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Summary 

This investigation was undertaken to obtain new data on the composition and properties of . 
plutonium(IV) compounds formed under diverse conditions in strongly alkaline media in the 
presence of various anions. Such information is important to understand P u o  behavior and the 
forms of its existence in the alkaline sludges of Hanford Site radioactive waste tanks. The 
knowledge then may be applied to assess plutonium disposition in the ‘storage, retrieval, and 
treatment of Hanford Site tank wastes with respect to its criticality hazards and contribution to 
the transuranic waste inventory. 

In all studied cases, P u o  precipitates from 0.2 to 10 M NaOH solutions at 10 to 200°C to 
form nearly amorphous compounds of general composition Pu02’xH20. Extended aging of the 
compounds does not produce well-crystallized phases. Aging was accelerated by coagulation at 
elevated temperatures, including hydrothermal conditions. The number of water molecules, x, 
associated with the Pu02 solid depends strongly on the PuO~.xH20 drying conditions but is not 
sensitive to the precipitation method (direct or reverse) or the coagulation time. For PuO~.xH20 
solids prepared at 10 to 60°C and dried at 20°C in desiccators over KOH pellets (1.7 torr H20 
vapor pressure) or over 25% H2SO4 (14.6 torr H20 water vapor pressure), mean values of x are 
1.6 and 2.8, respectively. The large difference in these values confims the strongly hygroscopic 
properties of h02.xH20. The x values decrease with increasing temperature. ‘ The composition 
of PuO~xH20 obtained at 180 to 200°C and dried over KOH has an average x of 0.60. 

Thermogravimetric scans of various PuO~.xH20 samples were similar regardless of com- 
pound preparation conditions. In all cases, the mass loss occurred monotonously, in one step, in 
the range 50 to 250°C. All differential thermal analyses showed mildly endothermic peaks at 
about 110°C. This confirmed that the water in PuOrxH20 does not have discrete states but has a 
continuous range of bonding energy. 

Anhydrous P u 0 2 ,  produced by heating Pu02’xH20, is strongly hygroscopic. The hygro- 
scopicity remained even after prolonged heating at 500”C, disappearing only at 800°C. The 
minor influence of temperature on Pu02’xH20 hygroscopicity can be explained by the rather high 
thermal stability of the primary crystallites. This supposition was confirmed by direct estimates 
of PuOrxH2O crystallite size by an X-ray powder diffraction method. It was found that 
PuOn.xH20 crystallite size increases only from about 2.5 to 7 nm in the range 20 to 800°C. 

* 

Infrared (IR) spectra of PuO~.xH20 solids prepared under different conditions closely 
resemble each other and show an intense band with maximum at 3400 cm-’, three weak bands in 
the range 1700 to 1250 cm-’, and an additional strong and generally split band between 600 and 
350 cm-’. The band at 3400 cm-’, arising from valent water vibrations in the PuO~.xH20 
structure, is relatively wide and smooth and without shoulder. This observation confirms the 
assumption that water molecules have no discrete state in the compound structure. The bands 
with maxima at 1640 cm-’ and in the low frequency region can be attributed, respectively, to 
deforrnation’vibrations of H20 and valent vibrations of Pu-0 bonds in Pu02 crystallites. 
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‘ Sedimentation of Pu0&320 precipitates is usually complete in two to three hours. The 
settling rate decreases with increase in the solution phase density for the systems H20, 
1 MNaOH, 3 M NaOH, and 3 M NaOH / 3 M NaNO3. The influence of aging conditions on 
PuO~.xH20 settling rate is weak and irregular. However, for compounds prepared under hydro- 
thermal conditions at 160 to 2WC, settling rates.in water and 1 M NaOH are considerably higher 
than the rates found for precipitates prepared at lower temperature. The specific volumes of 
settled Pu0&320 are practically independent of the solution phase composition and density. 
However, the specific volumes decrease significantly with hydrothermal aging (180 t0.200”C) to 
give specific volumes three times lower than those of precipitates aged at room temperature. 
Precipitate volumes after centrifugation are less sensitive to compound aging conditions and are 
about 5 mUg Pu. 

Plutonium concentrations in mother solutions centrifuged two minutes after PuO~xH20 
. precipitation are 100 to loo0 times higher than the compound’s solubility under the same 

conditions. Plutonium concentration decreases with time but remains high even after one-day’s 
coagulation. Precipitation of Pu02’xH20 likely proceeds through colloid formation with the fine 
particles remaining suspended during centrifugation. Plutonium concentrations decrease about 
100-fold by using ultrafiltration instead of Centrifugation to separate phases. 

Experiments showed .thatthe compounds precipitated from 0.2 M NaOH at room temperature 
or from 1 M NaOH at 60°C in the presence of 2 M NO;; 0.1 M C204*-, HOCH2COO-, EDTA, 

.€EDTA, or citrate; or 0.5 M C0:- and SO,‘- had, after careful water washing, the same 
composition and hygroscopic properties as the Pu0&320 obtained by p u o  nitrate 
precipitation from pure NaOH solutions. These anio-ns did not significantly alter the rate or 
completeness of PuOrxHzO precipitation. Incorporation of NO< in the PuO~.xH20 was less 
than 0.03 mole percent, and sodium retention was less than 1 mole percent in precipitates formed 
by reaction of NaOH with acidic P u o  nitrate solutions and washed five times with water. 

Plutonium(IV) precipitation characteristics, however, were altered for alkaline solutions 
containing silicate or’phosphate. In both cases, the color and volume of precipitates changed. 
The precipitates peptized considerably with water washing. Direct analyses of the P u o  
compounds precipitated from alkaline solution in the presence of 0.05 M Si03” at low NaOH 
concentrations showed that the compounds were more likely silicates than PuO~.xH20. 
Significant amounts of silicate were detected even in products obtained from 7 M NaOH. 
Silicate also was found to interact with PuOrxH2O prepared separately under hydrothermal 
conditions. The alkali precipitation behavior of P u o  is similar in the presence of phosphate 
and silicate. However, the degree of anion capture and the stability of compounds prepared at 
high NaOH concentration for phosphate are significantly lower than found for silicate. 

Based on these results, it is reasonable to conclude that PuOrxH20 cannot be present in 
alkaline tank wastes containing significant silicate concentrations. Under such conditions, 
P u O  should exist as various basic silicates according to the waste’s composition. However, 
this conclusion may be complicated by the behavior of mixed hydroxides of P u O  with F e O  
or other waste components in the alkaline silicate media. This problem requires special 
investigation. 
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1 .O Introduction 

The tendency of P u O  to hydrolyze and form true solutions, colloid solutions, or insoluble 
precipitates has been known since the Manhattan Project (Seaborg and Katz 1954). Since then, 
specific studies have been performed to examine in detail the equilibria of P u O  hydrolytic 
reactions in various media (Rabideau 1957; Rabideau and Kline 1960). Great attention also has 
been paid to the preparation, structure, and properties of P u O  polymers or colloids (Ockenden 
and Welch 1956; Haire et al. 1971; Costanzo et al. 1973; Bell et al. 1973a and 1973b; Neu et al. 
1997). These compounds found an important application in sol-gel technology for the prepara- 

'tion of nuclear fuel materials (see, for.example, Louwrier 1968). A most important result of 
these works was the conclusion that P u O  hydroxide, after some aging, consists of very small 
PLIOZ, crystallites and should therefore be considered to be P u O  hydrous oxide (Ockenden and 
Welch 1956; Haire et al. 1971). However, studies of the properties and behavior of solid P u o  
hydroxide in complex heterogeneous systems are rare. 

The primary goal of our investigation was to obtain data on the composition and properties of 
P u O  hydrous oxide or other compounds formed in alkaline media under different conditions. 
Such information is important to understand P u o  behavior and the forms of its existence in the 
Hanford Site alkaline tank waste sludge. This knowledge then may be applied in assessing 
plutonium criticality hazards in the storage, retrieval, and treatment of Hanford Site tank wastes 
(Whyatt et al. 1996) as well as in understanding its contribution to the transuranic waste 
inventory (threshold at 100 nCVg or about 5x10a M) of the separate solution and solid phases. 
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2.0 Experimental Materials and Methods 

2.1 . .  Reagents and Equipment 

Most experiments were conducted using P u o  nitrate solutions having known nitric acid 
concentrations. Plutonium solutions were prepared by following method First, approximately 
0.05 M plutonium nitrate in -3 M HNO3 was purified by the common anion exchange method. 
Hydrogen peroxide was added up to 0.05 M to this solution. The mixture was heated on a 
boiling water bath until the sharp change of solution color from blue to brown occurred, 
indicating complete H202 decomposition and transition of P u o  to P u o .  From this solution, 
Pu(C204)2'6H2O was precipitated by the slow addition of -1 M oxalic acid to -0.1 M excess with 
slight heating. After two hours of coagulation, the compound was separated from the mother 
solution by centrifugation and washed with a 1 M HN03/0.01 M H2C2O4 solution. The 
Pu(C2O4)2'6H2O was dissolved in boiling concentrated HNO3, and the product solution 
evaporated to a small volume. . After cooling, the solution was diluted four-fold with 2 M m03 

and again treated with H202 to stabilize plutonium in the tetravalent state. 

By this method, two PuW stock solutions were prepared having 0.233 and 0.206 M Pu, 
respectively. The free acid concentrations in the respective solutions were 3.10 and 4.35 M. The 
P u o  state was verified by absorption spectrophotometry using a Shimadzu model UV-3100 PC 
W-Vis-NIR spectrophotometer (Japan). Plutonium concentrations were determined by a gravi- 
metric analysis. For this purpose, 0.1 mL aliquots of P u o  stock solution were evaporated to 
dryness carefully (without boiling) in small platinum crucibles and the residues calcined at 800°C 
for about ~ W Q  hours to form PuO2. The free HNO3 concentrations in P U O  solutions were 
determined by direct titration with 0.1 M NaOH using phenolphthalein as an indicator. It was 
assumed that four moles of sodium hydroxide were consumed to precipitate one mole of P u o .  

' 

. 

In some experiments, thorium was used to model P u o  behavior in alkaline media. Initial 
0.5 to 1 M thorium nitrate solutions were prepared by dissolving reagent-grade Th(NO3)&H2O 
in 0.2 M HNO3. Exact thorium solution concentrations were determined gravimetrically by 
precipitating thorium hydrous oxide with U O H  and calcining the precipitate to Th02. 
Working sodium hydroxide solutions, obtained by the dilution of 16.7 M'chemical purity-grade 
NaOH, were stored in polyethylene bottles. Standard solutions of other reagents (such as 
NaN02, NaNO3, Na2S04, NasP04) were prepared by dissolving the corresponding salts in 
distilled water or by neutralizing the respective acids with NaOH. 

Powder X-ray diffraction patterns of solid samples were measured by a 100-mm Guinier 
* camera, model XDC-700, using Cu&radiation (Philips PW 1 140/90/96 generator, Holland) 
using Si as an internal standard. Infrared (IR) spectra were taken using a Specord-M80 
instrument (Germany). Thermal analyses of compounds were performed with a Q-1500 D 
derivatograph (Hungary). Thermostats (v-2 model, Germany) were used to maintain constant 
solution temperature in the range 20 to 80°C within iO.2"C. Separations of precipitates from 
supernatant liquids were performed using medical centrifuges (model CLK-1, Russia) operated at 
an acceleration of 1,750g. Weights of P u o  compound samples were determined by a Sartorius 
(Germany) microbalance with a sensitivity pf 1 pg. The concentrations of plutonium solutions 
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were measured by their specific a-activity using a LS-6500 scintillation counter (Beckman, 
USA). An automatic y-counter (Tesla, Czech Republic) was used for 22Na determination in 
solutions and compounds. 

2.2 Experimental Methods 

2.2.1 Precipitation, Coagulation, and Isolation of Pu(lV) Compounds 

Plutonium(W) hydrous oxide samples were prepared by direct or reverse precipitation in 
polyethylene test tubes using amounts'of NaOH or m O H  calculated to obtain a chosen excess 
of the precipitant. With direct precipitation, a calculated excess of NaOH or =OH was added 
to a measured volume (usually 0.3-0.4 mL) of a P u o  stock solution diluted three- to five-fold 
by water. With reverse precipitation, P u O  stock solution aliquots were poured into 
polyethylene test tubes containing solution with known concentrations of NaOH or W O H .  In 
both cases, the resulting suspensions were stirred and kept for a controlled period of time at' a 
chosen temperature in a thermostat or in a boiling water bath. The solid phases then were 
separated by centrifugation and washed four to five times with water. The pH of the last wash 
water was no higher than 8. Washed precipitates were collected in small crucibles, dried in a 
desiccator over KOH pellets, and converted into powders. 

' 

, 

To prepare P u O  hydrous oxide samples under hydrothermal conditions, NaOH or =OH 
in an excess of about 0.2 M was added to 0.3 to 0.4 mL of P u O  stock solution and the resulting 
mixture diluted to 5 to 7 mL with water. After stirring and coagulation at room temperature, the 
precipitate was separated from the mother solution by centrifugation and washed once with 5 mL 
of water. The precipitate then was suspended in 1 mL of standardized sodium or ammonium 
hydroxide and transferred into a Teflon test tube with a 6-mm outer diameter. The test tube was 
sealed in a glass ampoule and heated for several houk at a controlled temperature in the range 
100 to 200°C. After cooling, the ampoule, was opened, and the suspension was transferred to a 
centrifuge tube and treated as described for tests at lower temperatures. 

Similar methods were used to prepare Pu(IV) compounds precipitated in the presence of 
various anions. Known amounts of the anion salts were introduced into aliquots of P u o  stock 
solution (direct precipitation) or into NaOH solution (reverse precipitation) under conditions 
otherwise similar to those described for tests in the absence of additional anions. 

2.2.2 Study of the Hygroscopic Properties and Composition of Pu(lV) Hydrous 
Oxide 

. 

To determine the hygroscopicity of P u o  hydrous oxide, from 5 to 15 mg of PuO&-I2O 
were added to small platinum-plated cups (diameter -12 mm, height -3 mm, mass -0.5 g), kept 
in a desiccator over KOH pellets for one to three days, the masses measured by obtaining weights 
for one to two minutes, and the results extrapolated to the time the cups were removed from the 
desiccator. The same procedure was performed after keeping the samples for one to three days in 
desiccators having 50% 'H2SO4 and 25% H2SO4. The water vapor pressures over KOH, 
50% HzSO4, and 25% H2SO4 at 20"C, are 1.7, 6.9, and 14.6 torr, respectively, compared with 
17.4 torr over water itself. By this method, it was possible to observe the water retention of 
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materials in air with varied humidity. In some experiments, measurements were repeated two or 
three times 'to observe the reversibility of the .hygroscopic properties of compounds under 
investigation. When hygrosc.opicity experiments were completed for a given sample, it was 
calcined at about 800°C for one to two hours to determine the weight of PuOa and calculate the 
amounts of water retained in products held in air at different humidities. 

This method was tested by multiple analyses of the same batch of P u O  hydrous oxide. As 
shown in Table 2.1, the error in determining the value of x in the composition of a single 
PuO~.xH20 sample does not exceed M.1, or about 3% relative. 

Table 2.1. Reproducibility of the Weight Analyses of a Pu02.xH20 Sample 

2.2.3 Measurements of the IR Spectra of Pu(IV) Hydrous Oxide Compounds 

To qbtain an IR spectrum, the compound to be studied was first dried one to three days in a 
desiccator over KOH pellets. Then, 2 to 2.5 mg of the compound was mixed with 200 mg of 
special purity-grade.NaC1 or Kl3r and ground into powder for 10 to 20 minutes in an agate 
mortar. The mixture was converted into a transparent 2-cm diameter disk by pressing in a die 
about one minute with 190 kP/cm2 pressure. The disk was set in a special holder and placed in 
the compartment of the JR spectrophotometer. The lR spectra were recorded in the range of 350 
to 4000 cm-' @lac1 matrix) or 250-4000 cm-' (KBr matrix). Measurements at low wave numbers 
were performed using blank disks to compensate for IR absorption by the salt matrixes. The 
blank disks were prepared from pure NaCl or KBr by the same method. 

2.2.4 Determination of the Sedimentation Rate and Specific Volumes of Pu(lV) 
Hydrous Oxide Samples 

To determine sedimentation rate, 0.12 mmol of P u o  was transformed into PuO~.xH20 by 
direct or reverse precipitation and coagulated under controlled conditions, as described pre- 
viously. The precipitate was separated from the mother solution by centrifugation and washed 
twice with 5 mL of water. The precipitate then was thoroughly mixed with 1.5 r& of water to 
obtain a uniform suspension that was quickly placed in a calibrated 6-mm inner-diameter glass 
tube. The precipitate's sedimentation rate was measured by visually observing its volume change 
over one to two hours. The solid phase then was centrifuged for five minutes, separated from the 
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supernate, and mixed with 1.5 mL of 1 M NaOH. Measurements of the sedimentation rate of the 
resulting suspension were performed in the same way as in the tests with water. Sedimentation 
rates also were found in 3 M NaOH and 3 M NaOH / 3 M N a 0 3 .  

2.2.5 Study of the Rate and Completeness of Pu(1V) Hydrous Oxide Precipitation 

To determine the rate and completeness of pU(IV) hydrous oxide precipitation, a measured 
volume (usually 0.2 mL) of standard P u o  solution was mixed with a known amount of NaOH 
to obtain PuO~xH20 by direct or reverse precipitation under controlled conditions, as described 
previously. Mer  two minutes, the precipitate was centrifuged for one minute, and an aliquot of 
mother solution was taken for radiometric analysis. The precipitate then was suspended, kept for 
10 minutes, and, after centrifugation, the supernate was sampled for analysis again. The tests 
also were repeated at 20 minutes and one day of contact time. I 

The same procedure was used to monitor the rate and completeness of Pu compound 
precipitation in the presence of various anions. The anions were added to the sodium hydroxide 
or Pu(Iv) solution, respectively, before the reverse or direct precipitation. 
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3.0 Results and Discussion 

3.1 Composition and Hygroscopjc Properties of Pu(lV) Hydrous 
Oxides 

3.1 .I Possible Formation of Na,Pu(OH),, or Pu02-AN03)2,,-xHi0 Compounds 

It is known that tetravalent plutonium and neptunium are somewhat amphoteric, forming 
hydroxo complexes at high NaOH concentrations. Complexes of the form An(OH)< and 
An(0H);- have been proposed (Peretrukhin et al. 1996). The compound NH,+Np(OH)s was 
prepared under hydrothermal conditions, and its structure was determined by single crystal x-ray . 
diffractometry (Cousson 1986). Therefore, it is reasonable to suppose that, in strongly alkaline 
media, P u o  can form solid compounds of composition Na2Pu(OH)4+,.xH20. To verify this 
supposition, P u O  hydroxide samples were prepared using a 10 M NaOH solution isotopically 
labeled with =Na. The specific y-activity of the solution was 5x104 Bq 22Na/mL,. 

In these tests, 0.2 to 0.6 mL of 0.233 M P u o  stock solution was mixed with 2 mL of 6- or 
10-M =Na-labeled NaOH by direct or reverse addition; the precipitate was coagulated under 
controlled conditions in a polyethylene test tube. The precipitate then was separated and washed, 
in the first step, using 2 rnL of water followed by 1 mL of ethanol; all subsequent washing steps 
were performed either with 2 mL of water or 2 mL of ethanol. The y-activity of the precipitate . 
was measured after each washing. The results were used to calculate the sodium content of the 
P u o  compound. The precipitates' y-activities without washing were about 8 .5~10~ Bq. The 
background of the y-counter was about 2 Bq. 

The experimental results show that the Na+ content in the precipitates 'after separation from 
the mother solution and the first washing step are 30 to 70 mol% (Table 3.1). These quantities 
accord with the amounts expected based on the volumes and dilution of the mother solution 
present interstitially in the solids. It is concluded that Na2Pu(0H)4+2~xH20 compounds are not 
formed by direct or reverse P u O  precipitation from alkaline solutions with NaOH 
concentrations less than 9 M. This conclusion also is confirmed by measuring the x-ray 
diffraction pattern of moist P u o  compound precipitated from 10 M NaOH and coagulated 
three hours at room temperature. The pattern only showed the very diffuse lines of Pu02, similar 
to other PuO~.xH20 samples. 

The data in Table 3.1 show also that complete removal of NaOH from Pu02-xH20 
precipitates is achieved better by thorough water washing. Ethanol is less effective for this 
purpose. Perhaps the retention of NaOH by PuO~.xH20 is caused by its sorption on the 
precipitate surface. Based on these results, P u O  precipitates prepared in subsequent tests were 
washed four to five times with water at liquid to solid ratios greater than 10. 
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Table 3.1. Sodium Contents in Pu02.xH20 Samples after Washing with Water or Ethanol 

0.2 
0.2 
1 .o 
1.0 
2.4 

Limited information exists on the ability of P u o  hydrous oxide to incorporate nitrate in 
alkaline precipitation -us 1949). To obtain more definitive data, a number of PUOZ.XH~O 
samples were prepared and analyzed for nitrate content. For the analysis, 5 to 20 mg of com- 
pound were dissolved, with slight heating, in 1 mL of concentrated sulfuric acid in the presence 
of 5 to 8 mg of salicylic acid. The resulting solutions then were.treated to determine nitrate 
concentrations (Lur'e 1971). As shown in Table 3.2, the nitrate contents in PuO~.xH20 samples 
prepared under different conditions do not exceed 0.03 mol%. Such small concentrations cannot 
markedly affect PuO~xHzO properties and were neglected in subsequent experiments. 

12 5 0.013 
loo .9 0.022 

* 5  0.01 1 
3 0.023 

12 

5 0.020 
100 
60 

Table 3.2. Content of NO< in Some PuO~.xH20 Samples 

3.1.2 Composition and Hygroscopic Properties of PuO~xH20 

Most PuO~.xH20 solids were prepared using reverse (acid to alkali) precipitation with NaOH 
solutions. This technique avoided possible P u O  disproportionation at the ' low acid 
concentrations that occur transitorily during NaOH addition to P U o  solution. The probability 
of such reaction was appreciable because the plutonium stock solution concentrations were high. 
To decrease the probability of P u o ~  disproportionation during PuO~.xH20 precipitation, the 
P u o  stock solution aliquots were diluted three- to five-fold by water y d  quickly mixed, with 
intense stirring, with the chosen amount of NaOH solution; 
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As shown in Table 3.3, the PuO~xH20 compositions obtained under. comparable drying 
conditions are independent of direct or reverse precipitation. The compositions likewise are not 
sensitive, at low temperatures, to the amount of excess NaOH or to the coagulation time. At 
higher aging temperatures, the compound hydration (x value for PuO~.xH20) tends to decrease, 
especially at higher NaOH concentrations.. This tendency is. especially obvious for products 
obtained under hydrothermal conditions cable 3.4). The compositions of the same samples, 
dried over 25% H2S04 in a desiccator, are less sensitive to increasing temperature of aging. 

Table 3.3. Composition of PuO~.xH20 Samples Prepared by NaOH Precipitation at 12 to 100°C 

The mean x values for PuO~.xH20 precipitated at 10 to 60°C and dried over KOH pellets and 
over 25% H2S04 are 1.56 and 2.76;respectively. The difference, Ax, (which is 1.20) reflects the 
hygroscopic properties of PuO~.xH20. The PUOZ.xH20 products coagulated at lOOoC but dried 
under the same conditions have mean x values of 1.38 and 2.72, respectively, and Ax is 1.34. For 
PuO~.xH20 samples obtained under hydrothermal conditions at 180 to 200"C, the respective x 
values are 0.67 and 2.47, and Ax is 1.80. Thus, the number of water molecules in PuOa.xH20 
prepared under comparable conditions decreases with increasing temperature, but the 
hygroscopicities of the compounds increase slightly. 
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Table 3.4. Composition of Pu02’xH20 Samples Prepared under Hydrothermal Conditions . 

Experiments also were performed to study the composition and hygroscopic properties of 
Pu0&320 prepared at low OH- concentrations. In these tests, the P U o  precipitation was 
conducted with 0.2 to 0.3 M excess =OH, and.the precipitates were aged in the mother 
solutions. The PuO~.xH20 precipitates obtained with ammonium hydroxide were similar in 
composition and hygroscopic properties to those precipitated by NaOH (Table 3.5). 

The loss and absorption of water by Pu02’xH20 with changing water vapor pressure are 
freely reversible. Tests showed that changes in PuO~.xH20 sample weights for materials kept, in 
turn, over three cycles of dehydration (dry KOH) and hydration (25% H2SO4) for one to three 
days were reproducible (Table 3.6). . 

Table 35. Composition of Pu029cH20 Samples Prepared Using =OH 
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Table 3.6. Reversibility of PuO&-I20 Hygroscopic Properties 

The sensitivity to humidity is not unique to PuO~.xH20. As seen in Table 3.7, the 
hygroscopic behavior of ThO~xH20 is very similar to that of PuO~.xH20. Furthermore, semi- 
quantitative experiments showed that dried N p O  hydroxide also changes weight with change 
in air humidity. Because NpO~xH20 reacts quickly with atmospheric oxygen to form Np(V) 
compounds, however, its hygroscopic properties could not be studied in detail. 

I 

* Table 3.7. Composition of ThOrxH20 Prepared by Direct Precipitation with NaOH or m O H  
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3.1.3 Thermal Behavior of Pu(lV) Hydrous Oxide 

From the data presented above it is evident that PuO~.xH20 easily loses a part of its water 
even at room temperature. The dehydration of miO~.xHiO at elevated temperatures was studied 
by thermogravimetric and differential thermal techniques. The measurements were conducted 
with 25 to 50 mg PuO~.xH20 previously dried in a desiccator over 50% H2SO4. 

Thermogravimetric scans of the various Pu02’xH20 samples were similar regardless of the 
preparation conditions. Selected scans are presented in Figure 3.1. In all cases, the mass loss 
occurred monotonously, in one step, over the range 50 to 300°C. All differential thermal analysis 
curves showed gentle endothermic peaks at about 1 10°C whose heights were proportional to the 
x values of the compounds being investigated. Based on these results, it was concluded that 
.water in FkO~.xH20 does not have discrete binding such as for a crystalline hydrate. Instead, a 
continuous range of bonding energy characterizes the associated water. This conclusion agrees 
well with the hygroscopic properties found for PuO~.xH20 at room temperature. 

Figure 3.1. Thermal Analysis of PuO~.xH20 

3.6 



The behavior of products obtained by isothermal heating of PuO~.xH20 samples to elevated 
temperatures in air was studied. For this purpose -12 mg of PuO~.xH20, prepared by reverse 
precipitation from 1 M NaOH and subsequent coagulation for nine hours at lOO"C, was heated 
stepwise at different temperatures for 1.5 hours. After each heating step, the product was stored 
one day in desiccators over dry KOH and then over 25% sulfuric acid and the weight measured. 
The temperature was maintained to k3"C in the range 20 to 300°C and f1O"C above 300°C. 

From data in Table 3.8 it is clear that the residual water content of PuO~.xH20 decreases with 
increasing temperature. However, the ability of the heat-treated compounds to reabsorb water 
vapor under otherwise similar conditions is not affected by the drying temperature over the range 
20 to 350°C. Remarkably, this ability is observed even at 520°C. Increasing the time of heating 

' at constant temperature affects the hygroscopic properties of PuO~.xH20 only to a very limited 
extent (Table 3.9). 

. 

Table 3.8. Hygroscopic Behavior of PuOrxHzO after Isothermal Heating for 1.5 Hours 

Table 3.9. Hygroscopic Behavior of PuO~.xH20 after Heating at 295°C for Various Times 

The small influence of temperature on PuO~.xH20 hygroscopicity can be explained by the 
high thermal stability of the primary crystallites. This supposition was confirmed by direct x-ray 
powder diffraction estimates of the crystallite sizes of PuO~.xH20 samples heated to different 
temperatures. The estimates were based on data presented in Figures 3.2 and 3.3. The experi- 
ments were conducted using PuO~.xH20 samples prepared by precipitation from 0.2, 1, and 10 M 
NaOH and coagulated three hours at 75°C. The samples (6+1 mg) then.were heated for two 
hours to various temperatures and examined by x-ray powder diffractometry. The widths of the 
(111) diffraction line (Figure 3.2) were analyzed by densitometric measurements and by a 
computer scan method (Figure 3.3). 
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Figure 3.2. X-Ray Diffraction Patterns of PUO~xH20 and the Shape of the (1 11) Line as a 
Function of Heating Temperature (in "C): 
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Figure 3.3. Half-Width of the (1 1 1) Diffraction Line of Pu02'xH20 as a Function 
of Temperature 
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As shown in Figure 3.3, the half-width of the diffraction line smoothly decreases about three- 
fold as the heating temperature increases from 75 to 800°C. Nevertheless, the PuO~.xH20 

. samples' diffraction line half-widths remain rather large even after two-hours' calcination at 
800°C. Variations in the half-width as a function of heating time are insignificant (Figure 3.4). 
Similarly, variation of NaOH concentration had no distinct effect for any tested temperature. 
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The observed changes of the diffraction line half-width with temperature correspond to an 
increase in the Pu0~ .xH~0  crystallite size from about 2.5 to 7 nm. It is seen that the Pu02 
obtained by alkaline precipitation of PuO~.xH20 followed by calcination at 800°C yields very 
small crystals; however, these crystals are not hygroscopic. It is likely that the hygroscopic 
properties of Pu02 depend not only on the size of crystals but also on their regularity. 
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3.1.4 IR Spectra of PuOrxHzO Compounds 

Infrared (IR) spectra were taken for the majority of PuO~.xH20 samples prepared for the 
composition and hygroscopic property studies. Representative IR spectra are shown in Fig- 
ure 3.5. The spectra closely resemble each other and show an intense band with a maximum at 
3400 cm", three weak bands in the interval 1700 to 1250 cm-', and an additional strong, and 
usually split, band between 600 and 350 cm-*. The band at 3400 cm-' undoubtedly arises from 
valent vibrations of water molecules in the PuO~.xH20 structure. The band is relatively wide and 
smooth, without any shoulder. This fact confirms the previously mentioned assumption that 
there are no discrete states of water molecules in the structure of PuO~.xH20. 

-0 1 2 3 . . .  . 4  5 6 
7, hours 

+Scan., 300% ~Denslmeter, 300t 
A.sCan., 500% ADIWSMW, 500% 

Figure 3.4. Half-Width of the (1 11) Diffraction Line of PuO~.xH20 as a Function of 
* HeatingTime 
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Figure 3.5. Infrared Absorption Spectra of PuO~.xH20 Samples Aged under These 
Conditions: 
1 - 0.2 M NaOH, 12"C, ,1 hour 
2 - 0.2 M NaOH, 200°C, 5 hours 
3 - 8 M NaOH, 100°C, 9 hours 

Of the three weak bands in the IR spectra of PuO~.xH20, the one with maximum at 1630 cm-' 
can be attributed to deformation vibrations of H20. Assignment of the other two bands is not 
clear. The bands' intensities vary from sample to sample and for some samples were not observed 
at all. 

The band in the low frquency region perhaps can be attributed to valent vibrations of Pu-0 
bonds in the h 0 2  crystallites. The band's splitting into two components with maxima near 480 
and 380 cm-' may be explained by the existence two kinds of Pu-0 bonds, such as at the inside 
(Pu-0-PU) and at the surfaie (Pu-0) of the crystallites. 

The IR spectra of PuO~.xH20 and ThO~.xH20 are similar (Figure 3.6). These spectra also 
closely resemble that of NpO~.xH20 (Kharitonov 1973). The similarity of the lR spectra of all 
tetravalent actinide hydrous oxides confirms the similarity of their compositions and structures. 
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Figure 3.6. Infrared Absorption Spectra of ThO~.xH20 Samples Aged under These Conditions: 
1 - 1 M NaOH, 20°C, 2 hours 
2 - 8 M NaOH, 100°C, 5 hours 

3.1.5 Sedimentation Rate and Specific Volume of PuOrxH2O 

Data on the specific volumes of hydrous plutonium dioxide after aging under different 
conditions are of special interest in criticality safety determinations in the retrieval of alkaline 
waste tank sludge. The specific volumes have a more general significance as a physico-chemical 
characteristic of PuO~.xH20 compounds of different origin. 

Typical curves of PuO~.xH20 sedimentation are presented in Figure 3.7. The curves consist 
of an initial brief induction period followed by more rapid settling and end with lengthy gentle 
compaction. For compounds obtained by reverse precipitation, the sedimentation process is 
usually complete in two to three hours. The precipitate volume changes very slowly with 
additional time. However, some samples of PuO~.xH20 prepared by direct precipitation require 
longer times to complete their sedimentation. 
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Fibre 3.7. Sedimentation of PuO~.xH20 in 
1-3MNaOH/3MNaN03 2-3MNaOH 3-1MNaOH 4 - H20 at 20°C 

. PuO~xH20 aging conditions: a) 1 M NaOH, lOO"C, five hours'; b) 1 M NaOH, 200"C, five hours 
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A semi-quantitative assessment of pU02’xH20 sedimentation rate. may be performed by 
calculating the time required to decrease the precipitate volume halfway between the initial and 
final volumes (2112). As expected, for each sample, 2112 increases with increasing liquid phase 
density in the sequence H20 e 1 M NaOH e 3 M NaOH e 3 M NaOH / 3 M NaNO3 (Table 3.10). 
The influence of aging conditions on the sedimentation rate of h02’xH20 prepared by reverse 
precipitation is irregular and not well correlated. Only for ‘compounds prepared under 
hydrothermal conditions at 160 to 200°C are the 2112 values in water and 1 M NaOH considerably 

. lower than those found for precipitates prepared at lower temperatures. 

Table 3.10. Sedimentation Rate of Pu02’xH20 Samples Prepared by Reverse Precipitation 

The method of PuOrxH20 preparation prior to aging has a large influence on the 
precipitate’s sedimentation rate (Table 3.11). It is likely that in the transition from acid to 
alkaline media in the case of direct precipitation it is difficult, from experiment to experiment, to 
provide identical conditions for the creation of the incipient solid phase, thus giving poor 
reproducibility of precipitate sedimentation properties. 

Table 3.11. Sedimentation Rate of PuO~xH20 Samples Prepared by Direct Precipitation 

I I I 0.3 1 4.0 I 
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In contrast to sedimentation rate, the specific volume (VI) of Pu02'xH20 precipitates after 
two to three hours of sedimentation are practically independent of liquid phase composition and 
density (Tables 3.12 and 3.13). However, the specific volumes decrease significantly with 
PuO&X20 aging. Samples coagulated under hydrothermal conditions at 180 to 200°C gave 
specific volumes after sedimentation about three-fold less than those of precipitates aged at room 
temperature. Precipitate volumes after centrifugation (V2) are less sensitive to compound aging 
conditions. The average specific volumes are about 5 and 7 mUg Pu for PuO~.xH20 samples 
prepared by reverse and direct precipitation, respectively. 

The observed change of Pu02'xH20 specific volumes can be explained by changes in 
compound crystallinity and particle size. X-ray powder diffraction measurement show that the 
PuO~.xH20 crystallite size for samples aged five hours at room aid elevated temperatures 
increases from about 2.5 to about 4.5 nm. This phenomenon likely is accompanied by 
PuO&i?20 crystallite agglomeration with aging to form larger and denser particles. 

Table 3.12. Specific Volumes of Reverse-Precipitated PuO~.xH20 after Three Hours 
of Sedimentation (VI) and after Centrifugation'(V2) 

3.14 





Table 3.14. Rate and Completeness of P u O  Precipitation from Alkaline Solutions; 
Phase Separation by Centrifugation 

Table 3.15. Completeness of P u O  Precipitation from Alkaline Solutions; Phase 
Separation by Ultrafiltration 
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Figure 3.8. Gravity Settled, Centrifuged, and Ultrafiltered Plutonium Concentrations 

3.2. lnfluence of Tank Waste Anions on PuOnoxH20 Precipitation 

3.2.1 The Influence of Nitrite, Oxalate, Sulfate, Carbonate, Citrate, Chromate, 
Ferrocyanide, Glycolate, EDTA, and HEDTA 

Special investigations were performed to determine the influence of anions present in tank 
wastes on P u O  precipitation by NaOH. In preliminary experiments, P u o  was precipitated 
by the reverse method at 60°C from 1 M NaOH solutions containing different anions. The 
experiments showed that the plutonium compounds precipitated in the presence of 2 M NO;; 
0.5 M SO,"- or Co t - ;  or 0.1 M C20,"-, EDTA,@) HEDTA,'b) or citrate had, after careful water 
washing, the same composition and hygroscopic properties as the PuO~.xH20 obtained by 
precipitating P u o  from pure NaOH solutions. The IR spectra of the find products also 
exhibited no bands that could be attributed to absorption of the tested anions. However, 
remarkably distinct behavior was observed upon the precipitation of P u O  in the presence of 
silicate adphosphate. The observations arising from tests with silicate and phosphate will be 
considered in detail separately. 

(a) EDTA is ethylenediaminetetraacetate. 
@) HEDTA is N-2-hydroxyethylethylenediaminetriacetate. 
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Additional experiments on P u o  precipitation were performed at room temperature from 
0.2 M NaOH containing various anions. The product precipitates were coagulated three hours, 
carefully washed with water, and aged -one hour in 5.5 M NaOH in a boiling water bath. The 
precipitates then were centrifuged and washed with water. The mother solutions and associated 
wash waters were analyzed for the coriesponding anions. Nitrite was determined by a spectro- 
photometric method using sulfanylic acid and a-naphthylamine (Lur’e 1971). Concentrations of 
EDTA and HEDTA were determined by complexometric titration at pH -2 with a standard 
3 x M Th(N03)4 solution. Chromate concentrations were determined by direct measurement 
of light absorption at 372 nm. A spectrophotometric method also wai used to measure Fe(CN):- 
concentration. In this case, optical density was measured at 420 nm after persulfate oxidation of 
Fe(CN)G% to Fe(CN)B-. Oxalate was measured by titration with m n o 4  in -1 M H2S04. To 
confirm the absence of sulfate, the analyzed solution was neutralized with HC104 and mixed with 
Ba(C104)2. Carbonate was determined directly in the washed P u o  precipitate by treating the 
precipitate with HNO3 in a flow of Ar and capturing the evolved C02 in a Ba(OH)2 solution. 

NO; 
EDTA 

HEDTA 
c,oL12- 

As seen in Table 3.16, the coprecipitation of anions usually was below the sensitivity of the 
chosen analytic method. Exceptions occurred only for NO2 and CrOZ-. In both cases, however, 
the nitrite gnd chromate contents in the P U o  precipitates were low and near their detection 

. limits. 

2 7 cr042- 0.2 2 
0.1 10.4 SO,“- 0.2 co.01 
0.1 <I COJ” 0.2 . co.1 
0.1 4 Fe(CNk4 0.2 eo. 1 

Table 3.16. Anion Content in PUOZ.XH~O Precipitated from 0.2 M NaOH at 20°C in the 
Presence of Various Anions 

The listed anions did not significantly alter the rate or completeness of PuO~.xH20 
precipitation (Tables 3.17 to 3.23). The expected increase‘ of Pu02.xH20 solubility, in the 
presence of carbonate and EDTA may have been obscured by the rather high concentration of 
fine plutonium hydrous oxide particles in the mother solutions after centrifugation. 
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Table 3.17. Rate and Completeness of P u O  Precipitation from Alkaline Solutions 
in the Presence of EDTA 

Direct 0.1 0.2 20 2.7~10-~ 1.3~10'~ 9 .4~  lo4 

0.2 100 4.1~10-~ 1.1~10-~ 6 .2~  1 O4 
4 100 6.1~10-~ 1.1~10-~ 8 . 6 ~ 1 0 ~  

4 20 6.4~10-~ 2.1~10-~ 1.1 x 1 o - ~  

Table 3.18. Rate and Completeness of P u O  Precipitation from Alkaline Solutions . 
in the Presence of HEDTA 

Table 3.19. Rate and Completeness of P u o  Precipitation from Alkaline Solutions 
in the Presence of ~2042- 
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Table 3.20. Rate and Completeness of Pu(N) Precipitation from Alkaline Solutions 
in the Presence of NO; 

Reverse 

I 4 I 100 I 4 . 9 ~ 1 0 ~  I 3 . 1 ~ 1 0 ~  I 1.2X1O4 I 

Table 3.21. Rate and Completeness of P u O  Precipitation from Alkaline Solutions 
in the Presence of HOCH2COi 

0.5 0.2 20 4.3~10-~ 7 . 4 ~ 1 0 ~  4 . 2 ~ 1 0 ~  
4 20 2.6x10-’ 1;2~10-~ 8 . 3 ~ 1 0 ~  

0.2 100 3.9~10~’ 7 . 4 ~ 1 0 ~  3 . 1 ~ 1 0 ~  
4 100 . 5.7~10-~ 8 . 8 ~ 1 0 ~  9 . 2 ~  1 Oh 

Table 3.22. Rate and Completeness of P u O  Precipitation from Alkaline Solutions 
in the Presence of Citrate 
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Table 3.23. Rate and Completeness of P U O  Precipitation from Alkaline Solutions . 
in the Presence of ~0,”- 

3.2.2 The Influence of Silicate and Phosphate 

In contrast to the situations observed for anions considered in the previous section, P u O  
precipitation characteristics were remarkably altered for kkaline solutions containing silicate or 
phosphate. For both silicate and phosphate, the color of the precipitates was greenish-gray rather 
than the green observed in the presence (or absence) of the other anions. An increase in the 
specific volumes of the precipitates also was evident. Water washing of the precipitates 
produced significant peptization. These results prompted further study of P u O  precipitation in 
the presence of silicate and phosphate. 

. 

* 

The IR spectra of products obtained by P u O  alkali precipitation in the presence of silicate 
show a very intense absorption band with maximum at 1000 cm-’ and two shoulders (Figure 3.8). 
This band is attributed to valent vibrations of silicate. A shoulder also is observed on a strong 
absorption band attributed to the valent vibration of water. These unique IR spectral features 
indicate that large amounts of silicate are present in the products being examined. This 
conclusion was confirmed by direct analyses of P U O  compounds precipitated from alkaline 
solutions in the presence of silicate. The data in Table 3.24 show that the compounds 
precipitated and coagulated at low NaOH concentration behave more like P U o  silicates than 
Pu(TV) hydrous oxides. Significant amounts of silicate were detected even in the products 
obtained from precipitation from? M NaOH. In addition, silicate was found to interact with 
PuO~.xH20 prepared separately under hydrothermal conditions. The interaction of silicate and 
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Figure 3.9. hfiared Absorption Spectrum of PuOr0.88SiOrxH20 

Table 3.24. Composition of PuO~ySiO~xH20 Compounds Obtained by P u o  
Precipitation from Alkaline Solutions in the Presence of Silicate‘at 20°C 

05M NazSiOs with PuO~.xH20 samples obtained under 
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solid phase PuO~.xH20 forms compounds of composition similar to those products precipitated 
directly from the respective alkaline silicate solutions. X-ray powder diffraction patterns of these 
products have practically no lines of Pu02 crystallites. 

Based on these results, it is concluded that PuO~.xH20 cannot be present in alkaline tank 
wastes containing significant silicate concentrations. Under such conditions, P u o  should exist 
as various basic silicates according to the waste composition. However, this conclusion requires 
additional study and may be complicated by the behavior of mixed hydroxides of P u O  and 
F e o  or other elements in alkaline silicate media. This problem, too, requires special 
investigation. 

0.2 , 

0.2 

The precipitation behavior of P u O  in alkali is similar in the presence of phosphate and 
silicate. However, the degree of anion capture and the stability of the product compounds at.high 
NaOH concentration for phosphate are significantly lower than for silicate (Table 3.25). Infrared 
spectra of basic P u o  phosphates have dcharacteristic strong and complex band with maximum 
at 1020 cm-' (Figure 3.9). 

The completeness of P u O  precipitation from silicate- and phosphate-bearing alkaline 
solutions is somewhat lower than from similar pure'NaOH media (Tables 3.26 and 3.27). Part of 
the reas'on may be that the precipitate peptizes upon washing with water or dilute electrolytes. 

Table 3.25. Composition of PuO2-yP2Os.xHzO Compounds Obtained by P u o  

* 

\ 

Pr&ipi*tation from Alkaline Solutions in the Presence of Phosphate at 20°C 

0.05 0.2 100 3 0.12 
0.05 0.2 100 3 0.14 
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Figure 3.10. Infrared Absorption Spectrum of PLIOTO. 15 P205-xH20 

Table 3.26. Rate and Completeness of P u O  Precipitation from Alkaline Solutions 
in the Presence of Si03" 
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Table 3.27. Rate and Completeness of pU(Iv) Precipitation from Alkaline Solutions 
in the Presence of PO:- 
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4.0 Conclusions 
Several general conclusions can be drawn concerning the composition and properties of 

P u O  hydrous oxide compounds precipitated from alkaline solutions of different compositions. 
First, PuO~.xH20 is relatively stable and does not readily transform to well-crystallized 
plutonium dioxide with long-term aging. The P L I ~  hydrous oxide consists of very small P u 0 2  
crystallites and retains water with continuous range of bonding energy. Part of the water is easily 
lost, but this process is reversible. The composition and properties of PuOrxH20 are not 
strongly altered by long-term aging, as modeled by .heating the compound under hydrothermal 
conditions. . 

. 

The stability of semi-amorphous PuO~.xH20 to transformation into crystalline dioxide upon 
aging is a very important and favorable property for criticality safety in the retrieval and 
treatment of alkalineetank waste. This is because crystalline Pu02 has high density and an 
apparent low tendency to agglomerate with amorphous hydroxide compounds present in alkaline 
tank waste. Therefore, crystalline P u 0 2  could more easily concentrate during tank waste 
treatment operations than the semi-amorphous PuO~xH20. 

Precipitation of PuO~.xH20 from alkaline media produces a solid phase and very fine 
particles that remain in suspension in the supernatant solution. Because of the fine particles, 
plutonium concentrations found in centrifuged mother solutions over PuOrxH2O are about two 
to three orders of magnitude higher than the observed solubility of this compound. The ready 
suspension of PuOrxH20 should be taken into account in choosing methods for the separation 
and purification of alkaline liquid tank wastes from plutonium. 

' 

The specific volumes of PuOrxH20 precipitates after two to three hours of sedimentation are 
practically independent of the liquid phke composition and are about 20 mUg Pu for slightly 
aged samples. The specific volumes decrease with PuO~.xH20 aging and become about 7 mUg 
Pu for samples coagulated five hours under 180 to 200°C hydrothermal conditions. Thus, 
plutonium concentration in the retrieved sediments of alkaline tank wastes cannot exceed 
150 g/L. The actual plutonium concentration should be significantly lower because of agglom- 
eration of PuO~.xH20 with other components of tank sludge or by formation of P u O  mixed 
hydroxides with different elements. 

Plutonium(IV) hydrous oxide does not interact with sodium ion, nitrate, nitrite, sulfate, 
carbonate, oxalate, citrate, EDTA, or €EDTA to form separate compounds. However, P u 0  
hydrous oxide can react in alkaline media with silicate and, to a lesser extent, with phosphate. 
Thus, the Pu(Iv) compounds precipitated from alkaline solution in the presence of 0.05 M SO;' 
at low NaOH concentrations more likely are silicates than PuO~.xH20. Significant amounts of 
silicate even are incorporated into products obtained in 7 M NaOH. Plutonium(Iv) hydrous 
oxide prepared separately under hydrothermal conditions retains its ability to form silicate- 
containing products. Because of the strong observed interaction of Pu(IV) with silicate,'it is 
reasonable to conclude that PuO~.xH20 cannot be present in alkaline tank wastes containing 
significant silicate concentrations. Under such conditions, P u O  should exist as various basic 
silicates. The P U o  basic silicates, in contrast to PuOrxH20, also are readily peptized. 
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However, this conclusion may be complicated by the unknown behavior of mixed hydroxides of 
P u O  with other elements present in alkaline silicate media. Resolution of this question 
requires special investigation. 

In conclusion, it is noted that the problem of criticality safety arising from treatment of 
wastes containing plutonium or enriched uranium also may be addressed by using neutron 
poisons. In this approach, borate may be added to'the alkaline wastes' solution phase. It is well 
known that most of the volume of any sludge or hydroxide precipitate is comprised of a solution 
phase. Borates have high solubility in NaOH solutions. Therefore, it is reasonable to suppose 
that added borate will be uniformly distributed throughout the sludge and precipitate volume. 
Calculations show (Whyatt et al. 1996) that in the presence of 1 g borofi ,  the threshold 
plutonium concentration posing a criticality hazard increases about four-fold. With this in mind, 
it would desirable to consider in detail the state and behavior of borate in complex heterogeneous 
systems modeling the Hanford Site tank wastes of different origins. 
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