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ABSTRACT 
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Additional evidence for t h e  existence I n  solution ef 
the uranyl t r i c a r b a n a t e  ion, U8, (CO, ) --8 , has been o b t a i n e d  
by continuous variation spectrophotometric methods. 
Evidence has also been obtained for t h e  presence in sodium 
carbonate solutions of two addrtisnal complex ions having 
carbonate to uranium combining r a t i o s  of 0 . 5  and 2.0. 
Though not uniquely proven, the  ionic compositions appear 
ts be UOz ( CQ3 ) - - z ,  diearbonate ion, and U2O50H@O3 -, s e m i -  

and the effect of hydrogen ion concentration have been 
studied. 

. carbonate ion-* The stability of t h e s e  ions in salt s o l u t i o n s  

Concentrations of each of these ions i n  various s o l u -  
t i o n s  have been estimated by a method which involves t h e  
measurement of the pressure of @02 over these solutions and 
subsequent calculation of t h e  amount of uncomplexed carbonate 
i n  solution. 

Using these data, approximations have been made of the 
extent of the dissociation of the 4,riearbonate i o n  and Xhe 
dicarbonate ion according to t he  following mechanisms: 

- ,’ K3 

e-- 
K3 ..= 4 , 5  x 

U02,(C0,) : ; . -”  - T J o ~ ( C o ~ ) ~ - ~  4- cos l.; 

K, 8.4 x 



The preparation of sodium u r a n y l  trfcarbanate,  t h e  
characteristics of  its absorption spectrum, and t h e  fact  
that tricarbonate s o l u t i o n s  follow Beer's law have been 
reported.1 
also confirms the previously ~ ~ ~ l ~ ~ ~ ~ ~ l  experimental 
verification of t h e  existence in so lu t ion  of a carbonate 
complex having a carbonate-uranium coabining ratio of 3 .  

So lut ions  having mole ra&.ios of CO,/U :-- 2 and 
Na/U = 2 can be prepared by contacting excess u r a n y l  
carbonate with sodium carbonate solution, t h e  resulting 
concentration of t h e  uranium depending on t h e  sodium car- 
bonate con@entrationnd A s o l i d  having a composition 
corresponding Lo these mole r a t io s  has not  been obtained, 
nor has t h e  existence of an ion havAng 8 CO,/tr eomnbinang 
ratio of 2 been reported prev ious ly  and yet, sj:al.tnti(ons 
have been prepared which are over one  m s l , a ~ .  in uranium 
and which still nzaa*i.rataRn these same mole ratios, These 
solubility data now have bean made m o r e  sagnnfieant by t h e  
f a c t  that absorption spectrophotometric nethods have g i v e n  
good evidence for t h e  exis tence in s o l u t i o n  of a u r a n y l -  
diearbonate complex ion @ 

For solutions w i t h  CO,/U and Na/U lsesrZy equal  to 2 
and having moderate uranium concentrations (0,9 t o  0 * 3  
molar) t h e  optical  d e n s i t y  var ice  n e a r l y  l i n e a r l y  w i t h  
uranium concentrationa how eve^, at lower concentrations 
(&0,05 molar) a Bee$'s law plot shows a definite xnerease 
in slope as the s o l u t i o n  becomes more dilute, t h e  value 
of the slope dependBng upon t h e  exact compssitlon of the 
s o l u t i o n ,  T h i s  increase of s lope upon dilution @an be 
explained by %he formation of a small but increasing 
amount of a colored complex havfng a rather large molar 
extinet8on. SSnee the extinctions for t h e  d i  and tr i-  
carbonate ions have been found to be small, i t  i s  not  
u n l i k e l y  that these data e the foPmsaion of P t h i r d  

The optical e v i d e n c e  in t h e  present  report 
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colored complex of uranium a 

uranium system,2 it laas been of interest  to identify so 
far 8s  poss ib le  these  uranium complexes and to determine 
some of their properties- Accordingly, the following 
spectrophotometric investigations, applying a method of 
continuous variations, were undertaken, 

A s  an e x t e n s i o n  of p r e v i o u s  wsrk w i t h  t h e  carbonate- 

EXPER ~ ~ E ~ ~ A ~  

Apparatus 

The light absorption measurements  were node with a 
Beckman Model DU Spectsophotom?ter using tungsten lamp 
and silica c e l l s  having I%gbt pa ths  ranging fsoa P mm L a  
10 cm.  

A Beckman pH meter, Model G, equipped with glass and 
saturated calomel e l e c t r o d e s  was used for t h e  pH deter- 
m n a t i o n s ,  

Uranyl carbonate, UQ,C03 w a s  prepared by xoaaetlng 8 

water s l u r r y  of UO, w%.Sh C02 at increased temperatures 
and pressures, 

pared by r e a c t i n g  f r e s h l y  precipitated Na,U,OT with WaHCO, 
solution under an atmosphere of C02. The tcraearbonate Ps 
obtained by  crystallization^ 

compounds have been p r e s a t e d  ppevfously,d 

Preparation of Uranium %oPu%%ons 

Sodium uranyl tricarbonate, Na,UQ,(CB,), w a s  pre- 

D e t a i l e d  ~ C C Q U I I ~ S  of t h e  preparation of each of these  

Preparation of solutions of sodium uranyl tricarbonate 
3 

Bind af uranyl  carbonate i n  sodium carbonate followed t h e  
procedure described in a previous report of this series., 

RESULTS AND DISCUSSION 

I f  a complex compound f e  formed by t h e  addition of one 
agent to another, there are cases in whzch the  data required 

and Vosburgh* are djlf ficarlt obtaan experinentally. This 
for the type  Of @ o n t i f l U O U S  V fa$$on p l o t  descr ibed by Job 
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methad requires t h e  DlXtur€?, at e q u a l  molar concentrations, 
of varying quantities of S O ~ U ~ S Q ~ S  of t h e  %on t o  be corn- 
plexed and of t h e  camplexkng agen t ,  If prec$pitation results 
from such a mixing, then  it i s  impossible to o b t a i n  t h e  true 
optical density of t h e  so%tution. In such cases, an 
alternate approach can be used which involves consideration 
o f  the r a t i o  of the molar concentration of the cxmplexing 
agent to a constant molar concentration of t h e  substance 
to be ~ o r n p l e x e d . ~  For gnterpretatlon, t h a a  rata0 as 
measured for  a series  of S O ~ U ~ ~ Q B S  1% p8cr%ted against the  
optical density of those, solutions at a constant: wavelength, 
On such plots changes of slope are Pndieatave  af  changes 
in species, w h i l e  maximv mxnima, and inflections occur 
at ratios which correspond to t h e  comSIPl.na.ng   pa ti as of the 
coanpXex species. In the  tests? described below, E W ~ ~ % X ~ R S  

have been examined which have carbonate $0 uranium anole 
ratios vary ing  from C 0 3 / U  -2- 0 to C03/U = 4 0 .  

A series of solutions w i t h  C03,’U less t h a n  3 . 0  were 
prepared by the addition o f  varying amounts of hydsochXoric 
acid to solutions of sodium uranyl krnearbonate,  Immediately 
upon a d d i t i o n  of t h e  a c i d ,  the sslut~ons were scrubbed wi th  
moist nitrogen gas until a constant and reproducible 
optical density was obtained, During t h i s  scrubbing, t h e  
p H  of t h e  solution rose gradually and in many cases p r e e l p i -  
tation occurred shortly after a constant ~pLicaP density 
was reached, For solutions having a ratio greater t h a n  
3 0, sodium carbonate in the d e s i r e d  a.aaoun$ w a s  added to 
sod%um uranyl trieasbonate solutions, The fPnal pH of 
each solution was measured and i t s  absorption spectrum 
and chemical analys is  were obtainedo 

Following this procedure, the data shown 118 Table 1 
and represented on Figure I were obtained, Figure  1 
shows the opt ica l  densities of solutions having P constant 
uranium concentration of 0 , 0 3 5  molar and carbonate- 
uranium mole ratios varying f r ~ m  @ 0 3 P U  4 , 5  t Q  @O,/u  ;= 0.02. 

The e x i s t e n c e  of the tracsrbonate c~artple~ found 
previously is again shown by t h e  Anflectlon at CO,/U = 3 . 0 ,  
Moreover, it appears t h a t  at r a t b ~  greater t han  3.67 
further complex ions are forlmed s i n c e  Table  2 shows that 
there is almost no cbonge in %he color  of SQlutfOnS having 
carbonate-uranium r a t i o s  ranging fsam 603/’Q;I =i 3 to C 0 3 / U  =. 
40 0 
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Optical Densities of Solutions Having 

Varying Carbonate-Uranium Male Ratios 
_I_ 

Test Mole Ratio 
Number co,/u 

311-11 0 . 0 0  1.0 
311-14 0 . 3 4  5.3 
311-16 0.40 5.8 
311-13 0 , 5 0  7.8 
311-17 0 . 6 5  8 , 2  

311-10 0 . 7 6  6 , 9  
311-18 0 . 8 0  8 . 2  
311-9 0-83 7 - 8  
311-19 1 I.fQ 8 . 3  
311-8 1,38 7*9 

Optical. Density ( 1 GIU. cell) 

420 rn 4 3 0 9  440 mn 450  mp 460 mp 2- Y 

0 * 5 2  
2,54 
2 , 7 0  
2 . 6 0  
Z " 5 0  

2 .48  
2 , 3 4  
2 , 2 6  
2 . 0 6  
2 . 0 6  

0 * 4 5  0 . 2 6  
2 , 9 6  2.7'6 
3 . 2 9  3.15 
3.47 3 , 8 0  
3 , 3 4  3 , 7 6  

3 . 3 0  3 . 7 2  
3 0 14 3 . 5 6  
3.04 3 . 4 8  
2 . 7 8  3.18 
2 - 7 2  3 114 

0.16 Q. 12 
2.20 1.45 
2 . 6 0  3%. 80 
3 . 6 2  2 . 9 2  
3,613 3 . 0 0  

3 . 6 8  2 , 9 6  
3 .54  2,94 
3,5Q 2 . 8 8  
3.24 2 . 6 6  
3 . 1 7  2 . 5 6  

311-7 1.31 8 . 2  1 .86  2 .44  2 , 8 2  2 , 8 8  2 , 3 4  
311-21 1.61 8,4 1.64 2 * 1 4  2 . 4 6  2 , 5 6  E .  04 
311-6 1.63 8.4  1.64 2 . 1 6  2 . 5 2  2 . 6 2  2-12 

311-5 1.89 8 . 6  1.52 1.92 2 . 2 4  2 . 3 6  1.94 
1-81 311-22 1.84 8 . 8  1.49 1.90 2 . 2 0  2.32 

311-23 
311-4 
311-24 
311-25 
31143 

311-2 
311-30 
311-1 
311-29 
311-0 

1.99 
2 . 0 7  
2.10 
2,30 
2 , 3 5  

2 . 6 7  
2 . 7 2  
2.82 
3 , 0 8  
3.17 

8 . 6  
8 , s  
8 . 7  

8.8 
a ,  9 

1.38 1.76 2 . 1 6  
1.26 1.48 P. 8 6  
1-32, 1.64 1,83 

-1-1 1 . 5 6  
1.15 1.39 1 . 6 0  

0 . 9 5  1,12 1*27 
e 8 6  e 98 1.12 
* 82 92  1- 04 
0 7 0  0 73 e 82 
a 7 1  D 74 . 8 5  

I--- 

2.14 
1.96 
2,OO 
1.64 
1.70 

1.36 
1-24 
1.14 
0 * 9 8  
0 "  98 

f . 6 5  
1,5Q 
1.52 

1.24 
P - W -  

- l e -  

v 79 
s 7 0  
D 52 
* 54 

311-28 3 . 6 4  10.6 6 6  . 6 8  .77 0 . 9 3  -48 
311-26 4,52 10.81 D 64 . 6 %  I 7 6  0.91 48 

Uranium Concentration = 0 . 0 3 5  molar 
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Triearbonate solutfons o k y  Beer's law for t h e  con- 
centration range 0.195 to 0 . 0 € 2  molar. These data  appear in 
T a b l e  3 and on Figure 2. 

The maximum in t h e  curve of Figure 3. which occurs at 
C 0 3 / U  = 0 . 5  is of interest since i t  pr;.edicte a complex 
species having o n l y  one carbonate group associated w i t h  
two uranium atoms. Since the  pB of 7,8 possessed by this 
solution is well above the pB at whrch hydrolysis and 
dimerization of the uranyl isn  take  place,b "ld and in vAew 
of the indicated low carbonate c o n t e n t  of t h e  complex, a 
semi-carbanate complex ion, U20,0HC0,  -, Enas been assumed 
as a definite possibility, Indeed,  the amuaarn%; of acid 
r e q u i r e d  by experiment ( 3 . 5  moles HCl/mnoPe of uranium) for 
the preparation of the solutian having C o 3 / U  -.- 0 , s  allows 
a balanced equation to be wri%ten which shows the  formation 
of such an ion. 

2U02 (eo3 ) -4 -t 7HS + U 2 0 4 0 K C 0 3  - -t 3 H z Q  c 5CQ2 c 1) 

The possibility remains  a l s o  that t h e  following equation holds, 

4U02 (CQ, ) -* + 14Hs +V, Ol-j.( CQ, ) -' 3- 7H2 0 + lOCQ, ( 2 )  

where the polymer, Uq.O11( CO, ) 2. -z  
2U2054)HC03 -, by one molecule of water, The formation of ions  
having a still higher degree of polymerization xs unlikely 
in view of the acid requirements .  These same acid require- 
ments show that bicarbonate or hydroxy-bicarbonate complexes 
are stoichiometrically impossible i n  these solutions. The 
determination oi t he  molecular weight of this semi-carbonale 
ion would be helpful in its i d e n t i f i c a t i o n ,  and accord ingly ,  
experiments were undertaken. which applied t h e  metbod ai 
dialysis.8 
used with uranyl tricarbonate solutions, but no diffusion 
was observed through cellophane with sslutasns having 
CO, /U = 0.5. Further work is i n d i c a t e d  along these l'nes 

and cryoscopy should be cons idered .  

differs from t h e  monomers 

This method was known to give f a i s  results when 

and the  application of the methods of e lec t rodia lys i s  t j  

Figure 1 shows no inflection at C 0 3 / U  -- 2 ,  whereas 
t h e  solubility of U0,C03 in Na,CO, solutions suggests t h e  
possibility of the existence of a dicarbonate complex ion. 
A previous report' has described the preparation of solutions 
having carbonate-uranium and sadium-uranium mole ratios ~f 



co3 /u 
3.0 
3.08 
3.17 
3 , 6 4  
4 . 5 2  

2 0  
40 
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Table 2 

Optical Densities of Solu t ions  with C 0 3 / u  = 3 > 

Uranium Conc. 
(molar) 

0 - 0 3 5  
? V  

V ?  

V l  

I 1  

9 1  

P V  

PH 

9 . 3  
9 * 3  
9 . 3  

1 0 , 6  
10.8 
11.4 
1 1 . 5  

T a b l e  3 

Optical Density 
448 myl-l  6m cell. 

0 - 8 4  
0 .82  
0 .84  
0 . 7 8  
0 . 7 6  
0 . 7 4  
0 . 7 6  

Beer's Law Data fo r  Sodium Uranyl 

Uranium Conc. 
(molar) 

0.195 
0.098 
0.049 
0.024 
0,012 

Tr icarbonate Solut.  i o n s  

Optical D e n s i t y  ( 1  cm cell) 

4 2 0  qi 

3 . 6 2  
1.84 
0- 92 
0.50 
0 , 2 8  

430 mp 

3 , ? 2  
1.90 
0 - 9 6  
0 . 5 0  
0 . 2 8  

4 4 0  mp 

4 . 2 2  
2 . 1 6  
1.08 
0 . 5 6  
0 . 3 2  

450 mp 460 mp 

5 . 0 8  2 , 6 6  
2 . 6 0  1.34 
1.30 0.68 
0.68 0.36 
0 . 3 6  0 . 2 0  



2 . 0  

Figure 2 

Beer's Law Plot For Sodium 

Uranyl Tricarbonate Solutions 

Wave length = 440 m y  

1 cm cell 

-/: I 

1 
0.2 0.15 0.1 0 . 0 5  

Uranium Conc. (Molar) 
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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 t h e  sodium carbonate 
concentration. Optical measurements on these solutions yield 
data such as is presented in Table 4. A typical Beerfs law 
p l o t ,  constructed from t h e s e  data, appears on Figure  3 ,  
For concentrations greater than 0 . 0 1 7  molar the slope of 
this curve is nearly linear while at lower concentrations 
there is a definite non-linearfly. That t h e s e  optical data 
require the presence of a third complex ion and t h a t  these 
dicarbonate solutions are not m e r e l y  mixtures 0-f: tricarbonate 
and semi-carbonate in the prop~rtions required %s g i v e  
CO,/U = Na/B = 2 is shown in the following discussion, 

semi-carbonate and tricasbonate, with an equilibrium such 
as the following between the  two species 

Assume a solution containing o n l y  %he $$o complex ions, 

2U02 ( C 0 3  ) --4; +- 2 H 2 0 4 U Z  O5 OHCO, - + 3HCQ, - c 2C0, -’ ( 3 )  

a constant for this equilibrium can be writ ten  as 

c 4 )  
Cn 

K; , n  = ( c R C o , - ~ 3 ( C c o , - z P ~ ~  

where Cn i= molar concentration of semi-carbonale 

C3 = molar concentration of tricarlbonate 

Introduction of the first and second dissociation constants 
of carbqnic acfd reduces t h e  above expression t o  

where IC3,, is a l s o  a function of hydrogen ion concentration 
and dissolved C02, which quantities are nearly constant for 
these dicarbonate solutions. AD approximate evaluation of 
this function shows t h a t  H 3 , n  i r j  a very large number ( several  
positive powers of 10). 
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Table 4 

Beer's Law Data for Solutions Having 

C 0 3 / U  and Na/U Very Nearly Equal t o  2.0" 

~ p t i c a l  Density (1 cm cell) -." 
Uranium Conc. 

(Molar) 450 _l_ 460 - 440 - 43 0 
_c 

420 - PH 
_1_ 

0.350 7.12 7.75 8.85 11.06 9 . 7 0  6 ,46  

0.175 7.18 4.04 4.73 5 . 8 5  5 , 2 1  3 - 5 3  

0 . 0 8 7  7 . 2 8  2.14 2 . 5 6  3.l4 2.84 1.96 

0.44 7.44 1.22 1.48 1,78 1.63 1.15 

0 . 0 2 2  7.58 0.73 0.91 1.04 0 . 9 8  0 . 7 2  

0.011 7 . 7 5  0 . 4 5  0.57 0 . 6 4  0 , 6 0  0.44 

0.005 7.89 0.27 0 , 3 3  0.36 0,34 0.24 

0.003 8.10 0.15 0.19 0 . 2 0  0*18 0.13 

0.0014 8.50 0.08 0 . 0 9  0.10 0 . 0 8  0 . 0 6  

0 . 0 0 6 7  -- 0 . 0 4  0.05 0.04 0 . 0 4  0.03 

Actual Values * 

Na/U r-= 2 . 0 8  
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An expression for the  total concentration of uranium 
in this solution may be written as 

cu (total) = c3 + 2Cn ( 5 )  

solving equations (4%) and ( 5 )  

The equation for the optical density of this sslutnon ccr- 
taining two colored species i% 

O . D .  - 1 ( E ? , C 3  -t- E,@,) ( 8 1  

where 

O.D. = Optical density 
E = Molar extinct%on/cm of solution 

1 = Length of light path in em, 
of indicated species 

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

1 + 8 ~ 3  ,nCuI(E3 - +) + RE" cu c 9 )  
O . D .  =#[-I -t !/ z- 

4K3 $ n  

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 relationship s h o u l d  be 
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Calculations using the data of F i g u s e  l fox- t h e  paint cor- 
responding to semi-carbonate ( COT /U =: 0 e 5 )  shcaws  that t h e  
molar extinction coefficient fo r  semi-carbanate, E,, must 
be at least 2063. This requires t h a t  the s lope o f  the CUF’V~.  

of Figure-3 be at least 100. Measurement of t h e  experimental 
slope shows it to be more nearly 3 4 .  Further experiments 
show that similar plots for so lu tuPons  having campositions 
slightly dffferent (ioeo higher  BY lower sodium and carbonate) 
from those for which t h e  data 5f Table 4 were t a k e n  have 

apparent from this optjical evedent% that there Gust be 
present a third colored complex of ca~bonaats and uranium 
having an extinction coefficnent i n t e r m e d i a t e  to those of the 
semi-carbonate and t r i - ~ a ~ b ~ n a t e  ions, Bdoreove~, t h e  analytical 

2 assumes greater significance, 

slopes which may vary fx”.om t h i s  value of 34 by f 5. It is 

data which always shows CQ,/U and N a / U  very n e a r l y  equal to 

In making t h e  solubility studies, 1 0 ~ s  of 602 from 
dicarbonate solutions was observed. Accordingly, a series 
of dicarbsnate solutions w a s  washed with npfst  nitrogen gas 
to aid in t h e  removal of C02. In this manner’, s o l u t i o n s  
were prepared having C 0 3 / U  mole :ratios ranging from 2 . 0  to 
1.6. The optical density measurements an these solutions 
appear in ‘Fable 5 ,  To this carbonate depleted solution 
increasing amounts of uranyl tricarbonate solution were 
added in a further attempt to show t h e  presence of a diicar- 
bonate complex. The data for these tests appear i n  Table 
6 and a plot of these results in which C 0 3 / U  var ies  from 
1.7 to 3-1 will show no inflection at; .a combining ratio of 
2 . 0 ,  

Failure to obtain by contfnuo~~ variation methods 
any significant evidence for a diearbonate ion gave r ise  
to a closer examination of t h e  compositions of certain 
of the  solutions used in the experimental studies, (Table 7). 
These are three s o l u t i o n s  w i t h  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 equataonb d e s c r i b i n g  
the  probable reactions in the solutions. 

Case I. Formatlion of uranyl dicarbonate from U Q 2 C 0 3  and 
fa‘a,CO, 
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Table  5 

Optical Densities of Solutions Prepared from 

Uranyl Diearbonate S o l u t i o n s  By Removal 

Of C02 With A Nitrogen Gas Scrubbing -- 

Test Mole Ratio 
Number co3 /U 

1034-H-1 1.92 
1034-W-2 1 90 
1034-W-3 1.84 
1034-€I-4 l e  78 
1034-H-5 1 ‘74 
1034-H-6 1 67 
1034-R-7 1 57 
1034-H-8 1.57 
1034-H-9 1.60 
€034-H-10 1.60 
1034-X-11 1,59 
1034-H-12 I o  5 6  

- PH 

7.5 
7.7 
7,8 
709 
8.2 
8,3 
9,15 
8.98 
8.84 
8-65 
9.20 
9.. 15 

Optical Density (1 cm ce l l )  
420mp 430ap 440% 450ang 460m)! 

1.08 1,34 1.58 1,49 
1.19 1.48 1*74 l.68 
1 . 2 2  1*54 1.79 P*76 
1.29 1*64 1.91 1,90 
1.44 1,86 2.14 2,14 
1 . 5 4  2,06 2.36 2,36 
1,82 2 . 3 8  2 - 8 0  2 , 9 0  
1,82 2 . 4 0  2.82 2.90 
1.78 2,36 2,73 2,80 
1,74 2 . 3 4  2-66 2 ,72  
1.82 2 .40  2 . 7 9  2 - 9 0  
1.84 2.42 2.80 2,91 

Uranium c o n c e n t r a t i o n  = 0.035 molar 

Table 6 

1-07 
1.25 
1.31 
1.44 
1.68 
1.88 
2.32 
2.28 
2.22 
2.14 
2 , 2 8  
2 - 3 4  

Optical Densities of S o l u t i o n s  Prepared by the 

& I d i t i o n  of Sodium Uranyl Tricarbonate To A 

Solution Having A C 0 3 / U  Mole Ratio Of 1.74 

327-1 
327-2 
327-3 
327-4 
327-5 
327-8 
327-10 

1.74 8 . 6 2  1.72 2,25 2.59 2,612 2 , 0 4  
1.88 8.67 1.60 2-10 2.42 2.48 1.90 
2 a 02 8,72 1.50 1.93 2.22 2.29 1-72 
2.10 8.21 1.44 1.84 2 ,12  2 - 2 1  1-64 
2,15 8 . 7 2  1.39 1-77 2-05 2.12 1 . 5 9  
2,48 8 . 8 3  1..19 1,47 1.70 1-90 1.31 
3.14 9.30 0.70 0.74 0,84 0 . 9 7  0 , 5 2  

Uranium concentration = 0 , 0 3 5  molar 
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Case 11. Reaction of uranyl tri~arbonate w i t h  He1 

ZNa,UO,(CO,), -+ 3HC1~2Na,U0,(C0,)2 + 3 N a C 1  -I- NaHC03 t M,O -t COz 

( 1 2 )  

A solution of uranyl dicarbonate prepared as nbave and having 
the  same uranium concentration as the  solution of Case E 
will t h u s  be complicated by t h e  presence of MaCZ and lMafIC03. 
The higher optical density of this s~lutfon cannot be ex-  
plained by the presence of NaCl as t h e  data of Table  8 
shows no enhancement of color upon the addition of N a C I  to 
carbonate solutions. It will be shown later that the addition 
of NaHCO, to dicarbonate s o f u t i o n s  decreases, rather than 
increases, the optical density. Xt must be remembered t h a t  
t h e  solution of Case 11 was scrubbed with nitrogen gas in 
order to remove @02.  This treatment also decomposed some 
of the NaHCO, according to equation (13) 

2NaHCO3--3- Na, eo3 + c02 i- H, o i 13) 
to give, in effect, an increase i n  t h e  hydroxyl. i o n  eoncen- 
tration of the solution. This increase permits further 
hydrolysis of the diearbonate to form some of the semicarbon- ' 

a t e ,  NaUZOSOHCO,, thereby increasing the soluteon color. 
In all of t4ese solutions, too much bubbling with nitrogen 
produced a hydrolytic precipitate which, from observation 
and a n a l y s i s ,  appeared to be a mixture of sodium uranates, 

Case 111. Addition of uranyl triearbonate to a COz depleted 
uranyl dicarbonate solution. 

In t h i s  case, a probable mechanism for the  hydrolysis of 
uranyl diearbonate fn water must first be considered 

2Naz UOZ ( COJ ) 6: + 2HZ 0 -+ NaU, 05 OHCO, C 3NaHCO3 ( 1 4 )  

This solution should lose GOz readily with %he formation of 
NaOH or Na,@O,. Some of the latter can react with additional 
uranyl diearbonate ta form u r a n y l  tricarbonate. If this 
formation i s  considered, equation (14) becomes 

3Na,U02 (CO, ) -f- H,0-+NaU2U,0HCQ, i- Ma,UO, ( C03 ) -t NaHC03 -+ COz 

1 5 )  

Thus, on bubbling a uranyl diearbonate solution w i t h  nitrogen, 
C 0 2  is lost, tbe final mole ratio of CQ,/U remaining in 



Tab le  7 

S o l u t i o n s  Having C03/U = 2 P r e p a r e d  by D i f f e r e n t  Methods 

(Uranium C o n c e n t r a t i o n  = 0 , 0 3 5  Molar) 
-II_ 

Mole Ratio 
Number Source  COR i u  

I Tab le  4 2 
TI Tab le  1 2 
111 Tab le  5 2 

S o l u t i o n  p r e p a r a t i o n :  

0.D- 44SMp 
P ern cell 

1 . 5 0  
1 . 9 4  
2 . 2 6  

.- 

I ,  Uranyl  c a r b o n a t e  d i s s o l v e d  i n  sodium c a r b o n a t e  s o l u t i o n .  
1 1 .  T r i c a r b o a a t e  s o l u t i o n  decomposed w i t h  BCl  and bubbled 

w i t h  n i t r o g e n .  

d e p l e t e d  of COz by n i t  ro$en bubbling. 
111. A d d i t i o n  of t r i c a r b o n a t e  t o  d i c a r b a n a t e  s o l u t i o n  

Table 8 

O p t i c a l  D e n s i t i e s  of Sodium Uranyl  T r i c a r b o n a t e  

S o l u t i o n s  in t h e  P r e s e n c e  of Sodium C h l o r i d e  

T e s t  N a C l  Conc. Optical D e n s i t i e s  (1  cm cell) 
Number ( M o l a r i t y )  pB 4 2 0 q  4 3 0 ~ -  440mi)i  450m. 4 6 h p  

1 -I- 9 . 2 5  0 . 9 8  1 , 0 4  1 . 1 4  1 , 3 9  0 . 7 4  
2 0 ~ 0 1  9 . 2 5  0 .98  1 .04  1 , 1 4  l039 0.74 
3 0 . 0 5  9 . 2 5  0 .98  1 - 0 4  1 . 1 4  1 . 3 9  8 .74  
4 0 . 5 0  9 . 4 5  0 .98  1 , 0 4  1 . 1 4  l e 3 9  0 . 7 4  

Uranium c o n c e n t r a t i o n  = 0 . 0 5 0 2  malar 
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s o l u t i o n  b e i n g  between 5 /3 )@O3/U)4 /3 ,  depending ~n how 
much of t h e  b i c a r b o n a t e  decomposes b e f o r e  t h e  pH becomes high 
enough f o r  p r e c i p i t a t i o n  t o  occur, Table 5 shows t h a t  a l i m i t  
of 4,8/3 was r eached  e x p e r i m e n t a l l y .  A d d i t i o n  of u r a n y l  t r i-  
c a r b o n a t e  i n  t h e  correct amount t o  t h i s  d e p l e t e d  d i c a r b o n a t e  
SOlUtlQn w i l l  t h e n  r e s u l t  i n  a s o l u t i o n  hav ing  CO,/U = 2.0, 
b u t  a l so  hav ing  a pH v a l u e  and o g t i q a l  d e n s i t y  greater t h a n  
t h o s e  for t h e  s o l u t i o n s  of e i t h e r  Case I or Case 1 1 .  

The e f f e c t  of t h e  h y d r o l y s i s  d e s c r i b e d  by e q u a t i o n  (15) 
is shown also On t h e  Beer's l a w  d a t a  of Table 3 and F i g u r e  2 .  
A t  uranium c o n c e n t r a t i o n s  below 0 . 0 1 7  84 d e v i a t i o n s  from t h e  
s t r a i g h t  l i n e  r e l a t i o n s h i p  of Beer's l a w  beg in  and t h e  
r e s u l t i n g  curve of o p t i c a l  d e n s i t y  versus c o n c e n t r a t i o n  h a s  
a n  i n c r e a s i n g l y  greater s l o p e  as  t h e  uranium becomes more 
d i l u t e .  This may be accoun ted  for  by t h e  f o r m a t i o n  of greater 
amounts of the h i g h l y  c o l o r e d  s e m i c a r b o n a t e  complex, 
WaU, 01, OHCO, I 

I t  thus a p p e a r s  t h a t  t h e  o n l y  f a c t o r  c a u s i n g  t h e  
v a r i a t i o n s  i n  color of t h e  s o l u t i o n s  of Case I ,  IP, and 111 
is t h e  pB. To test t h i s  a s sumpt ion  NaOH i n  small amounts was 
added t o  a u r a n y l  d i c a r b o n a t e  s o l u t i o n ,  and as e x p e c t e d ,  t h e  
o p t i c a l  d e n s i t y  i n c r e a s e d ,  These data appear i n  T a b l e  9 .  I t  
is i n t e r e s t i n g  t h a t  t h e  a d d i t i o n  of b o t h  acids and bases t o  
d i c a r b o n a t e  s b l u t i o n  w i l l  c a u s e  a n  increase i n  t h e  color of 
t h e  s o l u t i o n ,  However, e q u a t i o n s  (12) and ( 1 3 )  show t h a t  
a f t e r  t h e  f i r s t  decomposi t ion  of  t h e  c a r b o n a t e  by a c i d  t h e  
basic r e a c t i o n  p r o d u c t s  are r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n  
c o l o r  I 

T a b l e  9 

O p t i c a l  D e n s f t i e s  of % a l u t i o n s  of Sodium 

Urany l  Diearbonate in the Presence of Smal l  

Amounts of  Sodium Hydroxide 

T e s t  NaOH Conc. O p t i c a l  D e n s i t y  (1  crn ce l l )  
PH 4EOm 43 Om 440 m 450 Fn 460m - Number (Molar) 

1 ---- 7 . 2 5  0 . 6 7  0,84 0 . 9 6  0 . 9 0  0 . 6 4  
2 0 . 0 1  9 .45  0 , ? 6  0 - 9 3  1 . 0 0  1.00 0 , 7 5  
3 0 , 0 2  PPt ---- ---- ---- ---I ---_ 

Uranium C o n c e n t r a t i o n  -r 0 . 0 1 8  molar 

a 



2 2  

Having established t h e  dependence of ces.10~ upon pN, a 
aeries o f  experiments were r u n  in w h n e h  %he pM v a l u e s  of t h e  
s o l u t i o n s  w e r e  kept at a specified constant, l e v e l .  The test 

cribed i n  Table 1 w l t h  the  except ion  that the nitrogen bubbling 
was stopped at She predetermined pB l e v e l ,  The a b s o r p t i o n  
spectrum and analysis of each solution - w e  ob ta ined  at this 
point, A s  i n d i c a t e d  in T a b l e  ’ B O ,  t h e  ~~~~~~~~~-~~~~~~~ mole 
ratjos f o r  these s o l u t i o n s  vary from C 0 3 / U  7 9 to Co,/u 2- 3 
and p lo t s  are shown in Figure  4 for the  two pH l e v e l s ;  of 7 . 9 8  
and 7.50, Under these esnditsons i n f l e c t i o n s  may be noted 
near a combining r a t i o  of 2,  g i v i n g  acceptab le  evidence fop. 
the existence i n  these ~ 0 3 i u t i o n ~  of a dkcarhona&e ion, 

procedure W%S Similar to $;hat Used fa% t h e  SOaUiLIonS dies- 

T h i s  same method I when apipd.fed $,a s; .oPknts .ans  hawing 
carbonate-uranaum mole s a t ~ w  rangr.ng from 0 a 44 to 1.41, 
again ”lends to a s h a r p  my1BxZmu~ oc@urnng at “110, /‘Fj =- 0 . 5  on 
‘the CQntiXIUcdUs VaX’lation CUltVe, ‘PheSe data Shown In !!?able 
11 and in F i g u r e  5 .  

A t  t emprs  t o  prepare s ~ l u - t x o n s  h a v i n g  carbonate-uranium 
mole r a t i o s  greater than 2 by the  addktion of Na; 
uranyl diearbanate ~ ~ l u t f ~ n ~  have p raven  il~BucCes 
the pH increases so rapidly that preclgstatlon oc‘curs at 8 
mole ratio of @O,jU greater t h a n  2 , 5 *  Addltion of NaHCO, 
is more f e a s i b l e  and solutions having ratios T a n g i n g  from 
2 to 4 have been prepared by t h i s  method, T h e  data f o r  these 
solutions appear i n  Table 1 2  and i n  F i g u r e  6 The inflection 
~ccairmi*iglg on the c o n t i n u o u s  v a r i a t i o n  p1l~r-t of % h i s  f i g u r e  
indicates a n  association of three ca-PbonmXe groups w i t h  one 
uranium atom, but  t h e  properties of th1a series of solutions 
make it d o u b t f u l  whether t h e  t rneavbonate  i o n  may e x i s t  a s  
such at t h e  point of infXectisn, Due to  i t& p r e p a r a t , i a n  
from sodaum u r a n y l  dicarbonate and  sodium blear b o n a t e ,  t h e  
solution which  t h ~ s  p o i n t  represeaits f u r n i s h e s  o n l y  Three- 
q u a r t e r s  sf t h e  sodium i o n s  r e q u i r e d  t o  b a l a n c e  t h e  f o u r  
valent charge of t h e  zaranyl tricarbsnate S Q ~ I ,  a n d  yea xhe 
acidity of t h e  S Q J ? U ~ X O : I  a s  not h ~ g b  enough t o  allow t ~ e  
presence of enough free hydrogen ions to make up “ i ~ n s  
d e f i c i e n c y  nn charge balance 1s. becomes necessary, t h e n ,  
to consider t h e  posadble forrnatio:~ of a baearbonaie-c%rbonate 
complex of uranium in these lesa basic solutions, e.g., 
MU02 (cox ;$ 

I t  i s  interesting Bo eompa3-e t h e  o p t i c a l  d e n s i t y  of a 
tricarbonate s o l u t i o n  (Test 1, T a b l e  1 3 )  w i t h  t h e  color of 
a solution of equal uran.ium concent ra t ion  and carbonate- 
uranium ratio as determined from Figure 6 .  



Uranium conc. 
CQ, /u 
PH 
Q.D. (440 mp-1 em cell.) 
P r e p a r a t i o n  

T e s t  k, Table 1 3  

0 . 0 3 5  molar 
3 . 0 5  
9 . 3  
0 . 8 0 0  

- I 

T r i c a r b o n a t e  

F igu re  6 -- 
0 . 0 3 5  molar 
3 . 0 5  
7 . 9  
0 , 7 8 0  

NaMCO, 
D i e a r b o n a t e  + 

I t  may be obse rved  t h a t  t h e  o p t i c a l  d e n s i t i e s  of these 
s o l u t i o n s  are n e a r l y  i d e n t i c a l  i n  s p i t e  of t h e  d i f f e r e n c e s  
i n  pH and  i n  t h e i r  methods of p r e p a r a t i o n ,  T h u s ,  a d i f f e r -  
e n t i a t i o n  between u r a n y l  tricarhonate solutions and  u r a n y l  
c a r b o n a t e - b i c a r b o n a t e  ~ o l u t i o ~ l s  seem difficult by means 
of a b s o r p t i o n  methods us ing  visible light. It is p o s s i b l e  
that s t u d i e s  i n  t h e  i n v i s i b l e  ranges of the absorption 
spectra 09 @ % P & o n a t e - ~ i e a r b o n a t e  and similar s y s t e m s  ( s u l f a t e -  
acid s u l f a t e ,  phospha te -ac id  phospha te )  w i l l  y i e l d  i n f a r m a t i a n  
more c l e a r l y  e s t a b l i s h i n g  the  nature of the complex ion i n  
these s o l u t i o n s ,  It: is probably t r u e  when t h e  pH l e v e l  is 
n e a r  9 ,  when t h e  C 0 3 / U  m o l e  ratio is 3 or greater ,  and when 
there is s u f f i c i e n t  sodium 1011 i n  s o l u t . i o n  that  the major 
complex between uranium and c a r b o n a t e  is t h e  u r a n y l  tricar- 
b o n a t e  i o n  UQ, ( CB3 -4 , 

Xt has been demons t r a t ed  t h a t  t h e  t r i c a r b o n a t e  complex 
is s tab le  o v e r  a wide r a n g e  of c a r b o n a t e  c o n c e n t r a t i o n  
( T a b l e  2 ) ,  and i n  t h e  presence of t h e  chloride i o n  (Tab le  8) 
The data of T a b l e s  13 and  14 a l so  show its q t a b i l i t y  i n  
t h e  p r e s e n c e  of excess b i c a r b o n a t e  i o n  and  hydroxy l  i o n ,  

The f o r e g o i n g  d i s c u s s i o n  has p r e s e n t e d  e v i d e n c e  for 
t h e  e x i s t e n c e  i n  s o l u t f o n  of three uranium-carbonate  complex 
i o n s .  The first of these is t h e  u r a n y l  tricarbonate complex, 

the second  being a q P ~ e m i - c a r b o n a t e 7 '  complex, 

I Uz05OHC03 4 

and a t h i r d ,  which w i l l  be called a "d$carbonatevP complex. 

C o n s i d e r a t i o n  may be given now t o  t h o s e  s o l u t i o n s  
prepared by t h e  d i s s o l u t i o n  of u r a n y l  c a r b o n a t e  i n  sodium 
c a r b o n a t e  w i t h  a r e s u l t i n g  pH very  close t o  7 , O  and a n a l y s e s  
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Test 
Number 

329-1 
329-3 
329-9 
329-4 
329-10 
329-5 
329-8 

329-1 
329-2 
329-3 
329-9 
329-4 
329-10 
329-5 
329-8 

Table 10 

Continuous Variation Data at Controlled pB 

Levels for Solutions Having 2 > C 0 3 / U 7 3  

Mole Ratio Optical Density (1 crn cell) 
co3 /u _I PH 2 z l E E U  

2 . 9 6  7 . 5 0  
2.42 7.52 
2.04 7.5 
1.82 7.50 
1.47 7 - 5 0  
1.35 7.50 
1.06 7,50 

2.91 7 . 9 8  
2.87 7.98 
2 . 2 4  7 . 9 8  
1.93 7,98 
1.75 7 . 9 8  
1.42 7.98 
1.25 7.98 
1.00 7.98 

0 . 6 6  
1.02 
l . 3 3  
2.38 
2 . 2 0  
2.34 
2-96 

0 . 7 7  
0.80 
1-30 
1. .  65 
1.80 
2.52 
2.52 
3.04 

0.81 
1,24 
1.55 
1.68 
2 . 4 6  
2 I 64 
3 . 2 4  

0-92 
0.94 
1.54 
1.88 
2,08 
2-82 
3.00 
3 " 44 

0.86 0.41 
1.18 0.86 
1.54 1.12 
1.57 1.15 
2 . 4 4  1 . 9 6  
2.54 2 . 0 0  
3 . 0 6  2 . 4 6  

0.95 
0 . 9 9  
1.42 
1.98 
2.12 
2-87 
2.98 
3 . 3 4  

0 . 5 5  
0 . 5 7  
1,15 
1 . 5 5  
1.65 
2.30 
2.40 
2.72 

Uranium concentration = 0 . 0 3 5  molar 
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1 
Continuous Variation Plot at Controlled pH Levels 

For Solutions Having 2 4 CO, / V i  3 

Wave length - 440 m p  
OpH = 7 . 9 8  
a p H  = 7 . 5 0  

I I C  cell 

3 1 2 0 

CO,/U Mole Ratio 
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Table 11 

Continuous Variation Data At Controlled pH Levels 

For Solutions Having 0 e 4<CO, /U<l  4 

Test Optical D e n s i t y  ( 1  cm cell) 
Number 

329-14 1.41 5.8 2.68 2 , 7 4  2 , 3 6  1.65 

329-15 0.83 5.8 3.16 3 , 2 1  2 . 8 0  2 . 0 4  

co3 /u - PH 430mp 440mp .460m)l 

329-16 0 . 4 9  5 . 7  3 , 3 2  3 . 2 2  2 . 6 4  1 . 3 2  

329-17 0.44 5.7 3.10 2.84 2 . 3 2  1.50 

Uranium Concentration = 0 . 0 3 5  molar 
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Figure 5 

Continuous Variation Plot at Controlled pH L e v e l s  

C03/U Mole Ratio 



T a b l e  1 2  

2 8  

Continuous Variation D a t a  For Solutions Prepared 

BY The Addition of NaHCO, To Uranyl Dicarbonate Solutions 

Test 
Number 

334-0  

3 3 4 - 9  

3 3 4 - 4  

334-2  

334-7  

334-5  

334-1  

334-3  

334-6  

334-8  

Mole Ratio 
CQ3 /u I_ PH 

1.83 7 . 9  

1 . 9 6  7 . 9  

2 , 0 4  7 . 9  

2 . 0 9  7 . 9  

2 . 5 2  7 . 9  

2 . 7 2  7 . 9  

2 . 7 5  7 . 9  

3 * 00 7 . 9  

3 . 3 8  7.9 

4 . 2 0  7 . 9  

Optical  Density ( 1  em ce l l )  
~ 3 2 2 ! ! 2 ~ 4 5 O n p =  
1 . 7 3  

1 . 5 8  

1 .41 

1 . 4 5  

0 . 9 3  

a. 74 
0 . 7 5  

0 . 7 0  

0 .65  

0 . 6 6  

1.98 

1 . 8 4  

1.66 

1.66 

1 . 1 7  

0 . 9 1  

0 , 9 3  

0 . 8 6  

0 . 7 7  

0 . 7 5  

1 . 9 6  

1.88 

1 - 6 1  

1 . 7 0  

1 . 0 4  

0 . 9 0  

0 . 8 8  

0 . 8 7  

0 . 8 6  

0 . 9 2  

Uranium Concentration = 0.035 molar 

1 . 4 7  

1 . 3 6  

1 , 1 7  

1 . 2 4  

0.67 

0 . 5 3  

0 . 5 3  

0 . 4 9  

0 .44  

0 . 4 6  
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Figure 6 

Continuous Variation Plot f o r  
-solu--d- on oT 
KiTlco, ---- to-Uranyl -___- ISic5r3CateSolufion ___ --__ 

Wave Length = 440 mp 

1 cm cell 

1 2 3 
CO,/U Mole Ratio 

4 5 



Table 13 

3 0  

Optical Densities of Sodium Uranyl Tricarbonate 

Solutions in the  Presence of Sodium Bicarbonate 

__i_i 

Test Mole Ratio, Optical D e n s i t y  ( 1  crn c e l l )  
440mp 450mp 460mp 6 0 3  /u - PH 43ompl Number 

1 3 . 0 5  9.3 0,71 0.80 0 . 9 7  0.51 

2 4 . 3 3  9 . 3  0 . 6 6  0.76 0-94 0.47 

3 4.74 9 . 3  0 . 6 6  0 . 7 7  Q. 95 0.48  

4 5 . 7 4  9 . 3  0.66 0 , 7 6  0.94 0.48 
I 

Uranium Concentration = 0 . 0 3 5  molar 

Table 14 -- 

Optical Densities of Sodium Uranvl Tricarbonate 

Solutions in the Presence of Sodium Hydroxide 

T e s t  NaOH Conc e Optical Density (1 cm cell) 
Number (Molar) PH 420m. 43Omp 440 mu 450mp 4 6 0 y  

II 

1 --- 9.25 0.98 1.04 1-14 1.38 0.74 

2 0.001 9 . 5 0  0 , 9 8  1-04 1.14 1-38 0.74 

3 0 . 0 0 5  10.24 ------- Precipitated --------- 

Uranium Concentration = 0 . 0 3 5  molar 
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of C 0 3 / U  = 2 and N a / U  = 2 .  If the  assumpt ion  is made t h a t  
t h e s e  s o l u t i o n s  c o n t a i n  a large amount of t h e  third conaplex 
t h e  o p t i c a l  and a n a l y t i c a l  e v i d e n c e  p o i n t s  t o  a complex i n  
which C 0 3 / U  = Na/U = 2 ,  In o r d e r  t o  m a i n t a i n  t h i s  sodium- 
uranium-carbonate  b a l a n c e  and a n e u t r a l  p H ,  t h e  fo rma t ion  
of b i c a r b o n a t e ,  b i c a r b o n a t e - c a r b o n a t e  or hydroxy-carbonate  
complexes s e e m s  u n l i k e l y ,  The p o s s i b i l i t y  of t h e  p re sence  
of hydroxy-bicarbonate  complex i o n s  w i t h  a r e s u l t a n t  
p o l y m e r i z a t i o n  canno t  by e x c l u d e d ,  for p r e l i m i n a r y  d i a l y s i s  
expe r imen t s  have shown that t h e r e  is no d i f f u s i o n  th rough  a 
c e l l o p h a n e  membrane for s o l u t f o n s  c o n t a i n i n g  u r a n y l  d i e a r -  
bona te  at t h e  p a r t i c u l a r  c o n c e n t r a t i o n  s t u d i e d .  S i n c e  t h e  
on ly  difference between c a r b o n a t e  and hydroxy-bicarbonate  
complexes is t h e  p re sence  of one or t w o  mo lecu le s  of water, 
it is extremely d i f f i c u l t  to d i s t i n g u i s h  between the t w o  
t y p e s .  The r e a c t i o n s  of ei ther  complex would be expec ted  
to be i d e n t i c a l  a n d ,  for  s i m p l i c f t g ,  t h e  t h i r d  complex i o n  
of t h e  uranium-carbonate  system may be p o s t u l a t e d  as be ing  

Assuming t h e s e  three s p e c i e s ,  a series of e q u a t i o n s  
may be e x p r e s s e d  as fol lows:  

OH- ?. 
P r e c i p i t a t i o n  ( u r a n a t e s )  
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The possibility of t h e  existence of an i o n  having a 
carbonate-uranium mole ratio of 1, UOzOBCQ,-, has been 
reported. lo 
evidence to supp~3rt this existence and attempts to prepare 
the complex according to t h e  reaction 

The present investigation bas slonra no apticsfl 

N2 

(a ,  ix) 
NatCO,  -I- ZUQZCO, C H a 0  2NaUB,OECO, + coz ( 1 7 )  

have proven unsuccessful .. Preparation of H a z  24,O- and its 
utilization in experiments suggested by the following 
equation 

Na,U& + 2co2 + H , O - + Z N a U 0 ~  1 8 )  

is being considered, 

Adsorption spectra t y p i c a l  af those encountered in 
solutions of the carbonate uranium system have been repro- 
duced and compared with one for UOz(N03), on F i g u r e  7, Each 
of these spectra has been t aken  for solutions which have 
identical uranium Concentrations of 0.034 mafar. It maaay be 
observed that the presence of carbonate causes a sbfft in 
the spectrum toward the r e d  with an enhancement af color, 
The maxima of t h e  curve for CO,/U = 3.0 oce.urrfng at 426 ,  
4 3 7 ,  451, 4 6 5  my are typical of the tricarbonate i on .  On 
going from CO,/U -- 3 . 0  to CO,/U = 2 , O  there is an additional 
increase in color,  a slight shift to t h e  red and a deerease 
in the relative sizes of the  two maxima at 4 2 6  and 465 w i t h  
respect to those at 437 asld 451.. The wave form shown by t h e  
solution having @ 0 3 / U  i= 0 , 5  has o n l y  one pronounced peak 
and resembles closely the spectrum which i s  g i v e n  by 
solutions i n  which the uranyl ion has hydrolyzed or dimerized. 

THE DISTRIBUTION OF CARBONATE-COMPLEXED URANIUM AS DETERMINED 

FROM THE CO2 PRESSURE ABOVE URANIUM-CARBQNWTE SQLUTIONS 

Xn order to calculate the constants f o r  dissociation of 
the uranium carbonate complexes, a system hats been devised f o r  
the  determination of the  eoncentPation of each of these 
species in solutions @ontwin%ng %hem.  T h i s  sys tem involves 
the  measurement of the pressure of COz existing above uranium 
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carbonate solutions and t h e  correlation of t h i s  pressure with 
the amount of uncomplexed carbonate in solutnors ( C 0 2  HC8, , 
and C 0 3 ' z ) .  A t  t h e  present time, t h i s  scheme must still be 
considered as being in its early stages of development and 
hence the results obtained by t h i s  method and presented in 
the following section are, at b e s t ,  approximate- They will 
remain so until a more detailed theoretical and mathematical 
treatment is available, until improved equipment and technique 
are developed and until very exacting d ~ n a l y t i c a l  determinations 
can be made, 

To apply t h i s  method to t h e  general case of the carbonate- 
uranium solution, the following equations have been formulated 

The total distribution of uranium, 

where 

C, Î  molar conc, of tricarbonate, U02 ( @03 ) -4 

Cz -= molar conc of diearbonate, UO, ( C03 2, -2 

Cn --- molar con@, of semicarbonate, U 2 0 5 Q H C 0 3 " -  
e+ = molar conc, of hydrolyzed uranium, or uranyl 

ion, U O z - t k ,  U205+2, ete. (negligible in 
solutions of di and %xi-carbonates) 

The distribution of carbonate 

%arbonate = 3c3 + 2(% f Cn + A 

where 

A == carbonate occurring as free c1Ug-' , M@O,-, or 
H2CUs (For convenience all d i s s o l v e d  C 0 2  is 
represented as MZCO, If part or a l l  remains 
as CO, the calculations will not be affected.)  

The concentration of cations, 

Ccation 4C3 + 2CZ + C, +. Cx + @OH- -t- €3 

where 

C, Molar concentration of any non-eomplexing 
anion added to solution, e-g,, Cl- 

COH- -= molar concentration of hydroxyl ion =: -- 10-1'4 
CHf 

B r; cation to be associated with free carbonate 
occurr ing  ?ts GO3-', or HCO$". 
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Analytical data I s  sufficient to yield v a l u e s  for  
Curanfumy @catzon and Cx while @OB- may be de te rmined  from 
a pH measurement- The evaluation of t h e  c:orreekic>n t e rm,  
A and E, is made by means of calculation i n v o l v i n g  the 
dissociation equilibria of carbonic acid and t he  pressure of 

above the solution.. 

and 

so t h a t  

and 

Define 

Substituting , 

B -- H 2 C 0 3 b  + 
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The solubility of a gas in a g%ven l i q u i d  c a n  be 
expressed by means of Bunsen’s absorption coefficient,  
at, defined as the volume of a gas ( in liters reduced to 
OOC and 760 mm) d i s s o l v e d  in one lntsr of %he liquad at t h e  
temperature t ‘ w h e n  t h e  par t ia l  pressua*e of t h e  gas in t h e  
gas phase is-760 m u For COi: in aqueous solutiorxs of salts 

11 
having appreciable variations in concentration, t h i s  
coefficient has a f a i r l y  c o n s t a n t  value of a250Ss 0 , 7 .  
Addition of acid t o  these s o l u t i o n s  seems nsk to affect this 
value greatly, Thus, if t h e  pressure of CO;, aver a uranium- 
carbonate solution is known, %t appears possible  to calculate 
at room temperature and atmospheric pressure t h e  concentration 
Qf BzCO:, in t h e  SQ1\rtiOn &C@Ord%ng to $he fOlloWlng €?XPrG!SS%On 

0 I 7 liters GO;, /liter so l r a t f an  Pea2 2 73 
X- x -  (.P,7b H z C 0 3  .=L 

22  L) 4 liters COz /.mole 7 6 0  2 9 8  

moles/l i ter  solution pCQ; 
3.74 x P O I 5  

Equations (25a) and ( 2 6 a )  becolrae 

+ -  
pm2 

A - 3 e ? 4  x 

Values: of K p  at d i f f e r e n t  i o n i c  s t r e n g t h s  may be obtained f rm 
Table 15, 

Table 15 - 
The F i r s t  Dissociation Constant of H,@Q, 1 1 2 )  

u 

L.. K 7  x 107 

0 4 , 4 5  
0.1 7 . 6 6  
0 . 2  8 . 7 8  
D , 5  10,41 
0 * 7  10,88 
1.0 11,37 
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A n  e uation rela%ing Kp* with ionror s t r e n g t h  has been 
fog. solutions Of eo2 N a C l  atnd KCI, 

P K ' ~  * 10.320 - 4- np i 281 

where 

f o r  NaCf a = 1 . 4 9  B 0 . 0 5 5  
R@l a = 1,Q6 B - 0,143 

Use o f  equations (Is), ( 2 0 )  and ( 2 2 )  or simpliffcations of 
these equations should allow t h e  calculation of concen%satSans 
of tsicarbonate, diearbonate and semica~bonaxe p r e s e n t  xn 
carbonate uranium s o l u t i o n s ,  if t h e  species postulated are 
t h e  true ones, and if t h e  assunpt fons  made r n  t h e  c a l ~ l a t i ~ n  
of A and B are correct,  A s  a check on t he  validity of these 
equations they have been applied to severa3. hypothetical 
so lu t ions  which are prototypes of t h e  ones actually encmun- 
tered 

The first of these i s  a tricarbonate a o f u t i o n  in which 

This yequires t h a t  L4CB/A<tSO in order 'Bo have real yzloncen- 
tratisns;  of a l l  three spec ies  Unfortunately, estimate;% 
of A and B from experimengal data a r e  such that Xm4>B/Arl.O, 
a discrepancy which has not as y e t  been accounted for. EX- 
pesimentally it has been observed thnx a d d i t i o n  of COP to a 
tricarbonate S Q ~ U ~ X O I I  does not affect t h e  color of the 
EeQPUt iOn even though there is an accompanying decrease in 
pH. This i s  interpreted as evidence  that there is no 
appreciable format%.on of the highly colored semicarbonate in 
th%s process and consequently as an approximation 2% m y  be 
possible to eji tf i inate t h e  t e r m s  rnvslvkng this %on and i t s ,  
concentsataon from equations ( 19) ( 2 0 )  and \ 2 1 )  when appfyxng 



then to solutions having C03/U E ~ Q ' X ~  ratios greater t h a n  2 , 0 ,  
Such 5t simplification results Pa very reatisonable expressions 
for the c o n c e n t r a t i o n s  of t h e  t r icarbonate  and diearbonate 
complexes, 

Ccarboimte ~'&~anPulea - A $9n) 

c, w - I 3  

3 

T h i s  demands t h a t  A) €3 which e a l c u l a t f o n  w i l l   how to be true 
at pH values of 7 and slightly above, and therefore, these 
equations hold with no further approximatnons for s o l ~ s t i ~ n s  
having C03/U mole ratnos of 2 , 8  or close to this v a l u e .  

taining uranium (e.g. 
in solution having W , / U  l e v e l s  of 8.5 complicates t h e  sgstdem 
and additional equations are required for its complete 
solution, T h s s  prelimanary investigation, therefore, neglects 
s o l u t i o n s  having CO,/U B I Q P ~  r a t i o s  less than I $ e  

Having  established some of the limitations wl171pch must be 
imposed on these equations several experiments of an e x p l o r -  
atory nature were pe~formed, These were of two t y p e s ,  s t a t i c  
and dynamic- The s t a t i c  t e s t s  were run on Plaarly concentrated 
dicarbonate so1ub;iQns which w e x e  placed in a sealed vessel ~ 9 t h  
p r o v i s i o n  for isolating a known volume of the gasses above 
the  solution. After s u f f i c i e n t  t i m e  had e l a p ~ e d  for the 
solution to attain equilFbrFum with i t a  atmosphere, the  
l a t te r  was farced through a COB abssrp%ion t r a i n  by d i s -  
placement w i t h  mercury.  

The necessity for c m n s i d e ~ a t i o n  of other  ~ o n s ,  @'+? eon- 
the uranyl or etfrnerkzed w r a ~ i y l  ion)  

The pressu~e w a s  determined by means 
of a skmple gas-law @al@ula"t'Son" The dynamic t e s t s  were 
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conducted 2n samples which were bubbled w i t h  a nitrogen-CQ, 
rpfxture of known composit$on until equllabrium was reached. 
At this p o i n t ,  a known volume of the soXutsan w a s  removed froln 
the bottom of t h e  f l a s k  and dropped into the s u l f u r i c :  acid 
b o i l e r  of a COz absorption t r a i n ,  and t h e  t o t a l  carbonate 
was de te rmined ,  T a b l e  1 6  p r e s e n t s  the e x p e r i m e n t a l  d a t a  
o b t a i n e d  from these tests. 

T e s t  
Number 

360 
342 
343 
328-1  
3 2 8 - 2  

357-1 
357-2 
348-3 
357-3 
357-4 
317  
2 5 6 - 1  

co, /u 
1 . 8 4  
1 . 8 3  
1 . 8 5  
2 * 0 0  
2 . 0 9  

2-20 
2,41 
2.55 
2 , 8 7  
2 , 8 9  
3 , 0 5  
3,15 

U 

1 . 1 7 7  
0 . 3 4 4  
1 . 3 1 1  
0 * 5 3 4  
0 . 3 3 7  

0 . 3 2 9  
0 - 3 2 1  
0.340 
0 . 2 9 0  
0 . 2 7 2  
0.224 
Qa264 

2 , 3 0 4  2 , 1 6 6  
0 , 7 1 3  0 . 6 3 0  
2 , 6 3 5  2 . 4 2 3  
1 , 0 3 3  1 . 0 6 9  
0 , 7 5 2  0 , 7 0 6  

0 . 7 6 5  6 .725  
0 . 8 1 7  8 . 7 7 2  
1 . 0 8 7  Chs%BS 
0 .896  0 . 8 3 2  
1 , 4 2 6  0 - 7 8 8  
0 , 7 4 8  0 , 6 8 2  
1 - 0 2 6  8 .832  

Table 16 

Analytical and Optical Data for S c ~ l ~ t i i a - n ~  in 

E q u i l i b r i u m  with Measured  C 0 2  Atmospheres 

I____) 

OD at 
440 mp (1 PCO T e s t  

pEI cm ce l l )  (mmf  Type 

6 - 9  5 1 , 5 0  1 9 * 2  S t a t i c  
7 , 2  l 1 " 7 Q  2 4 . 5  S t a t % c  
6 , 8  5 5 , 8 O  Z 9 , d  S t a t i c  
6 , 5  1 3 . 8 0  9 4 . 4  Dynamic 
6 . 6  $ , i o  3 4 - 4  PV 

6 . 9  7 * 8 8  9 4 - 4  
7 . 0  7 . 2 6  9 4 , 4  P P  

7 * 5  7 , 9 0  9 4 . 4  v v  
7 . 1  6 , 6 0  9 4 . 4  ? P  

7 , 2  6 . 0 0  94 " 4 
6 . 5  5 , 0 0  760 ? V  

? , 3  5 - 3 0  9 4 . 4  2 9  

-- P I_ 

9 $  

Q Q  

T a b l e  1 7  shows the r e s u l t s  of c a l c u l a t i o n s  made on 
s o l u t i o n s  h a v i n g  C 0 3 / U  mole r a t i o s  between 2 , Z O  and 3 , P 5 ,  For 
these @aleulations, t h e  presence of s e m i c a r b o n a t e ,  and a n y  
a d d i t i o n a l  hydrolysis or dimerxat f sn  products of the 
u r a n y l  i o n  were ignored, and t$e corresponding simplifi- 
cations w e r e  made i n  e q u a t i o n s  (19 )  and ( 2 0 )  



T a b l e  17 

40 

Concent ra t ions  of Triearbonate and Dicarbonate 

Ions i n  Solutions Having 2 2 0 4  COS /'V< 3 , l 5  

.- 

( StPPl-OX, I.. @ 3  - 6 2  B - A 
)I. Test 

_I 

Number C 0 3 / U  

357-1 
357-2 
348-3 
357-3 
357-4 
317 
356-1 

2 , 2 0  
2.41 
2 , 5 5  
2.87 
2 % 8 9  
3 & 05 
3,15 

0,039 
0.046 
0.138 
0.056 
0.071 
0.135 
8.089 

0 . 0 3 5  0 , 0 2 8  s.5*o1 
0 . 0 4 3  0.084 0 - 2 3 7  
0 . 2 3 6  0&050 0 . 2 9 0  
0,053 0 , 1 9 6  0.094 
0 . 0 6 8  0 . 1 7 3  0 . 0 9 9  
0,107 0 .899  0.125 
0 , 0 8 6  0.215 0.049 

As a check on the validity of the calculat ions,  it is 
of i n t e r e s t  to substitute the above concentrations i n  t h e  
equation for the  optical d e n s x t y  of the ~ o l u t i ~ n ,  

o.a, = P p 2 .  4- E . C I  ( 3 5 )  

The extin@t.lion coefficiewt for t h e  %sicarbonate i on ,  E,, 
may be c a l c u l a t e d  f r o m  the  B e ( e r P s  Law data of Table 3, Figure 
2, and has t h e  value 

Using this value and the optkcsl density data  of Table 17, 
values have been obtained for t h e  extinction c o e f f i c i e n t  of 
t h e  diearbonate i o n ,  EZ, and these are given in Table  18. 

T a b l e  18 

Extinction Coefficient of Uranyl Dicarbonate Ion 

E2 Test No, 

357-1 24.2 
357-2 2 2 , 8  
348-3 2 3 * 4  
357-3 24.2 
357-4 2 2 , 2  
317 22.6 

23.6 356-1 

Average 2 3 = 4  a t  440 m 

-.I_ 



4 1  

T h i s  value i s  reasonable when ccsmpa~ed with t h e  v a l u e  
of 34 obtained from the  s lope  of the Beer8% law data of Table 
4 and Figure 3, for it must be remembered thax this curve 
shows the presence of semicarbonate i o n  as well. as dkcasbonate 
ions i n  s ~ l u t i o n s  and t h i s  presence g i v e s  a higkaer color thar ;  
would be possible in a pure dicarbonate s o l u t i o n .  

The greatest difficulty in t h e  use of these equations 
l i e s  I n  the necessity for division by small numbers which are, 
in turn, differences between small numbersa T h i s  i s  of 
importance in dilute salutxons and places much emphasis on 
the accuracy of the a n a l y t i c a l  r e s u l t s .  In particular, the 
use of equation ( 2 1 )  and the sodium a n a l y s e s  which it involves 
is most unsatisfactory, Unfortunately, application of 
equations (19), (20) and (21) $0 many of the more dilute teest 
so lu t ions  having Cd),/U mole ratios c k s s e  to d , O  r e s u l t s  in 
impsobabfe concentrations of t h e  L h ~ e e  complex species and 
for the extinction coefficient of t h e  semncarbonate ion, 
For the more concentrated sofutaana of tests 360 and 343 
(Table 1 6 )  the analytical and mathematical difficulties are 
minimized and seasonable v a l u e s  were obta ined  for the @on- 
centrations, These are presented in Table E9. 

The extinction coefficient for  the  semicarbonate iong 
was calculated from t h e  data of xhss t ab le  according 
following equatAon 

O.D, ..' I C E s C ,  -t E L C 2  + Enen)  

and values for E, appear a l s o  in Table  19, 

Concentrations of +he  Camplex S p e c i e 5  and 

The Extinction Cseffiexent of the Semicarbonate 

----I-* -.-----_̂ -.. -----WII-uI- 

- 
Ion in Concentrated Solutions __I.- -,-.... 

Test En 

k 0  

440 mp 
-;-- 

@n -- c, 
~I 

@ 3  -.- Number cos /u 

3 6 0  1,8 0 139 0 814 % 112 2 6 2  
3 4 3  1.8 21.3 I 8 1 6  .I41 2 1 8  

It is p o s s i b l e ,  by making a n  estimate ST E n ,  to use 
equation (36) i n  place of equation (21) and thGZ a l l e v i a t e  
some of t h e  analytical difficulties, Such an estimate has 
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been made from the data  of Table 1 9 .  Assume t h a t  

E, := 250 at 440 mp 

Comparison of this v a l u e  with t h e  data of Fs-grii-e 1 at the 
C 0 3 / U  mole ratio of 0 . 5  S ~ Q V S  that; i t a  magnitude 1s no t  
improbable for the optical density %LL: that p ~ i n t  requires 
En to be at least 2 2 0 .  Furthermore, it has been shown t h a t  
v a r i a t i o n  of this value by -t- 2 0  will not affect the following 
calculations to an a p p r e c i a g l e  extent, 

( 3 6 )  may be u s e d  to calculate the concentrations of t h e  
three complex species. The r e s u l t s  appear in T a b l e  2 0 .  

With t b f S  q l lantf ty  Z%SSPlmed, @qUatiQnS (1'3) ( 2 0 )  and 

Table 24) 

The Concentration of the Three Uranium-Carbonate 

Complexes in Solutions Raving E . 8 ( C O 3 , N < % . 1  

-̂.- 

--.-, 

II_- 

360 1.84 3 . 2  . 0 0 8  - 0 0 7  8.161 0.778 0 , 1 1 9  
3 42 1 . 8 3  0 . 9 5  .010 . O l O  8.054 0 . 3 2 2  0 , 0 1 8  
343 1 . 8 5  3 , 6  .010 - 0 0 9  0.l45 0.930 0.118 
328-1 2 , o o  l *  59 ,017 .013 0 . 0 0 2  0 . 5 2 0  Oa006 
328-2 2 . 0 9  1,05 , 0 2 0  - 0 1 6  0 . 0 1 5  0 . 3 2 0  0-001 

*See Table  16  

Having obtained these concentrations, approximate ~ a l -  
culations can be made for  t h e  stability of these ions toward 
decomposition aceording to the mechanisms proposed in the 
next section, 
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PRELIMINARY CALCULATIOMS FOR THE DISSOCIATXQN 

CONSTANTS OF THE URANYL-CARBONATE COWLEX IONS 

The f o l l o w i n g  mechanism is proposed for the d i s s o c i a t i o n  
of the urany l  t r i c a r b o n a t e  fond 

uoz r: eo, ) 3 -4#UUoz ( C 8 2  2 -2, 4- co3 --E ( " 3 7 )  

The corresponding  d i s s o c i a t i o n  constant, - IC3, for thio reaction 
would be 

have been c a l c u l a t e d  in the previous 
s e c t i o n ,  t o  e q u a t i o n s  ( 2 4 )  ahd ( 2 7 )  

where 

K' = f irst  d i s s o c i a t i o n  constant o f  H,CD, (Table  1 5 )  
K" = second d i s s o c i a t i o n  c o n s t a n t  of N,C03 (Equat ion 

( 2 8 ) )  

Results of c a l c u l a t i o n s  using data of Tables  1 7  and 2 0  are 
shown on Table 21. The average value obta ined  for K3 is 

I_ 

K, I= 4 . 5  x l om7 

S i m i l a r  c a l c u l a t i o n s  have been made f o r  t h e  d i s s o c i a t i o n  
of the uranyl  d icarbonate  i o n  according to the reaction 

2U02 ( COS ) 2 -' + 2 H z  O&U;p, 0 , O H G O ~  - + 3HCQ3 4 40)  

and for the dissociation c o n s t a n t ,  K E  
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Results from calculations of t h e  dissociation @onstank 
of the uranyl dicarbonate ian are shown in Table  2 2 .  The 
average value o b t a i n e d  far K2 is Kz = 8 . 4  x 

in view of these restrictions, ft must be remmbered t h a t  
these dissociation constants are to be considered as pre- 
liminary values only 

The limitations of this method have been discussed and 
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Table 21 
_II- 

The Dissociatfan Constant for Uranyl 

Test 
Number 

360 
342 
343 
328-2 
357-1 
357-2 
357-3 
357-4 
3 17 
356-1 

Tricarbonate Ion According to Equatidn 38 

K C  x 107 Kv7 x 1010 ~ = I c o ~ - ~  x IO5 K, x IO7 

5 2.73 7.6 1.3 
2 , 5  3.85 4.4 11.3 

13 5 2 , ? 3  5.7 
11.4 
12 3 , $ . I 2  11.2 

4 5 6 > 9 5  2.1 12 
12 5 32.13 6 , 5  
12 5 53.31 3.3 
12 4 13.36 5.9 
12 5 8 4 , 7 3  5 . 2  

2 . 6  I. 77 2 . 6  

L_ 

Average 4 - 5  

Table 22 

The Dissociation Constant of Uranyl Dicarbonate 

According to Equation 41 

Test 
Number KT x 107 

360 13 
342 11.3 
343 13 
328-1 12 
328-2 11 

CHCO, - lo3 K, x lo8 

7.18 
9.69 

13.24 
16.10 

a ,  88  

7.3 
15 e 8 
9.6 
5 - 2  
4,2 

Average 8,4 
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A d d i t i o n a l  e v i d e n c e  for the e x i s t e n c e  i n  solution of 
t h e  u r a n y l  t r i c a r b o n a t e  i o n ,  UOz ( C 0 3  , has been 
o b t a i n e d  by c o n t i n u o u s  variation s p e c t r o p h o t o m e t r i c  
methods,  

The p r e s e n c e  of t w o  a d d i t i o n a l  coaplex ions of the 
uranium c a r b o n a t e  sys t em has been demons t r a t ed .  These 
are p o s t u l a t e d  as  b e i n g  t h e  diearbonate i o n ,  U O E  ( C03 ) -2 

and t h e  s e m i c a r b o n a t e  Son, U2 Or 0EICB3 - (or  polymers  
thereof) 

The t r i c a r b o n a t e  i o n  is t h e  eompPex which is most f a v o r e d  
i n  c a r b o n a t e  s o l u t i o n s  (pEit) 8)  and  is s table  i n  s o l u -  
t i o n s  c o n t a i n i n g  sodiuaa chloride, sodium h y d r o x i d e ,  sodium 
b i c a r b o n a t e  and  large excesstw of sodium c a r b o n a t e .  
S o l u t i o n s  of sodium u r a n y l  tr icarbonate obey Beer*s 
law o v e r  its e n t i r e  r a n g e  of s o l u b f l i t y  in water. 

The o p t i c a l  d e n s i t y  and compos i t ion  of a s o l u t i o n  of 
sodium uranyl d i e a r b o n a t e ,  i n  c o n t r a s t  to the s t a b l e  
t r i c a r b o n a t e ,  changes w i t h  any  change i n  pH. Diccar- 
b o n a t e  s o l u t i o n s  lose COz. r e a d i l y  when bubbled with M E J Z -  

A d d i t i o n  of NaHCO, t o  u r a n y l  diearbonate s o l u t i o n s  
i n  t h e  amount r e q u i r e d  t o  g i v e  C 0 3 / U  = 3 . 0  y i e l d s  a 
s o l u t i o n  h a v i n g  a p p r o x i m a t e l y  t h e  op t ica l  d e n s i t y  
shown by a t r i c a r b o n a t e  solution of the  same urgnium 
c o n c e n t r a t i o n ,  The lower pM of thjla s o l u t i o n  i n d i c a t e s  
possible f o r m a t i o n  of a carbonate-bi@arbonate complex 
which as y e t  canno t  be d i s t i n g u i s h e d  from t h e  u s u a l  
t r i c a r b o n a t e  one .  

The c o n c e n t r a t i o n s  of each of t h e  ions i n  v a r i o u s  
s o l u t i o n s  have been c a l c u l a t e d  by means of a scheme 
i n v o l v i n g  the measurement of the pressure o f  eo, over 
these s o l u t i o n s  and  subsequen t  c a l c u l a t i o n  of t h e  amount 
ai uacomplexed c a r b o n a t e  in s o l u t i o n .  Approximations 
have  been  made for t h e  d i s s o c i a t i o n  of the tricarbonate 
ion and the d i c a r b o n a t e  ion a c c o r d i n g  to t h e  f o l l o w i n g  
mechanisms: 

KZ = 8 . 4  x 10”’ 
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