iy for one centimeter light path in a solution
containing one mole per liter of absorber.) There is a weak band at
302 mp and a strong one starting at 250 mu and extending beyond the
range of the instrument. It was found possible to detect 1077 M
nitric acid with ease at 210 mu. Considerable difficulty was encoun-
tered in edsquately cleaning absorption cells that had been uaed with
nitrate solutions btecause of this very strong absorption.

It was shown that the perchloric acid hes no appreciable ab-
sorption within the range of the instrument, and therefore all sub-
sequent work was done with parchlorate solutions, It was then shown
that the originel uranyl nitrate curve was approximately corresct
for uranyl ion, except for -the peek near 225 mp. The abscrption
appsars to increase indefinitely at shorter wavelengths. This necass-
sitated the use of a much lower pesek at 410 mu for further work. It
was also shown that uranyl ion obeys Beer‘'s lsw over the range of
concentration from 1-40 mg/ml in solutions of pH 2, This is i1llus=
trated in Figure 2 which shows the optical density of a number of
uranyl solutions of widely differing concentrations end Figure 3
which shows the optical density as a function of concentration for
two representative wavelengths. (The optical density D is the nega-
tive logarithm to the base 10 of the transmittance; it is equal to
the product of +the molaer extinction cosfficient, the molar concen-
tration, and the length of the cell in cm.) Figure 4 gives the ab-
sorption spectrum of uranyl ion, as arrived at by averaging all of

~
-
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the molar extinction cosfficiente obtaired from the data used in
proving the obedience of Beer's Lew. The dotted line below 250 mp

is belisved to be the best curve obtasinable from the experimental
data; the voints Lelow this curve are probably due to scattersd light
in the instrument. The complexity of the curve should be of come
siderable thsoretical interest.

_ Attempts to sxtend thess studies toc solutions in the pd range -
of 3-5 soon led to many difficulties. At pH 4 it was found that not
"only is Beer‘s Law not obeyed, but that duplicate results with sclu-
tions which were supposedly identical wers difficult to obtain. TUpon
further checking of these solutions, it was found that the mclar ex=
tinction coefficient was an extremely sensitive function both of pH
and also of uranvl ion concentration. Soluticns identical excepth
for a few hundredths difference in pH gave molar extinction ¢oeffi-
cient differences of as preat as 5 or .10% (Figure 5). At first this
was thought to rive indication of great promise, since this was a
readily observeble, very sensitive function both of pH end of uranyl
ion concentration. It soon became apparent, howsver, that the op-
tical measurements were too sensitive, for pH meter inconsistencles®
and analytical difficulties were great enough to meke 1t impoasible
to obtain a consistent set of data. Procurement of a new pH meter
and reconditioning of the old one reduced these difficulties somswhat:

but experimental scattering of the points was still observed. '

Interpret&tldn of the Results

A search of the literature for quantitative deta or thsory of
the hydrol s%s of uranyl ion showed that the paper of Best, Taub, and
. Longsworth 1) is virtually the only contribution in the field. They
present two theories of hydrolysis. The first involved a two step
hydrolysis: '

]

- U0y - 0H%. U0z & H (1)

89

U02%% ¢ Hp0 TO2<0H® & H® = | (2)

Mass action constants, based on concentrations rather than activities,
for these reactions of Kj 3 4.6x10-% and K; = 6.0x10°5 fit their
date satisfactorily for the pH of sclutioma of U0z in HC1l, but failed

-

* The perchlorate concantration in these solutions was 0.01 M. It is
possible that some of the difficulty encountered in measuring the
pH was due to precipitation of %C104 in the salt bridge of the
calomel elsctrode.
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completely to fit the data for the pH of urenyl chloride solutions
as a function of concentration. They discard this theory therefore
in favor of oms depending on the dimerization of uranyl 1on, a8
follows:

2 U0p°* & M0 = UOg-U0,*% o 28® (2)

Rrmne@mmnmwghamemmmﬂ@hnmmaﬁhnmmmm

K* = 1.35x10°6. It was decided to make a critical study of their data
to see how sensitive the titration and hydrolysis curves were to ver-
ious trial values of K', Values of the pH as a function of
{vos)}/{8C1] or of [UOzCl ] were calculated for values of K! varying
from 1,00x10°6 to 1. 60x10=5 and the curves wers plotted along with
their experimentel data, in order to study the effect of the comstant
on the fit to the observations. Since the pH meter measures hydrogen .
ion activity, it was necessary to convert ths readings to concentra~
tion. This wes accomplished through the use of the activity soeffi~
cients estimated by Beat, Taubh and Longsworth. These studies, shown
in Figures 6 and 7, indicate that K' = 1. 35x10~6 gives the bes: fit to
both sets of data. It will be noted that the calculated curvss fail
to explain the low pH of ths solution wit- 0.90 equivmlents of UOS

por equivalent of HCl, This discrepancy might be explained by the
formation of the ion UzOg¥“. Attempts to formulate a quantitative
picturs including this third congtituent were dropped because of
mathematical difficulties.

A preliminery attempt to fit the present results to this theory
was promising enough to warrent e detailed study. If the ionic species
in Equation (3) are the only colored ones vrusent, the observed gross
molar extinction coefficient €gps, should be a linear function of the
fraction F of the total uranium ion in the dimeric form,

£

€obs U0gre (1°F) # Egpogee F = Eyg o0 ¥ ( €gyo.08 = €yppee) P (4)

mmifﬁ__

The method of calculation of F follows., Let x & EUOZ"'W] w S ﬁJO <00, ° ],,.
h. Sﬁﬂf]a and then the total uranium concentrabion 8 F X & 2w, From
equation (3) ,

k, . whe - wh?
x2 {e=2w)&

4 K'we = ¢ K'ew = whz_% K'cz s 0,
4 K'w® - (4 Eve % 1) w & K'e22 O,

W = 4 K'c$® h2%h VB K'c & ne (5)
8K’ ’ '

F = 2w/ . | (6)
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A Values of w and F wers calculated from ths measured pH
values and total uranium concentrations, o, for a_large number of
solutions with oH values from 2 to 4.3 and with U concentration
from 0.08 to 0.004 M. In Figure 8 there is plotted the observed
moler extinction coefficient, €,p,, 2t 420 mp as a function of
this degree of dimerization, F. - The deviation from the predicted
linear relation (Equation (4)) is greatsr than can be attributed
to expesrimental error. - The curved line is the best that csn be
drevn through the expsrimental points; ths straight broken line
indicates the possible liinear behavior up to F = 0.40, where
equation (3) has the greatest possibility of representing the re-
sctions in solution. The upsweep beyond this value is probal:ly due
to the formation of higher polymers (as for instance U308V?) with
greater extinction cosfficlient per U atom than occurs for Uzugeﬁ
which itself must have & greater absorption ccefficient per U atom
then U02"% in order to smccount for the observed facts.

The absorption characteristice of hydrolyzed uranyl solutions
show interesting qualitative as well &8 guantitative changes from
the spectrum of unhydrolyzed uranyl solutions. The fine structure
in the spsctrum of the solution at pH 2 disappsars graduslly as the
degree of hydrolysis increases and the peak originally at 413 mp
broadens and shifts & few millimicrons to longer wavelengths. This
is shown graphically in Figure 9, which has several curves showing
the absorption spectra of solutions predicted to bes hydrolyzad t®
verious degrees,
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