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ABSTRACT

Additional evidence for the existence in solution of
the uranyl tricarbonate ion, U0, (CO;),~%, has been obtained
by continuous variation spectrophotometric methods.
Evidence has also been obtained for the presence in sodium
carbonate solutions of two additional complex ions having
carbonate to uranium combining ratios of 0.5 and 2.0.
Though not uniquely proven, the ionic compositions appear
to be U0, (CO;)~2, dicarbonate ion, and U,0,0HCO,~, semi- ;
carbonate ion.” The stability of these ions in salt solutions
and the effect of hydrogen ion concentration have been
studied. ;

Concentrations of each of these ions in various solu-
tions have been estimated by a method which involves the
measurement of the pressure of CO, over these solutions and
subsequent calculation of the amount of uncomplexed carbonate
in solution. i

Using these data, approximations have been made of the
extent of the dissociation of the tricarbonate ion and the
dicarbonate ion according to the following mechanisms:

K;
U0, (€0, )5 ~* 2:::2 UG, (CO3) ;=2 + CO; 7%

Ky = 4.5 x 10~7

K,

200, (CO;),=? + 2H;0 g—2 U,0,0HCO,~ + 3HCO;;

K, = 8.4 x 10-8

e o er)
T



SPECTROPHOTOMETRIC INVESTIGATION OF

THE CARBONATE~URANYL COMPLEXES

INTRODUCTIOR

The preparation of sodium uranyl tricarbeonate, the
characteristics of its absorption spectrum, and the fact
that tricarbonate solutions follow Beer's law have been
reported. 1 7The optical evidence in the present report
also confirms the previously published experimental
verification of the existence in solution of a carbonate
complex having a carbonate-uranium combining ratio of 3.

Solutions having mole ratios of CO, /U = 2 and
Na/U = 2 can be prepared by contacting excess uranyl
carbonate with sodium carbonate solution, the resulting
concentration of the uranium depending on the sodium car-
bonate concentration.¢ A solid having a composxition
corresponding to these mole ratios has not been obtained,
nor has the existence of an ion having a C0O; /U combining
ratio of 2 been reported previously and yet, solutions
have been prepared which are over one molar in uranium
and which still maintain these same mole rati These
solubility data now have been made more signifjcant by the
fact that absorption spectrophotometric methods have given
good evidence for the existence in solution of a uranyl-
dicarbonate complex ion.

For solutions with CO, /U and Na/U nearly equal to 2
and having moderate uranium concentrations (0.1 to 0.3
molar) the optical density varies nearly linearly with
uranium concentration. However, at lower concentrations
(£0.05 molar) a Beer's law plot shows a definite increase
in slope as the solution becomes more dilute, the value
of the slope depending upon the exact composition of the
solution. This increase of slope upon dilution can be
explained by the formation of a small but increasing
amount of a colored complex having a rather large molar
extinction. Since the extinctions for the di and tri-
carbonate ions have been found to be small, it is not
unlikely that these data indicate the formation of a third




colored complex of uranium and+carbonate.

As an extension of previous work with the carbonate-
uranium systéem,% it has been of interest to identify so
far as possible these uranium complexes and to determinpe
some of their properties. Accordingly, the following
spectrophotometric investigations, applying a meﬁhod of

continuous variations, were undertaken.

EXPERIMENTAL
Apparatus

The light absorption measurements were made with a
Beckman Model DU Spectirophotometer using a tungsten lanmp
and silica cells having lxght paths ranging from 1 mm to
10 cm. .

A Beckman pH meter, Model G, equipped with glass and
saturated calomel electrodes was used for the pH deter-
minations.

Preparation of U0 ,CC; and Na,U0,(CO;),

Uranyl carbonate, U0,C0;, was prepared by xeacting-a
water slurry of UO; with CO; at increased temperatures
and pressures.

Sodium uranyl tricarbonate, Na,U0;{(C0;),, was pre-
pared by reacting freshly precipitated Na,U,0, with NaHCO;
solution under an atmosphere of CO,. The tricarbonate is
obtained by crystallization ~ :

Detailed accounts of the preparation of each of these
compounds have been presented previously.?2

Preparation of Uranium Solutlons

Preparation of solutions of sodium uranyl tricarbonate
and of uranyl carbonate in sodium carbonate followed fhe3
procedure descrlbedvxn a previous report of this series.

RESULTS AND DISCUSSION

If a complex compound is formed by the addition of one
agent to another, there are cases in which the data required
for the type of contipuous variation plot described by Job
and Vosburgh? are difficult to obtain experimentally. This



method requires the mixture, at equal molar concentrations,
of varying quantities of solutions of the ion to be com-
plexed and of the complexing agent. If precipitation results
from such a mixing, then it is impossible to obtain the true
optical demnsity of the sojiution. In such cases, an
alternate approach can be used which involves consideration
of the ratio of the molar concentration of the complexing
agent to a constant molar concentration of the substance

to be complexed For interpretation, this ratioc as
measured for a series of solutions is plotted against the
optical density of those solutions at 3 constant wavelength.
On such plots changes of slope are indicative of changes

in species, while maxima, minima, and inflections occur

at ratios which correspond to the combining ratios of the
complex species. In the tests, described below, solutions
have been examined which have carbonate to uranium mole
ratios varying from CO,/U = 0 to CO,/U = 40.

A series of solutions with 0. /U less than 3.0 were
prepared by the addition of varying amounts of hydrochloric
‘acid to solutions of sodium uranyl tricarbonate. Immediately
upon addition of the acid, the solutions were scrubbed with
moist nitrogen gas until a constant and reproducible
optical density was obtained. During this scrubbing, the
pH of the solution rose gradually and in many cases precipi-
tation occurred shortly after a constant optical demnsity
was reached. For solutions having a ratio greater than
3.0, sodium carbonate in the desired amount was added to
sodium uranyl- tricarbonate solutions. The final pH of
each solution was measured and its absorption spectrum
and chemical analysis were obtained.

Following this procedure, the data shown in Table 1
and represented on Figure 1 were obtained. Figure 1
shows the optical densities of solutions having a constant
uranium concentration of 0.035 molar and carbonate~
uranium mole ratios varying from CO; /U = 4.5 to CO,/U = 0.02.

The existence of the tricarbonate complex found
previously is again shown by the inflection at CO,/U = 3.0.
Moreover, it appears that at ratios greater than 3.0 ne
further complex ions are formed since Table 2 shows that
there is almost no change in the color of solutlons havzng
carbonate-~uranium ratlos ranglng from €CO,/U = 3 to CO, /U =
40. ~



Table 1

Optical Densities of Solutions Having

Varying Carbonate~Uranium Mole Ratios

Optical Density ( 1 cm cell)

Test Mole Ratio , ; ,
Number CO,/U  pH 420 my 430 mig 440 ma 450 mp 460 my

311-11 0.00 1.0 0.52 0.45 D.26 0.16 g.12
311-14 0.34 5.3 2.54 2.96 2.76 2.20 1.45
311-16 0.40 5.8 2.70 3.24 3.15 2.60 1.80
311-13 0.50 7.8 2.60 3.47 3.80 - 3.62 2.92
311~-17°  0.65 ‘8.2 2.50 3.34 3.76 - 3.68 3.00
311-10 0.76 6.9 2.48 3.30 3.72 3.68 2.96
311-18 0.80 8.2 Z2.34 3.14 3.56 3.54 2.94
311-9.  0.83 7.8 2.26 3.04 3.48 3.50 2.88
311-19 : 1.10 8.3 2.06 2.78 3.18 3.24 2.66
311-8 = 1.18 7.9 2.06 2.72 3.14 3.17 2.56
311-7 1.31 8.2 1.86 2.44 2.82 2.88 2.34
311-21 1.61 8.4 1.64 2.14 2.46 2.56 2.04
311-6 © 1.63 8.4 1.64 2.16 2.52 2.62 2.12
311-22 @ 1.84 8.8 1.49 1.90 2.20 2.32 1.81
311-5 1.89 8.6 1.52 1.92 2.24 2.36 1.94
311-23 1.99 8.6 1.38 1.76 2.16 2.14 1.65
311-4 2.07 8.5 1.26 1.40 1.86 1.96 1.50
311-24 2.10 8.7 1.32 1.64 1.88 2,00 1.52
311-25 ¢ 2.30 8.9 e e - 1.56 1.64 o e
311-3 2.35 8.8 1.15 1.39 1.60 1.70 1.24
311-2 2,67 8.9 0.95 1.12 1.27 1.36 e
311-30 2.72 9.1 .86 .98 1.12 1.24 .79
311-1 2.82 9.0 .82 .92 '1.04 1.14 .70
311-29 3.08 9.3 .70 .73 .82 0.98 .52
311-0 0 3.17 9.3 .71 .74 . 85 0.98 .54
311-28 3.64 10.6 .66 .68 L77 0.93 .48
311-26 4.52 10. 8

.64 ..68 .76 9.91 .48

Uranium'Concentration = §,035 molar



Optical Density

[\

<

i z , 1
‘ Figure 1 ‘

Optical Densities of Solutions Having

Varying Carbonate-Uranium Mole Ratios

Uranium Cone. = 0.035 molarp
Wave Length = 440 my
1.cm cell )

T e 3 4 5
' x CO; /U Mole Ratio



10

Tricarbonate solutions obey Beer's law for the con-
centration range 0.195 to 0.012 molar. These data appear in
Table 3 and on Figure 2. ;

The maximum in the curve of Figure 1 which occurs at
CO; /U = 0.5 is of interest since it predicts a complex
species having only one carbonate group assocociated with
two uranium atoms. Since the pH of 7.8 possessed by this
solution is well above the pH at which hydrolysis and
dimerization of the uranyl ion take place,®’? and in view
of the indicated low carbonate content of the complex, a
semi-~carbonate complex iom, U,0,0HCO,;-, has been assumed
as a definite possibility. 1Indeed, the amount of acid
required by experiment (3.5 moles HCl/mole of uranium) for
the preparation of the solution having CO, /U = 0.5 allows
a balanced equation to be written which shows the formation
of such an ion.

2U0,(CO; ) ;-* + 7THT wu3 U,0,0HCO, =~ + 3H,0 + 5C0, (1)
The possibility remains also that the following equation holds,

4U0, (€05 )3 ™ + 14H* ~3U,011(C0;),~* + 7H,0 + 10CO, (2)

where the polymer, Ug033(CO;) > ~*, differs from the monomers
2U;0;0HCO; =, by one molecule of water. The formation of ions
having a still higher degree of polymerization is unlikely
in view of the acid requirements. These same acid require-
ments show that bicarbonate or hydroxy-bicarbonate complexes
are stoichiometrically impossible in these solutions. The
determination ot the molecular weight of this semi-carbonate
ion would be helpful in its identification, and accordingly,
experiments were undertaken which applied the method of
dialysis,s This method was known to give fair results when
used with uranyl tricarbonate solutions, but no diffusion
was observed through cellophane with solutions having

CO; /U = 0.5. Further work is indicated along these 1%nes
and the application of the methods of electrod&alysxs

and cryoscopy should be con81dered

Figure 1 shows no inflection at CO; /U = 2, whereas
the solubility of U0,CO; in Na.(CO0. solutions suggests the
possibility of the existence of a dicarbonate complex ion.
A previous reportZ has described the preparation of solutions
having carbonate~uranium and sodium-uranium mole ratios of
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Table 2
Optical Densities of Solutions with CO, /U z 3
Uranium Conc. . Optical Density
CO, /U (molar) pH 440 mp-1 cm cell
3.0 0.035 9.3 0.84
3.08 " 9.3 0.82
3.17 " 9.3 0.84
3.54 " . 10.6 0.78
4.52 " 10.8 0.76
20 o 11.4 0.74
40 " 11.5 0.76

Table 3

Beer's Law Data for Sodium Uranyl

Tricarbonate Solutions

Optical Density (1 cm cell)

Uranium Conc.

(molar) 420 my 430 mu 440 mpy 450 mM 460 my
0.195 - 3.62 3.72 4,22 5.08 2.66
0.098 1.84 01.90 2.16 2.60 1.34
0.049 0.92 0.96 1.08 1.30 0.68
0.024 0.50 0.50 0.56 0.68 0.36
0 0.28 0.32 0.36 0.20

012 0,28
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2.0. These are obtained by contacting excess solid uranyl
carbonate with solutions of sodium carbonate, the resulting
uranium concentration depending on the sodium carbonate ‘
concentration. Optical measurements on these solutions yield
data such as is presented in Tahle 4. A typical Beer's law
plot, constructed from these data, appears on Figure 3.

For concentrations greater than 0.017 molar the slope of

this curve is nearly linear while at lower concentrations
there is a definite non~linearity. That these optical data
require the presence of a third complex ion and that these
dicarbonate solutions are not merely mixtures of tricarbonate
and semi-carbonate in the proportions required to give

CO; /U = Na/U = 2 is shown in the following discussion.

Assume a solution containing only}the two complex ions,
semi-carbonate and tricarbonate, with an equilibrium such
as the following between the two species

2U0, (CO3) ;=% + 2H, 03U, 0,0HCO; = + 3HCO,~ + 2C0; "% (3)

a constant for this equilibrium can be written as

1 ‘ C n (
Ks,n = (Crco,-)*(Cco, -2 ) reyr (4)

where Cp = molar concentration of semi-carbonate

I

C; molar concentration of tricarbonate

Introduction of the first and second dissociation constants
of carbgnic acid reduces the above expression to

N C .
K e 1 (4a)
2on (C;y)2

where K; p is also a function of hydrogen ion concentration
and dissolved €O, , which quantities are nearly constant for
these dicarbonate solutions. An approximate evaluation of
this function shows that K, ,n 18 a very large number (several
positive powers of 10).



Table 4

Beer's Law Data for Solutions Having

€O, /U and Na/U Very Nearly Equal to 2.0"

Optical Density (1 cm cell)

Uranium Conc.

(Molar) pH 420 430 440 450 460
0.350 7.12 7.75  8.85 11.06 9.70  6.46
0.175 7.18 4.04 4.73 5.85 5.21 3.53
0.087 7.28 2.14  2.56 3.14 2.84 1.96
0.44 7.44 1.22  1.48 1.78  1.63 1.15
0.022 7.58 0.73  0.91 1.04 0.98 0.72
0.011 7.75 0.45 0.57 0.64 0.60 0.44
0.005 7.89 0.27  0.33  0.36 0.34 0.24
0.003 8.10 0.15 0.19 0.20 0.18 0.13
0.0014 8.50 0.08 0.09 0.10 0.08 0.06
0.0067 - 0.04 0.05 0.04 0.04 0.03

*Actual Values
003/U = 1.81

Na/U = .2.08
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An expression for the total concentration of uranium
in this solution may be written as

Cu (total) = Cs + 2Cy (5)

solving equations (4a) and (5)

c, = -1 + V1 + 8K, ,nCy : (6)
4K, n
cy |-1+ Wi+ 8K, ,Cy |
Cp =2 - = (7)
8K;  n |

i

The equation for the optical density of this solution con-
taining two colored species is

0.D. = f(E,;C; + EnCp) (8)
where
0.D. = Optical density
E = Molar extinction/cm of solution
1 of indicated species

Length of 1light path in cm.

Substitution in equation (8) for C; and C, leads to

-1 + N1 + 8K cﬁ](% - E ) + gEn Cy (9)
0.D. ﬁ=£[: a 2o - 1'2“,
| K, o | | :

Examination of equation (9) shows that at moderate concen-
trations the optical density should vary linearly with the
total uranium concentration and the slope of the curve
showing this relatiounship should be

£y
2

Slope = (10)
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Calculations using the data of Figure 1 for the point cor~
responding to semi-carbonate (CO;/U = 0.5) shows that the
molar extinction coefficient for semi-carbonate, E,, must

be at least 200. This requires that the slope of the curve
of Figur2 3 be at least 100. Measurement of the experimental
slope shows it to be more nearly 34. TFurther experiments

show that similar plots for sclutuions having compositions
slightly different (i.e., higher or lower sodium and carbonate
from those for which the data of Table 4 were taken have
slopes which may vary from this value of 34 by + 5. It is
apparent from this optical evidence that there must be

present a third colored complex of carbonate and uranium
having ap extinction coefficient intermediate to those of the
semi-carbonate and tri~carbonate ions. Moreover, the analytical
data which always shows CO; /U and Na/U very nearly equal to

2 assumes greater significance.

In making the solubility studies, loss of (0, from
dicarbonate solutions was observed. Accordingly, a series
of dicarbonate solutions was washed with m01%t nitrogen gas
to aid in the removal of (CO,. 1In this mannex, solutions
were prepared having CO; /U mole ratios ranging from 2.0 to
1.6. The optical density measurements on these solutions
appear in Pable 5. To this carbonate depleted solution
increasing amounts of uranyl tricarbonate solution were
added in a further attempt to show the presence of a dicar-
bonate complex. The data for these tests appear in Table
6 and a plot of these results in which €O, /U varies from
1.7 to 3.1 will show no inflection at a combining ratio of
2.0, ;

Failure to obtain by contipuous variation methods
any significant evidence for a dicarbonate icn gave rise
to a closer examination of the compositions of certain
of the solutions used in the experimental studies. (Table 7).
These are three solutions with identical uranium concen-
trations and carbonate-uranium ratios, but having different
optical densities and pH values. Reasonable explanations
for these variations may be found in equations describing
the probable reactions in the solutions. ‘

Case 1. Formation of uranyl dicarbonate from U0,CO; and
Na, (0, : : ,

U0,CO; + Na,CO; —>Na, U0, (CO; ), (11)
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Table 5

Optical Densities of Solutions Prepared from

Uranyl Dicarbonate Solutions By Removal

Of CO, With A Nitrogen Gas Scrubbing

Test Mole Ratio  Optical Density (1 cm cell)
Number Co;/u  pH 420mp  430mp 440myi. 450mp  460mpy
1034-H-1 1.92 7.5 1.08 1.34 1.58 1.49 1.07
1034-H-2 1.90 7.7 1.19 1.48 1.74 1.68 1.25
1034-~-H-3 1.84 7.8 1.22 1.54 - 1.79 1.76 1.31
1034~H-4 1.78 7.9 1.29 1.64 1.91 1.90 1.44
1034-H-5 1.74 8.2 1.44 1.86 2.14 2.14 1.68
1034-~-H-6 1.67 §.3 1.54 2.06 2.36 2.36 1.88
1034-H~7 1.57 9.15 1.82 2.38 2.80 2.90 2.32
1034~H~8 1.57 8.98 1.82 2.40 @ 2.82 2.90 2.28
1034-H-9 1.60 8.84 1.78 2.36 2.73 2.80 2.22
1034-H-10 1.60 8.65 1.74 2.34  2.66 2.72 2.14
1034-~-H-11 1.59 9.20 1.82 2,40 2.79 2.90 2.28
1034-~H-12 1.56 9.15 1.84 2.42 2.80 2.91 2.34

Uranium concentration = 0.035 molar
Table 6
Optical Densities of Solutions Prepared by the
Addition of Sodium Uranyl Tricarbonate To A
Solution Having A CO; /U Mole Ratio Of 1.74

Test Mole Ratio Optical Density (1 cm cell)
Number CO; /U pH 420mp  430mp  440mp  450mp  460mp
327-1 1.74  8.62 1.72 2.25 2.59 2.62 2.04
327~2 1.88 B.67 1.60 2.10 2.42 2.48 1.90
3273 2.02 8.72 1.50 1.93 2.22 2.29 1.72
327-4 2.10 8.71 1.44 1.84 2.12 2.21 1.64
327~5 2.15 8.72 1.39 1.77  2.05 2.12 1.59
327-8 2.48 8.83 1.19 1.47 1.70 1.90 1.31

3.14 9.30 0.70 0.74 :0,84 0.97 0.52

327~-10

Uranium concentration = 0.035 molar
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Case 11. Reaction of uranyl tricarbonate with HC1

2Na,U0; (CO; ), + 3HCl-—)2NaZU03(CO3)7 4+ 3NaCl + NaH003 + H,0 + CO,
(12)

A solution of uranyl dicarbonate prepared as above and having
the same uranium concentration as the solution of Case I

will thus be complicated by the presence of NaCl and NaHCO, .
The higher optical demsity of this solution cannot be ex-
plained by the presence of NaCl as the data of Table 8

shows no enhancement of color upon the:addition of NaCl to
carbonate solutions. It will be shown later that the addition
of NaHCO, to dicarbonate solutions decreases, rather than
increases, the optical density. It must be remembered that
the solution of Case 11 was scrubbed with nitrogen gas in
order to remove CO,. This treatment alsc decomposed some

of the NaHCO; according to equation (13)

2NaHCO;~> Na,C0O, + CO, + H,0 ; (13)

to give, in effect, an increase in the hydroxyl ion concen-
tration of the solution. This increase permits further
hydrolysis of the dicarbonate to form some of the semicarbon-
ate, NaU,0,0HCO; , thereby increasing the solution color.

In all of these solutions, too much bubbling with nitrogen
produced a hydrolytic precipitate which, from observation

and analysis, appeared to be a mixture of sodium uranates.

Case III. Addition of uranyl tricarbonate to a COZ depleted
uranyi charbonate solution. 1 :

In this case, a probable mechanism for the hydrolysis of
uranyl dicarbonate in water must first be considered

2Na, U0, (CO;), + 2H,0 ~»NalU,0;0HCO; + 3NaHCO, (14)
This solution should lose €O, readily with the formation of
NaOH or Na,CO;. Some of the latter can react with additional
uranyl dicarbonate to form uranyl tricarbonate. If this '
formation is considered, equation (14) becomes '
3Na, U0, (C0O;), + H,0—»NaU,0,0HCO, + Na,UQ,(CO,); + NaHCO; + CO,
‘ (15)

Thus, on bubbling a uranyl dicarbonate solution with nitrogen,
CO, is lost, the final mole ratio of CO;/U remaining in
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Table 7

Solutions Having CO,/U = 2 Prepared by Different Methods

(Uranium Concentration = 0,035 Molar)

| Mole Ratio 0.D. 440my
Number Source CO; /U pH 1 cm cell
I ' Table 4 2 7.2 1.50
IX Table 1 2 8.6 1.94
11X Table 5 2 8.7 2.26

Solution preparation:

I. Uranyl carbonate dissolved in sodium carbonate solution.
I1.. Tricarbonate solution decomposed with HC1l and bubbled
with anitrogen. ‘

III. Addition of tricarbonate to dicarbonate solution
depleted of CO, by nitrogen bubbling,
Table 8
Optical Densities of Sodium Uranyl Tricarbonate
Solutions in the Presence of Sodium Chloride
Test NaCl Conc. Optical Densities (1 cm cell)
Number (Molarity) pH 420mp 430mp  440mp 450mp 460mp
1 ~~=  9.25 0.98 1.04 1.14 1.39 0.74
2 0.01 9.25 0.98 1.04 1.14 1.39 0.74
3 0.05 9.25 0.98 1.04 1.14 1.39 0.74
4 0.50 9.45 0.98 1.04 1.14 1.39 0.74

Uranium concentration = 0.0502 molar
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solution being between 5/3>C0;/U>4/3, depending on how

much of the bicarbonate decomposes before the pH becomes high
enough for precipitation to occur. Table 5 shows that a limit
of 4.8/3 was reached experimentally. Addition of uranyl tri-
carbonate in the correct amount to this depleted dicarbonate
solution will then result in a solution having C0;/U = 2.0,
but also having a pH value and optical density greater than
those for the solutions of either Case I or (ase 11.

The effect of the hydrolysis described by equation (15)
is shown also in the Beer's law data of Table 3 and Figure 2.
At uranium concentrations below 0.017 M deviations from the
straight line relationship of Beer's law begin and the
resulting curve of optical density versus concentration has
an increasingly greater slope as the uranium becomes more
dilute. This may be accounted for by the formation of greater
amounts of the highly colored sem;carbonate complex,
NaU, 0, OHCO, .

It thus appears that the only factor causing the
variations in color of the solutions of Case I, II, and III
is the pH. To test this assumption NaOH in small amounts was
added to a uranyl dicarbonate solution, and as expected, the
optical density increased. These data appear in Table 9. It
is interesting that the addition of both acids and bases to a
dicarbonate solution will cause an increase in the color of
the solution. However, equations (12) and (13) show that
after the first decomposition of the carbonate by acid the
basic reaction products are re5p0n51b1e for the increase in
color.

Table 9

Optical Densities of Solutions of Sodium

Uranyl Dicarbonate in the Presence of Small

Améunts of Sodium Hydroxide

Test NaOH Conc. Optical Density (1 cm cell)

Number (Molar) . pH 472 0m 430m 440 m 450m 460m
1 - e 7.25 0.67 0.84 0.96 0.90 0.64
2 0.01 9.45 0.76 0.93 ©1.00 1.00 0.75
3 o0.02 ppt e mmmemmee mmee meen

Uranium Concentration = 0.018 molar
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Having established the dependence of color upon pH, a
series of experiments were run in which the pH values of the
solutions were kept at a specified constant level. The test
procedure was similar to that used for the solutions des-
cribed in Table 1 with the exception that the pnitrogen bubbling
was stopped at the predetermined pH level. The absorption
spectrum and analysis of each solution were obtained at this
point. As indicated in Table 10, the carbonate-uranium mole
ratios for these solutions vary from CO;/U = 1 to CO;/U = 3
and plots are shown in Figure 4 for the two pH levels of 7.98
and 7.50. Under these conditions, inflections wmay be noted
near a combining ratio of 2, giving acceptable evidence for
the existence in these solutions of a dicarbonate ion.

This same wethod, when applied fo zolutions having
carbonate-uranium mole ratios vanging from .44 to 1.41,
again leads to a sharp maximum occuring at €O, /U = 0.5 on
the continuous variation curve. These data are shown in Table
11 and in ¥Figure 5. :

Attempis to prepare solutions having carbonate-uranium
mole ratios greater than 2 by the addition of Na,{0, to
uranyl dicarbonate solutions have proven unsuccessiul since
the pH increases =0 rapidly that precipitation occurs at a
mole ratio of (O, /U greater than 2.5. Addition of NaHCO,
is more feasible and solutions having ratios ranging from
2 to 4 have been prepared by this method. The data for these
solutions appear in Table 12 and in Figure 6. The inflection
occurring on the continuous variation plot of this figure
indicates an association of three carbonate groups with one
uranium atom, but the properties of this series of solutions
make it doubtful whether the tricarbonate ion may exist as
such at the point of inflection. Due to its preparation
from sodium uranyl dicarbonate and sodium bicarbonate, the
solution which this point represents furnishes only three~
gquarters of the sodium ions required to balance the four
valent charge of the uranyl tricarbonate ion, and yvet the
acidity of the solution is not high enough to allow the
presence of enough free hydrogen ions to make up ithis
deficiency in charge balanre. It becomes necessary, then,
to consider the possible formation of a bicarbonate-~ carbonate
complex of uranium in these less basic solutions, e.g.

HUO, (CO;4 ) 5 |

It is interesting to compare the optical density of a
tricarbonate solution (Test 1, Table 13) with the color of
a solution of equal uranium concentration and carbonatem
uranium ratio as de termined from Figure 6



e
AN

Test 1, Table 13 Figuremé
Uranium conc. : 0.035 molar 0.035 molar
Co; /U - 3.05 : 3.05
pH 9.3 ' 7.9
(440 mu-1 cm cell) 0.800 - 0.780
Preparation Tricarbonate charbonate +
: NaHCO,

It may be observed that the optical densities of these
solutions are nearly identical in spite of the differences

in pH and in their methods of preparation. Thus, a differ-
entiation between uranyl tricarbonate solutions and uranyl
carbonate-bicarbonate solutions seems difficult by means

of absorption methods using visible light. It is possible
that studies in the invisible ranges of the absorption

spectra of carbonate-bicarbonate and similar systems (sulfate-
acid sulfate, phosphate-acid phosphate) will yield information
more clearly establishing the nature of the complex ion in
these solutions. It is probably true when the pH level is
near 9, when the CO,/U mole ratio is 3 or greater, and when
there is sufficient sodium ion in solution that the major
complex between uranium and carbonate is the uranyl tricar-
bonate ion, UQ,(C05); 4

It has been demonstrated that the tricarbonate complex
is stable over a wide range: of carbonate concentration
{(Table 2), and in the presence of the chloride ion (Table 8)
The data of Tables 13 and 14 also show its gtability in
the presence of excess bicarbonate ion and hydroxyl ion.

The foregoing discussion has presented evidence for
the existence in solution of three uranium-carbonate complex
ions. The first of these is the uranyl tricarbonate complex,

U0, (€G3 )54,

the second being a "semi-carbonate” complex,

U, 0, 0HCO,; ~,
and a third, which will be called a "dicarbonate” complex.
Consideration may be given now to those solutions

prepared by the dissolution of uranyl carbonate in sodium :
carbonate with a resulting pH very close to 7.0 and analyses



Table 10

Continuous Variation Data at Controlled pH

Levels for Solutions Having 2>CO; /U>3

Test Mole Ratio Optical Density (1 cm cell)
Number Co; /U PH 430mp 440mp 450mpp 460mp
329-1 2.96 7.50 0.66 0.81 0.86 0.41
329-3 - 2.42 7.52 1.02 1.24 1.18 0.86
329-9 2.04 7.5 1.33 1.55 1.54 1,12
329-4 1.82 7.50 1.38 1.68 1.57 1.15
329-10 1.47 7.50 2.20 2.46 2.44 1.96
329-5 1.35 7.50 2.34 2.64 2.54 2.00
329-8 1.06 7.50 2.96 3.24 3.06 2.46
329-1 2.91 7.98 0.77 0.92 0.95 0.55
329-2 2.87 7.98 0.80 0.94 0.99 0.57
329-3 2.24 7.98 1.30 1.54 1.42 1.15
329-9 1.93 7.98 1.65 1.88 1.98 1.55
329-4 1.75 7.98 1.80 2.08 2.12 1.65
329-10 1.42 7.98 2.52 2.82 2.87 2.30
329-5 1.25 7.98 . 2.52 3.00 2.98 2.40
329-8 1.00 7.98 3.04 3.44 3.34 2.72

Uranium concentration = 0.035 molar
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Continuous Variation Plot at Controlled pH Levels
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Table 11

-Continuous Variation Data At Controlled pH Levels

For Solutions Having OE4<CO3/U<1,4

Test | Optical Density (1 cm cell)
Number CO; /U PH 430mp — 440mp 450mp  F60mp
329-14 1.41 5.8 2.68 2.74 2036: 1.65
329-15 0.83 5.8 3.16 3.21 2.80 2.04
329-16 0.49 5.7 3.32 3.22 2.64 1.82

329-17 0.44 5.7 3.10 2.84 2.32 1.50

Uranium Concentration = 0.035 molar
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Figure 5
Continuous Vaiiation Plot at Controlled pH Levels
For Solutions Having 0.4< CO,/U<1.4
Wave length = 440 mp
pH = 5.8
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Table 12

- Continuous Variation Data For Solutions Prepared

By The Addition of NaHCO, To Uranyl Dicarbonate Solutions

Test Mole Ratio - Optical Density (1 cm cell)
Number CO; /U pH 430mp  440mp  450mp  460mp
334-0 1.83 | 7.9 1.73 1.98 1.96 1.47
334-9 1.96 7.9 1.58 1.84 1.80 1.36
334-4 2.04 7.9 1.41 1.66 1.61 1.17
334-2 2.09 7.9 1.45 1.66 1.70 1.24
334-7 2.52 7.9 0.93 1.17 1.04‘ 0.67
334-5 2.72 ; 7.9 0.74 0.91 0.90 0.53
334-1 2.75 7.9 0.75 0.93 0.88 0.53
334-3 3.00 7.9 G.70 0.86 0.87: 0.49
334-56 k 3.38 7.9 0.65 0.77 0.86 0.44
334-8 4.20 7.9 0.66 0.75 0.92  0.46

Uranium Concentration = 0.035 molar
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Table 13

Optical Densities of Sodiun Urﬁn?l Tricarbonate

Solutions‘in the Presence of Sodium Bicarbonate

Test Mole Ratio

Number €O, /U pH
1 3.05 9.3
2 4.33 9.3
3 4.74 9.3
4 5.74 9.3

Optical Density (1 cm cell)
43 0myu 44 0mp 450mp 460mp

0.71 0.80 0.97 0.51
0.66 0.76 0.94 0.47
0.66 0.77 0.95 0.48

0.66 0.76 0.94 0.48

»

Uranium Concentration = 0.035 molar

7 Optical Densities

Tabie 14

of Sodium Uranyl Tricarbonate

Solutions in the

Presence of Sodium Hydroxide

Test NaOH Conc.

Number (Molar) rH
1 ——— 9.25
2 - 0.001 9.50

3 . 0.005  10.24

Optical Density (1 cm cell)
420mp 430mp 440mu  450mp  460mp

0.98 1.04 1.14 1.38 0.74
0.98 1.04 1.14 1.38 0.74

S S Precipitated ~——ee—e-o

Uranium Concentration = 0,035 molar



of CO;/U = 2 and Na/U = 2. If the assumptiocn is made that
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these solutions contain a large amount of the third complex

the optical and analytical evidence points to a complex in
which CO; /U = Na/U = 2. 1In order to maintain this sodium-
uranium-carbonate balance and a neutral pH, the formation
of bicarbonate, bicarbonate-carbonate or hydroxy-carbonate
complexes seems unlikely. The possibility of the presence
of hydroxy-bicarbonate complex ions with a resultant
polymerization cannot by excluded, for preliminary dialysis

experiments have shown that there is no diffusion through a

cellophane membrane for solutions containing uranyl dicar-
bonate at the particular concentration studied. Since the
only difference between carbonate and hydroxy-bicarbonate
complexes is the presence of one or two molecules of water,
it is extremely difficult to distinguish between the two
types. The reactions of either complex would be expected
to be identical and, for simplicity, the third complex ion
of the uranium-carbonate system may be postulated as being

U0, (CO3),~

Assuming these three species, a series of equatlons
may be expressed as follows:

U0, (CO; )5~

|

H* co, —*

\
U0, (€05 ), ™*

ou~ | |HCO,™

\ —
U, 05 OHCO,
OH™

Precipitation (uranates)
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The possibility of the existence of an ion having a
carbonate-uranium mole ratio of 1, UO,0HCO,™ ™, has been
reportedﬁlo The present investigation bhas shown no optical
evidence to support this existence and attempts to prepare
the complex according to the reaction

N ‘
Na,CO; + 2U0,CO; + H,0 gm——y 2NalU0Q,OHCO; + CO; (17)
( bubbling)

have proven unsuccessful. Preparation of Na,U;0, and its
utilization in experiwments suggested by the following
equation ' :

NagUzO?- + ZCO@ + HQO——%ZNaUOZ(}ECOj : (18)

is being considered.

Adsorption spectra typical of those encountered in
solutions of the carbonate uranium system have been repro-
duced and compared with one for UQ,(NO;), on Figure 7. Each
of these spectra has been taken for solutions which have
identical uranium concentrations of 0.034 molar. It may be
observed that the presence of carbonate causes a shift in
the spectrum toward the red with an enhancement of color.
The maxima of the curve for CO;/U = 3.0 occurring at 426,
437, 451, 465 mp are typical of the tricarbonate ion. On
going from €O, /U = 3.0 to CO,/U = 2.0 there is an additional
incréase in color, a slight shift to the red and a decrease
in the relative sizes of the two maxima at 426 and 465 with
respect to those at 437 add 451. The wave form shown by the
solution having C0O,/U = 0.5 has only one pronounced peak
and resembles closely the spectrum which is given by
solutions in which the uranyl ion has hydrolyzed or dimerized.

THE DISTRIBUTION OF CARBONATE-COMPLEXED URANIUM AS DETERMINED

FROM THE CO, PRESSURE ABOVE URANIUM-CARBONATE SOLUTIONS

In order to calculate the constants for dissociation of
the uranium carbonate complexes, a system has been devised for,
the determination of the concentration of each of these
species in solutions containing them. This system involves
the measurement of the pressure of €O, existing above uranium
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carbonate solutions and the correlation of this pressure with
the amount of uncomplexed carbonate in solution (CO,, HCO, ,
and CO;72). At the present time, this scheme must still be
considered as being in its early stages of development and
hence the results obtained by this method and presented in

the following section are, at best, approximate. They will
remain so until a more detailed theoretical and mathematical
treatment is available, until improved equipment and technigque
are developed and until very exacting analytical determipations
can be made.

To apply this method to the general case of the carbonate-
uranium solution, the following equations have been formulated

The total distribution of uranium,

Curanium = Cs + C; + 2Cy + C4 (19)
where

C; = molar conc. of tricarbonate, U0,(CO,),~*

C; = molar conc. of dicarbonate, UQ,(CO;),-*

Cn = molar conc. of semicarbonate, U,0,0HCO, ™
molar conc. of hydrolyzed uranium, or uranyl
ion, UO,*?, U,0,%%, etc. (negligible in
solutions of di and tri-carbonates)

o
-+
i

The distribution of carbonate
Cecarbonate = 3C: + 2C, + Cp + A k (20)
where k

A = carbonate occurring as free CO,~%, HCO,~, or

: H,CO;. (For convenience all dissolved €O, is
represented as H,C0;. If part or all remains
as CO, the calculations will not be affected.)

The concentration of cations,

= 4C3’+ 2C,

Ccation ° : + €y + Cx + Cog~ + B , (21)

where

Cx = Molar concentration of any non-complexing
anion added to solution, e.g., Cl1~ ; -14

Copg~ = molar concentration of hydroxy} ion = lg -

: . ; "‘"H

B = cation to be associated with free carbonate
occurring as C0; "% or HCO,~.




Analytical data is sufficient to yvield values for
Curaniums Ccation and Cx while Cgop~ may be determined from
a pH measurement. The evaluation of the correction terms,

A and B, is made by means of calculation involving the
dissociation equilibria of carbonic acid and the pressure of
CO, existing above the solution. :

Let
(HCO; ™) (H*Y)
K' = " ~ (22)
(H,CO;)
and .
(CO; 77 ) (HY)
K" = . (23)
(HCO; ~)
so that
K’
(HCOs ™) = H,CO, | (22a)
(H*)
and :
’ ) K'K" |
(CO; %) = H,C0y |~ (24}
(H+)”°
Define
A = (H,CO;) + (€O,7%) + (HCO; ") | (25)
B = 2(C0,-%) + (HCO,™} | (126}
Substituting, 1
; K
A = H;COy [ 1 + + (25a)
{H*)
KF: ZKQKW’
B = HgCOS + (263,)

(H") (5%)°
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The solubility of a gas in a given liquid can be
expressed by means of Bunsen's absorption coefficient,
@y, defined as the volume of a gas (in liters reduced to
09C and 760 mm) dissolved in one liter of the liguid at the
temperature { when the partial pressure of the gas in the
gas phase is 760 mm. For (O, in aqueous =solutions of salts
having appreciable variations in concentration, this 1
coefficient has a fairly constant value of a, .= 0.7.11
Addition of acid to these solutions seems not to affect this
value greatly. Thus, if the pressure of (0, over a uranium-
carbonate solution is known, it appears possible to calculate
at room temperature and atmospheric pressure the concentration
of H;CO; in the solution according to the following expression

| 0.7 liters CO,/liter solution Pgo, 273
H2C03 = - : - X X (2}7)
: 22.4 liters CO,/mole 760 298

= 3,74 x 10~ PCO moles/liﬁer solution

Az

Equations (25a) and (26a) become

A~ 3.74 x 10~° p

c0; (25Db)

B =23.74 x 10~* Pco, {26Db)

Values of K' at different ionic strengihs may be obtaineﬂ from
Table 15. ' i

Table 15
(12)

The Firét Dissociation Comstant of H, (O,

B 1 K' x 107
| 4.45
7,66
.78
10.41

10.88
11.37

=000 0
OO
jos]
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An eguation relating K" with ionic sirength has been

obtained!® for solutions of ¢0; in NaCl and KCI.
2.02¥p |
pK" o= 10.320 ~ ey 3R {28)
14 df& ! ‘
where
for NaCl a = 1.49 B = {0,055
KC1 a = 1.66 B = 0.1

Use of equations (19), (20) and (21} or simplifications of
these equations should allow the calculation of concentrations
of tricarbonate, dicarbonate and semicarbonate present in
carbonate uranium solutions, if the species postulated are

the true ones, and if the assumptions made in the calculatien
of A and B are correct. As a check on the validity of these
equations they have been applied to several hypothetical
solutions which are prototypes of the ones aetually encoun-
tered.

The first of these is a tricarbonate solution in which

Ceation = 4 Curanium; Ccarbonate = 2 Cyurapnium; Cx = Cy = 0;
and Cyg+ = 10-9. The expressions resulting from the 51mu1tan-

eous solution are as follows:

€y = Curanium + A - B (29)

C; = Cyranium - (8 - 5B (30)
2 - ,

Co w Az B (31)

This requires that 1.4<B/A<2.0 in order to have real concen-
trations of all three species. Unfortunately, estimates

of A and B from experimental data are such that 1.4>B/A>1.0,
a discrepancy which has not as yet been accounted for. Ex-
perimentally it hasg been observed that addition of CO, to a
tricarbonate solution does pot affect the color of the
solution even though there is an accompanying decrease in
pHE. This is interpreted as evidence that there is mno
appreciable formation of the highly colored semicarbonate in
this process and consequently as an approxXimation it may be
possible to el]iminate the terms involving this ion and its
concentration from equations (19), (20) and (21) when applying



38

them to solutions having CO; /U mole ratios greater than 2.0,
Such a simplification results in very reasonable expressions
for the concentrations of the tricarbonate and dicarbonate
complexes, : -

C; = Ccarbonate - 2Curanium - A (2%a)

C; = 3Cuyranium - Ccarbonate + A ‘ (30a)

Application of the equations to a hypothetical solution
having €O, /U = Na/U = 2, C, and Cx = 0, and with a pH=7.0
gives the following expressions for the concentrations of the
three: complex species. :

C; = A - B ‘ (32)
C; = Cyranium - ‘A 7 5B (33)
k 3
2A - B |
Cp = — {34}
3

This demands that A) B which calculation will show to be true
at pH values of 7 and slightly above, and therefore, these
equations held with no further approximations for solutions
having CO; /U mole ratios of 2.0 or close to this value.

The necessity for consideration of other ions, C4, con-
taining uranium (e.g., the uranyl or dimerized uranyl ion)
in solution having €0, /U levels of 0.5 complicates the system
and additional equations are required for its complete
solution. This preliminary investigation, therefore, neglects
solutions having (0, /U mole ratios less thanm 1.8.

Having established some of the limitations which must be
imposed on these equations several experiments of an explor-
atory nature were performed. . These were of two types, static
and dynamic. The static tests were run on fairly concentrated
dicarbonate solutions which were placed in a sealed vessel with
provision for isolating a known volume of the gasses above ‘
the solution. After sufficient time had elapsed for the
solution to attain equilibrium with its atmosphere, the
latter was forced through a (€0, absorption train by dis-
placement with mercury. The pressure was determined by means .
of a simple gas-law calculation. The dynamic tests were



39

conducted on samples which were bubbled with a nitrogen-C0O,
mixture of known composition until equilibrium was reached.

At this point, a known volume of the solution was removed from
the bottom of the flask and dropped into the sulfuric acid
boiler of a €O, absorption train, and the total carbonate

was determined. Table 16 presents the experimental data
obtained from these tests. :

Table 16

Analytical and Optical Data for Solutions in

Equilibrium with Measured CO, Atmospheres

: , , 0D at

Test 440 mp (1 PO, Test
Number CO,; /U U Na CO, pH cm cell) (mms Type
360 1.84 1.177 2.304 2.166 6.9 51.50 19.2 Static
342 1.83 0.344 0.713 0.630 7.2 11.70 ~14.5 Static
343 1.85 1.311 2.635 2.423 6.8 55,00 - 29.2 Static
328-1 2.00 0.534 1.039 1.069 6.5 13.80 94.4 Dynamic
328-2 2.09 0.337 0.752 0.706 6.6 8.10 94 .4 o
357-1 2.20 0.329 0.765 0.725 6.9 7.88 " 94.4 "
3572 2.41 0.321 0.817 0.772 7.0 7.26 94.4 "
348~3 2.55 0.340 1.087 0,868 7.5 7.90 94.4 "
357-3 2.87 0.290 0.896 ¢.g832 7.1 6.60 94 .4 n
357-4 2.89 0.272 1.426 0.788 7.2 6.00 194 .4 "
317 . 3.05 0.224 0.748 0.682 6.5 5.00 760 i
256-1 3.15 0 7.3 5.90 94.4 i

.264 1.026 0.832

Table 17 shows the results of calculations made on ;
solutions having CO; /U mole ratios between 2.20 and 3.15. For
these calculations, the presence of semicarbonate, and any
additional hydrolysis or dimerzation products of the
uranyl ion were ignored, and the corresponding simplifi-
cations were made in equations (19) and (20). ?
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Tablg 17

Concentrations of Tricarbonate and Dicarbonate

Ions in Bolutions Having 2.20<CO, /U< 3.15

Test R ‘

Number CO, /U (approx.) A B Cs C,
357-1 2.20 1.64 0.039  0.035 0.028 0.3501
357-2 2.41 1.85% 0.046 0.043 0.084 0.237
348-3 2.55 2.25 0.138  0.136 0.050 0.290
357-3 2.87 2.35 0.056 0.053 0.196 0.094
357-4 2.89 2.50 0.071 0.068 0.173 0.099
317 3.05 1.96 0.135 0.107 0.099 0.125
356-1 3.15 2.60 0.089  0.086 0.215 0.049

As a check on the validity of the caiculations, it is
of interest to substitute the above concentrations in the
equation for the optical density of the solution.

0.p. = HE,C, + EECE] (35)

The extinction coefficient for the tricarbonate ion, E3,
may be calculated from the Beer's Law data of Table 3, Figure
2, and has the value

E, = 22 at 4490 Mk
Using this value and the optical density data of Table 17,
values have been obtained for the extinction coefficient of
the dicarbonate ion, E;, and these are given in Table 18.

Table 18

Extinction Coefficient of Uranyl Dicarbonate Ion

Test No. E,
357-1 24.2
3572 ? 22.8
348-3 23.4
357-3 24.2
357-4 : 22,2
317 ‘ 22.6

6

k

3561 , 23
Average 23.4 at 440 mp



41

This value is reasonable when compared with the value
of 34 obtained from the slope of the Beer's law data of Table
4 and Figure 3, for it must be remembered that this curve
shows the presence of semicarbonate ion as well as dicarbonate
ions in solutions and this presence gives a higher color than
would be possible in a pure dicarbonate sclution.

The greatest difficulty in the use of these equations
lies in the necessity for division by small numbers which are,
in turn, differences between small numbers. This is of
importance in dilute scolutions and places much emphasis on
the accuracy of the analytical results. In particular, the
use of equation (21) and the sodium analyses which it involves
is most unsatisfactory. Unfortunately, application of
equations (19), (20) and {21) to many of the more dilute test
solutions having CO; /U mole ratios close to 2.0 results in
improbable concentrations of the three complex species and
for the extinction coefficient of the semicarbonate ion.

For the more concentrated solutions of tests 360 and 343
(Table 16) the analytical and mathematical difficulties are
minimized and reasonable values were obtained for the con-
centrations. These are presented in Table 19,

The extinction coefficient for the semicarbonate ion,
Ey, was calculated from the data of this table according to
t%e following equation
0.D. = Q{E;C, + E,C; + EpCp) | (36)

and values for E, appear also in Table 19.

zable 19

Concentrations of the Complex Species and

The Extinction Coefficiént of the Semicarbonate

Ion in Concentrated Solutions

Test 7 k En

Number CO, /U Gy ‘ C, Cp 440 mp
360 : 1.8 . 139 . 814 .112 262

343 1.8 . 213 . 816 . 141 - 218

It is possible, by making an estimate of Ep, tb use
equation (36) in place of equation (21) and thi€ alleviate
some of the analytical difficultieso Such an estimate has
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been made from the data of Table 19. Assume that
Enp = 250 at 440 my

Comparison of this value with the data of Figure 1. at the

C0; /U mole ratio of 0.5 shows that its magnitude is not
improbable for the optical density at that point requires

E, to be at least 220. Furthermore, it has been shown that
variation of this value by + 20 will not affect the following
calculations to an appreciaﬁle extent.

With this quantity assumed, equations (19), (20) and
(36) may be used to calculate the concentrations of the
three complex species. The results appear in Table 20.

Tabl@ 20

The Concentration of the Three Uranium-Carbonate

Complexes in Solutions Having 1.8« CO; /U 2.1

Test * i : ‘

Number~ CO,; /U (approx.) A B C;5 C; Cn
360 1.84 3.2 .008 .007 0.161 0.778 0.119
342 1.83 0.95 .010 .010 0.054 0.322 0.018
343 1.85 3.6 .010 .009 0.145 0.930 0.118
328-1 2.00 1.59 .017 .013 0.002 0.520 0.006
328-2 2.09 1.05 .020 .016 0.015 0.320 0.001

*See Table 16

Having obtained these concentrations, approximate cal-
culations can be made for the stability of these ions toward
decomposition according to the mechanisms proposed in the
next section. :
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PRELIMINARY CALCULATIONS FOR THE’DISSOCIATIQN

CONSTANTS OF THE URANYL-~CARBONATE COMPLEX IONS

The following mechanism is proposed for the dissociation
of the uramnyl tricarbonate iomn. :

UOa(C03)3‘4;::2UOz(C02)Z"Z + €Oy 72 (37)

The corresponding dlssoc1at10n constant, K3, for this reaction
would be

(C?Q)(CCO3 ~2 )
K, = (38)
f(Cz)

Values for C, and C; have been calculated in the previous
section, anH‘accorH%hg to equations (24) and (27)

Cco,~2 = 3.74 x 10-3Pco, | (39)
where
K' = first dissociation constant of H,CO, (Table 15)
K" = second dissociation constant of H,CO, (Equation

(28))

Results of calculations using daté of Tables 17 and 20 are
shown on Table 2]1. The average value obtained for K; is

K, = 4.5 x 10-7

Similar calculations have been made for the dissociation
of the uranyl dicarbonate ion according to the reaction :

200, (C0, ), =2 + 2H, 0g=>U, 05 OHCO; ~ + 3HCO; ™ (40)
and for the dissociation constant, X,

(Cn) (CHCO, ™)
K, = (41)
(C:)?

Since according to equations (2Za) and (27)

KT

(%)

CHco, = 3.74 x 10—SPCO£
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Results from calculations of the dissociation constant
of the uranyl dicarbonate ion are shown in Table 22. The
average value obtained for K, is K, = 8.4 x 10-8,

The limitations of this method have been discussed and
in view of these restrictions, it must be remembered that
these dissociation constants are to be con51dered as pre-
lim1nary values only.



Table 21

The Dissociation Constant for Uranyl

Tricarbonate Ion According to Equatign 38

Test
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Number K' x 107 K" x 1010 ¢go,~% x 105 K, x 107
360 1.3 5 2.73 7.6
342 11.3 2.5 3.85 4.4
343 13 5 2.73 5.7
328-2 11.4 2.6 1,77 2.6
357-1 12 3 . 8.12 1.2
357-2 12 4 16.95 2.1
357-3 12 5 © 32,13 6.5
3574 12 5 53.31 3.3
317 12 4 - 13.36 5.9
356-1 12 5 84.73 5.2
Average .5
Table 22
The Dissociation Constant of Uranyl Dicarbonate
According td Equation 41
Test - ﬁ :
Number K' x 107 Caco.~ X 10° K, x 108
360 13 7.18 7.3
342 11.3 ; 9.69 - 15.8
343 , 13 , 8.88 9.6
328-1 12 ~ 13.24 5.2
328-2 11 16.10 4.2

e ot

Average 8.4
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SUMMARY

Additional evidence for the existence in sclution of
the uranyl tricarbopate ion, U0,(CO;);~%, has been
obtained by continuous variation spectrophotometric

methods,

The presence of two additional complex iomns of the
uranium carbonate system has been demonstrated. These
are postulated as being the dicarbonate ion, U0, (CO0,); -2,
and the semlcarbonate ion, Y,0,0HCO;~ (or polymers
thereof) .

The tricarbonate ion is the complex which is most favored
in carbonate solutions (pH > 8) and is stable in solu-
tions containing sodium chloride, sodium hydroxide, sodium
bicarbonate and large excesses of sodium carbonate.
Solutions of sodium uranyl tricarbonate obey Beer's

law over its entire range of solubility in water.

The optical density and composition of a solution of
sodium uranyl dicarbonate, in contrast to the stable
tricarbonate, changes with any change in pH. Dicar-
bonate solutions lose €O, readily when bubbled with N,.

Addition of NaHCO; to uranyl dicarbonate solutions

in the amount required to give CO, /U = 3.0 yields a
solution having approximately the optical density

shown by a tricarbonate solution of the same uranium
concentration. The lower pH of this solution indicates
possible formation of a carbonate- bicarbonate complex
which as yet cannot be distinguished from the usual
tricarbonate one. ,

The concentrations of each of the ions in various
solutions have been calculated by means of a schene
involving the measurement of the pressure of CO, over
these solutions and subsequent calculation of the amount
of uncomplexed carbonate in solution. Approximations
have been made for the dissociation of the tricarbonate
ion and the dicarbonate ion according to the following
mechanisms
, K, ,
UO;(003)3'4 ;:::t U0, (CO3), % + CO;7%;

K; = 4.5 x 10-7

K,

2U0,(C0;) =% + 2H,0 =% U,0,0HCO,” + 3HCO; ;

K, = 8.4 x 10~°



10.

11.

12.

13.
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