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Abstract 

Determidtions have been made of the so lub i l i t y  of  sodium 
uranyl t r icarbonate '  i n  water and in solutions' of sodium carbonate, 
sodium s u l f a t e ,  sodium chloride,and sodium perchlorate. 
so lub i l i t y  i s  presented in i t s  r e l a t ion  t o  the  molarity of the 
co-solute and the so lub i l i t y  product i s  presented i n  i t s  r e l a t ion  
t o  the t o t a l  ionic  strength.  
their bearing'on plant  processes such as those employed i n  the 
carnot i te  m i l l  a t  Monticello, Utah. 

The 

The data are a l s o  considered a s  t o  
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Tm SOLUBILITY OF SODIUM URANYL TRICARBONATE I N  

SOLUPIONS OF CERTAIN S O D I h  SALTS 

INTRODUCTION AND SUMMARY 

The so lub i l i t y  of sodium uranyl tricarbona.te i n  solutions of sodium 

carbonate and sodium bicarbonate has been determined by workers a t  

Princeton University.' Some additional measurements have been made in  

these systems and the  studi.es have been extended t o  include solutions of 

sodium chloride sodium su l f a t e  sodium perchlorate and mixtums . 
Excellent correlat ion w i t h  the  Princeton r e s u l t s  has been obtained, 

, 

I n  examining the  composited data it may be noted that the  s o l u b i l i t y  

of the  t r icarbonate  is  nearly tlie same in solutions o f  each-co-solute a t  

the same molarity -,- regard 

mono-sodium sal t  

appl icat ion of the  mass ac t ion  law,  without correction for  a c t i v i t y  

copff ic ients .  A t  1-st a partia 

of whether the c o - s ~ l u t e  'is a d i -  or 

Obviously t h i s  i s  not  the re la t ionship  expected-from 
1 

I xpldtion of - the  is given, 

om consideration of t he  s o l u b i l i t y  product, a s  determined f o r  

eaoh experiment, i n  conj,wlction w i t h  the  ionic  s t rength,  
< 

S p lo t  of the 

logarithm of the so lub i l i t y  product versus the  square root  of the ionic 

s t rength is expressed approximately by a s t r a i g h t  line according to. the 

following equation: 

025 I.ci -202 -tempo = 2b-30 

. . .  I 
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l imit ing concentrations' of uranium t h a t  may be a t  

a sodium carbonate leach. 

up o f  uranium i n  the salt  r o a s t ,  sodium carbonate leach process a t  

Monticello, U t a h  shows a reasonable agreement between the measured and 

predicted r e su l t s .  

tr icarbonate is a fac tor  \ to  be considered i n  t h i s  plant.  

Reconsideration of  previous data on the  build- 

\ 

- 
It is believed that the so lub i l i t y  of sodium uranyl 

EXF~RIMENTAL METHODS 

Prep'aration of Sodium Uranyl Tricarbonate 

Sodium 'uranyl tr icarbonate (ZNa2C03~UO$Og) has been prepared 

according, t o  the general procedure f irst  suggested by Ebelman2 and l a t e r  

used by workers a t  Princeton, New Jersey. 
t 1 

epared by precipi ta t ing from uranyl n i t r a t e  Sodium diuranate wa 

solut ion with sodium hydroxide. This prec ip i ta te  was washed by repeated 

centrifuging and decanta on t o  remove most of the sodium hydroxide, and 

was then dissolved in a solution containing a slight excess of sodium 

i 

solut ion t o  a low volume while passing, darbon dioxide t o  prevent decom- 

posit ion.  A r ec rys t a l l i za t ion  was car r ied  f out for fu r the r  purffication. 

The br igh t  yellow sodium uranyl t r icarbonats  prepared i n  t h i s  manner 

i s  qui te  pure . 
values very close t o  the, calculated stoichiometric quant i t ies  .(Table 1) 

Chemical analysea for sodium, uranium and carbonate give 

U 3 
The compound i s  stable a t  temperatures 8 8  high as 20O0C. 4 



7 

Table 1 
* 

\ Analyses of  Sodium Uranyl Trioarbonate 

Theory For 
2NazC03 0U02C03 Batch V , Batch XVI Batch V I  

33-022 

16.96 

33 04 

16.5 

32 09 

16.8 

32 03 

1603 

N a b  (Mole Ratio) 4,oo 3.96 4 eo0 
- 

_I 

3.98 

* Several other batches of t h i s  compound have been prepared and the  analyses 
presented are typical fo r  these preparations. 
t o  be somewhat lower than t l ieoretical  i s  accounted f o r  by incomplete drying 
of the samples. 

The tendency f o r  t he  analyses 

Measurement of Solubi l i ty  

3easured quant i t ies  of sol id  sodium uranyl tr icarbonate and the  solut ion 

under consideration were placed 5a e i the r  pyrex erlenmeyer f lasks  o r  p l a s t i c  

( polyfluorethylene) b o t t l  

To speed operations a con , temperature bath WBS used. A l l  samples 

were placed i n  a constant ' rature room and vigorouely ag i ta ted  with an 

International b o t t l e  shake 

er of the f i  

w i t h  * rubber stoppero 

, i  

am temperature -8 26 f z0c. 
I 

the times necessary for  the 

systems t o  a t ta in  equi l ib  

constant uranium analyses 

librium had been reached in oases after two weekse Furth 

then run without periodic samplkg, but  the time was extended t o  four weeks 

e measured by sampling periodically =til 
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as an added safeguard, 

between like experiments su 

The consistency of the data and the agreement 
l. 

1-4 the conclusion that the systems were at, 

or essentially at, equ , *  

he solid and solution were separated by 

centrifuging, usi+ a ifuge tubeo The solutions were decanted, 

filtered through fine sintered glass, and analyzed for sodium, uranium, 

carbonate and whatever anion l~as contributed by the co-solute. 

and pH were also usually measured. 

- I  
I 

The density 

The wet residues were weighed and %he 

total quantities from each test were submitted for the same analytical 

treatment as given the solutions, From knowledge of the total weight 

of residue and the total quantities of solid constituents present, a 

correction was made for adhering solu'sion and the composition of the dry 

solid wss thus obtained. 

In each case the solid had remained unaltered from its original 

form. 

throughout the r e p o d ,  representative 

experiments are presented in Table 2. 

To avoid repetition of identical data for the numerous experbents 

e s  of solids from typical 

f 

Analyses of Solid Phases From Typical Equilibrium Experiments 

1 Analyses of Solids A-fter Correcting For 

183 1035 M NaC104 935 3 51 , 710 3 09 

184 1.8 M NaClOq 1057 404 815 3 e 0 5  3.96 
< 

194 2.0 ba NaCl 1100 423 852 3.07 4 00 

420 l05 Y Na2SO4 327 131 2 57 3 J 4 
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Analyses of Experimental Samples 

Most o f  the_analyses were made by the ORNL Analytical C h e m i s t r y  
~ - 

Division, Y-12, 

the uranium and t i t r a t i n g  poten t iomtr ica l ly  with f e r r i c  su l fa te  solut jon,  

On low level samples the ascorbic acid,  colorimetric procedure was used, 

Sodium m s  determined with t he  flame photometer and the usual adsorption, 

High level uranium samples were  handled by reducing 

’ 

gravimetric method was used f o r  carbonate. 

SOLUBILITY DATA 

carbonate and sodium bicaGbonate, has been measured by workers a t  Princeton 

University. For con- 

Although the  Princeto 

t h i s  laboratory have bben’made a t  26OC,  t he  r e su l t s  are no t  measurably 

affected ‘so as t o  d i s turb  comp&ison,. 

Ef fec t  of Sodium Chloride and Sodium Sulfate  (26OC)  

t Peference these data are presented i n  Figure l o  

suremen;ts w e r e  &de a t  30°C and measurements a t  

Data showing 1 the influence of sodium chloride and sodi 

the solubi’lity o f  sodium uranyl t r icarbonate  are tabulated , 

tal presentations of the so lub i l i t y  versus molarity of the  co- 

given i n  Figure 2 o 

ese and subsequent tab les  are not necessarily repres 

(Compare F i g u k s  1 and 2 )  o The 

of  solutions of  pure sodium urany 

ra t ions  were contaminated by sml 
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Table 3 
, -  

Solubi l i ty  of Sodium, Uranyl. Tricarbonate i n  Solutions of' Sodium Chloride - 

NaC 1 S o lub i 1 i t y  Solution Solutioln 
Exp. A - M as gms U ~ O ~ / I  Density PH 

s45 O o O ( W a . t e P )  . 7704 1,128 9.25 

, 192 1 *o ~ 2 1 , l  1.070 9.02 

i 
193 1 b5 9.45 1.071 a .4 

194 

195 

196 

2 .o 

2 e5 

- 197 3 e 4 4  

5 055 

3.26 

1,69 ' 1.115 

8.58 

a 2 

a 232 

o .a85 1.130 a .40 

198 0.720 a ,o  

Table 4 

So lub i l i t y  of Sodium Uranyl Tricarbonate i n  Solutions of Sodim~.Sul fa t . s  .- 

" .  

S ol ut ion  s 0 l u t  ion 
E-. A Density pH 

146 1.1280 9.8 

419 10110 8.8 

420 12,6 7 1.197 8.65 

421 1.244 8,65 

42 2 1.334 8.75 

rD 

, 

," 

r 
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Effec t  of Sodium Perchlorate and Mixtures of Sodium Chloride and Sodium 

Experimental r e s u l t  g the influence of sodium perchlorate and 

sodium chloride, sodium e mixtures a r e  given i n  Tables 5 and 6. 

Consistent with previous data these r e su l t s  a r e  depicted graphically' i n  

Figure 3. (Compare .Figures 1, 2 and 3.) 

High temperature tests have not  been made as ye t  a t  t h i s  laboratoryo 

Some work from Princeton University i s  avai lable ,  however, and since t h i s  

information i s  important t o  subsequent discussions,  the t e s t s  a r e  representetl. 

i n  Figure'$ i n  a manner comparable t o  the foregoing da ta .  

. 

,-$= i' 

. 

Solub i l i t y  versus Molarity of t he  Co-solute 
i 

Close observation of Figures 1, 2 and 3 reveals a remarkable con- 

s is tency i n  the  var ia t ion  of  sodium uranyl tr icarbonate so lub i l i t y  with 

changes i n  molar concentrations of any of t h e  added sodium salts,  

same e f f e c t  i s  noted i 

The 
1 8  

the 'Princeton exprime a t  higher tsmperatures 

(Figure 4) ,  although the information i s  somewhat l imited.  To emphasize 

t h i s  point ,  I the resul'ts previously presented i n  Figures 1-3 have been 

combined i n  Figure 5 where the so lub i l i t y  has been plot ted against  t he  

molar concentration of the  co-solute, or mixtures thereof,  regardless of 

t h e i r  ident i f ica t ion .  A l l  poinjx can be represented rather  .closely by 

a single curveo This i.s not the re la t ionship  expected from appl icat ion 

of the mass act ion l a w ,  without correction f o r  ao t iv i ty  coeff ic ients ,  

since d i f f e ren t  e f f e c t s  woiildJ be required f o r  mono and di-sodim salts 

, 
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Exp. A 

185 

186 

187 

188 

Table 5 i 

Solubi l i ty  of Sodium Uranyl Tricarbonate 

i n  Solutions of' Sodium Perchlorate 
l 

~ 8 ~ 1 0 4  -Solubi l i ty  s 0 l u t  i on 
)lb , as gms ~308 /1  Density 

I 

0 046 ( 40.7 1 .lo5 

0 090 18 06 lo099 

1033 9 0 6 )  1.117 

1.80 5.85 1.149 

1.178 
< 

2 025 3 013 

2'. 7 0 i 1074 1 .2O8 

> 
3 .ll . -  1.10 1.239 

0.68 1,264 , 

s 0 1 u t  ion 
pH 

0.8 

8 07 

8.3 

8 e 1  

7 05 

7 02 

- 
0 

Table 6 

!Solubility o f  Sodium Uranyl Tricarbonate in  Mixed Solutions of 

' Sodium Carbonate and Sodium Chloride* 
. " 

,! 
' Na2CO3 ' N a C l  

M - E- o ,A! M 

V-782 0'00 / 4901 

V-78 3 * I  

I' 

1 

0 00 31 . 
i 

V-813 O'b32 

V-814 0067 19 00 

v-015 1.35 '8,4 
2 

5 ,  

j. 

V-816 0.28 2.6 2.4 
. -  -1 

* This table m e  compiled fkom previous data i n  repor t  Y-571 (see References.) . 
J 
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A br ie f  discussion of  t h i s  point i s  ,presented l a t e r  

For pract ical  applica%ion the primary value of the data a r i s e s  from 

the uniformity of the empirical re la t ionship between so lub i l i t y  and m o l a r  

concentration o f  the s o d i d  sa l t s .  In  systems analogous t o  those studied 

the equilibrium so lub i l i t y  of sodium uranyl tricarbonate 'can be closely 

predicted once the  t o t a l  m o l a r  concentration of  sodium sal ts  is known. 

Solubi l i ty  versus Ionic Strength 

Although the resu l t s  presented above are suf f ic ien t  f o r  any pract ical  

appl icat ion t o  plant processing problems the i r  somewhat surprising pathern 

e'dt%o a fur the^ analysis of the data i n  which a c t i v i t y  coefficients f o r  

the various salts  i n  solution were considered, 
%. 

If the  so lub i l i t y  product f o r  sodium uranyl tr icarbonate [Na4UOz( COZ)~] 

i s  expressed a s  follows: 

(1)' . .  
I where [XI = molality 

I 

values f o r  S, P. can be determined readi ly  for  each experiment from a 
\ 

howledge of the composition of the solutions a t  equilibrium. 

values, along with the calculated ionic strengths of the corresponding 

solutions a re  given in- Table 7. 

square root  of the ionic strength (c) i s  de2icted by Figure 6, 

serve a l l  of t h e  experimental points,  t h i s  var ia t ion i s  bes t  expressed 

These 

The var ia t ion  o f  log S D~ Po with tho 

To 
, )  

, 

-a s t r a igh t  l i n e  ,, defined by the following equation:. - 
1 - 2,2 - ( 2 )  

where temp, = 26-3OoC 

r 
i 
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Exp. A .  

145 

41 9 
420 
4 21 
422 

192 
193 
194 
195 
196 
197 
198 

181 
182 

.183 
184 
185 
186 
187 
188 

Table 7 

* 
The Molal Solubility Product Versus Ionic Strength  

Molal Solubility 
Solution Type Product 

Water 0.58 

0.3 M NazSOq . 0 044 
1.5 M 1 6.06 

3.0 M 28 03 
2.0 NI " 15 00 

1.0 M N a C l  0.288 
1 0 5  M ' 0.278 

2.5 M " 0 e 630 
3.0 M n 0,723 

2.0 M " 0 e483 

.3.44 M 0 e 651 
I 4.0 M 0.801 

0.46 M NaC104 - 
0.90 M " 
1.33 M ' 
1.80 M ' 
2025 M 
2.70 M " 

3.11 M " 
3.40 M - 

0.194 
0 0148 
0.220 
0.376 
0,512 
0.622 
00918 
0 a780 

Log s .P, 

- 0,2369 

- Oi3569 
+ 0.7826 
+ 1.1764 
+ 1.4524 

- 0.5415 ~ - 0,5559 - 0.3164 - 002011 - 0.1409 - 0.1864 - 3,0957 

- 007111 

- 0.6553 - 0.4245 

- 0.2064 - 0,0376 - 0.0974 

- 0.04051 
+ 0.3441 
+ 0.9355 
+ 1.1556 , 

- 0.8300 

- 0.2908 

19 

-- 

1.7 

1.63 
2 029 
Z,62 
3,18 

" n e  
1057 

1,3? 
1.53 
1.66 
i .8l 
1093 
2.09 

i .40 
1.28 
1.34 
1.47 
1.62 
1.76 
i "02 
2 002 

1.72 
1.96 
2 049 
3.24 

Y-12 t e s t s  w e r e  a t  26OC. 
Princeton t e e t s  were a t  3O0CO 

* 
I 1 

1 

I 

- 
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Figure 6 
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Hence remembering t h a t  the a c t i v i t y  coeff ic ients  fo r  the  salvs a re  

strongly dependent upon the  ionic strength,  the  surpr is ing observations 

described e a r l i e r  are qual i ta t ively accounted fo r  A l s o  the empirical 

re la t ionship given by equation ( 2 )  should have a pract ical  use i n  pre- 

dict ing the r e s u l t s  f o r  other similar systems. 

An extended treatment o f  the data i s  hardly ju s t i f i ed  i n  view o f  the  

high so lub i l i t y  of sodium uranyl tr icarbonate and the inclusion of  a 

fourth power term i n  the  expression f o r  the  so lubi l i ty  product. 

in te res t ing  t o  note,  however, that from equation ( 2 )  log KSopo i s  equal 

t o  -2.2 a t  i n f i n i t e  d i lu t ion  o r  K s o p e  ( t he  a c t i v i t y  so lub i l i t y  product) 

I t  fs 

i s  equal t o  0.006. From the so lubi l i ty  measurements i n  sodium perchlorate 

solutions an  independent calculation has been made according t o  the  method 

proposed 'by Harned and Owen for  highly soluble s a l t s  .4 Using hydrochloric 

acid as  the  reference e lec t ro ly te ,  the calculated value f o r  Ksop, i s  O o O 1 ,  

Upon taking I[, 

mean ionic a c t i v i t y  coefficient f o r  sodium uranyl tr icarbonate may be 

derived. 

coeff ic ient  i s  about 0,4 -- a value somewhat greater than m i g h t  , be 

expected f o r  a 4-1 sodium sal t  a t  t h i s  concentration, 

= 0,006 and subst i tut ing into standard equations the 

For a* saturated solution of the sa l t  i n  water the  calculated 

/ 
_I 

Precipi ta t ion of Sodium Uranyl Tricarbonate 

Only a f e w  tes ts  were made i n  which so l id  sodium uranyl 

v k s  precipi ta ted from the  solution phase. 

chloride vms added t o  a saturated solut ion of the tr icarbonate and pre- 

c ip i t a t ion  was i n i t i a t e d  by gentle warmingo 

In one experiment, 

L 

In another case precipi ta t ion 
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\ 

s from a saturated solution wks forced by the  addition of methyl alcoholo 
,, 

Both sol ids  contained sodium, uranium and carbonate i n  the correct; 

proportion f o r  sodium uranyl tr icarbonate . 
4% room temperature the precipi ta t ion o f  t r icarbonate  from solution 

on of sodium s a l t s  takes place very slowly, Tests a r e  currently 

h ' s o l i d  sodium chloride and sodium carbonate have been 

added t o  sa tura te  .&dl ns of the tr ioarbonate.  Only a slight precipi- 

ta te  has been evidenced a f t e r  two weeks of standing. 

APPLICATION OF RATA TO THE MONTICESLO PROCESS 

For processes i n  which analogous solutions a r e  encountered, the data 

described herein might be useful i n  predicting the l imit ing leve ls  of 

uranium concentration. Except f o r  a ra ther  high vanadium content,  the  

l iquors  obtained from the sal t  roas t ,  carbonate leach process a t  Monticello, 

Utah  fd1 into  t h i s  category. If one can make a reasonable assumption 

I k t t h e  presence of vanadium does nothing t o  enhance the so lub i l i t y  of 

uranium, the da$a should be i 
I 

-Actual ly  it i s  believed t h a t  evidence f o r  the e f f e c t  of sodium uranyl 

t r icarbonate  s o l u b i l i t y  on the Monticello proces-s wa 

time ago a t  t h i s  laboratory. In  repor 

hich batches of s a l t  roasted,  carnoti  
1 .., 

countercurrently wi th  sod 1- 

: 
maximum build-up of urani 

plant.  

might' be a t ta ined  9 t he   ont tic el lo 2 

During the oourse of these treatments, uranium was precipi ta ted 
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a s  a greenish-yellow compound which vas subsequently dissolved by water. 

Chemical 

uranium and carbonate with l i t t l e ,  i f  anyp vanadiuin. 

that the material was sodium uranyl tr icarbonate.  

these experiments is now in order  t o  determine whether the so lubi l i ty  

e s  of- the  precipi ta tes  showed the presence of sodium, 

It seems l i k e l y  

A reconsideration of 
\ 

limits as defined by the foregoing data had been exceeded. 

I n  Table 8,  the approximate N a C 1 ,  NazCOg and U308 concentrations a re  

ghren fo r  several leach l iquors i n  whioh the y e l l o w  uranium precipi ta te  

had been observed, 

b i l i t y  studies are given i n  the  r i g h t  hand cclumn. 

, 
Uranium concentrations as predicted from the solu- 

< 

These values were 

, derived by assuming that the consistency of the relat ionship between a 

, 

molarity of the co-solute and.upanium cokcentrations a t  90°C was compa- 

rable  t o  that a t  26OC, and readi 

tot t he  appropriate molari p lo t  i n  Figure 4, The - 

7 

uranium concentration corresponding 

0 

i contents of  the solutions ed.  A l s o  it should be noted that 

although the leachings we d a t  90°C, appreciably cool i  Y 

have occukred during f i l t  ono Sodium uranyl tri’o onate has :a q ~ m -  1 . 1  

what greater solubil’ity a t  lower temperatures. 

Though no attempt m s  made a t  t he  time t o  obtain precise compositions 

o f  the  leach solutions,  the  agreement,between the measured r e s u l t s  and 

those predicted i s  quite reasonable, From consideration o f  t h i s  data and 
I ’  

from consideration of the$ f a c t  that sodium uranyl tr iaarbonate is  the only 

water soluble compoundtlikely t o  be formed i n  thee 

that-the so lub i l i t y  of sodi 

sidered a t  the’ Monticello plant. ,  

’ 

tr ioarbonate is  a factor  t o  be con- 

. L 



i 
I 

~ 

J 

I 

I 

I 

i 
' ,  ! *  

24 

Predicted Result  
u308 

Test No (approx. g / l )  

' L-560,569 1 0 7  0 03 3.6 3 0 5  

L-671- 675 2 .o O 03 3 08 3 

202 , *  0 0 6  5 e 0  

L-711-714 102 0.6 . 4.8 

L-568 2.8 0 .6  1 0 4  

I L-569 3 00 0.6  0 09 

L- 673 

L-675 

I 
I '  

3 

4 

1 

t l  

1 

t l  

. .  
' i  
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I 

Stab il i ty of S olu ti ons 

The reproducibil i ty 'of the foregoing so lub i l i t y  r e su l t s  shows t h a t  

the water, sodium carbonate, and sodium bicarbonate solutions of sodium 

uranyl tr icarbonate l i e  i n  a w e l l  defkined region of the  U03 - Na2O - 
C02 - H20 sptem. This is b e t t e r  demonstrated perhaps by other s tudies  

"in the  system which have been described in repor t  Y-673 ( p a r t  I of the 

series)' .  Also from report  Y-673 it may be noted that d i f f e ren t  and 

probably e r r a t i c  s o l u b i l i t i e s  would be expected ' in  solutions containing 

mixtures of s o d i d  hydroxide and sodium carbonate because of t h e  for- 

maihon-:of complex hydrolysis- products o 

apparently contain mixtures o f  sodium carbonate and sodium bicarbonate 

since the uranium s o l u b i l i t i e s  predicted on t h i s  bas i s  a r e  in  reasonable 

The leach l iquors  a t  ?donticello 

- 

agreen~ant w i t h  those measured, 

Rate of Sodium Uranyl Tricarbonate Precipi ta t ion 

It has been mentioned previously that t prec ip i ta t ion  of sodium 
- I  , 

uranyl tr ioarbonate f porn supersaturated solutions i s  

mdLy be hastened ~omewhak'by heating. Hence, i n  

might e lapse between the dissolut ion 

a1 and the prec ip i ta t ion  of t t r i c a r b m t e ,  even 

n of sodium s a l t s  be so high t h a t  t he  tr icarbo&te 

rent1 y, e q u i l i b r i  dly a t ta ined  i n  

the high temperature leach sal t - roasted 110 ores (see 

e t he  pos8ibiM the equilibrium 
i 
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so lub i l i t y  1 i m i t  m i Q t  be exceeded i n  ac tua l  plant ' practice e 

The Uranyl Tricarbonate Anion 

The existence of a uranyl tr icarbonate ion i n  solution has been 

postulated by several  workers,-but t o  our knowledge it has never been 

prove,d. The conformation of the measured so lub i l i t y  t o  a mass act ion 

expression based on the tetrasodium uranyl-tricarbonate- formula provides 

ind i rec t  evidence for  the existence and s t a b i l i t y  of the  tr icarbonate 

ion, UO,(CO3)f*. 

analogous systems hqs been obtained a t  t h i s  laboratory by colorimetric 

Direct evidence of the existence of  th i s  ion i n  

~ studies,7 which have a l s o  ,shown the  existence i n  somewhat d i f fe ren t  

systems, of other complex ions,  e .g., a uranyl dicarbonate complex and 
' a mixed complex with carbonate and hydroxyl ions. 

I 
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