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Chemical Forms of Uranium in Artificial Seawater
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  The chemical forms of uranium in an artificial seawater are determined by use of the 
ion-association model. The data on the stoichiometric association constants of the ion 

pairs are used in calculation to evaluate the distribution of the major ionic species. Also, 
the more accurate values of the thermodynamic stability constants are used for the uranyl 
complexes. The calculation indicates that a dominant species of uranium is UO2(CO3)j- in 
artificial seawater at 25-C.
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I. INTRODUCTION

  The oceans contain over 4 billion tons of dissolved uranium, at a concentration of 3.3 

ppb, and recovery of this element from seawater is presently being considered by a number 
of countriesc"). It is indispensable to clarify how uranium is dissolved in seawater. 

  Ogata et al.'3'I" concluded that the tri-carbonate complex UO2(CO3)1- is the dominant 
species in seawater. Their calculation, however, has two shortcomings : (1) They cal-
culated the concentration of the major ionic species in seawater using thermodynamic data 

and estimated values of activity coefficients by the Kielland equation. (2) They neglected 

the formation of ion pairs between chloride and the major seawater cations. 

  Johnson & Pytkowicz(5)") and Sipos et al.") have recently determined the stoichio-
metric association constants of ion pairs present in seawater. Langmuir'" has critically 
evaluated the thermodynamic stability constants of uranyl complexes. Therefore, the cal-

culation of Ogata et al. should be revised to include the effects of chloride ion pairs and 
more accurate values of stoichiometric association constants and thermodynamic stability 

constants. 
  The purpose of this paper is to re-examine the chemical forms of uranium in seawater. 

An artificial seawater was chosen to minimize biological effects and to provide a repro-
ducible solution of known composition.

II. EXPERIMENTAL

1. Preparation of Artificial Seawater

  The recipes of artificial seawater are almost similar to those of Kester et al.'" The 

composition of artificial seawater is given in Table 1. The artificial seawater containing 

uranium was prepared by mixing artificial seawater with a uranyl nitrate solution.

2. Measurement of RpH and Total Inorganic Carbon

  In order to equilibrate the artificial seawater with atmospheric gases, the artificial 

seawater was aerated by drawing laboratory air through the solution until the pH did not
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change. The value of pH after aeration is 
referred to as RpH (i.e. Reserve pH). The 
total inorganic carbon was then measured 
by means of an infra-red spectrophotometer . 
The values of pH were measured at 25-C 
using a glass electrode pH meter . The re-
sults of these measurements are shown in 

Table 2. 
  The total inorganic carbon [C]r is de-

fined to be

[C12,-CCO2]r+[HCO3]rd-[CO3]r 

  =aPco , {1+Ki/a0 +KWala , ( 1 )

Table 1 Preparation of artificial seawater

Table 2 Measurements of RpH 
   and [C]r at 25dc

where an is the activity of hydrogen ion, 
If; the first apparent dissociation constant 

of carbonic acid, 1- the second dissociation 
constant, Pco2 the equilibrium partial pres-

sure of CO2, and a the solubility coefficient: 

The value of a was calculated from the
Weiss equation"", and the values of KC and K2 were obtained from Mehrbach et al." 
By substituting the average values of RpH and [Qv into Eq. ( 1 ), the following values 

were obtained :

Pco2= 3.45 X 10-4 atm, [HCO3]r= 1.88 x 10-s mol/dm3, [CO2]r= 2.22 x 10-4 mot/dm'.

III. CALCULATIONS

1. Stoichiometric Association and Stability Constants

  Ions are considered to exist in the form of free ions, ion pairs or complexes. The 

stoichiometric association constant of an ion pair M,Xx is defined to be

 f x=]MX(m- x)+]/[Mm+][Xx-] ,( 2 )

where the brackets indicate the molarity of the species. The stoichiometric association 

constants were obtained from Johnson & Pytkowicz(fi'16' and Sipos et al."' 

  The stoichiometric stability constants of uranyl complexes can be related to the cor-

responding thermodynamic stability constants by activity coefficients, as shown in the 

following way. The stoichiometric stability constant of UO2C1+ was estimated from the

equation :

b2c1+=bto2c1+ (gcor gci-/guo2ci+)( 3 )

where represents the stoichiometric stability constant, and 13' the thermodynamic sta-
bility constant of the subscripted species, and r is the activity coefficient of each species. 
The thermodynamic stability constants of uranyl complexes were obtained from Langmuirc". 

  The data for the activity coefficient, which are necessary to convert b' to p*, of C1-, 
S01-, CO,- and OH- were obtained from Whitfield". The activity coefficients for uranyl 
ion and uranyl complexes were calculated from the Helgeson trace activity coefficient 
equation"

( 4 )
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where a, and Zi are the distance closest 

approach and the charge of ion i, respec-

tively. The values of A, B and B' are 

0.5095, 0.3284 and 0.041 at 25-C. Table 3 

shows the assumed values of a1. The effec-

tive ionic strength is defined to be

Table 3 Assumed values of ai

( 5 )

2. Calculation Procedures

  To calculate the distribution of chem-

ical species, mass-balance equations are

written for each constituent in artificial seawater containing uranium, as listed in Table 4. 

The concentration of ion pair or complex in Table 4 can be expressed in terms of its 

stoichiometric association constant or its stoichiometric stability constant and the free con-

centrations.

Table 4 Mass balance equations for defining distribution of ions

  As for the total concentration of constituents, the following considerations may be 

applied. The total concentrations [Na],r [Mg]T, [Mr, [Ca]T, [UO2]T, [Cl]T, [SO4]r and 

[NOO] are known. The total concentrations JUT and [OH]2, were calculated from the 
following equation :

[MT= , COH1T=Kir/CHir( 6 )

The values of hi and KW are 0.71 and 6.32 x 10-" from Culberson & Pytkowicz"", re-
spectively. 

  Thus, a system of mass-balance equations extended to all constituents was solved for 

the equilibrium concentrations of free ions. The calculation procedures were similar to 
those of Kester & Pytkowicz"". However, an iterative calculation was used in this study, 

because the stoichiometric association constants of the ion pairs HCI-, NaC1-, KCI, MgCl 
and CaCI+, and the activity coefficient depend upon the effective ionic strength- which was 

not known initially.
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IV. RESULTS AND DISCUSSIONS

I. Chemical Forms of Major Constituents

  Table 5 shows the results of the calculation of the distribution of major constituents 
over various species. Although the total uranyl concentration [UO2]7, varied from 3.3 to 

1,000 ppb, the concentration of major constituents except for carbonate was not changed 
in calculation. In Table 5, the distributions obtained by Sipos et al.") and Ogata et al.") 

are also shown in brackets and in parentheses for comparison, respectively. The per-
centages of CO3- species are shown in Table 6. It is found that the resulting distribution 

is in good agreement with that of Sipos et al., although they did not take uranium into 
account. The distribution is quite different from that of Ogata et al. The free concentra-

tions are lower in this study, with the exception of free bicarbonate ion. The large dif-
ferences between the value by Ogata et al. and that by this study are considered to be 

the result of chloride association.

Table 5 Results of calculation of distribution of major ionic species

2. Chemical Forms of Uranium

The three assumptions were required in our calculations :
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(1) The stoichiometric stability constants 
 of the uranyl complexes were related 

 to the corresponding thermodynamic 
 stability constants by activity coeffi-

 cients estimated from the Helgeson 
 equation"3). 

(2) The UO20H+, (UO2),(OH)1+ and (UO2)3 
 (OH)5 were considered as the uranyl 
 hydroxy complexes(8). 

(3) The various uranyl complexes with 

 phosphate and fluoride were ignored.
Table 7 shows the results of the calculation 

of the distribution of uranium over various 

species. The dominant chemical species of 

uranium are UOa(CO3)1- (92%) and UO2(CO3)r 

(8%). All of the other uranium species 

considered in this study are negligible. 

  The distribution obtained by Ogata et 

al.") is also shown in Table 7 for com-

parison. The differences are not dramatic. 
However, the evaluation of the chemical 

forms of uranium in seawater has been re-

vised as follows :

Table 6 Distribution of carbonate 
   species (%) 

    [CO2] r =2.22 x 10-4 (mol/dm3)

Table 7 Distribution of uranyl 

    species (%)

(1) The experimentally determined stoichiometric association constants of the ion pairs, 
 corrected for chloride ion-pairing, were used to evaluate the major ionic species pre-

 sent in seawater. Therefore, this removes the estimation of the activity coefficients 
 of ion pairs and single ions. 

(2) The calculation procedure in this study makes it possible to predict the chemical 
 forms of uranium when the total uranium concentration is increased.

  This result will be applied to the discussion on the multi-component diffusion in arti-

ficial seawater containing uranium". Furthermore, the chemical forms of uranium in 

artificial seawater will be experimentally verified by the measurement of diffusion coeffi-

cient(17).

[NOMENCLATURE]

A: Constant relating to solvent, Eq. ( 4 ) . 
at: Distance of closest approach of ion i (A) 

aH: Activity of hydrogen ion on NBS scale 
B: Constant relating to solvent, Eq. ( 4 )  

: Deviation function, Eq. ( 4 ) 
Ct: Concentration of ion i(mol/dm3) 

fH: Total activity coefficient of hydrogen ion 
Ig: Effective ionic strength (mol/dms) 

K*: Stoichiometric association constant  
: Apparent first dissociation constant 

   of carbonic acid 
  Apparent second dissociation constant 

   of carbonic acid

Kw : Ion product of water in seawater 
               (mo12/dinG) 

Pco2: Equilibrium partial pressure of CO2 (atm) 
 pH : —log aH 

RpH : Reserve pH 
 Zt: Charge of ion i 

 a: Solubility coefficient 
 S3 : Thermodynamic stability constant 

 S* : Stoichiometric stability constant 
 rt: Activity coefficient of ion i 

[ : Concentration 
(Subscript) 

 T: Total
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