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Stability Constants Important to the Understanding of Plutonium in 
Natural Waters-Hydroxy and Carbonate Complexation of P u 0 2

+ 

Dianne Angelo Bennett 

ABSTRACT 

The formation constants for the reactions PuQ2+ + H 2 p = PuOa(OH) + H + 

and P u 0 2

+ + C0 3

2 - = Pu0 2(C0 3)" were determined in aqueous sodium 

perchlorate solutions by laser-induced photoacoustic spectroscopy. 

The molar absorptivity of the P u 0 2

+ band at 569 nm decreased with 

increasing hydroxide concentration. Similarly, spectral changes 

occurred between 540 and 580 nm as the carbonate concentration was 

increased. The absorption data were analyzed by the non-linear 

least-squares program SQUAD to yield complexation constants. For 

the hydrolysis reaction at 0.1 M ionic strength, log *(311(0.1) = -9.73 ± 

0.10, and for the first carbonate complexation constant at 0.5 M ionic 

strength, log B n(0.5) = 4.60 ± 0.04. Using the specific ion interaction 

theory, both complexation constants were extrapolated to zero ionic 

strength: for hydrolysis, log 'B^O) - -9.73 ± 0.10, and for carbonate 

complexation, log I3n(0) = 5.10 ± 0.06. These thermodynamic 

complexation constants were combined with the oxidation-reduction 

potentials of Pu to obtain Eh versus pH diagrams. 
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Chapter 1 

INTRODUCTION 

Currently, the growfh of commercial nuclear power has slowed in the 

United States for a variety of reasons. One of these reasons is the 

concern over the possible hazard to future generations from the 

radioactive wastes generated from the operation of nuclear power 

plants. In response to this concern, the U. S. is developing strategies for 

long-term storage and isolation of nuclear wastes for perhaps hundreds 

of thousands of years [1.1], Because it is difficult to conduct experiments 

which simulate this length of time or the complex chemical systems of 
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the radioactive waste effluents, computer modelling is used to predict 

behavior [1.2]. The reliability of those models depends strongly on the 

accuracy of the modelling data base. Rscently, Congress selected the 

Yucca Mountain area at the Nevada Test Site as an underground 

repository for radioactive wastes. Therefore, chemical and geochemical 

characterization of this site is needed. 

The behavior of plutonium during long-term storage is especially 

important in planning the repository. There are two possible waste 

forms for plutonium. The "spent" fuel element of commercial nuclear 

waste is stored directly, since reprocessing of commercial fuel is not 

currently allowed in the U. S.. Defense-related wastes are reprocessed, 

and it is proposed that the plutonium is reduced to its highly stable 

oxide form (Pu02 ( S)) which is fixed in a solid matrix such as borosuicate 

glass, a ceramic, or a synthetic "rock". Either waste form can then be 

encapsulated in a multiple barrier system which provides further 

protection beyond that inherent in the geology, hydrology, and 

geocheniistry of the repository itself. These multiple barriers are 
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designed to ensure containment of the radionuclides in the repository 

" site and further reduce the risk of migration into the biosphere. There 

are five primary considerations in planning a multiple barrier system: 

1. a waste form of high stability; 

2. containment of the waste form in a canister and packing 

materials of high corrosion resistance and durability; 

3. engineered or artificial overpack around the canister which has 

high sorptive properties for the radionuclides which rrjg!u be 

released by dissolution of the canister and waste form; 

4. the geologic medium itself including its geochemical and 

hydrological properties; 

5. the distance to population centers and water supplies. 

However, when the time frame of isolation spans hundreds of 

thousands of years, rupture of the barriers and contact of the waste with 

natural waters might be possible. This interaction could result in a slow 

leaching and dissolution process where the solubility of plutonium in 

environmental waters is largely determined by hydrolysis and 
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carbonate complexation [1.3-5]. The formation constants for these 

processes are of particular importance to the thennodynamic data base 

of the Yucca Mountain region because the natural waters in this vicinity 

are slightly basic (pH range 6.9 - 7.7), carbonate rich (120 - 170 ppm), 

and oxidizing (Eh = 700 mV). Table 1.1 lists the composition of Yucca 

Mountain groundwater. 
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Table 1.1: Composition of groundwater in the vicinity of Yucca Mountain 
[1.6] 

Element Range (mg/O 
Ca 1-20 
Mg 0.05-2 
Na 45-95 
K 1-5 
Li 0.05-0.4 
Fe 0.01-0.05 
Mn 0.01-0.03 
Al 0.004-0.03 
Si 20-30 

Species 
HC03- 120-170 
CI" 5.5-7.7 
S042- 18-28 
N0 3- 0.6-IO 
P 1.0-4.5 
0 2 1.8-6.4 

pH 6.9 to 7.7 
Eh 600 to 800 mV 

Plutonium has four principal oxidation states in aqueous solution: 

Pu 3 +, Pu 4 +, Pu02+, Pu02

2+. The solution conditions (pH, Eh, salinity, 

complexing anions, etc.) govern which oxidation state or states will be 
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predominant. In 1982, B. Allard calculated the solubility and speciation 

of plutonium in the pH range 5-11 under four different atmospheres 

with varying C0 2 compositions, considering formation of hydroxy and 

carbonate complexes only [1.3]. The results of AUard's calculations are 

shown in Figure 1.1. In the pH range of 6 to 8, Pu(OH)4 is calculated to 

be the major soluble species in solution. Pu02+ is predicted to dominate 

the overall solubility from pH 5-6 and Pu02+ carbonate complexes play a 

varying role at pH values above 8. It is also important to note that the 

calculated overall solubility of plutonium is independent of the 

carbonate concentration. 

This predicted behavior of plutonium contradicts the results of 

several solubility experiments. Solubilty studies have shown that the 

pentavalent oxidation state is the predominant soluble species under a 

wide variety of environmental conditions. Bondietti and Reynolds 

determined that 95% of the soluble plutonium existed as Pu02+ and 

Pu0 2

2 + in neutral 0.1 mM carbonate soludon [1.7]. Nelson found Pu02+ to 

be the principal oxidation state in sea water, lake water, and bicarbonate 
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solutions [1.8]. Rai, Seme, and Swanson discovered that solutions in 

equilibrium with Pu0 2 solid contain Pu02+ as the dominant species under 

oxic conditions at pH below 7 [1.9]. These findings were further verified 

by Nitsche [1.10,11] and Edelstein [1.10], who also demonstrated that the 

presence of carbonate increa^s the overall solubility of plutonium by as 

much as 4000 times (see Table 1.2). 

Table 1.2: Solubility study illustrating the increased solubility of 
plutonium in the presence of carbonate [1.10] 

Initial Solubility Increased 
solubility 

species in in the presence 
moles/liter of carbonate 

0.1 M NaCI0 4 Yucca Mtn grdwater 

+4 3 x 1 0 " 8 2 x 1 0 " 6 67 

+5 2 x 1 0 " 9 8 x 1 0 " 6 4000 

+6 1 x10 " 7 3 x 1 0 - 5 300 
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Measurement of the hydrolysis (*B„) and carbonate complexation 

(6n) constants of Pu02+ should provide the additional input parameters 

necessary to resolve the discrepancy between Allard's calculations and 

results of the solubility experiments. These reactions and die 

corresponding stability constants are described in Eq. 1.1 and 1.2, 

respectively. Because die hydrogen ion dependence is found in the 

numerator of Eq. 1.1 b, it is distinguished with an asterisk. 

Pu02+ + nHjO v=— (Pu0 2(OH) n) l n + n H + (l.la) 

*6 n = [(Pu02(OH)n)1-n] [H+]°/[Pu02+] (l.lb) 

Pu02+ + nC0 32- v==^ (PuO^CC^) 1- 2 1 1 (1.2a) 

Bn = [(PuO^COjU1-2"] / [Pu02+] [C032-]» (l.2b) 

It might seem unusual that these fundamental reactions have not 

been measured for Pu0 2

+ . There are several reasons for this fact. The 

primary reason is that PuOz+ is thermodynamically unstable with respect 

to disproportionation in acidic solutions [1.12,13] as described by Eq. 1.3, 

2Pu0 2+ + 4H+ f===̂  Pu4* + Pu022+ + 2 H 2 0 (1.3) 
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Once disproportionation begins and a mixture of oxidation states is 

simultaneously present, additional reactions can also occur which are 

shown by Eqs. 1.4 and 1.5 [1.14]. 

Pu02+ + Pu 3 + + 4 H + =̂==̂  2PU4* + 2H 20 (1.4) 

Pu02+ + Pu4* v=^ Pu022+ + Pu 3 + (1.5) 

The combined effect of the reactions described by Eqs. 1.3,4, and 5, 

is an overall increase in the concentrations of Pu3*, Pu** and Pu022+ and 

depletion of Pu02+ in acidic solution [1.16]. 

Historically, plutonium chemistry has been conducted under acidic 

conditions where the pH was less than 1 and the plutonium 

concentrations were much greater than 10"3 M. Pu02+ is an unstable 

species under these conditions and, consequently, was treated as an 

unimportant oxidation state of plutonium. However, under 

environmental conditions, the pH is near neutral and plutonium 

concentrations are limited by solubility products in the <10'9 range [1.3]. 

These conditions favor the pentavalent oxidation state and help explain 

the predominance of Pu02+ in the previously mentioned solubility 
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experiments. Therefore, it is very important to understand the 

complexation behavior of P u 0 2

+ , particularly with anionic species 

commonly found in natural waters (OH\ C032-, F , HP042-, S0 42). 

Schematic 1 illustrates a potential migration mechanism at Yucca 

Mountain where hydroxy and carbonate complexation strongly influence 

die solubility of plutonium in natural waters. 

PuO 2(solid) + 4 H +

? = ^ P u 4 + + 2H 20 

Eh = 700 mV 

PuO, 

OH" or C032-

*Bn and/or Bn 

(Pu0 2(OH) n) l n or (Pu0 2(C0 3) n) 1- 2 n 

Schematic 1 
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Chapter 2 

PREPARATION OF P u 0 2

+ 

The pentavalent oxidation state of plutonium was discovered in 1944 

[2.1]. Sulfur dioxide water was added to a characteristic orange-pink 

solution of Pu0 2

2 + . Immediately after addition of the reducing agent, me 

solution turned nearly colorless. After standing for several minutes the 

solution slowly turned yellow-green, indicating reduction to the 4* 

oxidation state. When this reduction was followed visually widi a 

spectroscope, a unique absorption spectrum was observed during the 

colorless stage which featured a narrow band at 569 nm. The 
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pentavalent oxidation state was further verified through a quantitative 

determination of the electron change involved in the reduction. 

The ideal Pu02+ stock solution for the hydroxy and carbonate 

complexation experiments should contain only Pu0 2

+ , HC104, and NaClO, 

and have a pH => 3 to stabilize against disproportionation [2.2-5]. Sodium 

peichlorate is used as die background electrolyte because perchlorate 

does not interact with Pu02+ [2.6]. Since the initial discovery of Pu02+, 

several methods of preparation have been developed. One group of 

methods for preparing Pu02+ involves the reduction of a P u 0 2

2 + solution 

with various reducing agents, such as sulfur dioxide [2.1], hydroxylamine 

hydrochloride [2.7], sodium nitrite [2.7], and sodium iodide [2.8]. These 

methods are undesirable because they do not give quantitative 

reduction or the oxidized reducing agent has to be removed from the 

Pu02+ solution with an organic extractant. 

Electrochemical techniques offer an alternate method of oxidation 

and reduction which allow the preparation of a pure Pu02+ solution free 

of unwanted species. Riglet [2.9] recently completed a critical evaluation 
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of the published redox potentials for plutonium. The conclusions from 

survey are summarized in Table 2.1, the formal potential of the Pu0 2

2 + / 

Pu02+ couple is 0.941 ± 0.005 V at 25°C. 

Table 2.1: Formal potentials of plutonium couples in volts at 25°C in 
1MHC104[2.9]. 

0.941 1.010 
Pu022+ > Pu0 2

+ ^ Pu 4 + 

±0.005 ±0.010 A 

0.988 ±0.0l|7 

0.972 ±0.022 

Based on this information, Cohen measured the current-voltage curves 

for the oxidation-reduction reactions of plutonium ions [2.10]. As shown 

in Figure 2.1, Pu02+ solutions can only be prepared by reduction of 

Pu0 2

2 + . The oxidation of Pu 4 + at a platinum anode yields Pu022+ because 

of the high overpotential of the Pu02+ / Pu 4 + couple of about +1.95 V vs 

0.966 
W + 

±0.007 ^ 
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NHE which is necessary to form the plutonium-oxygen bonds. 

Consequently, it is especially difficult to get this oxidation to go to 

completion. 

As part of this research, the method described in Section 2.1.1 was 

developed which combined chemical oxidizing agents and elctrochemical 

reduction to routinely prepare pure Pu0 2

+ solutions. 

2.1 Experimental Details 

2.1.1 Reagents 

The plutonium stock solution was prepared from M 2 P u 0 2 powder 

supplied through the United States Department of Energy's Heavy 

Element Production Program at Oak Ridge National Laboratory. This 

isotope of plutonium was selected to minimize the effects of radiolysis. 

The plutonium was purified via anion exchange chromatography [2.12] 

according to the following procedure: approximately 350 mg of Pu0 2 

powder was dissolved in 10M HCl with a few drops of concentrated HF, 
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and this solution was passed through a 1.5 cm x 11cm anion exchange 

column (Bio-Rad AG-1-X8,200-400 mesh, chloride form). At this point, 

the plutonium was in the 4+ oxidation state and orange in color. The 

plutonium and its daughters (uraniun, neptunium, and americium) were 

absorbed on the resin while cationic and monovalent anionic species 

passed through. The column was washed twice with 10 M HCl to remove 

any residual non-absorbed material. The plutonium was then eluted 

from the column with a 7:1 solution of 10 M HC1:5 M HI by volume. As 

the Pu4* was reduced to Pu 3 + by the I", a band of the characteristic 

blue-violet color was observed which then passed through die column. 

This plutonium fraction was collected, and an aliquot was analyzed by 

spark emission spectroscopy for elemental purity. The spectrochemical 

analysis is shown in Table 2.3. 
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Table 2.3: Spectrochemical analysis of of plutonium from the plutonium 
stock solution*. 

Element 
Micrograms 

nent per sample 

Al <0.05 
Am <0.1 
Ca <0.03 
Cd <0.5 
Ce <0.1 
Co <0.05 
Cr <0.01 
Dy <0.05 
Eu <0.01 
Fe <0.01 
K <1 
La <0.01 
Mg 0.05 
Mn <0.01 

it 
Micrograms 
per 100 n$ 
Sample 

Mo <0.01 
Na <1 
Nd <0.1 
Ni <0.01 
Pb <0.1 
Pu 100 
Si <0.01 
Sm <0.05 
Sn <0.1 
Sr <0.01 
Yb <0.01 
Y <0.01 
Zn <0.1 
Zr <0.01 

•Results marked with < indicate element was not detected within limit of 
detection. 

An aliquot was also assayed by alpha pulse-height-analysis (PEA). This 

assay revealed 99.7% of the total mass was M 2 Pu with the balance 

consisting primarily of 2 3 9Pu. Approximately, 0.005 ppm of 2 3 8 Pu 
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contamination by weight contributed 26% of the alpha count rate. 

The plutonium solution was evaporated to dryness and treated with 

fuming nitric and perchloric acids to destroy any organic residue, such as 

resin fines. The plutonium was converted to a 2 M perchloric acid 

medium. The concentration was measured by liquid scintillation 

counting (LSC) to be 10 mg of M 2Pu/ml. 

Pu0 2

+ stock solutions were prepared as necessary. An aliquot of 

plutonium stock solution was boiled down and fumed with 1 ml of 

concentrated HC104 to near dryness. The resulting solution of Pu0 2

2 + was 

diluted in NaOH and the pH was adjusted to 3. The Pu0 2

2 + was 

electrochemically reduced to Pu02+ at a platinum electrode by applying 

778 mV vs NHE [2.10]. The oxidation state purity was verified 

spectrophotometricaUy by comparison with previously reported spectra 

[2.2,11]. A typical spectrum for each of the four oxidation states is 

shown in Figures 2.2 -2.5. The measured molar extinction coefficients 

for the spectrometer used in this work are listed in Table 2.2. Because 

Pu 3 +, Pu 4 +, and Pu0 2

2 + have molar absorptivities 2 to 36 times greater 
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than Pu0 2

+ , it is easy to assess the purity of a Pu02+ solution. 

The concentration of the Pu0 2

+ stock solutions was approximately 4.5 x 

1(H M. 

Table 2.2 Measured molar absorptivities of Pu 3 +, Pu 4 +, Pu02+, and 
P u 0 2

2 + at selected wavelengths. 

Molar absorptivity (M"1 cm"1) 

Wavelength (nm) Pu3* Pu4* Pu02+ Pu022+ 

600 39 2 2 1 

470 3 58 2 9 

569 34 4 19 2 

830 5 14 4 550 
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2.1.2 Equipment 

The pH was measured with a micro-combination electrode (Beckman, 

Model 39522) and a digital pH meter (Orion Research, Model 601 A). The 

saturated KC1 solution in the pH electrodes was replaced with saturated 

NaCl/AgCl to prevent clogging of the junction by KC104. The electrode 

was standardized wilth NBS traceable buffers of pH 4.00,7.00, and 10.00 

(25°C, EM Science) at the beginning and end of each day. 

The three-electrode electrochemical cell consisted of the following: 

a 2.4 cm x 4.5 cm quartz cell with lucite lid, platinum grid working 

electrode (40 mesh), single junction platinum coil auxiliary electrode (3 

M NaN03), and single junction Ag/AgCl reference electrode (sat'd 

NaCl/AgCl). Figure 2.6 is an illustration of the electrochemical cell. The 

junction for the auxiliary and reference electrode was a sintered glass 

frit (Vycor). The reference electrodes were made by reducing the 

surface of a silver wire in a NaCl solution (AgCl(s) + e" v==> Ag(s) + CI"; E° 

= 0.222 V) and then calibrating the assembled electrode with a 

saturated calomel electrode (SCE). The average potential for the 

reference electrodes was 207.5 mV vs NHE. 
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A Princeton Applied Research Model 264A Polarographic 

Analyzer/Stripping Voltammeter was used for the oxidations and 

reductions. 

A Model 200 Guided Wave Spectrometer was used for all 

conventional absorption spectrophotometric measurements. The 

spectrometer was equipped with a 1200 line/mm grating, Si type 

detector, and 0.063 mm exit slit. Solutions were measured in a 1 cm 

UV-quartz cuvette. 

A Beckman Model LSS801 liquid scintillation counter was used to 

measure the plutonium concentrations by assay of the gross alpha 

activity 2 4 2 Pu (E = 4.90 MeV). The LSC was calibrated with an M A m (E 

= 5.28 MeV) secondary standard and all measurements were made in 

triplicate. The alpha spectrometry system included a Au/Si surface 

barrier detector coupled to a multi-channel analyzer. 
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Chapter 3 

Development of a Laser-Induced 

Photoacoustic Spectroscopy (LIPAS) 

System 

We chose the spectrophotometric method of measurement because it 

allows a direct, non-invasive determination of the Pu0 2

+ speciation. 

Initial experiments were attempted with a conventional absorption 

spectrometer which utilized fiber optic cables. Unfortunately, this 
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technique did not have the sensitivity necessary to overcome the 

combination of the low molar absorptivity (^ 19 M^cm"1) and low 

solubility (KjS 10' l 0)ofPuO 2

+and its complexes [3.1-3]. Laser induced 

photoacoustic spectrometry (LIPAS) was selected as an alternate method 

because it offers an increased sensitivity of 100-1000 times that of 

conventional absorption spectroscopy [3.4-9]. Since LIPAS systems are 

still in the developmental stage and not commercially available, it had to 

be constructed [3.25]. 

3.1 The Photoacoustic Technique 

Photoacoustic spectrometry (PAS) is inherently more sensitive than 

conventional spectrophotometry because it relies on the direct 

measurement of absorbed photon energy, rather than the difference 

between incident and transmitted radiation as measured conventionally. 

In LIPAS, some of the absorbed photon energy from a pulsed laser is 

converted via non-radiative decay to an acoustic wave. This is known as 

the laser photoacoustic effect; it is illustrated in Figure 3.1. Because the 

aciinide absorption bands in the visible and near-infrared region are 
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parity-forbidden f-f transitions, radiationless de-excitation is favored. 

Therefore, the laser photoacoustic technique is particularly suitable for 

acdnides. 

3.2 History of Photoacoustics 

The 'photoacoustic' effect was first reported by Alexander G. Bell in 1880 

[3.10]. Bell used sunlight as a light source and, after the discovery, 

referred to the effect as 'optoacoustics'. This term was subsequently 

confused with the acousto-optic effect employed by laser modulators. In 

1973, Rosencwaig introduced the term'photoacoustics" [3.11] which has 

been readily adopted. 

Bell's initial discovery was followed by widespread interest and the 

photoacoustic effect was observed in solids, gases, and to a lesser extent 

liquids [3.12-15]. Simple gas cells, precursors to modern gas 

microphones, were designed and constructed. However, quantitative 

measurements were not possible because signal detection depended on 

human hearing. This inability to make precise measurements resulted 

in a temporary loss of interest in photoacoustics [3.16]. 
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During the late 1930's and early 1940's, the photoacoustic effect 

gained renewed interest as a technique for gas analysis by absorption of 

infared radiation (IR). However, gas chromatography and IR 

spectrometry superseded infrared photoacoustic spectroscopy a short 

time later. 

Since the early 1970's, photoacoustics and related fields have 

advanced rapidly. One of the first applications was to successfully 

measure absorption spectra from highly efficient light scattering 

materials [3.17,18]. Photoacoustic spectroscopy using the gas 

microphone cell has remained popular, but other detection methods 

have been developed to improve the technique's versatility. The new 

detection methods include piezoelectric transducers to form highly 

sensitive acoustic detectors [3.19] and photothermal techniques which 

rely on the interaction of light with thermally induced refractive index 

gradients, such as thermal lensing [3.20] and photothermal deflection 

[3.21,22]. While photothermal deflection has been shown to be the 

theoretically most sensitive method of detection [3.23], piezoelectric 

detection offers the advatage of simplicity, with sensitivity approaching 
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that of photothermal deflection [3.19,24]. 

In 1983, the application of the photoacoustic technique to actinide 

speciation was first described by Schrepp et. al. [3.25]. Their system 

consisted of a pulsed dye laser light source with piezoelectric detection 

of the light absorbed by actinide solutions in quartz spectrophotometric 

cells. This early work demonstrated die potential of die approach for 

determining uranium speciation among different oxidation states at 

levels well below the range of conventional spectrophotometry. 

Subsequently, other actinides (Am3+, Am4*, Pu 4 4, Np4*, Np02+, and Np022+) 

have been measured in die concentration range of 10"5 to 10"8 M for a 

variety of chemical conditions [3.16,26-29]. 

3.3 Theory of Laser Induced Photoacoustic Detection 

As illustrated in Figure 3.1, the photoacoustic effect occurs when the 

absorption of electromagnetic radiation in a sample results in localized 

heating. The heat energy is transmitted to the surrounding matter 

through two mechanisms: 1) diffusion and 2) the thermoacoustic (or 

thermoelastic) process. The thermoacoustic process is nondissipaiive, 
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and the speed of energy transfer is governed by the speed of sound in 

the material. The distance of appreciable energy transfer is limited by 

the dimensions of the sample. For weak absorption, Tam has described 

the generation of a photoacoustic pulse with a simplified theory [3.24]. 

This theory is based on the assumption that the duration of the laser 

pulse, T" , is much shorter than one millisecond, so that thermal 

diffusion is negligible. The acoustic pulse production can then be 

described for two boundary conditions depending on whether the laser 

beam radius is smaller, Rs, or larger, RL, than the distance travelled by 

the acoustic pulse, V~^, where V is the sound velocity in the medium. 

The general concepts for the two boundary conditions are decribed 

below. For a rigorous theoretical treatment of pulsed photoacoustic 

generation refer to the following references 3.24,31-33. 

Case 1: R s < l ^ T 

The photoacoustic source can be considered as a long cylindrical 

medium with length I. The energy absorbed by the medium, E a b s , per 

laser pulse is given by 
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E a b s = E 0(l-e-") (3.1) 

where E 0 is tlte input energy per pulse and 

CUs the optical absorption coefficient. 

For weakly absorbing species.CK. I « 1 and the absorbed energy can be 

approximated by 

E a b s - E<pj (3.2) 

Since it is assumed that nonradiative relaxation predominates in the 

medium, then the thermal energy is given by 

Ba.-Ea.-HoOU (3.3) 

Knowing the specfic heat at constant pressure, C_, the increase in 

temperature, AT, of the illuminated volume can be calculated from 

E.j.-CpVATp (3.4) 

where V is the illuminated volume (V = TCR2I) and 

p is the density of the condensed material. 

Combining Eqs. 3.3 and 3.4 gives the rise in temperature 

AT = E 0 a / 7 t R 2 C p p (3.5) 
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The initial adiabatic, isobaric expansion, AR, of the source with radius, Rs, 

immediately after the laser pulse, is given by 

n( R s + AR ) 2 I > it R s

2 1 « BVAT (3.6) 

where fl is the volumetric expansion coefficient. Expanding Eq. 3.6 and 

assuming AR « Rs gives 

AR = 1/2 RRAT (3.7) 

Inserting the expression for AT from Eq. 3.5 into Eq. 3.7, Eq. 3.8 is 

obtained 

AR -- (l3Ea)/(2ji9CpuT) (3.8) 

The peak displacement, Us(r), at a distance, r, from the photoacoustic 

source (assuming r « l ) varies as r 1 / 2 because of the conservation of 

acoustic energy [3.30]. 

Us(r) - ARfRj./r)1'2 «(BEcx) / (2jipCp(^T r) 1 ' 2 (3.9) 

The peak acoustic pressure, Ps(r), at position, r, is approximately related 

to the acoustic displacement, Us(r), by 

PSC) - t ?U s ( r ) ] /T (3.10) 



42 

Substituting Eq. 3.9 into Eq. 3.10, we obtain the peak photoacoustic 

pressure observed at r for a small source radius, 

Ps(r) - (IJECX2)/[27cCp{uT)3'V'2 (3.11) 

Eq. 3.11 is similar in form to the more rigorous estimate given by Patel 

and Tarn [3.19] in Eq. 3.12 

P(r,t) - ± [(BEO.) / (7cCpx2)] [ ( u T ) / (2M)]1« (3.12) 

Case 2: RL > \J T 

This condition can also be treated simply by assuming that the 

heated volume does not have time to expand isobarically immediately 

after the laser pulse. Instead, a pressure increase, P 0 , appears 

immediatley at the surface of the irradiated volume following the laser 

pulse: 

P 0 -$>1;2I3AT (3.13) 

where DL'2 is the bulk modulus of the medium. Following the 

substitution for AT 
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P 0 - (pu2BE(X)/(JtkL2pCp) (3.14) 

The peak acoustic pressure, P L, for the cylindrical wave varies as r"1/2. 

therefore 

PL(r) = P 0(R L/r) 1 / 2 = (Bv^EO) / (TIRL3/2 CprW) (3.15) 

A comparison of Eq. 3.11 and 3.15 shows that when the laser beam 

radius is large the photoacoustic pulses exhibit the lowest intensity. This 

relationship is not surprising since the contributions from different 

positions in the large source case do not sum together coherently. These 

equations also indicate that acoustic pressure varies linearly with the 

laser pulse energv. 

Tarn has summarized the results of more rigorous treatments of 

pulsed photoacoustic generation which are based on thermal expansion 

and electrostriction [3.24,31-33]. All show a strong resemblance to Eq. 

3.11 and 3.15, indicating the simple model is valid. 
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The performance of our LIPAS system can be evaluated from 

theory. A typical beam radius under operational conditions is 

approximately 0.1 cm. Therefore, this system falls in the large beam 

radius case where R L > l / T . Substituting some of die system typical 

values into Eq. 3.15 gives a value for the maximum possible peak 

pressure, P , ^ , produced from 10 nanosecond laser pulse which is 3 cm 

away from the region of optical absorption at A = 503 run, in a water 

medium. 

p m « = 3 - ° 8 cm"1 s" 2 = 3 0 x W"4 a u n 

where cC = 2.5 x 10"4 cm"1, water absorption at 503 nm 

h> = 1.5 x10 s cms"1 

E = 1.5xl0"3J 

6 = 2.57xl0-4K"1 

C p = 4.179 J g-'K"1 

r = 3.0 cm 

R L = 0 . 1 cm. 
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In order to utilize this pressure pulse, it must be detected. We 

selected piezoelectric transducers for the reasons discussed in Section 

3.2. These pressure sensitive detectors are made of lead zirconate 

titanate (PZT 5A). This artificially grown material has the property of 

being able to generate electrical charges when certain crystal faces are 

subjected to mechanical stressing. Thus, the voltage output of the PZT 

transducer is proportional to the pressure of the acoustic wave which is 

related to the concentration of the absorbing species. However, the P,,™ 

value is the approximate intensity of the acoustic wave near the bottom 

face of the quartz cuvette (refer to Figure 3.6). In order to calculate the 

detector voltage output, the propagation losses must be taken into 

account. The primary losses are caused by the reflection of a portion of 

the acoustic wave as it crosses the boundary between one medium and 

another, as illustrated in Figure 3.2. The total losses, Lj., can be assessed 

by treating each medium as exhibiting a specific acoustic impedance, Z, 

which can be calculated according to Eq. 3.16. 

z = $v (3.i6) 

Eq. 3.17 describes the portion of the acoustic wave, 9, which successfully 
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propagates the boundary between medium 1 and medium 2 [3.34] 

d = 4 ( Z 1 Z 2 ) / ( Z 1 + Z 2 ) (3.17) 

The density and acoustic wave velocity of the materials used in our 

LDPAS system are listed in Table 3.1 along with their respective acoustic 

impedances [3.14,15,35,36]. The portion which successfully propagates, 

S, across the boundaries shown in Figure 3.2 are summarized in Table 

3.2. 

Table 3.1: Density and acoustic wave velocity of materials used in 
LIPAS cell assembly 

Acoustic wave Acoustic 
Material Density (g/crra) velocity (cm/s) impedence 
(g/cm2s) 

water 1 [3.14] 1.5 x10 5[3.35] 1.5 x 1 0 s 

quartz 2.2 [3.14] 5.97 x10 s [3.35] 1.311 x 1 0 6 

epoxy* 1.3 [3.14] 1.9 x10 5[3.35] 2.47 x 1 0 s 

Ag epoxy* 2.7 [3.14] 6.4 x 10 s [3.35] 1.73 x 1 0 6 

PZT5A 7.75 [3.15] 4.35 x10 s [3.36] 3.37 x 1 0 6 

•Glycerine and aluminum data used for epoxy and Ag epoxy, 
respectively, because of the lack of information on the optical coupling. 
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Table 3.2: Portion of acoustic wave which successfully propagates the 
boundaries in the LIPAS cell assembly 

Portion of acoustic wave which successfully 
Boundary propagates the boundary between two media 

1) water/quartz 0.368 

2) quartVepoxy 0.53 

3) epoxy/quartz 0.53 

4) quartz/Ag epoxy 0.38 

5) Ag epoxy/PZT 5A 0.9 

Portion which successfully propagates, S - (1) x (2) x (3) x (4) x (5) -
0.0912 

The portion of the acoustic wave that manages to propagate across 

all four boundaries is the product of the losses at each boundary as 

described in Eq. 3.18. 

S = SBj ; (3.18) 
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For our LIPAS system, S = 0.091. This value is a lower limit since the 

quartz/epoxy/quartz boundaries will form a good acoustic contact. If the 

successful propagation at boundaries (2) and (3) equals 0.97, then S = 

0.31. Therefore, the value of S lies in the range 0.091 < S < 0.31. The 

pressure, P., generated by the acoustic wave at the piezoelectric 

transducer is 

P P = S P m « (3.19) 

Therefore, P p > 0.27 g cm"1 s"2 or 2.7 x 10'5 arm. 

This pressure pulse is converted to an electrical signal by the 

piezoelectric transducer. The longitudinal piezoelectric effect (where the 

charge is collected at the transducer face where the force is applied) 

produces a charge, q, which is directly proportional to the force, F, 

sustained [3.37] 

q = k 3 3 d 3 3 F (3.20) 

where k 3 3 is the longitudinal coupling factor [3.36] and d 3 3 is the 

piezoelectric constant quantitatively relating charge, density, and stress. 

The subscript (33) describes the direction of the electric field and the 
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stress and is illustrated in Figure 3.3. 

The charge generated by the transducer can be easily converted to a 

voltage, V 

V = q / C (3.21) 

C is the transducer capacitance which is defined as follows 

C = & 0 6 r A / H (3.22) 

where fe0 is the dielectric constant of free space (F nr 1) 

G r is the relative dielectric constant 

H is die transducer thickness (cm) 

A is the transducer surface area (cm2). 

Combining Eqs. 3.20 through 3.22 and using the usual substitution of 

pressure and area for force, die output voltage of a piezoelectric 

transducer in response to a normal incident pressure wave is 

V = k 3 3 d 3 3 H P m i t t / ^ o e r (3.23) 

Typical values for the PZT-5A transducer material employed in the 

detection system are 
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k 3 3 = 0.710 

d 3 3 = 374 x 10"12 m-V-1 

H = 0.6 cm 

£ 0 = 8.85xl0"1 2F.m-' 

fer = 1700 

Substituting these values in Eq. 3.23, the output voltage from the 

transducer is 2.8 x 10 - 6 V. 

This result compares quite favorably with the signal level actually 

measured, about 3 x 10"6 V. This agreement confirms that the simple 

theory represented by Eq. 3.15 is a good description of the photoacoustic 

detection system. 

3.4 The LIPAS Equipment 

A block diagram of our photoacoustic spectrometer is shown in Figure 

3.4. A Nd:YAG laser (Spectra-Physics, Model DCR-3) pulsed at 20 Hz 

pumps a tunable dye-laser (Spectra-Physics, Model PDL-2), which 

excites the sample. We used the laser dye Coumarin 540-A (Exciton) to 
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provide a light of suitable wavelengths for exciting the Pu0 2

+ absorption 

band at 569 nm. Coumarin 540-A has a usable tuning range from =525 

- 600 nm when dissolved in methanol and pumped with the 355 nm 

third harmonic of the Nd:YAG laser beam. The useful life of the dye was 

extended by adding -1 g of l,4-diazobicyclo(2,2,2)octane to the 

dye-methanol solution [3.38]. As shown in Figure 3.5, most laser dyes 

have a narrow tuning range which limits the spectral region that can be 

measured. Because the laser must be turned off to change laser dyes, it 

is very important to have a dye which adequately spans the wavelength 

region of interest. This feature of the LIPAS system is one of its major 

drawbacks. 

A photodiode (United Detector Technology, Model PIN-10DFP) that 

has a flat spectral response from 450 to 950 nm monitors the intensity 

of each dye-laser pulse. Solutions are placed in a 1 cm square uv-quartz 

cell. The cell is bonded to a quartz cylinder (1 cm diameter x 1 cm long) 

with uv-cured epoxy, which is bonded in turn to a cylindrical 

piezoelectric transducer (Vemitron PZT-5A, 1.5 cm diameter x 6 mm) 

with silver reflective epoxy. We placed the PZT inside an anodized 
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aluminum box (-0.03 c m 2 ) to shield it as much as possible from 

electrical noise. A LEMO connector in the wall of the aluminum box 

provides electrical contact between PZT leads and the associated 

measurement electronics. The entire cell-detector assembly (FiguTe 3.6) 

attaches to a precision X-Y-Z translator that is rigidly fixed to the laser 

table. Locating pins on the bottom of the cell-detector assembly allow it 

to be removed from and reattached to the X-Y-Z translator without 

altering the geometry with respect to the laser beam. 

The detector signal is amplified and shaped with a charge-sensitive 

pre-amp( (ORTEC, Model 142C) and differentiating amplifier (ORTEC, 

Model 570) with a 1 us shaping time. Figure 3.7 shows the amplified 

photoacoustic pulse from our spectrometer. A gated integrator (Stanford 

Research, Model SR250) samples the amplitude of the photoacoustic 

pulse -20ns after the laser trigger with a gate width of -1 us. A second 

gated integrator measures the photodiode signal from each laser pulse in 

order to correct for both the pulse-to-pulse power variations at a fixed 

wavelength as well as the variations in laser power with wavelength 

that arise from the dye gain. 
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The acquisition of a spectrum involves stepping the dye-laser 

monochromator to the desked starting wavelength, averaging the signal 

from enough laser pulses to give sufficient signal-to-noise (S/N), 

stepping to the next wavelength, and repeating the process untill the 

stopping wavelength is reached. An IBM-PC controls the 

monochromator through an IEEE-488 interface (National Instruments, 

Model GPIB-PC2A); it measures the voltages from the gated integrators 

on a pulse-by-pulse basis with an A/D-I/O board (Data Translation, 

Model DT-2801A). The control program allows three channels of data 

from two PZT detectors and one photodiode. Therefore, with a second 

cell-detector assembly and associated electronics, background-corrected 

spectra can be obtained in real time by placing a reference solution in 

the laser path. Since this cell arrangement demonstrated no real 

advantage over a single-beam technique, all the data for this study were 

acquired in a single-beam arrangement with off-line background 

substraction. 

Reference spectra were measured for each solution. The only 

difference between the reference and sample solutions was the presence 
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or absence of plutonium. As shown in Figure 3.8, the absorption 

spectrum of water is relatively strong and steadily increases at 

wavelengths above 500 nm. Because the measurements for this work 

were made in a region where the water absorption exhibits a steep 

increase, background subtraction is especially important. Paniculary, 

since the weakly absorbing species is at low concentrations where the 

photoacoustic signal from water is comparable to or greater than the PA 

signal of the species of interest. 

The PAS spectra over the wavelength range 530 to 590 nm were 

acquired after adjusting the incident laser power to 1.5 mJ/pulse at the 

Coumarin 540-A dye gain maximum (=555 nm). The dye laser produces 

a nominal 10 ns full width at half maximum (FWHM) Gaussian pulse. 

We adjusted the size of the laser beam to cover an area of =0.03 cm2 at 

the cell. All specra were obtained by averaging 100 pulses/wavelength 

at a spectral resolution of 0.25 nm. All measurements were made at 

ambient temperature (-24°C). 

Spectra-Calc (Galactic Industries) software was used to manipulate 

the spectral data. This general purpose spectroscopic software package 
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has features such as zooming, scaling, spectral subtraction, and overlay 

capabilities which allow multiple spectra to be conveniently averaged 

and/or compared. 

3.5 Photoacoustic spectra of Pu 4 + , P u 0 2

+ , and P u 0 2

2 + 

The photoacoustic spectra of Pu4*, Pu02+, and Pu022+, their corresponding 

reference spectra, and the resulting background subtracted spectra are 

shown in Figures 3.9,10, and 11, respectively. Each oxidation state of 

plutonium was measured at multiple concentrations between 1 x lCr4 

and 1 x lO"6 M. From these spectra. Beer's Law plots of Pu 4 +, Pu02+, and 

Pu0 2

2 + were made to demonstrate the linear behavior of the LIP AS 

system, as shown in Figure 3.13,14, and 15, respectively, A signal to 

noise ratio (S/N) of 3 can be described as the detection limit of a 

spectrometer. When the detection limit is multiplied by the molar 

absorptivity, the sensitivity (cX) is obtained. These results are 

summarized in Table 3.3 where the consequences of a large water 
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background are also shown. The molar absorptivity of Pu022+ is almost 

10 times greater than that of Pu 4 +, but the background from water 

absorption is approximately 100 times greater at the absorbance 

maxima (830.7 nm) of Pu0 2

2 + than the absorbance maxima (469.7 nm) of 

Pu 4 + (see Figure 3.8). Consequently, their sensitivities are approximately 

equal (« 86 ppm). 

Table 3.3 Results of Pu4*, Pu02+, and Pu022+ on LIPAS system 

Pu4* Pu02+ Pu022+ 

Absorbance Maximum (nm) 469.7 569.2 830.7 

Molar Absorptivity (M" 'cm-') 58 19 550 

[Pu] @ S/N = 3 3.7E-07 2.4E-06 3.5E-07 

a (cm'1) 2.1E-05 4.6E-05 1.9E-04 

Sensitivity 88 720 84 
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Chapter 4 

The Spectroscopic Method of 

Measuring Stability Constants 

The objective of equilibrium studies is to design the best model for a 

given system. This model includes the number of species in solution, the 

stoichiometry of the complexes formed, the stability constants of the 

complexation reactions, and molar absorptivities at selected 
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wavelengths. The overall formation constant of the complex 

MpL-H/pt-qy-O is defined by 

pM*+ + qV- + rH+ ^ MpLqIt (P*-qy-0 (4.1) 

where any hydrogen ion dependence is found in the denominator 

B M r = [ MpLqH, (px-qy-r) ] / [M»+]P[L^]9[H+]r (4.2) 

For hydrolysis, the complexation reaction is written as 

pM*+ + qLy rH 20 ^ \^Lq(OH)r(px-qy-') + rH+ (4.3) 

Because the hydrogen ion concentration is located in the numerator, the 

stability constant is distinguished with an *, as shown in Eq. 4.4 

*fiM r = [ MpLq(OH)r (px-qy-0 ] [H+]' / [M*+]P[Ly-]9 (4.4) 

The spectroscopic data are composed of the absorbance, A, which is 

a linear function of concentration of a given species at a specified 

wavelength,?^. The absorbance of a solution is given by Beer's Law, 

which may be expressed as in Eq. 4.5 as 

Aobs = * 1 c l l + ( W + . • .6»«g (4.5) 

where A o b s is the observed absorbance at wavelength 7\; €,, fc2,. . . 

6 n are the molar absorptivities of species 1,2,... n at wavelength 7l; 
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Cj, c 2 , . . . c n are the concentrations of species 1 , 2 , . . . n, respectively, 

and 1 is the path length. 

An overall picture of the experimental approach is shown in Figure 

4.1. Based on the initial estimate for the equilibrium model, spectra are 

obtained from a series of solutions in which the metal:ligand ratios range 

from an excess of the metal ion to an excess of the ligand. The data are 

then processed in a manner consistent with the initial estimate of the 

equilibrium model. When a bad fit is noted between the experimental 

and calculated observable, the equilibrium model and experimental plan 

are modified accordingly. 

4.1 Data Analysis: Review cf Literature Methods 

Numerous algorithms have been developed and adapted for computing 

stability constants. D. J. Leggett has reviewed the approaches and 

algorithms reported through 1983 [4.1]. This summary will emphasize 

the different fundamental concepts, rather than specific algorithms. The 

"best fit" of formation constants to the observed data may be expressed 

in terms of the least-squares criterion. The quantity W, the sum of the 
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squares of residuals, is defined according to Eq. 4.6 as: 

W = £ pfbta-YW (4.6) 

The Yk

0bs are the observed data, the Y ^ c are the values of the objective 

function defined in general terms as f(x,t). The dependent variable 

vector, x, includes the formation constants and any other parameters 

that may be required by the equilibrium model (molar absorptivities, 

enthalpy of formation, etc.) and/or experimental conditions 

(concentrations, calibration constants, etc.). The independent vector, t, 

comprises experimentally determined variables. Therefore, the set of 

dependent variables that minimizes W will give the "best fit", as shown 

in Figure 4.2. The approaches used to accomplish this minimization can 

be broken into several categories, each with their own relative assets 

and liabilities. In most cases, the tradeoff is based on time versus 

efficiency. However, the increasing capability and decreasing cost of 

small computers has allowed the more complex, and often more time 

consuming, computational methods to become increasingly feasible. 
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4.1.1 Direct Search and Univariate Methods 

Direct search and univariate methods are the simplest methods that 

have been used. These include grid [4.2-5], star [4.6,7], and composite 

[4.7] design approaches. The disadvantage of these techniques is that 

they are slow to converge. Their advantage is the ablity to discover 

multiple minima in the error surface. 

The Fibonacci sequence [4.8] and the Golden Section [4.9] routines 

have been useful for determination of a single constant, but may not 

converge for general functions. 

The method of Hooke and Jeeves involves a two step process of 

parameter evaluation followed by movement along the best parameter 

fit into error space. The Simplex [4.10-12] searching technique of 

moving an n dimensional figure through error space has become 

increasingly more popular. It is considered by some to be one of the 

most efficient pattern search methods currently available [4.13]. Both 

the Hooke and Jeeves and Simplex methods are slow to converge near 

the minimum, but their small memory requirements make them ideally 

suited for small computers. 
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Methods utilizing quadratic and cubic interpolation have also been 

used. Quadratic interpolation [4.14] is limited to a one-dimensional 

search requiring function values only. The cubic method [4.15] is more 

complicated than the quadratic and requires fewer iterations to locate 

the minimum. 

4.1.2 Least-Squares Methods 

4.1.2.1 Newton-Raphson 

The Newton-Raphson method, first used by Sill6n in his program 

LETAGROP [4.16], is based on modeling the error surface, W, by a Taylor 

series. Calculus states that by setting the first-order differential of y = 

f(x), dy/dx, to zero and solving for x locates the exact minimum (or 

maximum) of the function. Generalization of this basic premise forms 

the basis for the gradient method. A column vector x, and its transpose 

x T = (xj, x 2 , . . . , x,,) are used to treat the n parameters. Changes in the 

parameters are represented by Ax and its transpose AxT = (Ax,, Ax 2 , . . . , 

Ax,,). Transposition of the gradient vector, VW, results in the Jacobian 
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gradient vector g: 

g T = v w = [ 3W/8X,, 9W/9x2 3W/9xn ] (4.7) 

The symmetric matrix of second order partial differentials of W is 

known as the die Hessian: 

H 

0X^0X2 

a2w 

3x,3x n 

dX2uX^ 

32W 
SXpSx, 

_afw 
3x n* 

(4.8) 

If the first and second order derivatives exist and can be evaluated, then 

the Taylor expansion of the function can be used to minimize the 

function. A positive definite Hessian matrix and all zero elements in the 

Jacobian vector represent the minimum. If the function, W(x), is 

quadratic, then the Taylor expansion is exact and the minimum can be 

evaluated directly. For the general case, the error fuction is assumed to 

be approximated by a parabola near the minimum, as shown in Figure 

4,3. Therefore, truncation of the Taylor series gives: 
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W - W(x0) + gTAx + 1/2AxTHAx (4.9) 

Partial differentiation and setting the equation to zero give: 

Ax--H" 1g (4.10) 

where Ax indicates the movement required to approach the minimum of 

Eq. 4.10. One reexpands about the point x 0 + x. If this is a true 

minimum in W, then the algorithm has converged. If not, another 

iteration is carried out. 

4.1.2.2 Gauss-Newton Method 

If Ykcaic =£a k iXj, then the solution can be obtained from a linear 

least-squares analysis. This is generally not the case and the objective 

function is modeled by a Taylor series. 

« * ) " fkfto) + 23V3KjA«i+ • • (4.11) 

The It1*1 residual resulting from the initial x, x 0 is expressed as: 

F V - Yk«icM - fk(x0) - ? ayax, AX, (4.12) 

The summation is expanded, truncated, and rearranged to fit a form 

suitable for linear least-squares analysis. Substitution of H = 2A TA into 
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Bq. 4.10 gives the solution having the form 

AX = [ 2ATA]-'ATR (4.13) 

where AX provides information regarding movement toward the 

minimum [4.17]. Again, replacement of x 0 with x 0 + Ax either yields the 

minimum or the point of departure for the next iteration. 

An adaptation of the Gauss-Newton method has been suggested by 

Leveberg [4.18] and Marquardt [4.19]. They acknowledge that a 

steepest descent method is more appropriate away from the minimum 

while the Gauss-Newton iteration converges more rapidly near the 

minimum. An adjustable parameter, O, has been introduced into the 

Gauss-Newton least-squares increment such that: 

Ax - -[fll + ATAHATf (4.14) 

where 1 is the identity matrix used for the purpose of scaling. By 

continually updating the value of £2, the algorithm is able to choose 

between the two minimization schemes. 
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4.2 Stability Quotients from Absorbance Data (SQUAD) 

The program Stability Quotients from Absorbance Data (SQUAD) was 

used to calculate the best values for the stability constants of the 

proposed equilibrium model by employing a nonlinear least-squares 

approach. The program is completely general in scope, having the 

capability to calculate stability constants for the general complex system 

MpM' -L L'.H,., where p, p', q, q' £ 0 and r is positive for protons, 

negative for hydroxide ions, or zero. Therefore, the same program may 

be used to study acid-base equilibria for ligands that are weak acids (or 

bases); M.Lq; mixed-ligand (or mixed-metal) complexes; protonated or 

hydroxy complexes. SQUAD was originally designed to process 

absorbance data from aqueous solutions. However, recent modification 

permit the analysis of data from any type of solution. 

SQUAD evolved from a number of earlier programs. Nagano and 

Mctzler [4.3] developed the program PITMAP implementing a FORTRAN 

coding of Sillen's twist matrix algorithm [4.20] and using the concept of 

"two-level adjustment of common and group parameters" [4.21], 
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PITMAP was extensively modified by Thompson [4.22], but still required 

recoding of the species concentration subroutine for each new model 

tested. This problem was alleviated by incorporating the subroutine 

COGSNR, from SCOGS [4.23], into PITMAP [4.24]. Unsatisfactory 

experiences with this new version of PITMAP led to SCOGS being 

rewritten in subroutine form, one set of routines for the Gauss-Newton 

least-squares algorithm and another set to solve the mass balance 

equations. When a sum of squares of residuals subroutine was added, 

which incorporated Cramer's method for solving a system of linear 

equations, SQUAD was born [4.6]. Extensive use of this version of SQUAD 

uncovered the problem of the calculation of negative molar 

absorptivities. This difficulty was overcome by replacing Cramer's 

algorithm with a multiple regression (MR) and a nonnegative linear 

least-squares algorithm (NNLS) [4.27]. MR or NNLS can be used at the 

users discretion to solve the Beer's law equations. 
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Figure 4.3 Convergence to a minimum by parabolic interpolation. A 
parabola ( ) is drawn through the three original points 1, 2, 
3 on the given function ( ) The function is evaluated at 
the parabola's minimum, 4, which replaces point 3. A new 
parabola (. . .) is drawn through points 1, 4, 2. The minimum of 
this parabola is at 5, which is close to the minimum of the 
function. 
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Chapter 5 

Hydrolysis of P u 0 2

+ 

By definition, hydrolysis refers to the reaction of anything with water. In 

inorganic chemistry, the word has been primarily applied to cations which 

form soluble hydroxide or oxide complexes and, to a lesser extent, 

hydroxide and oxide precipitates. Hydrolysis reactions are common to 

most cations because most metal atoms form strong bonds to oxygen and 

the OH' ligand is always present in water at concentrations which can be 

varied over an. unusually wide range (>1 to <10"14 M) as a result of the 

jmall self-dissociation constant of water [5.1]: 
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Q w = [H+] [OH-] = 10-14 (5.1) 

Hydrolytic reactions are often written as in Eq. 5.2 

mM z + + yH 20 ^ Mm(OH)n(mz-n)+ + n H + (5.2) 

where die overall formation constant for a hydrolysis product is defined 

by Eq. 5.3 

*6nm(I) = ( [MJOHyn*-")*] [H+] n } / [M z + ] m (5.3) 

where I indicates the ionic strength of the solution and the subscript m is 

omitted for mono nuclear complexes. 

However, a more realistic description would be to consider the 

hydrolysis reaction as the acid dissociation of the metal-ion hydrates, as 

shown in Eq. 5.4 

M(H20)nz+ ^ MfJftjO^COH)*2-1* + nH+ (5.4) 

As is generally the case with metal-aquo ions, those of plutonium act 

as acids, splitting off protons from the coordinated water molecules. Their 

strength as acids increases strongly with the charge on the central atom 

and the size of the ionic radii. For example, trivalent plutonium is a much 

weaker acid than most other metal ions of this charge, because of its large 
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ionic radius [5.2], However, the charge of the tetravalent ions is high 

enough to turn its hydrates into quite strong acids, in spite of its large 

radius. In fact, Vu4* polymerizes in aqueous solutions at a pH below 1. 

Metal-aquo ions of penta- and hexavalent plutonium are too acidic to exist 

in aqueous solution. Therefore, even at extremely high acidities, these 

ions are hydrolyzed to the metal dioxides, Pu02+ and Pu0 2

2 + ions, 

respectively. The charge on the central atom of these rod-shaped ions is 

considerably higher than the net ionic charge [5.3,4]. In the case of Pu02+, 

the charge is not high enough to make the hydrate a very strong acid. 

However, the acid properties of Pu0 2

2 + ions are quite significant. 

Therefore, plutonium metal ion acidity increases in the following order: 

Pu02+ < Pu3* =• Pu022+ < Pu 4 +. 

Since hydrolysis is favored for cations of high charge and small size, 

the actinide ions are classified as hard [5.5-6]. For hard acceptors, the 

electrostatic attraction between the central ion and 3ie ligand is of crucial 

importance in their formation, while covalent interactions are 

subordinate. Even though the ionic radii of the actinides contract across 
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the series as the f orbitals are filled, actinides with the same 

oxidation state have chemically similar properties. Therefore, Pu0 2

+ 

should have a hydrolysis constant comparable to mat of Np0 2

+ . The Np02+ 

hydrolysis constant has been measured at a variety of ionic strengths; 

extrapolation to zero ionic strength yields log *B,(0) = -10.08 [5.7-11]. 

5.1 Previous Experiments 

In 1949, Kraus and Dam [5.12] reported an upper limit for the Pu02+ 

hydrolysis quotient of log *B[(3 x 10"3) < -9.7. This value was determined 

from potentiometric titrations. The authors used a Pu02+ concentration of 

approximately 4 x 10"4 M at an ionic strength of 3 x 10"3 M. The reported 

value was considered an upper limit because of premature precipitation. 

Kraus and Dam's value is in experimental agreement with the observed 

behavior of Np02+ and provides insight into the experimental conditions 

necessary to measure the hydrolysis of Pu02+. 
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5.2 Experimental Procedure 

The hydrolysis experiments were conducted under an inert atmosphere of 

argon in which die C0 2 level was maintained below 20 ppm. The Pu02+ 

concentration ranged from 1.5 x 10"5 to 2.6 x 10"6 M and was measured 

before and after each spectrum by liquid scintillation counting (LSC) of 

the alpha activity. The pH range was 3.00 to 10.50. Because the samples 

had to be passed out of the inert atmosphere box to the photoacoustic 

spectrometer, each sample was tightly capped and 5 x 10'3 M ammonia or 

tris(hydroxymethyl)aminomethane buffer was added to maintain constant 

pH. The ionic strength of all solutions was adjusted to 0.1 M with sodium 

perchlorate. The pH electrode response was calibrated in terms of the log 

of the hydrogen ion concentration by titrating a strong acid at 0.1 M ionic 

strength according to the procedure outlined by Martell [5.13]. For the 

hydrolysis experiments, p H ^ = 0.9804 p H , ^ ^ + 0.0591. 

.••• It was necessary to confirm that die buffers were not complexing die 

Pu0 2

+ . Therefore, PAS spectra of Pu02+ were measured at three different 

buffer concentrations (2.5 x 10"3, 5 x 10"3, and 1 x 10"2 M), while holding 
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the PuO z

+ concentration constant at 1 x 10"5 M. The pH was 

approximately equal to the pKa for each buffer. As shown in Figures 5.1 

and 5.2, there is no change in the absorption spectra with changing buffer 

concentration, indicating that the buffers do not complex the Pu0 2

+ under 

the conditions of these experiments. 

The hydrolysis experiments were performed by pre-equilibrating 

buffer solutions in 0.25 pH unit increments from pH 6.75 to 10.75. An 

aliquot of Pu02+ stock solution was added to a portion of the appropriate 

buffer solution. The resulting mixture was magnetically stirred and 

allowed to re-equilibrate (> 2 hours). The sample was then filtered 

(Millex-G, 200 micron filter) into the cell detection assembly unit; three 

aliquots were taken for LSC; the pH was remeasured; and the UV-quartz 

cuvette tightly capped. The PAS spectrum was measured in the 

previously described system (Section 3.4). A background spectrum was 

established at each pH value. Upon completion of the PAS measurement, 

the pH was remeasured and three additional aliquots were taken for LSC. 

This entire process was repeated for each measurement. 
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5.3 Results and Discussion 

The absorption spectrum of Pu02+ in moderately acidic solution features a 

well-established band at 569 nm with a molar absorptivity of 19 M_1cm -1 

[5.14,15]. The formation of Pu02(OH) decreases the molar absorptivity of 

this peak. This change in absorbance was studied as a function of 

hydroxide (OH") concentration and the hydrolysis constants were 

determined using non-linear least squares techniques. 

The effect of hydrolysis on the absorption spectrum of Pu02+ oetwesn 

530 and 590 nm is shown in Figure 5.3. The pH of the . ' u0 2

+ solution was 

increased stepwise from 3 to 10.75 (while the ionic strength was held 

constant at 0.1 M). Up to pH 8.0, there was no change in the spectrum. 

Beyond pH 8, the molar absorptivity decreased. At pH 10.00, the total 

Pu0 2

+ concentration dropped to 2.6 x 10"6 M, which is near the detection 

limit of the LIP AS system for Pu02+. The samples at pH 10.25 and 10.50 

did not contain enough Pu02+ in solution for spectra to be recorded. 

Because of the small spectral changes, replicate experiments were 
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performed at each pH increment. To improve the signal to noise ratio, the 

spectra were ensemble averaged with commercially available program 

Spectra-Calc [5.11]. The SQUAD program was used to calculate the 

stability constants from the spectroscopic data. As described in Chapter 4, 

SQUAD minimizes the squared differences between the measured and 

calculated absorbance values. The calculated absorbances are derived 

from the Beer-Lambert law and the speciation model defined by the 

experimentalist. 

The hydrolysis equilibria are described by Eq. 5.5 

Pu02+ + n H 2 0 £ Pu02(OH)ni-n + [H +] n (5.5) 

The overall formation constants for these equilibrium reactions are: 

[ P u 0 2 ( O H ) n i n ] [ H

+ ] n 

*B„(D= (5.6) 

[ Pu02+] 

Asuming the formation of the first complex only (n=l), analysis of the 

data gives log *(}, (0.1) = -9.73 ±0.10. When the data were analyzed 

according to a two-complex model, there was no improvement in the 
uncertainty of the first complex constant or the residuals from the 
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differences betwen the observed and calculated absorbances. 

Therefore, only a single hydroxy complex appears to be formed under 

the conditions of this experiment. 

To obtain the thermodynamic hydrolysis constant, the above value 

must be corrected to infinite dilution. Several methods have been 

described in die literature. They include the Debye-Hiickel equations 

[5.17], the Davies equation [5.18], the Pitzer and Brewer B method [5.19, 

the Bronsted-Guggenheim-Scatchard approach [5.20-23], the Ktzer virial 

coefficient method [5.24] and the Baes and Mesmer equations [5.1] The 

specific ion interaction theory (S.I.T.) in the form of the 

Brgnsted-Guggenheim-Scatchard approach was applied to the values 

measured in this work as recommended by the Nuclear Energy Agency 

(NEA) of the Organization of Economic Cooperation and Development 

(OECD) [5.25]. The S.I.T. theory is based on the Deoye-Huckel term, 

which is the dominant term in die expression for the activity coeffients 

in dilute solution. The Debye-Hiickel term accounts for electrostatic, 

non-specific long-range interactions. At higher concentrations, short 

range, non-electrostatic interactions have to also be taken into account. 
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This is done by adding an ionic strength dependent term to the 

Debye-Hiickel expression. 

There are two basic assumptions in the specific ion interaction 

theory. The first assumption is that the activity coefficient 0 j of an ion j 

of charge z- in the solution of ionic strength j ^ may be described by Eq. 

5.7 

l o g ^ = -Zj2D+ 2 6 a i k I m ) m i £ (5.7) 

where D is the Debye-Hiickel term: 

D = (5.8) 
( 1 + B a ^ ) 

In Eq. 5.8, A and B are temperature dependent constants, and aj is the 

effective diameter of the hydrated ion j . The values of A and B as a 

function of temperature are listed in Table 5.1. 

In general, values of a, (in A) are 3 to 4, 4 to 6, 9,11, and 4.5 to 7 

for univalent, divalent, divalent, tetravalent, and organic ions, 

respectively. The specific ion interaction theory uses Ba: = 1.5 A, 

because this value has empirically been found to minimize the variation 

of j with I. 
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The summation in Eq. 5.7 extends over all ions k present in solution. 

By design, the concentrations of the ions of the background electrolyte 

are very much larger than those of the reacting species. Therefore, the 

ions forming the ionic medium give the main contribution to the value of 

the activity coefficient for the reacting ions. This fact makes it possible 

to simplify the summation in Eq. 5.7 so that only ion interaction 

coefficients between die participating ionic species and the ionic medium 

are included. 
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Table 5.1: Debye-Hiickel constants [5.25] 

temperature (°C) A B(xl0"8) 

0 0.4913 0.3247 
5 0.4943 0.3254 
10 0.4976 0.3261 
15 0.5012 0.3268 
20 0.5050 0.3276 
25 0.5091 0.3283 
30 0.5135 0.3291 
35 0.5182 0.3299 
40 0.5231 0.3307 
45 0.5282 0.3316 
50 0.5336 0.3325 
55 0.5392 0.3J34 
60 0.5450 0.3343 
65 0.5511 0.3352 
70 0.5573 0.3362 
75 0.5639 0.3371 

The second assumption in the specific ion interaction theory is that 

the ion interaction coefficients fiy^im) are zero for ions of the same 

charge sign and for uncharged species. The rationale behind this 

assumption is as follows. Since the ion interaction coefficient describes 

specific short-range interactions, it must be small for icns of the same 
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charge because electrostatic repulsion keeps them far apart. This 

r-ssumption holds to a lesser extent for uncharged species. 

Ion interaction coefficients for simple ions can be obtained from 

tabulated data of mean activity coefficients of strong electrolytes or 

from the corresponding osmotic coefficients. Ion interaction coefficients 

for complexes can either be estimated from the charge and size of the 

ion or determined experimentally from the variation of equilibrium 

constant with ionic strength. Ion interaction coefficients may vary 

slightly with ionic strength. However, the extent of this variation 

depends on the charge type and is small for 1:1, 1:2, and 2:1 electrolytes 

for molalities less than 3.5 M. Therefore, the concentration dependence 

of ion interaction coefficients can be neglected in this work. This point 

was emphasized by Guggenheim [5.23], who has presented much 

experimental evidence supporting this assumption. 

For the equilibrium 

Pu02+ + H,0 * Pu02(OH) + H+, 

the S.I.T. expression is 

log *(31(0) = log *R1(I) - A(z2)D + Afcm (5.9) 
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where D is the Debye-Hiickel term at 25°C, m is the molality of the 

solution, AG and A(z2) are the differences in the interaction coefficients 

and the squared ionic charges, respectively. Using 

Az2 = z^ctt* - z 2*- = 0 

and 

Ae = e(H+,C104-) -£(Pu0 2+,C10 4-) = -0.03 ±0.08 

andA£^ = -0.003 ± 0.008. 

where €(H+,C10 4) = 0.14±0.02and e(Pu0 2+, C10 4) = 0.17 ±0.08. The 

value for A£ was calculated from the information in the ion interaction 

coefficient tables listed in Appendix 2, which were tabulated from the 

values published by Ciavatta [5.26] and Riglet, Robouch, and Vitorge 

[5.27]. Substituting the above equations and our experimental value for 

log *(3](0.1) of -9.73 ± 0.10 in Eq. 5.9, we obtain log *6!(0) = -9.73 ± 0.10. 

Based on this thermodynamic hydrolysis constant, the species 

distribution of Pu02+ at infinite dilution was calculated. The results are 

shown in Figure 5.4. 
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Chapter 6 

Carbonate Complexation of 

Pu0 2+ 

Carbonate and bicarbonate are common inorganic anions found in many 

natural waters. There are two primary reasons for their presence: 

absorption of carbon dioxide from the atmosphere and/or dissolution of 

carbonate minerals. The formation of stable carbonate and bicarbonate 

complexes is a relatively unique characteristic of the lanthanides and 

actinides [6.1-3]. With the exception of Mg, Ca, Ba, Co, and Pb, most 



117 

other elements do not form complexes with carbonate and bicarbonate 

[6.4]. Actinide carbonate complexes are stronger than their bicarbonate 

counterparts and are important because they extend the chemistry of 

the actinides into neutral and alkaline solutions. Consequently, oxidation 

states are stabilized which were essentially unobtainable in acid 

solutions. However, the study of actinide carbonate systems is 

complicated because there are three potential completing anions in 

solution: C032-, HC03-, and OH". 

6.1 The Carbonate-Bicarbonate System 

In the carbonate system, there are five equilibrium reactions which 

must be considered: 

H 2 0 ? = ^ H + + OH" Kw = [H+][OH"] (6.1) 

2C0 2 ( g ) + F < ^ ( H / X ^ 4 < C O a ^ K n 2 « = [ H 2 a y i , [ C O i ] i l I 

(6-2) 
l r C02J 

C 02(g) + H 2 0 H * H + + HC03- K, = [H+] [HCO3] 
(6.3) 
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HC03- ^ H + + C032- K 2 = [H+] [C0 32] 

[HCO3-] 

(HjCOjJ^-KCO^+iy) H 2 H + + 2 H C 0 3 - K t 2 = [H +] 2 [HC03-]2 

[H 2 C0 3 ] a q [C0 2 ] a q 

Table 6.1 lists the literature values for K P 1 2 , K 1 2, and K 2 at zero ionic 

strength. K, is not listed, since it is simply the product of K p i 2 and K 1 2 . 

(6.4) 

(6.5) 



119 

Table 6.1 Equilibrium Constants for the C0 2-HC0 3-C0 32- System at 

I = 0.0 M, T = 25°C, and p = 1 atm [6.1 ] 

Reaction -log(K) Reference 

K P 1 2 

^ 2 0 0 ^ ^ (HZCOJ^+CCOJ)^ 1.466 ±0.002 6.2,3 

K 12 

(H 2C0 3) a j+(C0 2) a (,+H 20 ^ 2H+ + 2HC03- 6.351 6.2 

6.355 6.4 

6.352 6.5 
6.343 6.6 
6.365 6.7 

6.382 6.8 

K, 

HC0 3-^=i H* + C032- 10.329 6.5 

10.337 6.4 

10.330 6.9 

10.328 6.8 
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The equilibrium constants can be corrected to different ionic strengths 

by applying the S.I.T. method with the zero ionic strength values from 

Table 6.1 and the interaction coefficients from Appendix 2. As you will 

recall from Chapter 5, the S.I.T. expression is 

log 6(1) = log B(0) + A(z2)D - Aemf 

The equilibrium constants are listed as a function of ionic strength in 

Table 6.2. 

Table 6.2 Equilibrium constants for the C0 2-HC0 3-C0 32- system as a 
function of ionic strength in NaC104 solutions at 25°C 

Equilibrium Ionic strength 
0 0.10 0.20 0.50 1.00 1.50 2.00 3.00 4.00 

K,, 14.00 13.80 13.77 13.77 13.83 13.93 14.05 14.32 14.63 

K, 7.82 7.62 7.59 7.57 7.61 7.69 7.78 8.00 8.25 

K 2 10.33 9.90 9.80 9.67 9.59 9.57 9.57 9.60 9.67 

K 1 2 6.35 6.15 6.12 6.10 6.14 6.22 6.31 6.53 6.78 

K P 1 , 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.47 1.47 
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6.2 Experimental Procedure 

The carbonate complexation experiments were conducted under a partial 

C0 2 pressure of 0.1 or 0.5 arm. The controlled atmosphere was supplied 

by gas cylinders containing an analyzed mixture of C0 2 and argon which 

varied less than 1% from one cylinder to another. The Pu02+ concentration 

was targeted for 1.0 x 10"5 M and confirmed by alpha liquid scintillation 

counting (LSC) as previously described. The pH electrode response was 

calibrated in terms of the logarithm of the hydrogen ion concentration 

(pCH = -log [H+]) by titrating a strong acid at 0.5 M ionic strength according 

to the same procedure used for the hydrolysis experiments (Section 5.2). 

At 0.5 M ionic strength, p H ^ = 0.9866 p H m e a s u r e d + 0.2093. The C032-

concentration ranged from 3.18 x 10"6 to 4.39 x 10"3 M, which 

corresponded to a pH variation from 6.25 to 7.85. The ionic strength was 

adjusted to 0.5 M with sodium perchlorate. 

The carbonate complexation experiments were performed by 

pre-equilibrating sodium bicarbonate solutions with the appropriate 

amount of sodium perchlorate at desired "pH" values between 6.25 and 

7.85. An aliquot of Pu02+ stock solution was added to a portion of the 
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carbonate-bicarbonate solution. The resulting mixture was magnetically 

stirred and allowed to re-equilibrate (> 2 hours). The sample was then 

filtered (Millex-G, 200 micron filter) into the cell detection assembly unit; 

three aliquots were taken for LSC; the pK was remeasured; and the 

UV-quartz cuvette tightly capped. Upon completion of the PAS 

measurement, the pH was remeasured and three additional aliquots were 

taken for LSC. This entire process was repeated for each measurement. 

6.3 Results and Discussion 

The change in the absorption spectrum of Pu02+ as the concentrations of 

the carbonate, bicarbonate, and hydroxide were changed is shown in 

Figure 6.1. The possibility of hydroxy complexation was eliminated by 

conducting the experiments at pH values below 8, where we have shown 

Pu0 2

+ is not hydrolyzed. The pH and partial pressure of C0 2 were varied 

to distinguish between bicarbonate and carbonate complexation. As 

shown in Table 6.1, the carbonate-bicarbonate equilibrium is described by 

pK, = 7.57 and pK2 = 9.67 at 0.5 M ionic strength. At partial C0 2 pressures 
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of 0.1 and 0.5 arm, the pH was controlled so that the C032- concentration 

remained constant while the HC03- concentration varied, and conversely, 

the HCO3- concentration was held constant while the C032- was varied. As 

shown in Figures 6.3 and 6.4, spectral changes only occur when there is a 

change in the C0 3

2 - concentration. 

The Pu02+--C032- complexation reaction was studied in a [C032-] range 

of 3.18 x 10"6 and 4.39 x 10 3 M, at a PuOz+ concentration of 

approximately 1 x 10"5 M. At the highest carbonate concentration, a 

second peak emerged between 555 and 570 nm. The spectroscopic data 

were analyzed by the same procedure as in the hydrolysis experiment. 

The Pu02+-C032- complexation equilibria are descrtibed by Eq. 6.6 

Pu02+ + n C032- £ Pu02(C03)ni-2n (6.6) 

where the corresponding stability constants are given by 

[PuO^COj)1"^] 
G„(D = (6.7) 

[Pu0 2+] [COj2-]» 
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The single complex equilibrium model gives log B^O.S) = 4.60 ± 0.03. As 

with hydrolysis, there was no evidence for a second complex. 

Since there is no interaction coefficient available for the 

Pu0 2(C0 3)--Na+ pair, the value for £ ( Np0 2(C0 3)--Na+) of -0.23 ± 0.09 was 

used [6.11]. Np02+is a suitable model compound, since it has the same 

oxidation state and approximately the same ionic radius as Pu02+ [6.12]. To 

calculate the thermodynamic stability constant for the equilibrium 

Pu02+ + C032- £ Pu02(C03)-, 

the experimental value for log I3[(0.5) of 4.60 ± 0.03 was inserted in the 

S.I.T. expression (described in Chapter 5) where D is obtained from Eq. 5.7 

and Table 5.1 at 25°C: 

log G^O) = log G^I) - Az2D + Aem (5.8) 

where 

AZ 2 - Z 2 Pu02(CO3)- " Z2Pu02+ - Z2C032- = "4 

and 
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A e = £ (Pu0 2(C0 3)--Na +) -e(Na + , C0 32) - €(Pu0 2+, C104-) 

= -0.23 ±0.09 - (-0.05 ±0.03) - (0.17 ± 0.08) 

= -0.35 ± 0.12 

and A 6 m = -0.175 ±0.06 

to obtain log 6j(0) = 5.12 ± 0.07. From this constant, die species 

distribution of Pu02+ was calculated as a function of the C032- concentration, 

and die results are shown in Figure 6.4. 
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Figure 6.2 PAS spectra of PuOg in the same HCO, cone. (9.?<J-9 x 10"3M) and varied 
C0 3" cone. (1.09 x 10" 6 and 5.50 x 10"'*' M). 
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Figure 6.3 PAS spectra of PuO* in varied HCO concentration (6.17 x 10" 2 and 
0.1379 M) and the same CO^" concentration (2.19 x 10"^ M). 
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Chapter 7 

Conclusions 

The thermodynamic hydrolysis and carbonate complexation constants 

calculated from this work can be combined with the oxidation-reduction 

potentials of plutonium to obtain the Eh versus pH diagrams shown in 

Figures 7.1-3. These diagrams give a summary of plutonium species 

that can exist under a wide variety of values of pH, Eh, and partial 

pressures of C0 2 possible in environmental systems. The stability 

constants and redox potentials used to caluculate the diagrams are listed 

in Tables 7.1 and 2.1, respectively. The natural waters in the vicinity of 
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Yucca Mountain at the Nevada Test Site have a pH range of 6.9 to 7.7 

and an Eh range of 600 to 800 mV and are therefore best represented 

by Figure 7.3. As shown in Figure 7.3, at least 60% of the soluble species 

in solution exist as Pu02+ between pH 5 and 8 when the solution 

potential (Eh) ranges from +590 to 950 mV. The first carbonate complex 

of Pu02+ ( Pu0 2(C0 3)") is the principal species between pH 8 to 9 when 

the solution potential ranges from 475 to 700 mV. The exsistence of 

Pu0 2(C0 3)" is also important to the prediction of the migration behavior 

of plutonium. The cationic species Pu02+ is converted to the anionic 

species Pu02(C03)", which will significantly alter the ion exchange 

behavior of plutonium through the overpack around the canister and the 

geological medium itself. The calculated speciation behavior in Figures 

7.1-7.3 agrees with the experimental results discussed in Chapter 1. The 

thermodynamic stability constants calculated in the current research 

help characterize potential radioactive waste repository sites and will be 

added to the thermodynamic data base. 
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Table 7.1 Complexation constants and solubility products of Pu02+. 

logB(I),*B(l),orKs(I) 

Complex 1=1 M 1=0.1M 1=0 

Pu02(OH) -9.73 ±0.10 -9.73 ±0.10 

Pu02(OH) ( S ) -9.4 -8.9 

Pu0 2(C0 3)- 4.60 ±0.04 5.10 ±0.06 

Pu02(C03)23- 6.7 6.2 

Pu02(C03)35- 8.6 5.3 

NaPu0 2 (C0 3 ) ( s ) -10.4 -11.4 

NasPuO^CO^^) -12.7 -15.0 
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Appendix 1 SQUAD 

SQUAD employs the two-level adjustment of parameters suggested by 

Sillen [4.22]. The strategy used is shown in Figure 4.4. 

The subroutines DIFF, RESID, ECOEF, CCSCC (and GOGSNR), and 

SOLVE are called by the subroutine REFINE. Route 1, route 2, and then 

route 3 are followed, in order, during a single refinement cycle. Once 

convergence has been achieved, control passes back to the data output 

section of the subroutine INOUT for postrefinement printouts. The 

algorithms in SQUAD are well-tried versions of familiar procedures, 

that have been used in many chemically oriented computational 

applications. However, the coding of SQUAD is structured such that 

any of the algorithms may be replaced by newer, more effecient 

numerical methods. 

For each absorbance value A i t , the equation 

Aj^ = Ci [speciesjjj x £ j k (4.15) 
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where [species];: is the concentration of the j " 1 species in the i* 

solution (spectrum) and 6,^ is the molar absorptivity of the j * species 

at the k m wavelength. SQUAD computes the values of the overall 

formation constants) which minimizes the sum of the squares 

residuals between the ovserved and calculated absorbance values, 

according to Eq. 4.16 

W = £ , (A^j jc-A^i jJ 2 (4.16) 

The subroutines of SQUAD are breifly described below. The main 

program starts by initializing I/O unit numbers and maximum sizes 

for all execution-time dimensioned arrays. Subroutine PREPRO is then 

called to perform the majority of the data input and input file error 

checking. Next, control passes to INOUT, completes data input, and 

then begins the refinement cycle of the formation constants by a 

single call to REFINE. 

Subroutine DIFF and SEARCH. Numerical differentiation, 

employing Stirling's central difference algorithm, is performed by 

DIFF. The increment for differentiation is fixed at 0.5% of each 
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constant. The JacoMan and Hessian matrices are developed within 

DIFF. They are solved by search yielding the shifts to be applied to 

those formation constants being refined. The corrc. ation matrix is also 

calculated at this time. 

Subroutine RESID. This routine acts a a service routine, during 

numerical differentiation step in the Gauss-Newton algorithm, and to 

accumulate W, the squared sum of residuals. The routine also controls 

the solution of Beer's law for the current set of formation constants, 

calling subroutine ECOEF for this purpose. 

Subroutines ECOEF and SIGMAE. For a given set of formation 

constants ECOEF first calls CCSCC, which will return the concentrations 

of complexed and uncomplexed species in solution. At this point, 

ECOEF prepares arrays for the solution of the linear equations (Beer1 

Law) by SOLVE. Prior to calling SOLVE, the absorbance array is 

"corrected" for those species having known molar absorptivities. This 

process includes the formation of a new absorbance matrix, AJikunknown 

from [Aĵ iotai - Aĵ known], where A; kknown is the absorbance calculated 
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from know molar absorptivities and the appropriate species 

conceptions calculated by CCSCC. Once the molar absorptivities have 

been calculated they are inserted back into the total molar 

absorptivity array. Alcaic is then obtained and, consquently, W. 

When convergence is achieved, a final call is made to ECOEF at the 

entry point. Thereby, SIGMAE determines the standard deviations of 

the calculated molar absorptivities. 

Subroutines CCSCC and COGSNR. These two routines are used to 

calculate the concentrations of all species in solution, as defined by the 

equilibrium model. The total concentration of each component, the pH 

of the solution (if applicable), and current set of formation constants 

are input data for these routines. 

CCSCC operates as a bookkeeping and control routine for COGSNR. 

The latter routine solves the mass balance equations, solution by 

solution, using a constrained Newton-Raphson procedure. The coding 

of COGSNR used in SQUAD is a generalized version of that originally 

presented by Tobias and Yasuda [4.28]. 
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Subroutine SOLVE. Once the concentrations of all species for the 

current set of constants have been calculated, and the absorbance 

matrix corrected, then control passes to subroutine SOLVE. At this 

point, one of two algorithms is selected to solve the overdetermined 

set of simultaneous equations. For most datat sets, the traditional 

approach of multiple regression (MR) may be employed. However, in 

certain situations, the nonnegative linear least-squares (NNLS) may be 

invoked, where the solution vector is constrained to be equal to or 

greater than zero. 

Subroutine SEARCH. When the matrix on nonlinear least-squares 

equations is complete, control returns to REFINE and then to SEARCH, 

where these equations are solved according to the Gauss-Newton 

algorithm. The result gives the shifts to be applied to the refining 

constants. Checks are made to ensure that these shifts do not exceed 

preset limits, and if so, the shifts are adjusted accordingly. The 

covariance matrix is also calcualted at this point. 
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Finally, control passes back to REFINE, where the progress of 

refinement is determined. If convergence has been attained, then the 

program returns to INOUT and begins the output. Otherwise, another 

refinement cycle begins. 

Subroutine INPUT. INOUT completes the data input and call 

subroutine REFINE. Once convergence has been achieved, INOUT 

controls the output of results. First tables of all concentrations for all 

species and solutions are printed, followed by the calculated molar 

absorptivities together with their standard deviations. 
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Appendix 2 Tables of ion interaction 
coefficients 

Table A2.1 Ion interaction coefficients £.(j;k) for anions j with k = Li+, Na+, 
and K+, taken from references 5.25-27. The uncertainties represent 95% 
confidence level. 

j k -^ Li + Na+ tc+ 

J, 

OH- -0.02 ± 0.03 0.04 ± 0.01 0.09 ±0.01 
F" 0.02 ± 0.02 0.03 ± 0.02 
ci- 0.1010.01 0.03 ±0.01 0.00 ± 0.01 
Br- 0.13 + 0.02 0.05 ±0.01 0.01 ± 0.02 
r 0.16 ±0.01 0.08 ± 0.02 0.02 ± 0.01 
HF2- -0.09 ± 0.04 
cio3- -0.01 ± 0.02 
ao 4- 0.15 ±0.01 0.01 ± 0.01 
B1O3- -0.06 ± 0.02 
SCN" 0.05 ±0.01 -0.01 ± 0.01 
HS0 4- -0.01 ± 0.02 
HC03- -0.03 ± 0.02 
Np0 2(C0 3)- -0.23 ± 0.09 
N0 2 - 0.06 ±0.04 0.00 ± 0.02 -0.04 ±0.02 
NO3- 0.0S±0.01 -0.04 ± 0.03 -0.11 ±0.04 
B(OH)4- -0.07 ± 0.05 
H2P04- -0.08 ± 0.04 
HCOO- 0.03 ± 0.01 
CH3COO- 0.05 ±0.01 0.08 ±0.01 0.09 ± 0.01 
SiO(OH)3- -0.08 ±0.03 
Si202(OH)5- -0.08 ±0.04 
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Table A2.1 (continued) 

j k -» Li + Na + K + 

I 

S0 32- -0.08 ±0.05 
S0 42- -0.03 ±0.04 -0.12 ±0.06 -0.06 ± 0.02 
C0 32- -0.05 ± 0.03 0.02 ±0.01 
S 2 0 3 2- -0.08 ± 0.05 
HP042- -0.15 ±0.06 
Cr042- -0.06 ± 0.04 -0.08 ± 0.04 
Si 20 2(OH) 22- -0.09 ±0.15 
Si 20 3(OH) 42- -0.15 ±0.06 
U0 2 (C0 3 ) 2 - -0.09 

P0 43- -0.25 ±0.03 -0.09 ± 0.02 
Si 30 6(OH) 33- -0.25 ± 0.03 
Si 30 5(OH) 53- -0.25 ± 0.03 
Si 40 7(OH) 53- -0.25 ± 0.03 
Si 303(OH) I 33- -0.25 ±0 .03 
Np0 2 (C0 3 ) 2 3- -0.35 ±0.15 
Am(C0 3) 33- -0.1 

P 2 0 7 4- -0.26 ± 0.05 -0.15 ±0.05 
Fe(CN)64- -0.17 ±0.03 
U0 2 (C0 3 ) 3 4- -0.02 
U(C0 3) 44- -0.02 

U0 2 (C0 3 ) 3 5- -0.63 ±0.20 
Np0 2 (C0 3 ) 3 5- -0.62 ±0.18 
U(C0 3) 56- -0.20 ±0.11 
(UOJ)S(CX)JV»- -0.39 
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Table A2.2 Ion interaction coefficients G Q4c) for cations j with k = CI", 
C104-, and N0 3-, taken from references 5.25-27. The uncertainties 
represent 95% confidence level. 

j k - » Li- Na+ K + 

4. 

H + -0.12 ±0.01 0.14 ±0.02 0.07 ±0.01 
NH4+ 0.01 ±0.01 -0.08 ± 0.04 0.06 ±0.03 
H2gly+ -0.06 ± 0.02 
Ag+ 0.00 ±0.01 
Cu+ 0.11 ±0.01 
cda+ 0.25 ±0.02 
CdSCN+ 0.31 ±0.02 
i*a + 0,19 ±0.02 
U02+ 0.13 0.28 ±0.08 
Nr02+ 0.26 + 0.08 
Pv02+ 0.17 ±0.08 
An02+ 0.23 ±0.10 
LaC03+(AmC03+) 0.26 ±0.08 
Th(0:^3+(Am02OH+) 0.26 ± 0.08 
UOjF* 0.29 ±0.05 
uo2a+ 0.31 ±0.04 
UF3+ 0.00 ±0.05 

Mg 2 + 0.19 ±0.02 0.33 ± 0.03 0.17 ±0.01 
Ca 2 + 0.14 ±0.01 0.27 ±0.03 0.02 ± 0.01 
Ba 2 + 0.07 ±0.01 0.15 ±0.02 -0.28 ±0.03 
Mn 2 + 0.13 ±0.01 
Co2* 0.16±0.02 0.34 ±0.03 0.14 ±0.01 
Ni2* 0.17 ±0.02 
Cu 2 + 0.08 ±0.01 0.32 ± 0.02 0.11 ±0.01 



Table A2.2 (continued) 
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J k-» a- C104- N 0 3 -

I 

Zn 2 + 0.33 ±0.03 0.16 ±0.02 
Cd 2 + 0.09 ±0 .02 -0.02 ±0.01 
Hg2*+ 0.09 ± 0.02 -0.02 ±0.01 
Hg 2 + 0.34 ±0 .03 -0.01 ±0.01 
Pb 2 + 0.15 ±0.02 -0.20 ±0 .12 
U022+ 0.21 ±0.02 0.46 ±0.03 0.24 ±0 .03 
FeOH2 +(AmOH2+) 0.38 

(ThOH2*) 
FeSCN2* 0.45 
YHC032+ 0.39 + 0.04 
UF22+ 0.03 ±0.01 
U(N0 3) 22* 0.58 ±0 .13 

Al 3* 0.33 ±0 .02 
Cr* 0.30 ±0.03 0.27 ±0.02 
Fe 3* 0.56 ±0 .03 0.42 ±0.08 
L a ^ A m 3 * ) 0.22 ±0.02 0.47 ±0.03 
La 3 + Lu 3* 0.47 0.52 
Be 2 OH 3 + (ThOH 3 + ) 0.50 ±0.05 
Be3(OH)33+ 0.30 ±0.05 0.51 ± 0.05 0.29 ±0.05 
ucP»- 0.79 ±0.11 
UN033+ 0.75 ±0.10 



Table A2.2 (continued) 
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J k-> a- C104- N0 3-

Th4* 0.25 ± 0.03 0.11 ±0.02 
U4t 0.84 ±0.10 
Np4* 0.84 ±0.10 
Pu4* 1.03 ±0.10 
An4* 0.88 ±0.14 
Fe2(OH)24+ 0.82 
Y,C034+ 0.80 ±0.04 


