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ABSTRACT

The acid dissociation constants, pK, and the stability constants for Np02+ and UOz2+
have been measured for certain organic ligands [acetate, a-hydroxyisobutyrate, lactate,
ascorbate, oxalate, citrate, EDTA, 8-hydroxyquinoline7 1,10-phenanthroline, and
thenoyltrifluoroacetone]in 5 m (NaCl) ionic strength solution . The PKa values were

determined by potentiometry or spectrometry. These methods, as well as solvent extraction
with 233U and 237Np radiotracers, were used to measure the stability constants of the 1:1 and
1:2 complexes of dioxo cations. These constants were used to estimate the concentrations

required to result in 10 % competition with hydrolysis in the 5 m NaCl solution. Such estimates

are of value in assessing the solubility fiom radioactive waste of An02+ and An022+ .inbrine
solutions in contact with nuclear waste in a salt-bed repository.
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INTRODUCTION

Deep geologic repositories are under development in a number of countries for
permanent disposal of nuclear waste. Subsurface salt beds in remote areas have a number of
advantages as repositories for nuclear wastes. In the United States, the Waste Isolation Pilot
Plant (WIPP) is such a planned repository. Disposal of radioactive waste in salt bed repositories
requires modeling metal speciation in solutions of high ionic strengths to estimate the potential
rate of migration of radionuclides should they be released fiom the wastes. Migration depends
on the time required for brines to flow fiom the repository to the accessible environment
(hydrology) and on the way in which the radionuclides might interact with the waste brines and
geologic mediia (chemistry). The latter can be affected by the extent to which the radionuclides
can interact with anionic ligands fiom the wastes that dissolve in the brine solutions. For
actinide speciation, little data are available for the complexation with such ligands above 2 m
ionic strength.
It is generally assumed that a transuranic ion would equilibrate with an inorganic and
organic ligand in the brine to the extent measured by the stability constant. Complexation
would be influenced by factors such as the temperature and ionic composition of the brine
solutions.
For the complexation reaction in solution,

a "concentration" stability constant, Pn, can be expressed in a particular ionic medium by
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In this work, we report the values of log p, in I = 5.0 m (NaC1) ionic strength solution and
the pKa of some organic anions in the same solution. The organic ligands are those likely to be
present in the wastes considered for disposal in the WIPP repository.
EXPERMENTAL
Chemicals:
Analytical grade sodium chloride, acetic, citric, oxalic, lactic, a-hydroxyisobutyric, and
ascorbic acids, EDTA, 1,10-phenanthroline (phen), and 8-hydroxyquinoline (oxine) were used
with no additional purification. Thenoyltrifluoroacetone (TTA), was purified by a vacuum
sublimation at 4445%. Reagent grade hydrochloric acid and sodium hydroxide (Fisher,
Certified A.C.S.) were used as received. Distilled, deionized water @-Pure, Barnstead) was
used in all experiments for aqueous solutions. Di(2-ethylhexy1)phosphoric acid, HDEHP,

(minimum 95%) was obtained from Sigma and purified according to McDowell et al.[13. The

organic extractant solutions were prepared in n-heptane of 6x104 M HDEHP for uranyl ion
and 2x10-2 M for neptunyl ion. The 233U and 2 3 % ~ tracers were obtained from Oak Ridge
National Laboratory.
Instrumentation:
A Tri-Carb 4000 liquid scintillation counter (Packard) was used in this work with
EcoLume (ICN) as the liquid scintillation cocktail (40% capacity for high ionic strength
solution). The counting time for each sample was 10 minutes.

Glass scintillation vials used in the extractions were silanized by the method of Caceci

and Choppin [Z]to minimize loss of tracer by sorption to the walls in neutral solutions.

An automatic titration system, consisting of a Schott Gerate burette and IBM computer

was used for potentiometric titrations and data collecting. The pH measurements were made
with a Corning combination glass electrode standardized to pcH (- log [H+], molarity) by a
strong acid/strong base titration at 5.0 m (NaCl) ionic strength.

A11 W, VIS and IR spectra were obtained with a Cary-14 spectrophotometer (OLIS

upgraded). Digitally stored spectra were processed using the Quattro-Pro for Windows
program on an IBM compatible 80486 PC.
3

*.

Radiotracers 23% and 237Np were purified with the use of ion exchange technique and
checked for purity by alpha spectrometry (ORTEC). No detectable impurities were present in
the U and Np samples. 233Pa, the active daughter of 23?Np, was removed from tracer 23-p
solution by extraction with HDEHP prior the extraction experiments.
An ionic strength of 5.0 m was maintained by addition of weighed amounts of solid

NaC1. All NaCl solutions were filtered through a Nalgene Disposable Filter (0.2 pm pore size).
Procedures:
Determination of pKa values
The pKa values of acetic, a-hydroxyisobutyric, ascorbic, lactic, oxalic, citric acids and
EDTA were determined at I=5.0m (NaCl) ionic strengths by titration of a 0.01 M solution of
organic acid (0.005 M of oxalic and 0.0025 M of citric acids) in 5.0 m (NaCl) solution with

0.01 M NaOH in 5.0 m (NaCl) solution. For TTA, the ligand protonation constant cannot be

determined by titration with strong base because of interfering cleavage of the hydrate to the
trifluoroacetonate ion [3] so titration by strong acid was used. The potentiometric titration of
EDTA was performed as follows: the solution of 0.001 M Na2EDTA and 0.002 M HCI in 5.0
m (NaCI) solution were titrated with 0.01 M NaOH in 5.0 m (NaCl) solution.
The PIS, values of oxine and 1,lO-phenahthroline, at I=5.0m (NaC1) ionic strength,
were obtained by spectrometric measurement of the changes in absorptivities at different pcH
values.
Solvent extraction procedure
The extraction procedure was based on the previously described procedures [4,5].
Tracer solutions were prepared such that 10 microliters of 233U and 2 3 % ~ had an activity of

-30000 cpm, which, when added to 5 mL of aqueous phase, produced a solution -1xlO-7 M of

233U and -1x10-6 M 237Np. Five mL of 6x104 or 2x10-2 molar HDEHP in heptane was

added to the vials with the 5 mL aqueous phase I=5.0 m (NaCI + organics), and the mixture
agitated on a mechanical shaker at 25OC for one hour. After shaking, the vials were centrifbged

for five minutes, after which 1.00 mL duplicates of the aqueous and organic phases were
transferred into plastic scintillation vials containing -5 mL EcoLume liquid scintillation cocktail
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for a-counting measurements. After extraction, the pcH of the aqueous phase was determined.

RESULTS AND DISCUSSION

Acid dissociation constants. The potentiometric titration curves for EDTA and TTA

are shown in the Figure 1. In such titrations, for the monoprotic anions, the values of pKa were
calculated by the classic Calvin-Bjermm method [6],based on the average number of protons,

n, associated with the anionic ligand. The pK, values for these ligands were calculated using
the following equations:
pK,= pcH + log(n-1)

(3)

where n is calculated after each addition of base by
n = CH - [H+]/[cL]

(4)

In this equation, CH = total molar proton concentration and [H+]

=

hydrogen ion molar

concentration after the addition. The values of PKa obtained for each of the tirtration points
were averaged to get the final value of pK,. For the polyprotic ligands, the PKa values were
calculated with the use of the computer program BEST [7].

Figure 2 illustrates a typical set of spectrophotometric curves of oxine as a function of

pcH. Oxine shows two strong absorption peaks at 236 nm and 252 nm that correspond to the
absorptions of the associated and dissociated forms, respectively. The single isosbestic point

indicates the presence of two species under the experimental conditions. The linear relationship
between the absorptivities for 252 nm and the concentration of oxine at constant pcH, was used

to calculate the molar absorptivity, E = 42152 f 250 1 mol-lcm-1. In analogous measurements at

267 nm wavelength, the molar absoptivity for 1,lO-phenanthroline was determined, E = 27634

f 204

1 mol-km-1. The pKa values were obtained from the absorbance at different pcHs using

the program SQUAD [8]. The PKa values for all studied organics are presented in Table 1,
which includes literature values [9]for comparison.
Complex formation constants. In this work three different techniques were used for

determination of the stability constants. In solvent extraction experiments in the presence of
5

complexing ligand, the distribution constant, D, is expressed as

c

where S is the HDEHP extractant and L is the organic anion. In the absence of an organic
ligand, D is represented by Do.From the dependence of the distribution ratios for Np02+ and

U02+2 on the ligand concentration at constant pcH, the Sn values were calculated by the Leden
method [6].The slopes of a plot of Pfl-11

of

vs. fiee ligand concentration, I[L]f for the values

F]fthat resulted in a linear plot, were evaluated by linear regression to obtain

the distribution ratios for higher values of [L]f were used in a plot of P@-l]/[L]f

. For /32 ,
vs. [L]f

and the linear portion of the slope analyzed by regression analysis.
Typical curves showing the variation of Pfl-11

with fiee organic ligand concentration

are shown for NpO2+ - a-hydroxyisobutyrate system and for U02+2 - acetate system in Figure
3. The linearity of the Np02+ data indicates the presence of only 1:1 complexation, whereas the

nonlinear curve for U02+2 indicates higher complexation.

For Np02+ complexation by ascorbate, the extraction method could not be used due to
redox. The absorbance of the near-IR band of Np02+ at 980 nm was measured at constant
NpO2+ concentration, constant pcH, and various concentrations of ascorbate. A set of spectral
data is presented in Figure 4. One isosbestic point was observed indicating the formation of
only the 1:1 complex.

For the organics whose solubility in the organic phase is not negligible (e.g., TTA,

oxine, and 1,lO-phenanthroline), the extraction method could not be used. The stability
constants of NpO2+ with TTA and oxine were determined by spectroscopy using the 980 nm
band. From the spectroscopic data, the stability constants were calculated with the computer

program SQUAD. Np02+ formed precipitates with 1,lO-phenanthroline so that the stability
constant could not be determined.
The stability costants of UO22+ with TTA, oxine and 1,lO-phenanthroline were determined
6
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by potentiometric titration [lo]. The stability constants for Np02+ and U022+ with all the
studied ligands are listed in Table 2 with literature values from [9, 11-14].
Competition with hydrolysis. In saturated NaCl solution of near neutral pH, which

can represent some of the brines in a salt bed repository, hydrolysis of actinides may be the
main reaction in the absence of complexation. For the hydrolysis reaction

the hydrolysis constant can be expressed by

The ratio of the concentration of the w(OH)i"-i] species to the free metal concentration

w+],
denoted by Ri, can be calculated fiom the hydrolysis constant as a fbnction of pcH :

The following lOg*pi values for Np02+ and U022+ from the literature [lS] were used in these
estimates: log*p1 for Np02+, -10; for U022+, -6.0; log*pZ for U022+, -12.4. The calculated
Ri value for Np02+ at pcH = 6.0 is 0.0001; and pcH=7.0, 0.001; for UO22+ at pcH=6.0 it is
1.4 and at pcH=7.0,49.8, reflecting the stronger tendency of U022+ to hydrolyze. For the low

concentrations of organic ligands, we assume formation of only the 1:l complex. From the
values of

PI, the ratio of w]:[M]
[ML"-']/[M"+]

can be calculated for a given fiee ligand concentration
=

(3 1 E l f

(9)

For the organics listed in Table 1 with pKa values of 5.0 or higher, the ligand is not klly
7
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dissociated at pcH < 7 and correction for the degree of protonation must be made using the
relation
[L]f= [LIT/(loPKa-PcH + 1)

(10)

where K]f and [LIT denote free and total ligand concentration.
Using the hydrolysis constants with the complexation constants of Table 2, the total
ligand concentration that produces a certain concentration of the complexed species relative to
a concentration of the hydrolyzed species can be calculated from combined equations 8, 9, and
10. Table 3 presents the estimated total ligand concentrations that give a 10% effect relative to

hydrolysis for pcH 6 and 7. The more extensive hydrolysis of UO22+ requires much higher
concentrtions of the ligands. From Table 3, acetic, ascorbic, lactic, and a-hydroxyisobutyric
acids and oxine are unlikely to be in sufficient concentration to increase U022+ concentration
significantly. By contrast, these calculations indicate that all these organics could increase the
Np02+ solubility as extremely low organic concentrations are required.
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Figure Captions :
Fig 1. Potentiometric titration curves for EDTA and TTA.
a) @DTA]=0.001 M, titrant ~aOH]=O.OlM;
b) [TTA]=0.001 Mytitrant mCI]=O.O3 M.
Fig.2 A set of spectrophotometric curves of oxine in 5.0 m (NaCl) solution as a
fbnction of pcH. [oxine]=4E-5 M.
Fig 3. The dependence of POD11 on free ligand concentration.
a) U022+ - acetate system, b) Np02+ - a-hydroxyisobutyrate system.
Fig. 4. A set of Np02+ - ascorbate spectra in 5.0 m (NaCl) solution.
[Np02+]=0.45mM , [ascorbate]=5.0 mM - 0.4 MypcH=5.20.1.

Table 1. Acid constants, pK,, of organic ligands determined by p’otentiometry
or spectrophotometry. I=5.0 m (NaCI), t=250C.
Organic ligand

PKa

acetate

pKal = 5.13h0.01

4.56 (I=O. 1)
4.58 (I=l.O)

lactate

pKal = 4.23h0.05

3.66 (I=O. 1)
3.81 (I=2.0)

oxalate

PIC.& = 1.2&0.01
p& = 3.95h0.02

1.0 (I=O.l)
4.27 (I=O.O)
2.90 (I=O. 1)
4.76 (I= 0.0)
6.39 (I=O.O)

citrate

ascorbate

pKal = 4.64M.02

3.79 (I=O. 1)

a-hydroxy
isobutyrate

EDTA

4.03 (I=O.l)

PKal= 1.97M.01
p K d = 2.4e0.01
pKd = 6.95*0.01
pKa4 = 9.01M.03

2.00 (I=l .O)
2.69 (I=l .O)
6.21 (I=l.O)
8.77 (I=l .O)

oxine

9.60 (I=l.O)
5.19 (I=l.O)

TTA

6.29 (I=l .O)

1,lO-phenanthroline

5.17 (I=l.O)

Table 2. Stability constants of Np02+ and U022+ complexes with organic ligands.
I = 5.0 m (NaCl), pH = 5.8k0.1, t = 250 C.
NP02+

Organic ligand

log Pl(1it.)

log Pl(1it.)

1.68*0.02

3.18A0.03

2.03i0.02

3.40zk0.05

3.74 (I=l.O) [9]
3.53 (I=l.O) [13]
3.55 (KO. 1) [ 121

5.50iO.02

10.6WO.02

6.36 (I=O. 1) [9]
6.3 (I=4.0) [9]

2.40k0.06

2.49 (I=2.0) [ 1 13

6.04kO.O1

10.98*0.03

6.9 (I=l.O) [9]

a-hydroxy
isobutyrate

0.9OkO.03

1.80 (I=2.0) [l 11
1.35 (I=O.Ol) [13]

2.11k0.02

4.02kO.03

EDTA

3.56zkO.04

5.3 (I= 0.1) [9]

3.68k0.03

7.40 (I=O. 1) [9]

ascorbate

0.46kO.08

0.77 (I=2.0) [ l l ]

1.58k0.02

3.04 (I=O.O) [9]
2.35 (I=O.l) [9]

oxine

5.43h0.08

TTA

2.58kO. 11

acetate

1.7015t0.04

lactate

0.7e0.03

oxalate

3.04kO.08

citrate

,1O-phenanthroline

PPtn

2.31 (I=l.O) [9]
0.87 (I=2.0) [111
1.75 (I=O.1) [9]
1.11 (1=2.0) [12]

log PI

7.70kO.11
2.89 (I=O. 1) [14]

---

6.8M0.09

4.76k0.08

--I
-

---

2.61 (I=O.l) [9]
2.44 (I=l.O) [9]
2.72 (I=l.O) [9]

---

Table 3. The estimated ligand concentrationswhich the effect of complexation of
neptynyl and uranyl ions in I = 5.0 m (NaCl) ionic strength solution is equal
to 10 %ofthe degree of hydrolysis.

uo22+

NPO2+
pcH = 6.0

pcH=7.0

pcH=6.0

pcH=7.0

FIT , M

[LIT M

FIT , M

LIT , M

acetate

2.2E-07

2.OE-06

3.1E-03

1 .OE-01

ascorbate

3.6E-06

3.5E-05

3.8E-03

1.3E-01

lactate

1.8E-06

1.7E-05

1.3E-03

4.7E-02

a-hydroxy
isobutyrate

1.3E-06

1.3E-05

4.9E-04

1.7E-02

citrate

4.OE-08

4.OE-07

1.3E-07

4.5E-06

EDTA

3.2E-09

3.2E-08

1.E-06

6.OE-05

oxalate

9.1E-09

9.1E-08

4.4E-07

1.6E-05

oxine

4.2E-07

4.2E-06

3.1E-05

1.1E-04

TTA

1.OE-07

3.4E-07

8.8E-08

1.OE-06

---

4.2E-06

9.3E-05

Ligand

phenanthroline

I

Y

Determination of dissociation constant
Potentiometric titration in 5.0 m NaCl
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EG

a

Fa

4

I

TTA

2
0

I

0

I

I

2

I

I

4

I

I

6

I

Equivalent volume, mL

I

8

I
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pH: 11.07
10.09
9.74

9.40
9.02

872
a41

7.97
7.33

Wavelength, nm

LO
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Determination of stability constants
Extraction with HDEHP, I=5.0 m (NaCI)
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e
z

m

2
0
-2

0

0.1

0.2

0.4

0.3

Free lieand concentration. M
U

I

0.5

0

0
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0

0
0
I

rrt

