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ABSTRA~l’

%dubilityand speciation data m-eimportant in understanding

aqueous radionuclidetransportthrough the geosphere. I’hey define the

source term for transportretardationprocessessuch as sorption and colloid

formation.Solubiiityand speciationda!a are useful in verifying the validity

cf geochemicalcodes that are part of predictive transport models. Resultsare

presentedfrom volubilityand speciationexperiments of 237NP();, ~.~~pu~+,

1~1AmJ+/Nd.l+, and WAm3+in J.13 ~roundwater(from the yUCCaMountain

region, Nevada.which is being investigatedas a potential high-level nuclear

waste disposalsite) at three di!Yerenttemperatures (25°, 60°, and 90”C)and

pH ~alues (5.9, 7.(),and 8.5). The volubility-controllingsteady-state solids

were identifiedand the speciationand/or oxidation states present in the

supernatalltsolutions were determined.The neptunium volubilitydecreased

with increasingtemperatureand pH. Plutoniumconcentrations decreased

with increasingtemperatureand showed no trend with pH. The americium

solutions showed no clear volubilitytrend with increasing temperature and

increasingpH.
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1. EXECUTIVESUMMARY

I We studied the solubilitics of neptunium, plutonium. and americium in J-13 ground-

1 water from the Yucco Mountain region (Nevoda) at three tcmpcraturcs tind three hydro-

gen ion concentrations. They arc 25°, 60, and 900C and pH 5.9, 7.(), and 8.5. Tables 1,

11,and 111summarize the results for neptu;.ium, plutonium, and americium, respectively.

The soluhiiitics were studied from ovcrxtturittion. The nuclides were tidded at the begin-

ning of each experiment as NpO~, Pu&, and Amq+.

The neptunium solttbility decreased with increasing temperature and with increasing

pH. The soluble rwptunium did not change oxidation SKWat steady state. The penta-

valent neptunium was increasingly compkxcd by cw-boniuewith increasing pH. The

steady-state ,solids were crystalline sodium ncp[unium carhona[c hydrates with different

water content, except the solid formed at 90°C and pH 5.9. Wc identified this solid as

crystalline Np205. The !30°C,pH 7 soIid was a rnixturc of sodium neptunium carbonate

hydrate and neptunium pentoxidc.

Plutonium concentrations dccrcascd with inurcusing tumpcruturc and shwxcd no

“.trendwith pH. Pu(V) and Pu(VI) were the dominant oxidation states in the supernatant
~.

solution; as the amount of Pu(V) increased with pH, Pu(VI) decreitsed. The solubility-

controlling steady-state solids were mostly amorphous, although some contained a crys-

talline component. They contained mainly Pu(iV) polymer and smaller portions of plu-

tonium carbonates.

For the umwkium sclutions, no ckw volubility trend was found with incnxtsing

tcmpcruture and increasing pi-i. Much higher solubilitics were found for 600C compared

with 25°C and 900C. All solids were AmOHCO~, with orthorhombic structure for all

temperatures tii pH 7 and 8.5 and for 60°C at pH 6 and with hcxtigona]structure for 25°C

and 900 ut pi-l 6, orthorhomhic Am0HC03 uppcurs I()htivc u much higher solubi]ity at

pH 6 and fd)GCthun the hcxtigonull’(mnU[IIICs~mc p~iund 25(’Cor 900C.
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Table 1. Summary of results forvolubilityexperimentson neptunium in
J-13groundwaterat pH5.9,7.0, and8.5andat 25°,60°,and90°C.

Steady-state
concentration (M)

25°C 60”C !)()”C

pH5.9 (5.3* 0.3)x10”3 (6.4 * 0,4)x10-3 (I.2*0.1)x 103

I

pH7.0 (!.3 t 0.2)X10-4 (9.8t 1.0)x 10-’ (1.5i 0.4)x 10”4

pH8.5 (4.4 k 0.7)x 10-5 (1.0* 0.1)x 10-’ (8.9k 0.4)X 10”s

Oxidation state in
supemalam solulion

25°C
I

60”C I 90”C

v: 100’70 v:10WO, v: 100%0
9~0carbonale 8%carbonate uncomplcxcd

complexed compkxcd

v: 10090. v: 100%. v: 1009’0,
5470carlxmale 15%carbonalc uncomplcxed

complexcd complcxed

v: 100%, v: 100%. v: 100%*
62%carbonate. 84% carbona[c 1O(MOcarbonate

c~mplexed complexcd complcxed

Eh(mV)vs.NHE Solidphase
25°C 60”C 9@c 25°C 60”C 90”C.

pH5.9 588t 10 440* 10 392t 10 NM,~pO2(C~3)o,u-2.5H20N~,~po@)3~s.2.5Hzo Np@3

pH7.0 482f 10 325* 10 299i 10 NaNpO~C03)2Hz0 W.dW2(C03)oE.2.5H20 Np@3anda
carbonwe-
unuainingsolid

pH8.5 497* 10 215i 10 159* 10 N~,d@2(C03)o.8”2.5H20 N~J+Jp02(C03b~.2.5H20 crysudlineo
containscarbonate,
uni&ntified
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Table 11. Summary of results forvolubilityexperimentson plutoniumin
J-13wundwateratPH W, 7.0, and8.5andat 25°, 600,and 900C,

SrCady-sralc Oxidation srmlcin

crxrceruralion (.%4) supcmalanl soluriarr

25°C 6(P’C 90”C 25°C 6(PC 90”C

pll 5.9 (1.1 k 0.4)x10* (2.7k 1,1)XNT’ (6.2k 1.9)x10-9 m +ply, (3 * l)% m +poly:(Ioi2)9’0 nl +W: f9k 5)x
IV:(5* l)% Iv: (2t l)% IV:(6t 5)%
V:(68* 7)% v: (17 i 5)% v: (79* 7)90

VI: (29 i 3)% w: (Z! f 5)% VI. (f) f 5)%

p}{ 7.0 (2.3t 1.4)X 10-7 (3.7 *o.9)x Iwa (8.8* 0.8)xIO-9 m +pdy:(5 * I)% m + ~y: (3 * I)% III + ply: (45* 2)%

N: (6 i l)% IV: (2* 1)% I\’:(13 * 1)%

v: (73* 7)% v: (44* 9)% v: (48* 3)%
VI:(I8 * 2)% VI:(52* 4)% VI: (3* 3)%

p}l8.5 (~9t on)x 10-’ (1.2~0.1)xw’ (7.3i 0.4)x10-9 m +ply: (3 * l)% m + #y: (5 * 4)9& 111+ ply: (11* 2)%

IV: (6 t 1)% Iv: (13 f l)% IV: (lo* 2)%

V: (63 f 6)% v: (58* 2)% V: (85 t 4)%

VI: (27 i 3)% W: (24 f l)% VI: (3* 3)%

—

Eh(mV)vs.NW Solidphase
25°C 60”C 90°c 25°C I 60”C I 90”C

pH5.9 342k 10 451 ~ ]() 360 f 10

pH7.0 126t 10 386t 10 376t 10

pH8.5 259f 10 241f 10 133t 10

1

mostlyamorphouswithsome
cryslidlinity,containcarbonate
andPu(lV)polymer.
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Table111.Summaryof resultsforvolubilityexperimentson americiumh
J-13 groundwaterat PH 5.9,7.0, and8.4 andat 25°, 60°, and 90°C.

Steady-state 1OxidationSCIICin
conccnwuion(M) supcmawt solution

I 25°C 60°c 90”C 25°C-

pH6.0 (1.8* 0.6)x 104 (2.5? 0.7)X10-6 (1.7&1.9)x10+’ 111:100%

pH7.0 (1.2* 0.3)x 10-9 (9.9t 9.2)x 10-9 (3.1f 1.7)x1o-1o 111:100%

pH8.4 (2.4&1.9)X10+ (1.2* 1.3)x I(P (3.4&2.1))(10-10 Ill: ]oo~

I

k—
pH5.9

pH7.0

f pH’8.4

L-

(jo”~ 90°c-a111:!00% NA

---HJII:100% NA

Ill”10070 NA 1

Eh(mV)vs.NHE
25°C I 60°c I 90”C 25°C

331f 10 II393f 10 NA AmOHC03
hexagonal

361k 10 385* 10 NA AmOHC03
onhorhombic

182+ 10 343* 10 NA AmOHCO~
orlhorhombic

Solidphase
60°c 90”C

—

AmOHCO, AmOHC03
ortiorhombic hexagonal

AmOHC03 AmOHC03
orthorhombic onhorhombic

AmOHCO~ AmOHCOJ
orthorhombic orlhorhombic
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2. PURPOSEAND OBJECTIVE

Yucca Mountain, Nevada, was identified for site characterization as a potential site

for a repository of high-level nuclear waste As a worst case scenario, intrusion of water

into the repository must be considered for risk assessment. Water moving through the

emplacement area towards the accessible environment can trar.sport radicmuclidesill two

ways: either as dissolved species in the water or as particulate material by the water.

The Yucca Mountain Site Characterization Plan (SCP) requires “Studies to Provide the

Information Required on Radionuclide Retardation by Precipitation Processes along

Flow Paths to the Accessible Environment” before licensing and construction of the repo-

sitory.1The purpose of this study is to supply data for calculating radionuclide transport

along potential transport pathways from the nqmsitoxy to the accessible environment.

Data derived from volubility studies are important for validating geochemical codes that

are part of predictive radionucIide transport models. Such codes should be capable of

predicting the results of volubility experiments. Furthermom, agreement between geo-

chemical calculations and experimental results can validate the thermodynamic data base

used with the modeling calculation.

To predict behavior at higher temperatures, data bases used for modeling calcula-

tions must contain data on thermodynamic functions at elevated temperatures. To date,

many of these data are unavailable and are therefore estimated by extrapolation from

lower temperature data. Agreement between modeling calculations and experimental

results would also validate such estimates, whereas significantdiscrepancies would iden-

tify the need for data base improvement. Improvements can be made by fiIIing the gaps

with generic experimental data.

In addition, experimental volubilitydata also provide the source terms or the starting

concentrations for experimental sorption studies. To be valid, sorption studies should be

conducted at or below the volubility limit because only soluble species can be transported

and participate in the sorption process.
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In selecting these experiments, we have considered the generic U.S. Nuclear Regu-

latory Commission (NRC) technical position titled “Determinationof Radionuclide Volu-

bility in Groundwater for Assessment of High-Level Waste Isolation.”2 This technical

posi(ion sewed as guidance for our experiments to determine radionuclide volubility. It

requires that if radionuclide volubility is used as a factor in limiting radionuclide release,

experiments must he designed to determine volubilityunder site-specificconditions.

Radionuclide concentrations in water passing through the emplacement area can be

limited by two mechanisms: low dissolution rates of the solid waste form or solubilities

of indl~.idualradionuclides. If sol;d waste dissolution rates are low enough, it may not be

necessary to depend on solubilities to limit radionuclideconcentrations. However, the

solid waste forms have not yet been determined, and therefore the dissolution rates of the

solid wiste are unknown. I?cterrnirmtioncf radionuclide volubility limits provides an

upper bound on radionuclide concentrations in solution and provides a basis for extrapo-

lation to long-tem~behavior. The rate of groundwater fiow through (he waste is expected

to be sufficiently slow to permit saturation of water with radionuclides. Dissolution Iim-

ited by saturation will provide maximum concentration

of radionuclide release rates using a sawration-limited

limits. Therefore, an assessment

dissolution model represents the

most consewative approach possible.

As radionuclides are transported along flow paths to the accessible environment,

changing conditions of the water (pi-l, Eh, qxidation state, and concentrations of com-

pleting species) can alter solubilities. Decreases in volubility can decrease radionuclide

concentrations. A knowledge of radionuclide solubilities under the conditions along pos-

sible flow paths is necessary to assess this scenario. Volubility studies are very time-

cc)nsuming because long times are often needed to reach steady-state conditions.

Because we cannot investigate every possible volubility Scenario, we selected pH and

temperature values to bracket the expected range of conditions by choosing parameters

that represent lower and upper !imits.
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Neptunium, plutonium, and americium are expected to be sparingly soluble with

volubility-limited dissolution rates. Water samples with compositions that bracket the

range of waters expected in the vicinity of Yucca Mountain were chosen for volubility

measurements.3These samples come from two sources. Water from Well J-13 is a ~fer-

ence water for the unsaturated zone near the proposed emplacement area. Well UE25p#l

taps the carbonate aquifer that underlies the emplacement horizon. This water has an

ionic strength and total carbonate content higher by approximately an otier of magnitude

thm Well J-13 water. Well J-13 water represents natural water with the highest concen-

trations of dissolved species expected in the vicinity of Yucca Mountain. The water from

both wells is oxidizing. Generally, radionuclide volubilitystudies under oxidizing condi-

tions lead to higher solubilities for a number of radionuclides than would occur under

mildly or strongly reducing conditions. These experiments will therefore provide conser-

vative results. In this study we are reporting on the results in J-13 water.

The maximum temperature of the host rock in which liquid water is present is

expected to be limited by the boiling point of water at Yucca Mountain (95°C). The

volubility experiments that use Well J-13 water were conducted at temperature between

25 and 90°C. This span covers the range from pre-emplacement tempemtures to the

maximum temperature at which volubilitywould be important.

3. CONCEPT OF VOLUBILITY STUDIES

SolubiIity establishes an upper limit for the dissolved components in the source

term for radionuclide migration from a repository. Studies of the volubility of radionu-

ciides in groundwaters from a repository horizon will provide limits on their potential

concentrations in those waters. Such limits are important for (1) validating art essential

part of the radionuclide transport caictdations and (2) providing guidance in choosing the

maximum starting concentrations for radionuclide sorption experiments. Compared with

multi-ptirameter trans~m-tmodels, laboratory volubility experiments are controlled by
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fewer variables. If geochemical codes such as EQ3/6, are to be included in the transport

model, the model shotdd be capable of predicting the results of volubilityexperiments.

Complete volubility experiments should provide detailed knowledge of (1) the

nature and chemical composition of the volubility-controllingsolid, (2) the concentration

of the components in solution, and (3) the identity and electrical charge of the species in

the solution phase.

Meaningful thermodynamically defined volubility studies must satisfy four criteria:

(1) attainment of equilibrium conditions, (2) determination of accurate solution concen-

trations, (3) attainment and identification of a well-defined solid phase, and (4)

knowledge of the speciation/oxidation state of the soluble species at equilibrium.

3.1. Oversaturation and Undersaturation

Ideally, soiubility experiments should approach solution equilibrium from both

oversaturation and undersaturation. The approach from oversaturation consists of adding

an excess amount of the element in soluble form to the aqueous solution and then moni-

toring the precipitation of insoluble material until equilibrium is reached. The solid

formed must then be isolated and characterized. The approach from undersaturation con-

sists of dissolving a well-defined

reached. In both cases, the solution

equilibrium is reached.

solid in an aqueous solution until equilibrium is

concentration is measured as a function of time until

Kinetic processes will control the equilibration speed in volubility experiments.

Some solutions equilibrate rapidly, others more slowly. It must be demonstrated that

equilibrium is reached. This can be accomplished by experirtlentally determining (for

both oversaturation and undersaturation experiments) the solution concentration as a

function of time. When the concentration stays constant for several weeks, it is assumed

that equilibrium has been established. Because this assumption is based on judgment, the

term “s~eady state” instead of “equilibrium” is more precise. The U.S. Nuclear
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Regulatory Commission (U.S. NRC) defines “steady state” as

measurable changes in concentrations are not occurring over

“the conditions where

practical experimental

times.!, 2 At Ste~dY S[ate, thermodynamic forces may sti]l change the solution composi-

tion: solids may become less soluble as they change from a higher to a lower free

energy. The change may be very slow and may require very long or even infinite experi-

mental times, which are not practical.

Despite this constraint, time-limited laboratory solubiiity experiments can supply

valuable information. They provici~good estimates on the upper limit of radionuclidc

concentrations in solution because the experimentally detem~inedsteady-state concentra-

tions are higher than the equilibrium concentrations.

A reliable method of proving that a steady state has been reached is to approach

equilibrium from both oversaturation and undersaturation. When these IWOexperimental

approaches independently produce equal solution concentrations, the data are considered

reliable. For unknown volubility systems, one should first perform experiments

approaching steady-state concentration from oversaturation and then characterize the

solids. This has the advantage of not specifying the s;iid that controls volubility but of

allowing the system under investigation to determine the so!.d that will precipitate.

These solids should be synthesized for use in confirmation experiments that approach

steady state from undersaturation. In this study we are reporting results for the oversa-

turation experiments.

3.2.

rate

PhaseSeparation

The second criterion for meaningful volubilityexperiments is the derivation of accu-

solution concentrations. This requires that phase separations must be as complete as

possible. The separation of the solid from the solution often represents a significant prac-

tical problem in measuring volubility. Apparently higher or lower solubilities, compared

with the steady-state values, can result from incomplew phase separation or from

—
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sorption of solute during and after the separation. Incomplete phase separations (leaving

some of the solid with the solution phase) lead to higher radionuclide solubilities, Lower

1 solubilities are measured if constituents of the steady-state solutio]l have been sorbed on

I filters during a fihration and on container walls after [he separation.

I Experimentally, the solids and solutions are separated on the basis of differences in

size (via filtration) or density (via sedimentation or centrifugation). Filtration is the more

commonly applied technique because it physically partitions the solute and solids.

Ultrafiltration (i.e., filtration using membranes <0.1 pm) can effectively remove solids

and colloidal particles from aqueous solution. A potential problem with ultrafiltration is

adsorption of soluble species on ultrafiltrationmembranes. Effective filters for volubility

studies must pass soluble species quantitatively; that is, either the filter should have no

active sorption sites at all or any such sites should be irreversibly blocked. Filters am

adequate if they have a small enough pore size to retain the solids and colloids and if

they also show no sorp[ion or only minimal sorption during muhiple fikrahons. Because

adsorption of soluble radionuclide species on filters can be dependent on the solution’s

pH and on the solution species, it is mandatory to verify that possible sorption sites are

indeed blocked. Usually the sorptive sites on a filter and filter housing are blocked by

preconditioning of these materials. The ftIter is preconditioned by filtering a volume of

the respective radionuclide solution through it and then discarding the filtrate. The

volume required for preconditioning is determined experimentally. Details for this pro-

cedure are given in Section “4.5 Phase Separation.”

1 3.3. Solid Phase

SoIubility depends strongly on the state of the solid phase. Thermodynamically

meaningful results require the existence of a well-defined solid phase, which ideally con-

sists of crystallim material. The soIids formed from the oversaturation in volubility tests

must be clearly identified by physical or chemical charactenziition methods. Only when
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identified unambiguously can the solid be synthesized for use in undersaturation volubil-

ity tests. Radionuclide so!ids formed in laboratory experiments and in nature are often

thermodynamically ill-defined amorphous precipitates. Most amorphous solids, how-

ever, will become more crystalline with time. Freshly precipitated microcrystalline

solids can also convertin time to a microcrystallinematerial. Improvedbondingat the

lattice surface results in decreasing surface area. Thus the crystalline solid of higher free

energychangesto one of lower free energy (Ostwaldripening,Ostwaldstep rule) and

become less soluble.4D506s7

3.4. Determinationof’Oxidation States and Speciation

Information on oxidation states and speciation of the radionuclides in steady-state

volubility solution is important for transport models simulating migration and sorption

along the flow path to the accessible environment. The charge and speciation of radionu-

clides will control their sorption and transportation in the geologic host. Speciation

measurements identify complexes that may form between ractionuclidesand completing

ions present in the groundwater near the repository. The oxidation state in solution

describes the charge of soluble species, and speciation describes their chemical nature.

Radionuclides can have a single or several different oxidation states in solution. They

can be present as simple ions or as complexes. When the ions react with one or several

other solution components, they can form soluble complexes.

Oxidation states and speciation in solution are commonly determined by (1) adsorp-

tion spectrophotometry, (2) ion exchange chromatography, (3) solvent extraction, (4)

coprecipitation, (5) potentiometry and (6) electrochemistry. Of these methods, only

absorption spectrophotometry can provide

identify only the oxidation state in solution.

Absorption spectrophotometry in J-13

This relatively high concentration liclits

information on speciation, while the others

water has a detection limit of abcut IOa M.

[he application of spectrophotometry for
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speciation determination in solutions from radionuclide volubility studies because the

solubilitiescan be severalordersof magnitudebelow 10-6 M. Photoacoustic Spectros-

copy (PAS) provides much greater sensitivity, approaching 10-8to 10-9M. 8s9”10)110’2

The methods listed above as 2 through 6 determine only the oxidation state in solu-

tion because they cannot determine species. They detect the oxidation state of ions

indirectly. This process is different from absorption spectrophotometry, which detects

the solution speciesdirectly. The indirectmethods, however,detect very smallconcen-

trations (10–10M and below), which is useful for radionuclide volubilitystudies.solvent

extraction and coprecipitation are often used successfully to determine the oxidation

13 Ion exchange Chmmatowaphy is less ‘liable ‘orstates of ions in very dilute solutions.

this purpose because the exchange resin often reduces the solution ions, which gives

incorrect results for the oxidation state distribution. Electrochemical detection reduces or

oxidizes the solution ions and measures the potentials of the reduction and oxidation

reactions, respectively. The potential then identifies the indivihal ion. Electrochemistry

needs fast kinetics and reversible thermodynamics for the reduction or oxidation step.

These experiments greatly limit the method because many radionuclide ion redox reac-

tions are irreversible and slow (e.g., the reactions of NpO~/Np&,PuO~/Pu4+).

The oxidation state of plutonium and americium species in solution wexe cieter-

13The neptunium solutionmined by a solvent extraction and coprecipitation technique.

species were determined by spectrophotometry because the solution concentration was

greater than 10-6M.

The sensitivity of the available analytical methods for plutonium limits this part of

our study. PAS is needed to determine directly the species in the supematant solutions of

the volubility experiments at submicromolar concentrations. A related activity is

currently developing this capability for the YMP. Once PAS becomes available, it will

be used.
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I‘“”4. EXPERIMENTAL DETAILS

I
We studied the solubilities of neptunium, plutonium, and americium at 25°, 60°, and

90°C and respective pH values of 5.9, 7.0, and 8.5. Mtxtsuremerwswere made in an

inert-atmosphere box to avoid contamination of solutions by atmospheric C02. The solu-

1 bilities were studied from ovcrsaturationby injectinga small amount,usually between

0.5 and 1 ml, of actinidc stock solution into 80 ml of groundwater obtained from Well J-

1
13. The analysis of the water composition is listed in Table IV. The J-13 gmundwater

was sampled at the site by Los Ahtmos personnel. It was filtered itt Los Alamos hcfore it

was shipped to LBL. The water’s natural carbondioxidc partial pressure (pco2) could not

I bc presmwd during filtration and shipping. For the experiments, however, the natural

state was induced by re-equilibrating the water with C02 gas. Details of this proccdum

I
are described in paragraphs “4.3. Pressure Control System,” and “4.4. Solutions.” Details

of the filtrwion are described in paragraph “4.4. Solutions.” The polyethylene shipping

bottle was leached with acid and distilledwater prior to its use for the groundwater. The

I leaching removes possible trace-level contaminants that may alter the composition of the

I
J-13 water.

4.1. Controlled-Atmosphere Glove Box

Due to the radiation hazard of the actinide elements under investigation, all experi-

mental work was performed in glove boxes. External C02 control of the experimental

solutions requires the exclusion of atmospheric COz. To satisfy both conditions, we used

a controlled-atmosphere glove box.
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Table IV. Well J-13 water composition.3

Species

Concentration

mM

Ca

Mg

Na

K

Li

Fe

Mn

Al

SiOz

F

cl-

sof-

Nq-

A1.kalinity

Total carbonate

pH

Eh

0.29

0.072

1.96

0.136

0.009

0.0008

0.00002

0.0010

1.07

0.11

0.18

0.19

0.16

2.34 mequiv/L

2.81

7.0 :

700 mV
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4.2. ControlSystemforpHandTemperature

Because the solubilitics are highly sensitive to pH and temperature changes, close

I control of theseparameters is necessary. Wc designeda tx~mputcr-optxttcdcontrolsys-

tem (1.1-l-stat)to maintain tlw aqueous actinidc solutions at constant tcmpera(urcs and pH

values for the volubilityexperiments.14The pH-$tutrecords and adjusts the pH valUMof

the experimental solutions

excccding 0.1 pH unit. It

dilute (0.05-0.1 M) HCIOd

(J-13 wirer) at the targtn values with standard deviations not

uses small amounw (usually bctwtxm 5 m 50 microliters) of

or NaOH solution for the pH adjustment... The water chemis-

try was not substantially affected by this adjustment. Temperatures ‘from 25° to 90°C

were controlled within less than 1°C.

4.3. Pressure Control System

We designed and manufactured a pressure regulation system to maintain the well

waters used in experiments at their nominal c..rbona[c concentrations when their tem-

peratures and pH values we adjusted to condhimts differing from dwir ,naturalstate. The

system also ensured that “nosignificant wtporittive loss of the solutions occurred at

elevated temperatures.

4.4. Solutions

The actinide stock solutions were prepared by using esttiblished methods.i5

237Np(V) and 24qAm(lII)stock solutions were prepared by dissolving their oxides in HCI.

Stable neodymium(III) was used on .sevwd occasions as an analoguc for amcricium(III).

It was prepared hy dissolving Nd20~ in HC104. The solution was then spiked with

purified ZAIAM(III)tracer to enah]e [he use of nuclear counting for the dctcrrnination of

the neodymium solution concenlra[ions. Further dctuils for these 24 Am/Nd mixtures arc

givt.min section 5.3. 2~’)Pu(IV)stock wus prepared from plultmium mc[til. The tictinidc

solutions ‘. Y punficd I“rom pf)ssiblc mctul ct)ntuminun[.s by i[]n ~x~h~ng~
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chromatography.For neptuniumand plutonium,anionexchangewas used,whilecation

exchange was employed for americium. The purity of these stock solutions was tested by

spark emissionspectroscopy,and no contaminantswerefoundabovethe detectionlimits

of the method. The solutions were converted to a non-completing perchlorate system.

The neptunium and plutonium stock solutions wem in the oxidation state +6 after their

conversion to perchlorate and were reduced electrolytically to NpO~ and PU4+,respec-

tively.lb,lT.lgValence purity was established by absorption spectrophotometry.19”20

The groundwater,was filtered through 0.05 pm polycarbonatemembrane fihers

(Nuclepore Corp., Pleasanton, CA). This filtration was carried out by Los Alamos per-

sonnel prior to shipping the J-13water sampleto LBL.The actinidestocksolutions,and

all other solutions utilized in this experiment were filtered through 0.22 pm polyvi-

nylidene difluoride syringe filter units (Millipore Corp., Bedford, MA). Filtration was ~

used to remove suspended particulate material, e.g., dust or silica, that could absorb the

actinide ions to form pseudocolloids. Before

the J-13 water, a small amount of C02-free

the addition of actinide stock solutions to

sodium hydroxide solution was added in

order to keep the pH values at or above the desired solution pH. Letting the pH drop

below the target value would necessitate addition of concentrated base to the system

while the actinide ion is already present in the solution. Addition of strong base can

result in unpredictable microprecipitation and formation of microcolloids.

The well water’s total dissolved carbonate (2.81 x 10-3 M) was presemed at each

individual pH and temperature by equilibrating the solution with mixtures of C02 in

argon.3 The amount of COZat a given pH and temperature was calculated from Henry’s

constant and the dissociation constants of carbonic acid from literature data.2’ If the

value at the given ionic strength and temperature was not available, the number was

derived by interpolation of adjacent values. The concentrations of the equilibration gas

mixtures are given in Table V.
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Concentrations (in percent) of carbon dioxide gas in argon to
maintaina totaldissolvedcarbmmteconcentrationof 2.81x 1O-sM

in J-13groundwater at different pH and temperatures.

25°C 60”C 90”C

pH 5.9 6.06 9.67 18.58

pH 7.(I 1.57 2.35 4.05

pH 8.5 0.0573 0.0877 ().142
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The test solutions were kept in 90 ml cells that wem made of either Teflon

Perfluoralkoxy (TPFA) or Polyether etherketone (PEEK). The PEEK cells were for the

243Amexperiments because PEEK is more radiation resistantthan TPFA. All cells had

scaled ports at the top that accommodate the permanent emplacement of a pH electrode,

an opening to &aw samples, and three

base, and the COJ-argonmixture. The

/16” diameter Teflon lines for addition of acid,

temperaturewas controlledby ~Jacingthe test

cells in a heated aluminum block of LBL design. The electric heater was mounted on an

orbital shaker (Lab-Line Inc., Melrose Park, IL), and all solutionswereshakencontinu-

ously at approximately 100 rpm. The solutions’ pH values were controlled by a

t4 ThC pH-stat was designed and assem-computer-operated pH control system (pH-stat).

bled at LBL. It records and adjusts the pH vaIues automatically over the required long

periods of time with standard deviations generally not exceeding 0.1 pH unit. We could

not use the pH-stat for the 90°C experiments. The combination pi-ielectrodes (Beckman

Instr. Inc., Model 39522), used at 25° and 60°C to monitor the solutions pH values,

deteriorated rather rapidly when in contact with the 90°C sohtions. The deterioration is

mainly due to the dissolution of the Ag/AgCl layer of the reference electrode wire and

also of the wire used in the pH sensing compartment itself; the solttbility of AgCl

increases approximately 240 times when the temperature changes from 10° to 100°C.

Although the manufacturer claims the working range of these electrodes is up to 100°C,

we were unable to use the electrodes continuously with the pH-stat. Therefore, we per-

formed the pH adjustment every day by hand: th~ Beckman pH electrodes were removed

from the individual experimental solutions after each adjustment and reintroduced for

each new measurement. Before measuring the pH, the electrodes were calibrated and

remained in the solutions for several hours to come to temperature equilibrium. For the

americium volubilityexperiments, we used Ross combination electrodes (Orion). These

electrodes are stable at 95°C because they have a 12/21-internal reference electrode

instead of a Ag/AgCl electrode. The electrolyte bridge of the Ross electrodes however,
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Therefore, we also had to adjust
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thosc of the Beckmzn

would h~;~ altered the

electrodes. Placing them per-

composition of the J-13 water.

the pi-l for this experiment by hand in the same manner

as wc did with the Beckman pH electrodes.

4.5. Phase Separation

Achievement o!’steady-state conditions for the volubility nwasurernents

tored by sampling aliquots of the solution phases and analyzing for the

WMmoni-

respcctive

radioisotope as it functionof time. W-cused Gmtricon-30 centrifugal filters (Amicon

Corp., Danvers, MA) for separating the phases of the neptunium, plutonium, and ameri-

cium solutions. For the separations, the centrifuge (High-speed centrifuge, Model HSC-

1000, Savant Instruments Inc.) was heated with a circulating water bath to the appropri-

ate tempcrittum. The filters contain a YM-type membrane with a calculated pore size of

4.1 nm. To ascertain that we achieved complete phase separation and minimal adsorp-

tion on the filters during the preparation of the solution assays, we conducted a series of

filtration tests.

For each solution, these tests were done at different times during the equilibration

period. We used one filter per solution and fihcrcd consecutive portions of 5(IO@ solu-

tion through it. Each filtrate was acidified to minimize sorption in the fiItrate-collection

container and an assay was taken. Then wmthcr 500 pL were filtered through the same

filter, collected in a new container, and assayed. This is repeated until the assays show a

constant conccntraticm. The volume nccwssw-yto saturate the filter was the cumulative

amount of volumes used until the assay concentration remained constant. The presatura-

tion volume was radionuclidc-dcptmdent.

We dctwmined and used the following preconditioning volumes: 5(X)~L, 1000pL,

and 2000 pL for the neptunium, plutonium, and neodymium/americium solutions,

rcspccti~’cly.
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4.6. Analysis

After scpm[ion of the soltt[ion ml the solid phtiscs, the two components were

imidyzed Sepmwly. Conumtration mcimrcmcnts of ~he supematanL$were made by

counting liquid diquots with it gmnitnium Iow-cncrg)’counting systcm (LBL design).

For 237Np,24‘Am, id 243Amthe 29.38 kcV, 59.54 kcV, md 74.67 kcV y-ray Iirwswere

used, respectively. A wititingperiod o! at Iwtst30 ditys wtis required for the 243Amsam-

ples More [hey could be assayed bccausc the 243Amwas not Msccuhtr equilibrium with

the 239Npdaugh(tx

the Iargc Compton

23’%pdecay.

w sampling. After this [imc. (he 74.67 kcV y-line WMresolved from

edge 01-the plutonium K x-ritys and [hc 106.13 kcV y-line from @

z~~puWa%~najyzcd hy u~i]izingthe U L x-rays coming from th~ a-&XUyOfthe plu-

tonium. Possihlc contributions to the L x-rays from the ticcuys of other radionuclidcs,

also pre.sentin smull amounts, were corrected by suhtrmtion.22In selected cases, liquid

scintillation counting was also used for pIutonium conccnt.mtiondeterminations (Packard

Instr. Co., Dowcrs Grove, 111.,model Tri-Cw-h46[)C). The two tmcrgy windows of the

counter were set [o dtscriminttte properly hetwum possible p-emitting solution contam-

irmts imd the plutonium a-radiation. Repctittxlsample counting and the obserwttion of it

constant count rate in the a-window ensured no ~-ccmtrihutionto the a-count.

4.7 Criteria for Steady-State Concentrations

Constmtt conccn[rations over time with minimal deviation during that time spi.tnarc

the criteria for detmnining the wxtge stewiy-sta[c ccmccntrittionfrom the individual

concentration measurements.

The.se]imiLsdepend on the volubilityof the nuclide invdvcd and the tcmpcraturc of

the experiment. High soluhilitics yield prcci.sc conccntr~tions within short counting

times; whereas. low solubilitics yield conucntration with htrgc errors, even iifler very

Itmg umnling time.s. Experiments aI umbiunt tcmpcru[ur~’s Ictid [() very consistent
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conctmtra[ions. Elevuted temptmtures, however, lead to grcatm deviations in conccntra-

[ion btxause of [hc dilficultics involved in maintainingelevated[cmpcrtitttrcduringphase

separation and sample preparation.

4.8. Eh Measurements

At the end of each volubilitycxpwimcnt, wc mcwxmxlthe Eh with a pkuinum clcc-

trodc versus a Ag/AgCl/sat.I%C1 rc!’crcnce. Wc chmcd the platinum electrode with 6

M HNO~ hetbrc and after each measurement, Rudings were stahle within 30 to 60

minutes. The electrode setup was checkedwith ‘“ZobcllSolution’ before and iifter c~ch

mtasurcment.’~”” We measured the Eh VUIUCS[o supply future chemical modeling

efforts (neptunium, plutonium, imd americium solubili[ics in J-13 wutcr solutions) with iI

refcrcncc value. Withmn modeling, however, the Eh mcusurcmcnts iirc mdy of limited

wduc, because they may rcpresen[ a combintition of many different rcdox reactions for

each individual solubi]itysolution.

4.9. Identificationof Solids

The solid compounds were wxdyzcd by x-ray powder diffrwxion metisurcments. A

fcw micrograms of each iictinide precipitate were placed in a 0.33 mm diameter quartz

c~pillary tube, and [hc tube was .seidcdwith m oxy-butmw microtorch. The tube was

mountcti in an 1I.46 cm diamc[cr Dchyc-Schcmcrcamcr~ A then irradiated with x-rays

from iI Noreluo 111x-ruy generator (Phillips Eh.xtronics, Inc.). Copper KU radi~tion

filtered through nickel wus used. When the solids did not prtducc tiny ptittcrn {)rwhen

the pattern could not hc ussignud 10tiny km~wncompound. Fourier trms!”orminfriired-

spectroscx)py(FIIR) wiIsapplied. A smidl timoun[of cuch solid was placed Iwtwcentwo

pre-fdwicotcd po!ishe(.iKBr windows, and the windows were then sew d at the rim with

epoxy. Grcitt cm was taken {okeep the outside of the KBr windows free of contfimina-

[ion. These sumplcs were then tinulyzcd by FIVR (Mwts(m Instr., Inc., Mtidison, WI,
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model Sirius 100).

5. RESULTS AND DXSCUSS1OIU

5.1. Neptunium

5.1.1. Volubility

Results of the neptunium volubility studies are shown in Figure 1. The neptunium

was initially introduced as NpO~ into the J-13 k~oundwater. The steady-state concentra-

tions and the solutions’ Eh values are given in Table

function of equilibration time and pH for 25°, 60°, and

and 4, xwpectively. The individual measurements are

VI. Concentration profiles as a

90”C are shown in Figures 2, 3,

listed in Appendix A. At each

temperature the neptunium volubilitydecreased with increasing pH. No significanttem-

perature dependence was found within each individual temperature studied.

5.1.2. Speeiation

The supematant solutions were analyzed by absorption spectrophotomeuy to deter-

mine the oxidation state and speciation. The spectra are shown in Figures 5, 6, and 7 for

25°, 60°, and 90°C, respectively. The supematant samples from the experiments at pH 6,

25° and booc we~ diluted with J-13 water to keep the absorbance value within the sensi-

tivity limit of the spectrophotometer used. With the exception of the spectra at 90”C and

pH 6 and 7, all other spectra show the NpO~ main absorption band at 980 nm and an

additional band at 992 nzn that increases with pH due to the increasing carbonate com-

plexation. The band at 980 nm is characteristic for uncompleted NpO~. The band at

992 nm is typical for ncptunyl(V) carbonate complexation.fi

From the difference between the total amount of neptunium (determined by y-

spectroscopy) and the free NpO~ (determined from the 980 nm peak), we calculated the

amount of neptunium present as carbonate complex. The results for the amount of car-

bonate complexation in the steady-state solutions are given in Table VII. Because the
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Np(V) SOLUBILHY EXPERIMENT IN J–13 GROUNDWATER

AT25°, 60°, and 900C

AC

N D

1.OE-6
pH 5.9”

0 25°C
= 60°C
m 900C

cc
B

A : NaO06Np02(CO~OBoH20

B : N00.6Np02(COJo,8 .z,5H20

c : Na2x-1Npo2(co.jx.nH20
D : Np#5

pH”7 pH8.5

Figure 1. Resultsfor NpOJ solubiii[yexperimentsin J-13 groundwateras a function
of pH and temperatum.
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TrnbleVI. Comparisonofstezxly-state solution concentrations
for neptunium in J-13groundwater at 25°, 60°, and 90°C.

rNp

1-pH

5.9 * ().1

25°C

crew. (M)

(5.3 * 0.3)x lo-~c

(1.3t ().2)x10-’$”

(4.4* ().7)x]()-5’

Eh (mVvs. NHE)

Np 60°C

pH I cone.(M) I iih (mVvs. NHE)

(6.4+ ().4)X ]()-s’

(9.8* 1.())x ]0-4’

(I.ot o.1)x ]()-4’

LNp

LpH

5.9f ().2

7.2*().2

90”C

cone. (M) Eh (mVvs. NHE)

(1.2* ().1))( lo-~h 392* 10

(1.5* 0.4)x ~()-’$’ 299* 10

(gg * ().4))( 10-5” 159* 10

(a-e): thes[eady-statevii~uesweredcwmintxi from[hclasta) 5. b) 6.,-.
c) 9, d) 12,c) 15samplings.
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APPROACH OF J–13 WATER SOLUTIONS OF NP(V)

TO EQUILIBRIUM AT 25°C

r———— I
.OE–2

!
o._~-~-&o—&o-o.&-o- ~.o—~ 0.()

.OE-3

.OE–4

.OE–5

h “
init; ol Np cone. pH

1.2X1 0-2M o— o 5.9
2.4x10-’ M ● — ● 7.0

-0-.
~g-m 1.8x1o-’ M A — A 8.5

\
.-O—O.O

‘.\@--m
‘\

—o—~

I
0 20 40 60 80

EQUILIBRATION TIME (days)

Solutionconcentrationsof 237N in contact with pr~ipi(ate obtained from
supersaturationof J-13 ground;ater at 25°C as a functionof time. pH 5.9
~ 0.1 (open circles), pH 6.9 ~ 0.1 (filledcircles), and pH 8.5 * 0.1 (rn~-
gles). The neptuniumwas added initially(day O)as NpOJ; initialconcen-
trationswere 1.2x 10-2M (pH 5.9), 2.4 x 10-3M (pH 7), and 1.8x 10-3
M (p?{8.5).

—
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APPROACH OF J-13 WATER SOLUTIONS OF Np(V)

TO EQUILIBRIUM Al 60°C
1.OE– 1

I
-—

z initial Np cone. p}{
.

- I ~~~ ~~~

9.5x 10 “ M O –- O 5.9
r= 2.0x 10-’ M ● —O 70

; 1.OE-2 2.0x 10-J M 6 — ~ 8,5
—o— 0-—-0—0----0---0 —*o—

$?
Oo

k
1.OE–3 ~

6 ~~ —O.e
‘.--—e————~ ●—-O —00

—
2
u A— d~
: 1.OE–4

b~~ ‘8—A—A

!

‘A —a\&
o

‘AA

.5
u

1.OE–5 ~ , , z
o

,
20

,
40 60 80 100 120

Figure 3.

EQUILIBRATION TIME (cloys)

Solu[ion concentrationsof ‘7Np in contact with precipitateobtainedfrom
supersatumtionin J-13 groundwaterat 60°C as a functionof time. pH 5.9
~ ().] (Own circles),pH 7.1 ~ 0.1 ffilled circles), M pH 8.5 * 0.1 (triitrI-
gIes). The neptuniumwas added initially(day O)as NpO~;initialconcen-
trationswere9.5 x 10-3P.f(pH 5.9) and 2.0x 10-3M (pH 7 and 8.5).
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APPROACH OF J–13 WATER SOLUTIONS OF Np(V)

TO EQUILIBRIUM AT 90”C
1.OE– 2

F

r

initiol Np cone. 1pH

“\.
1=

\

8.7 X10-s M 0— o 59

m Z.OxIO-’ M ● —o 7.0 I

1

1

.01:–3

.OE–4

.OE–5

\ O.O 1 .gxl O-’ M A — a 8.5
~. o

—-*o— 0

.---a.a\

“–”\

\[-.””\.

~

A— a-a— A_~— —6—A—.6

3 ,

0
A

20 40 60

EQUILIBRATION TIME (dgys)

Figure 4. Solution concentrations of ~TNp in contact with precipitate obtained from
supersaturation in J-13 groundwater at 9(I’Was a function of time. pH 5.9
~ 0.2 (opencircles), pH 7.2 ~ 0.2 (filledcircles), and pH 8.4 * 0.1 (trian-
gles). The neptuniumwas added initially(day O)as NpO~;initial concen-
trations were 8.7 x 10-3 M (pH 5.9), 2.0 x 10-3 M (pH 7.2), and 1.9 x
10-3 M (pH 8.5).
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,Figure6.
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Figure7,
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Table VII. Comparison of extent of carbonate complexation for steady-state
solutionsof neptuniuminJ-13groundwaterat 25°,60°, and!M°C.

ZUp(2trtxmmCompluatintt

25°C (lo”c’ t)oo~”~

pti NpO~(%)NpOfOi[%) pti Npo;(%) NpOfO;(%) pt{ Npo;[%) NpO.XOj(%)

5.9 i 0.1 91 9 5,9 * (),1 92 8 5.9 * 0.1 100 0

6.9 i 0.1 46 54 7.1 * 0.1 ns 15 7.2 f 0.1 100 0

B.5t 0.1 38 62 8.5 t 0.1 16 U4 IL4 * 0.1 0 100

(a):distributiondeterminedatambienttcmpwamre
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spectra ot’the 90°C and 60°Csolutionswtm ttiktx withoutmm”olling[he ttmpmture,

the volubility and spcciation may have possibly been perturbed. Thcrcforc, [he derived

speciation results mayk more scmiquantita(ive.

After each solution was acidified wi[h HC104 [o pH (J, the absorption at 992 nm

disappear-cd,and only [he hand at 980 nm WMprcscn~. These facts show increased car-

honatc complexation withincnxtsingpH Ior th~ 25° and 600C series. The amount O!car-

bonate completing incrcwscdwith increasing [cmperuturc for !hc pH 8.5 solutions. IL

dccrcasuiwith increasing[cmpcr~turefor the pH7 solutions. Very little carbonate com-

plcxation occurred for the pH 5.9 solutions iIteach tcmpcraturc. In the 90°C experiments

only tlw pH 8.4 solution contained carbonate complexes.

5.1.3. Identificationof Sol~ds

The pnxipitatcs formed in the neptunium solutions were colkted by ccn[rifuga-

tion, washed with u small amount of COz-free water, and dried with an argon jet. A1l

precipitates at 25°C and 600C had a bright lime green color. The precipitatesformedin

thesolutionsat 90°Chadthe followingcolors:

pH5.9– dark brown m Mack

pH 7.2– light brown

pH 8.4– light green

From the solution at pH 8.4, two different precipitates were isolated by fractionated

centrifugation, because the wet solid appeared to be composed o! a ton and a green

phase. When dried, the.sc solids bcctimc identically light grtxn. X-ray powt!cr diffrac-

[ion pimcrns ta.lwnfrom the prculpitatc’..3produceddistinct1irws;d-spacings and r~]a[iv~

intensities arc li.s~cdin Tublcs VIII, IX, und X for 25°, 600,and 900C, rcspcctivc]y.

A comptiris(m 0!” ?50Cthe - s(~lids with published pattcms of

Ntio,(,Np()2(c’03)()X2.5HJ). Nu(,,,Np(+(C() )~oX“IIH2( ). ~n~ .~’uINp( )2(C( ~3)l”nHz() w-c
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TableVI1l. X-raypowderdiffractionpatternsof neptuniumsolid 1
phases in J-13 groundwater at 25°, 60°, and 90”C and pH 5.9.

25°C 60”C 90°c

d(~) Ia d(~) Id d(~) la

9.8(I w 7.47 w 8.85 s
7.31 t 7.11 w- 7.55 w
6.22 t 5.09 s 7.15 m
4.93 w 4.81 w+ 5.64 w+
4.80 w 4.46 m+ 4.16 s
4.31 s 4.34 w 3.45 Vs
3.96 s- 4.05 Vs 3.27 w+
3.21 s- 3.72 w- 2.66 Vs
3.05 w 3.34 s 2.58 w+
2.94. t 3.22 w 2.09 w-
2.71 m 2.93 w+ 2.05 w
2.40 [ 2.69 m+ 1.93 m-
2.16 t 2.55 s+ 1.84 w+
2.1(1 t 2.41 w- 1.W m
2.06 t 2.28 m- 1.76 m
1.99 Vs 2.21 w 1.74 w+
1.94 s“ 2.16 s 1.65 w-
1.73 m- 2,10 w- 1.61 m+

2.02 w+ 1.54 w
1.98 t 1.51 t
1.90 t ,1.47 w+
1.85 m- 1.43 m-
1.80 m– 1.40 t
1.65 m 1.34 s
1.38 w- 1.30 w
1.31 t“ 1.29 w-
1.29 w- 1.28 w
1.27 w 1.26 t
1.24 t 1.23 w
1.22 w- 1.21 w-
1.19 w- 1.19 t
1.15 [

(a) Relativeintensitiesvisually estimated: vs = wry strong.s = strong,
m = medium,w = weak,t = trace.

* denotesdiffusekinds.
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TableIX. X-raypowderdiffractionpatternsofneptuniumsolid
phases in J-13 groundwater at 25°, 60°, and ‘90°C and pH 7.

25°c

(@i) Ia

9.03 w
8.53 w
6,92 s
4.91 m
4.27 m
4.01 m-
3,63 w+

3.45
3,22
2.92
2,82
2.44
2.36
2.30
2.16
2.13
2,09
2.03
1.99
1,88
1.81

w
s
m
w
I
1
t
t
t
1
w
t
I
[

60”C

9.94
9.14
7.52
6.27
5.12
4.98
4.82
4.36
4.05
3.33
3.23
3.08
2.96
2.82
2.71
2.63
2.55
2.48
2.42
2.35
2.27
2.21
2.16
2.11
2.06
2.02
1.94
1.84
1.80
1.65
1.62
1.59
1.50
1.47
1.45
1.41
1.37
1.34
1.29
1.27
0.79

s
I
w-
W+
m+
s
t
Vs
Vs
m+
m-
W
t
t
m+
t
s
I
w-
w-
W+
t
s-
[
w
w+
w+
s-
nl
m-
1
w-
m
w–
w-
W
w
t
w+
w+
w-

w“c

d(~) la

8,82* s
7,05* m-
5.01 w-
4,19 m
4.04 m
3.46 Vs
3.30 m-

2.67 s
2.59 w-
2.55 w+
2.27 w-
2.15 w
2.09 t
2.05 t
2.02 t
1.94 w-
1.84 w+
;.8(} w+
1.76 w
1.74 w-
l.ti w.
1.61’ w
1.59 t
1,50 w+
1.34 m-
1.27 w-

(a) Relativeintcnsi[iesvisuallyestimated:vs= verystrong,s = strong,
nl = mcdiunl,w = weak. t = tr~~~.

* dcnolcs dil”luschands.

I



-36-

TableX. Way powderdiffractionpatternsof neptuniumsolid
phases in J-13 groundwater at 25°, 60°, and 90°C and pH 8.5.

25°c 60”C 90°C (grwn phase) 900C (tanphim!) (com’d)

d(A) 1’ d(~) i“ d(~) 1’ (l(A) la d(~) la

6.88 s 8.67 m 10.;;’8 I 9.99 s- 1.fi4 m+
4.87 S- 7.85 m 8.59 w+ 9.72 s 1.79 m
4.35 s 6.63 S 7.00 w 8.63 w+ 1.75 t
4.04 s 5.12 W 6.41 w- 8.37 m 1.65 m+
3.65 m 5.01 s- 5.04 m- 4.99 s 1.59 w
3.47 w 4.75 s 4.65 t 4.9(; w+ 1.57 w-
3.35 w 4.31 Vs 4.43 m 4.64* w 1.49 m
3.24 s 4.03 Vs 4.23 w- 4.41 m+ 1.47 w+
2.93 s 3.86 w- 4.05 Vs 4.23 m- 1.42 W
2.71 t 3.62 W 3.34 w+ 4.04* 1.40 1
2.56 m 3.32 m+ 2.68 W- 3.6(j* ;s 1.37 I
2.37 t 3.19 s 2.55 m 3.50 t 1.34 w-
2.31 t 3.11 t 2.28 w- 3.32 s 1.29 W
2.15 1 3.00 w 2.16 w 3.20 w+ 1.27 W+

2.04 w 2.87 W+ 2.03 w- 3.12 w- 1.24 W–

1.99 w 2.67 W 1.84 w 3.04 t 1.22 w
1.89 t 2.54 S- 1.80 w 2.91 w 1.15 w-
1.82 t 2.38 W- 1.65 w+ 2.81 t 1.14 w

2.27 w- 1.49 w 2.77 1
2.i6 s 1.22 t 2.67 m-
~.08 W+ 1.19 t 2.55 s
2.02 w 2.51 m–
1.97 w– 2.46 w-
1.89 W- 2.27 m
1.84 W 2.21 w
1.79 w 2.16 m+
1.65 w+ , 2.12 w
1.60 t 2.02 n]-
1.58 t 1.99 t
1,49 w+ 1.96 t.
1.47 w
1.41 w
1.29 (
1.27 W-

1.23 t
1.22 t

(a) Relativeinte~itiesvisu~Jly estimated:vs= verystrong,s = strong.
m= medium,w = weak, t = trace

,. denotesdiffusebands.

—
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givcn in Tables XI, XII. and XIII. rcspcctivcly.z602702N029The d-spacings of”the solid

fo~~~ ~[ pH 5.9 itgrtxd well withd-spacingsof Nq,fiNp02(Coq)o,8s~.5H20. Ekvcn of

the 18 measured lines matched the rcfcrcncc pattern with a tolerance of 0.01 ~, and 17

lines matchedwithin0.03 & For the pH 7.() solid, 5 Iincs of [his pattern matched the

21-line piitlem of N~6Np02(C03)0 ~“nH@within 0.01 ~, and 13 lines within 0.03 ~.

This solid bctttxmatthed theputtemsof hJaNp02C03.~.5H@and NuNp0@3.ZH@; 5

and 10 lines agreed within 0.01 & and 13 and 16 lines matched within (L03 ~, rcspcc-

tivdy. 2tl me d-spacings for the pH 8,5 solid agreed relatively wl!ll with tic

N~,bNp02(C0J)(1w02.5Hzo;11of the 18mcusurcd ]incs matched within ().()3~, hut only

three matched within ().()1~.

The x-ray diffraction ptiucms of solids formed at 60”C w pH 7.0 and pH 8.5 agreed

WCI1 with tk pat[txn of N~,(,Npf.)2(C03)(,,H.2.5Hzo.”All Iincs mutchcd within 0.03 ~.

and 17 and 15 Iincs mawhd within ().()1~ for pH 7.0 id 8.5, rcspcctivcly. The pH 5.9

solid compared hest with N~,6Np~2(C{)J)oM.2.5H2~and with Na~Np02(CO~)2mH20.

Within ().03 ~ tolcrancc, all the diffraction lines of the solid matched with those of

NM,bNpOz(COl)0,X.2.5H20; 24 lines matthed with NaqNp02(COx)2mH20.Within{).(J1

~ ]8 ]incs matched with N~GNpOl(CO~),),R.2.5H20, and 13 1in~s with

NaJNp02(C01)2mH20. Wc viewed these solids idso under iImicroscope to further idtm-

tify chcm. Tk solids from the pH 7 und the pH 8.5 solutions upputiredmicrourystullinc

and of an approximaw size of I to 1[)pm. Tlw pH 5.9 precipitate contained two separate

phuses: hright-green flat shingles of up to 200”pm were interlayercd hy white spherical

particles [hut were up to 250 ~m in size. Comparison of the aggrcgmc”spowder pattcm

with those of NuCIOd,NiIzCOl,NtiHCOl (iIs possible non-tictinidcsolid phuscs) proved

the absence of such compounds.

The d-spucings of the solids Iolrncd in the $M)”Csolutions urc cornparcd in Tables

XIV and XV with Np20~ 30 und KNp0zC03 31 p~ttcrns. The pH 5.9 solid was con-

clusively identified us NpJ()$. Altt~(~ugh[hc powder pat(crn (JI”Nplog is hcing rcp(mcd
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TableXl. X=raypowderdiffractionpatternsof neptuniumsolidphases
in J-13groundwater at 25°, pH 5.9, pH 7.(1,and pH 8.5 compared

with the pattern of N~o##12 (~3~.8 -2.5 ~xo”m

pH 5.9 pH 7.0 ]iH 8.5 N~,6Np02(C0J)o,B-2.5 H#) I

(i(A) la d(A) 1’ d(& I“ d(A) *a

13.@t t
9.96 s-

9.80 W
9.03 w
8.53 w

7.31 t
6.92 s Mu s

6.22 t (j~z w
4.93 w 4.91 m 4.96 s–

4.87 s-
4.80 ~v 4.82 w
4.31 s 4.35 s 4.33 Vs

427 n]
4.01 ni- 4.04 s

3.96 S- 3.97 s
3.73 t

3.63 \ i+ 3.65 m
3.45 w 3.47 w 3.44 t

3.35 w 3.30 1
~.pl s- 3.22 S 3.24 S 3.22 s–
3.05 w 3.06 m-
2.94 t 2.92 m 2.93 S 2.89 t

2.82 w 2.80 w-
2.72 w–

2.71 m 2.71 t 2.70 m+
2.56 m 2.62 w+

2.44 t 2.47 w
2.40 t 2.37 t 2.40 w+

2.36 I 2.34 w-
2.30 I 2.31 ,t 2.30 t

2.16 t 2.16 t 2.15 t 2.16 n]-
2.10 t 2.!3 t 2.i I w
2.06 I 2.09 t 2.04 w 2.06 m
1.99 Vs 2.03 w 1.99 w 1.98

1.99 I
w-

1.96 w-
1.94 s 1.89 t I.94 t

1.88 t 1.83 w–
1.81 [ 1.82 t ).80 t

1.73 m- 1.77 w

(a) IZelativcintcnsilicsvisuallytxtimatct!: vs= vmy strong,s= strong.
m= medium.w = weak.t = trace.
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