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ABSfRACT' N
.‘The solubi]itiéé of crystaliine Nd(OH)j and Am(OH)3 Qere
measurad ét 25 & 1;.C in dqueous-sa]utiOns‘of 0.1 y_NaC]04vunder
argon as a function of pH by determination of thevsolution
concentrations of Nd.and An. Prior fo use in.the. solubility
measurements, the solid‘métérials were characterized through their
x-ray.powder pattérns. Ahalyses*of‘the:solubi1ity‘daté;with“thef
computer code MINEQL allowed estimates of the solubility product
constants, Kle’ and the second and third hydro1ysis constants,

K12‘and K13, fof Nd3f and Am3+

. Upper limits for the fourth
hydro]ysis constants were also estihated; For Nd, they are: 1log
Ksﬂow=}]§°0 t .2, log K]2;=z-15.81t .5, log K13 = -23.9 £ .2 and
1og,K]4,<_-34. For- Am, they are:. log'KS]O = 15.9 = .4, 1og-K]2
=-16.0 + .7, log Kyg =-24:3 + .3 and log K;,4 < -34.5.

The-crystalline.Nd(OH)3 was found to be a factor of 100 to 300
less soluble than predicted from'previouslylreportgd thermodynamic
data over much of the pH range'bf environmenté] interest. The
measured solubility of crystalline Am(OH)3 was also considérab]y
less than pfedicted from the previously estimated Soiubi]ity product
constant, i.e., a factor of ~ 600. For Am, the solubility of the
-crystalline material was a factor of ~-30 less: than the amorphous:
material.

The solubilities of crystalline Nd(OH)3'and Am(OH)3 as a
function of pH were found to be very similar and Nd(OH)3 should be a

good analog compound for Am(OH)3.
(i)
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1.0 INTRIDUCTION
1.1 BACKGROUND

The disposal of high-level radioactive waste in a waste package

emplaced in a deep geologic formation appears.to be a technically

- feasible method for the long-term isolation of thexwasté;from'theu_'

biOSphere(]). ~In the event that the canister And waste form fail to
contain the radioactive waste material;, fadion&clides wil?renter the
local groundwater system and, if moving, the groundwater fs expected
to provide the‘mechanism by which the nucleaf waste could be trans-
ported from the undérground storage facility to the accessible enviébn-
ment‘]). The radionuclides can react with various componénts of.thé_"
groundwater, and possibly host rock, fo form inso]ub1e,;ompoundsfand_
solution species, which will provide major controls on the solution’
concentrations and migrqtion rates of~the radionu;]ides._'The identi-
ties and solubilities of coripounds and the so]ution‘species will
depend on thé oxidation states of the'radiOnuélideS,vthe redox prop-
erties of the groundWater and surrounding geomedia, and the nature and
concentrations of precipitafing ions and complexing ligands in the
groundwater system, i.e., the groundwater composition. Precipitation:
of stable solid phases will retard the migration of radionuclides
relative to the average velocity of groundwater movement; on the other
hand, formation of aqueous coﬁplexes will fend to reduce this retarda-
tion effect. In addition, the nature of the solution speciés will

determine to a large extent the degree of sorption of the radionuclides
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by the host rock and engineered barrier.

The formation of insoluble phases and their equilibria with
solution species are much more complicated processes in groundwaters
than in the solutions normally encountered in laboratory measure-
ments. It would be misleading to suggest that thermodynamic data
obtained in~staticalaboratorywmeasufements-can alone accurately
predict behavior in dynamic field situations. However, thermodynamic
data obtéined in the laboratory form the building blocks for deline-
ating the important interactions and parameters of the systems, for
interpreting the results of field measurements and sorption data, and
for modelling calculations. Thefefore;,thermodynamic.data on the. |
so]ubiTities of. compounds: and solution complexes: of the waste radio--
nuclides 1ikely to form in the groundwaters are needed to adequately
assess’ and predict, the ability of the storage site to meet established
site characteristics and standards for rates of release of radioactive
materials as required‘foh 1iéehsing'by'the.u. S. Nuclear Regulatory
Cormission in 10 CFR 60(2) and the U.S. Environmental Protection
Agency in 40 CFR 1913, |

Studies of natural andlog e]ements-can~potentially provide useful
information- for-the: prediction-of the-migration behavior.of waste:
radionucTides'over“extfemely~fong time periods, information.not
accessible through short-term laboratory measurements(4). However,
1aborat6ry-genérated thermodynamic information on the nature, solubil-
ities, and solution complexes of the waste radionuclides likely to

form under repository éonditions, conmpared with those of naturally
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. gccurring,eléments, can bé used to se1ecf‘po§sib1e nafura1.aha1og§.

A number of long-lived actinides, actinfde decay products, and
fission produ&ts are present in spent reactor fuels and high-level
reprocessed wastes inrsufficient‘quantfties'to remain a radio]ogiéa]
hazard, even after 1,000 years, if placed in an underground reposi-'
tory. Séveral attempts have been~made~toirank*theiwaste.radionuc]idés
as to overall hazard on the basis of the amount of the radionuclide in
the waste,_the half-life, the biological toxicity, and the pofentia]

‘mobility. They are summarized in reference 5. Taken as a group, the
actinides U, Np, Pu, Am, and Cm represent the largest potential long-
term hazard. |

'A.humber of inorganic componentsgwi11 be:present in groundwaters
fthat"Canfform’inso10b1efCOmpoundsaand“so1ution compiexes with the
waste radionuclides.. Hydroxide,vcarbonate,_phosphate, fluoride,

-su1fate,(6)

~and possibly silticate would be the important groundwater
anions for the éctinides. Since hydroxide is’common to all ground-
waters, this anion is expected to play a dominant role in determining
the speciation and solubilities of the important actinides(ﬁ). The
information on}hydroxides is needed-béfore one can proceed to the
other anion systems.

One of the important actinides in nuclear waste from a long-term
hazards point of view is americium. If trivalent Am behaves like the
trivalent lanthanides, and there is good reason to expect that it

()

wil , Am would be expected to form an insoluble hydroxide under

environmental conditions. Unfortunately, there has been no systematic
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investigation of the solubility of we11-cha;acterized Am(OH)3
reported in the literature. The objective of this work was (1) to
measure tne solubility of well-characterized, crystalline Am(OH)3 as
a- function of pH and obtain a value for the solubility product con-
stant and (2) to measure*thev501Ubi]ity of well-characterized crys-
tal1inemNd(OH)3;aSVa>functfon'of*pH and, by comparing the PESU]tSf.

with (1) above, determine if it is a good analog compound for Am(OH)3,

1.2 PRIOR WORK .

1.2.1 Background

A know]edge;of“the<so]ubj1itx,pnoductzcons¢ant,,KSjo, for the-

reaction

3+
+ 3H20;

is notisufficient- by itse}f»tpgcagcuiate-thé solubi1ﬁtx~of3Am(0H)3

An(OH)3(s) + 3H = Am

in aqueous, noncomplexing solution over a wide pH range. Hydrolysis

of Am3+

Am3+ ion, the hydrolysis products contribute to the total solution

occurs in neutral and basic solution and, in addition to the

concentration of americium. Therefore, values for the formation

consmantsvof.the;hydro1yzed‘specjes.are,needed, e.g., the possible.

reactions,
Ar®® ¢ 10 = An(oH)® + ' Ky,
AT+ 200 = AR(OH), + 2H'; K,
A+ 31,0 = An(0H)] *+ 35 Kp4
AT+ aH,0 = An(OH) + 4H; Kqy
20"+ 20 = Amy(0H)3" + 2H'; Ky
3t +w5H20»=_Am§(OH)g: +5H" 5 Kyg.
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~ All of these equations must be solved simu]taheohé]y for a given
temperature, pressure and pH in order io calculate the concentration
of the individual species since they can occur together in solution.
The total solution concentration of americium, i.e., the solubility,

is the sum of the concentration of all the species.

1.2.2 Measured Solubility of Am{III) in Near Heutral and Basic

Solutions

In FY 30, the solution concentration of Am was measured as a
function of pH at 25° C in aqueous solution using O.I'ﬂ_NaC]O4 as

supporting»e]ectro1yte.. Two solutions of purified Am(III) were.

-5y,

.
el

prepared with initial concentrations of 1.023 # 0.031 x 10 The
pH of these solutidnstaS édjusted to cover the.range 5 to 10 in steps
of 1. pH  unit: starting. with a,pH of 5. After each. pH change,. the solu-
tions were allowed to equilibrate fdr a time and the concentration of
Am in solution was determined. ?recipitation of Am occurred for pH
values greater than 7. The details of this work and resu]ts‘have.been
reported previous]y(s’g). |

The results of'these.méasurementS'are displayed as the points in
Figure 1. These data were assumed to represent the solubility of~
amorphous Am(OH)3, however, chémical analysis of the solid phase was
not feasib]é due to the very'small arnount of amorphous precipitate
avai]ab]e.

In 1973,_A11ard reported estimates for the hydrolysis constants

for Am3+ in aqueous solution, as well as for the solubility product
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of An(OH)(lo). His estimates are given in Table 1. Using the

conputer program MIHEQL(]])

, a computer program for the calculation
of chemical equilibrium compositidns of aqueous systems, the
solubility 1imit for Am in an aqueous 0.1 M NaC10, solution was
calculated as a function of pH from Allard's estimates. The results
offtﬁé'chJCUTatﬁOn”arefshown(in<Figureel-asetheacurVevmarked.A. '
Baes,and Mesmer(]Z) ﬁave also estimated the solubility product
for Am(OH)3 from a comparison with a lanthanide ion of nearly the

+
same ionic radius, i.e., Nd3

s and their est1nate is given in Table

1. Unfortunately, the lanthanide data used for the estimates were for
“aged" precipitates:and notaCharactErized, crystallinermaterial. It
seemed reasonable to go a step further and to use- the measured or
estimated values for-the: hydrolysis constants.for Nd as estimates for:

An:. This:approach-has! also. recently: been’ taken by AlJard‘G)

(12)

.. These;
values, taken from Baes and Mesmer , are also shown in Table 1.
The solubility linits for Am(0i); in 0.1 N NaC10, were calculated
as a function of pH using these éstihates and are shown in Figure 1 as
“the curve labelled B. Clearly, our experimental data favored the
solubility limit 1ine calculated. from the. Baes and iesmer estimates.-
(curve B) over the line calculated using Allard's estiﬁates {curve
A).. If-the solubility product constant of Nn(OH)é estimated by Baes
and Mesmer was decreased about a factor of 10, i,e., log Ks]O
decreased froml18.7 to 17.5, the calculated curve labelled C
resulted. This curve was a better fit to the data. Therefore, our
best estimate for the solubility product. constant of amorphous
Am(OH); for 25° C and zero ionic strength from this work was log:

KS]O = 17.5 % 003-
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Figure 1. Plot-of the Logarithm of the Solution

Concentration of Am in Aqueous
0.1 M NaC104 Solutions as a Function

of pH at 25°C.



Table 1.. Estimatas of Hydrolysis and Solubility Constants of Am

for 25° C and Zero Ionic Strength.

8-

3+

(12,13)

Reaction Tog k(10) log k

A Am_(t)H)2+ * i -5.80 -8.0
AnS" 4 2 H,y0 = Am(oa); r2H -13.0 -16.9
PR H,0+=- Am(OH )‘3’ w30 210" -26.5
it H0 = Am{OH)y + & W' -30.0¢ 371
2 andt + 2 H,0 = Amz,(OH)g.+ +2H 1120 -13.8
3 A+ 5 1,0 = Ang(omd” + sH” <<28.5

Precipitation.
AM(OH)5(s) + 34" = A" + 3 H,0 +12.0 +18.7




-9~

2.0 EXPERIMENTAL SECTION

2.1 BACKGROUND |

lleasurement of the solubility of a compound in aqueous solution
involves-basically the following steps: formation or'preparation of
the solid phase, characterization of the solid phase, equilibration of
-theysolid phase .with an aqueous phase; separation of the solid and
aqueous phases, and analyses of the aqueous phase for the concen-
trations of dissolved species. The most commonly used method for
determining solubility is to first prepare the compound by some
standard method using purified components. The material ié charac-
terized, e.g., by measurement of its x-ray diffraction ﬁattern, and-
then an excess of the solid is placed in contact with an aqueous |
" solution of the appropriatevcompositibn. The adueous phase should:be:
free of complexing ligands, because the formation of solution com-
plexes can increase the solubility. Since thermodynamic constants are
a function of solution ionic stréngth; a noncomplexing supporting
electrolyte is norm§11y~used as thé aqueous phase in order to maintain
a constant ionic strength. Some of the solid phase dissolves, and the
system is.allowed to cOme;to;steady,statefbefOre:thexdqueous'phase is
analyzed for the concentration of the element of-interest and the
- precipitating counter-ion.. FFom the:concentrations, a solubility
product can be calculated if the species are known.

For reliable results, it should be demonstrated that (1) the
separation of solid and aqueous phases is adequaté1y'effective and (2)

that equilibrium nas been achieved. If the measured solution
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concentration of a component remains constant for two or more dif-
ferent separation techniques,'é.g., centrifugation and filtration, or
for variation of a techniqde, e.g., filtration using several decreas-
ing pore sizes, it is usually taken as verification of effective
séparationh When the solution concentration of components are meas-
ured- as-a- function of-time-and remain constantyfor'severa17weéks or‘
months, i.e., a steady state achieved, it is assumed that equilibrium

nas been established.

2.2 MATERIALS AND REAGENTS

The neodymium used,in_these experiments:was.obtained frdm United
Mineral and»ChemicaJ'Company of New York- City, Mew York as the oxide
and was stated. to be. >.99: percent pure. After dissdlution ih:HC, é?
50~ug,samp]eiwas,submitted for‘spggtrochémical analysis.. The results:
of the analysis are given in Table 2.

243Am, was ob-

Approximately 20 mgs of americium, primarily
tained through the Department of Energy's National Heavy Element
Produciion Program at Oak Ridge. Prior to receipt, elemental puri-
ficatidn:had]been{madegvia_catibnzexchangemchromatbgraphyvusingf
ammoniun .al pha<hydroxyisobutyrate aé'eluant(]a). Before use, a.
final purification was made tO‘rémove;remaihing contaminants, e.g.
silica, salts, etc. The americium was first precipitated as the
hydroxide. The hydroxide was washed with COZ-frée-distilled water
and dissolved in 6 M HCI. Fina]vpurification was accomp]ished by

ion-exchange chromatography. The Am was loaded on a'Dowex 50 x 8
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Table 2. Spectrochemical Analyses of Nd and Am Stock Solutions

Nd - Am
Element Wt. percent. Element Wt. percent

Al < 0.2 Al < 0.1
Bi < 0.1 Bi < 0.2
Ca < 0.1 Ca 0.02

- Nb < 0.1 Ce < 0.2
Cd <1 Cr < 0.02
Co < 0.02 ' Dy < 1
Cr < 0.02 . : Eu < 0.02
Dy < 0.1 Fe < 0.1
Fe: 0.1 La < 0.1
Mg- 0.1 Mg < 0.02
Mn < 0.02 Mn < 0.02

Mo~ < 0.02 Na <2

- Ma. <1 ' Nd < 0.2
Ni < 0.1 Ni < 0.1
0b < 0.2 Pb < 0.2
Si < 0.02 Si < 0.02
Sn < 0.2 Sm < 0.1
Ti < 0.1 Sn < 0.2
Yb < 0.1 U <2
Y < 0.02 - Yb < 0.1
Zn <1 Y < 0.02
Ir < 0.02
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cation-exchange resin column from 0.1 M HCi. The column was first
washed With three column volumes of 0.1 M HC1 and then three column

volumes of 3 M HCI. The AmS'

was then eluted with 6 M HC1. The
eluate was taken to near dryness, and a stock solution was prepared

with 0.1 M HC1. Alpha pulse height ana]ysfSQOf samp1es taken from the

stock solution showed- the amount. of An to be.18.8 mgs-and the isotopic

243,

Am;.0;14fpercent.24]

composition to.be.99.83.peréent:
244

A, and
0.0254percent Cm by weight. A 50 ug sample was also submitted
for spectrochemical analysis. The results are giVen in Table 2.

The 147

Pm, 10 mci, used in these experiments was obtained from
New England Nuc1ear‘of'Boston, Massachusetts as carrier free material
in-0.1 ml of 0.1 M HECl.. thionhc}idit“purity_wasfstated'as~99;0000
andiradiochemita]“asv39.000; | | ’7

A]T“so]utionSzwere.prepared;Wifh deiénfzed;diétiTiéd'waﬁer*from»
which COZ,haq=been removed;by%boTIfhg'for*approximate]y?twoihburs
while being purged with pure argon. The water was stirred and
continued to be purged withvargon for several days. It was stored in
a thick walled glass bottle under argon. Before use, the water was
filtered through 0.1 um bOre size Wucleopore filters under an argon
atmosphere. Thi%fwa5~doneutOHremovegparticulate»material,ue;gy silica
or dust particles, suspended in the water that could. adsorb. Nd or Am ’
ioné to form pseudocolloids.

Ultra pure reagents were used to prepare so]dtions and cornpounds

and for pH adjustments, i.e. ultrex hydrochloric acid (J.T. Baker

Chemical Company of Phillipsbury, Hew Jersey), ultrapure (30 percent)

©
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sodium hydroxidé in water (Alfa Products of Danvers, Massachusetts)
and hydrated sodium perchlorate (G. Frederick Smith Chemical Company
of Columbus, Ohio). Cation-exchange resins were obtained from Bio-Rad

Laboratories.of Richmond, California.

2.3 EQUIPMENT

When measurements were to be isolated from air, a model HE-43-2
inert-atmosphere box obtained from Vacuunm Atmospheres Company of
Hawthorne, California was used. The pH‘measure@ents were made with a
Beékman-mode] 39505 microcombination glass electrode coupled to a
Beckman modei-4500pr’mefer;x Céntrifﬂgatfbns'wéreamadevwith'an
Eppendorf (Brihkmann) mddeJ 5412 microcentrifugeuobtainedifrom
SciEntific.Products,,SunnyvaTe; California. Fi}tekS'wereéof two
types: (1) polysulfone acrodiscs from-Gelman, Ann Afbof, Michigan and
(2) po]ycarbonété films from'NUC]epore Company, PTeasanton, California.
Samples were shaken with a Junior Orbit Shaker obtdfned froh Lab-line,
Incorporated, Melrose Park, Il1linois.

Alpha energy analysis of spectra from dried samples were obtained
with Au-silicon surface barrier detectors (Oak Ridge Technical
Enterprises Corporation, 0Oak Ridge,.Tennessee) cbdp]ed to a low noise
preamplifier, main amplifier and biased .amplifier of ‘LBL designs.
Spectra were recorded and analyzed with a model TN-1710 multichannel
analysis system from Tracor Northern Incorporated of Middleton,

Wisconsin. Liquid samples were counted for alpha or beta activity
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with a microprocessor-controlled liquid scinti11atipn counter model
460 C obtained from Packard Instrument Company, Downers Grove,
I11inois. The scintillating cocktail used was "betaphase" obtained
from Westchem Prdects, a division of Interchem Enterprises Incor-
porated of San Diego, California.

Optical viewings of sdIid,samp]es,weré-made%with a»Zeiss;Standard.
Universal M -microscope-obtained*from Brinkmann Instruments, Westbury,
New York. Scahning e]ectron.microsc0py (SEM) investigations of the
solid compounds were made with a Model 1000 SEM from AMR Corporation,
Bedford, Massachusetts. X-ray powder patterns of the solid compounds
werevobtained with an 11.4 cm diameter Debye-Scherrer camera mounted
on a Norelco III x-ray generator (both from Philips Electronics
-..Incorporated, Hount Vernon, New York). Copper x-rays-with a nickel

filter were used.

2.4 PREPARATION AND CHARACTERIZATION OF SOLID COMPOUNDS
| 2.4.1 Nd(OH{3

Several schemes were tested for the preparation of stable, crystal-
1ine hydroxides. using natural Nd, and a suitable procedure was worked
outs. AﬁﬁﬁéximatéaykZG;mgfof‘Nd(OHJjuwere:pnepaned;by;pnecipitatioh
fﬁomﬁ3fmISWOffO;OS%ﬂfHGI;containingadisSOAVed;Nd6131by;thefédditibn,
of 0.5 mls of 1 M NaOH. The resulting precipitate was stable and did
not peptize after three washings with Cozafree distilled water.
Examination of small samples of the gelatinous precipitate with an
optical microscope showed the material to have no apparent crystal

structure.. The. precipitate.was slurried”in 5 ml" of*5- M-NaOH and-



~15-.

transferred to a Teflon bottle that was fitted with a reflux con-
denser. The slurry was boiled (~ 100°C) for 19 days. The resulting

material was washed twice with COz-free water. Examination by an

optical microscope showed the precipitate had converted to a micro-

crystalline: structure.. It*waS‘composed‘of*rod;like:particles-of
approximately -0.01 rm:length and 0.001 mni-diameter. A few micrograms
of the material were placed in a 0.3 mm diameter quartz capillary tube
and the tube sealed by heating with an oxy-butane microtorch.A An
x-ray powder pattern of the drfed-material was obtained. A comparison
of the measuredvd-spacingsuand relative intensities calculated from

the powder pattern with Titerature values for Nd(OH)§]5) is made i

~ in Table 3. There was no evidence in our powder pattern for the

presence of Nd(OH)C03. The sample appeared to be pure, microcrystalline
Nd(OH)3. |

A nore detailed study of the rate of conversion of freshly pre-
pared Nd(OH)3-precipitates to microcrystalline forms using the
ﬁethod described above was made. Samples of the precipitates were
examihed daily With an optical microscope for 4 weeksf Using this
method of preparation, it required about 3 weeks to comblete the
conversion. .Since.this-conversion process requires high temperatures:
of concentrated alkaline. solutions in plastic containers in: the |
presence. of Am radiations; some degradation_of the container surfaces

could occur. We tried changes in the process in an attempt to

substantially reduce the conversion time and, thus, to minimize

deterioration of the plastic containers and possible contamination
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Table 3. Comparison of X-ray Powder Patterns of Nd and

147

Nd*(" "'Pm) Precipitates With Reported Pattern for Nd(OH)3°

Nd Precipitate ‘Nd*”Precipitate Reported for Nd(OH)éjs)
d(R)- Inténsity(a)  d(R) Intehsity!agv d(A) Iﬁt@nsity(b)
5.55 s 5.57 s ' 5.57 80
3.20 s 3.2 s 3.20 65
3.09 s 3,10 s '3.08 85
2.78 m 2.78 n 2.76 10
2.44 W 2.43 _ W , 2.45 5
2.23. s 2.23 s 2,22’ " 100
2.10 m. 2.10. W o 2.09 10°

o 1.87 W o v _ o : :

1.85 m . 1.85 " | 1.85 50
1.83. s 1.83 5 184 100
1.7¢¢) 1.77 |
1.62 m 1.61 no 1.61 30
1.61 W
1.55 W | 1.55 W 1.54 10
1.43 m 1.43 m 1.42 20
1.40 W - 1.40; W 1.39 10
1.32. m 132 M= 1431 15:
1.30 W 1.30 W- 1.29 10
1.28(¢1
1.22(€0 1.22
1€ g 1.21

(a.) Visually estimated. s = strong; m = medium; w = weak.

(b.) Relative intensities determined by diffractometer.

(c.). Not.previously reported.but.calculated: to-be:present. from lattice-
parameters.
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of the solutions. It was found that microcrystalline Nd(OH)3 could be
prepared in 3 to 4 days if the freshly precipitated material was slurried
in 2 mls of 5 M NaOH, transferred to a Teflon bottle fitted with a cap
containing a 0.1 mm hole to reduce the flow of exit vapor, and the slurry
evaporated to near dryness (~ 0.5 ml final volume) over a period of 3 to
4 days. Crystalline Hd(OH)3 was prepared for the solubility measure-
ments by this method. After washing, samples of the material were
examined with an optical microscope and an SEM at various magnifica-
tions. Figure 2 was made from a polaroid picture of a sample taken at a
magnification of 500 through the optical microscope. A number of scans
of the samples were taken with the SEM at magnifications of 2000, 6500
and 10,800. Figure 3 was made from a polaroid picture of a scan of one
portion of a sample taken at a magnification of 6500. An x-ray powder
pattern of this material was identical in every respect to the Hd(OH)3
formed by the slower process.

ileasurements of the solubility of this non-radioactive Nd(OH)3 were
carried out over the pH range 6 to 9.5 in steps of 0.5 pH units. This
sample served two functions in the solubility measurements. Firstly, the
sanples at pH values of 6 and 6.5 were used to determine the Nd solution
concentrations by colorimetric titration. However, this method, nor any
other readily available analytical methods, gave the sensitivity needed
for determining the low Nd concentrations expected for pl values of 7 and

]47Pm were

E A
higner, i.e. < 1077 M. Samples of NA(0H), “"spiked" with
used for these measurements. Secondly, we wished to know if changes in
the Am or Nd crystals occurred during the solubility measurements, e.g.,

cnanges that might suggest the formation of secondary solid phases. It
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XBB 829-8042

Figure 2. Nd(OH)3 Crystals as Viewed with an
Optical Microscope at a Magnification
of 500.
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XBB 829-8049

Figure 3. Nd(OH)3 Crystals as Viewed with an SEM
at a Magnification of 6,500.
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was planned to achieve this by SEM studies. However, the SEM is not
available for the investigation of radioactive samples. Therefore, the
nonradioactive Nd(OH)3 samples, treated as nearly as possible the same
as the radioactive Nd(OH)3 and Am(OH)3 samples, were used for the SEM

studies at the end of the solubility measurements.

2.4.2. Nd*((OH)3

As stated in the previous section, neodymium hydroxide "spiked" with

]47Pm, denoted as Nd*(OH)3, was used in the solubility measureiments

for pH values of 7 and greater. The 147

Pm(OH)3 should be iso-
structural with the Nd(OH)3 and should be distributed uniformly in the
Nd(OH)3, since they are adjacent lanthanide elements of nearly the same
ionic radii. The concentration of Nd should be directly proportional to

the concentration of ]47Pm.

Fifty microliters of the 147

Pm stock solution, containing a total
of 2.368 x 109 beta counts per minute, were added to 3 mls of .05 M HCI
containing 0.2185 millimoles of Nd. The precipitation and crystalliza-
tion of the Nd*(OH)3 was then carried out under as nearly the same
conditions as possible as for the nonradioactive Nd(OH)3. Because of
the radioactivity, it was not possible to obtain optical or scanning
electron microscope pictures of this material. A few microgramns were
dried and an x-ray powder pattern measured. The results of an analysis
of the pattern are given in Table 3. The pattern agreed very well with

published data for Nd(OH)gls). There was no evidence in the pattern

for the presence of the hydroxycarbonate. The sample appeared to be

pure, microcrystalline Hd(OH);. This material was used in the
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solubility measurenents of NdLOH)3 for pH values between 7 and 9.5.

2.4.3. An. (OH)3‘

Purified Am was used to prepare approximately 22 mg,,of:Am(OH)3
following the procedures as nearly as possible as developed with NdﬂOH)3.
The»fesu]tant amorphous precipitate.was converted to a microcrystal-:
line form in 4 days again using the short procedure developed with
Nd(OH)3. Because of the radioacti?e nature of the sample, it was
not possible to obtain optical and scanning electron microscope pic-
tures. A few micrograms of the material were dried and an x-ray |
'powder pattern waséobtained;Q The: powder patterh was not as clear with
the Am. sample as with the Nd(OH)3 samples due to fogg1ng of the f11m

243Am however 16

by the 75 kev garma. rays- en1tted 1n the decay of
lines were visible in the pattern. A.compar1son of the measured
d—spacings and re1ative intensities obtained_from.the powder pattern
with values obtained by Mi]]igan(IG) from electron diffraction
patterns of Am(OH)3 is made in Table 4. The pattern was similar to
that of the Nd(OH)3.' The sample appeared to be pure, microcrystal-

lﬁne,Am(OH)3. This material was used in the. solubility measurements.

of Am(OH)3,for pH values between 7 and 9.5.

2.5 SOLUBILITY MEASUREMENTS

2.5.1. Preparation and Treatment of Solutions

The preparation of all solutions and the solubility measurements

were conducted in an inert atmosphere box under Ar in order to exclude
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Table 4. Comparison of X-Ray Powder Pattern of the Am Precipitate With

Reported Electron Diffraction Pattern of Am(OH)3.

Am‘Precipitates

Reportedafor~Am(0H)(]6)

Cd(h) o Intensity(a) , ~d(R) Intensity(b)
5.55 m 5.57 4
3.21 m 3.21 10
3.10 | s 3.11 10
2.77 W 2.78 ]
2.69 m

2.44 1
2,23 m, 2.24 7
2.10 W 2.10
1,900 . m
1.85 W 1.86 8
1.83 m 1.83 7
| | 1.77 1
1.62 m 1.62 1
o 1.61 2
1.55 W 1.55 .
1,424 W 1.43: 1
1.40 5
1.34- 1.32 2
1.23 1.28 2
1.20 1.21 1

(a.) Visually estimated. s = strong; m = medium, w = weak.

(b:).Relativerintensities. détermined-by:-micropnotometer:.
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CO, and minimize the carbonate complexation of An.

2
Before beginning the experiments, the inert box was flushed with
several hundred cubic feet of pure Ar unti]'the 02 content of the
box atmosphere was about 4 ppm. The 02 concentration was measured
with a trace oxygen analyzer from Teledyne Ana]yfica] Instruments.
Since we have no method for‘determiningithefexactwconcentrationﬁofﬁ
CO2 at very low levels in the box atmosphere, it was assumed that
the .CO2 to 02 ratio in the box was the same as the original room

3

air, i.e. 1.69 x 107, sincé'nothing was intentionally done to

change this ratio. Therefore, we estimated the CO2 partial pressure
-9

in the box after flushing was about.7 x 107" atmosphere. The box

was maintained at a slight positive:pressure‘so as to avoid leakage of
room air into the box,"Even so, ‘under operating conditions, the 02'
content rose to a more or less steady value of 50-60 ppm or about 1 x

7 atmos. of CO

10° 9 At equilibrium, this partial pressure would
result in-Cog' solution concentrations of about 10713 M at a pH

of 6 and about 10‘7

M at a pH of 9.

Samples of the three materials, i.e., Nd(OH)5, Hd*(OH), and
An(OH)3, were separately placed in contact with 15 mlé of 0.1 H
NaC]O4_sd1utions (pH=10) as a noncomplexing, supporting'eléctrolyte~
in teflon bottles. The pH of the solutions in contact with the"
Nd(OH)3 were adjusted to values from 6 to 9.5 in 0.5 pH unit steps
by addition of HCl1, i.e., one bott]e for éach pH step, eight bottles
total. The pH of the solutions in contact with the.Nd*(OH)3 and the

Am(OH)3 were adjusted from 7 to 9.5 in 0.5 pH unit steps with HC1.
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The amount of salts formed by the addition of HC1 did not signif-
jcantly change the ionic strength. 1t was not possible to go to lower
pH values for the Am, since, because of its high solubility, the large
amounts of Am required could not be safely. handled in our present
setup due to the 75-KeV gamma radiation associated with the decay of
243Am%; The- amounts of solid and the initial pH values for the three
materials are given in Table 5.

After the initial pH adjustments, the samples were rotated con-
tinuously at 150 RPM with a Junior Orbit Shaker. = The pH values of the
samp]es were subsequently checked nearly daily and readjusted to near
the original values when necessary by the addition of microliter

amounts. of 0.05 1 NadH or 0.05 M HCI..

2.5.2. ‘Sampling;gfv§glgtjon§,

After equilibration times of roughly 2 wéeks, 4 weeks ahd 6
weeks;, aliquots of the solution phases were‘taken and analyzed for Nd
or Am concentrations. This was done to follow the reactions to steady
state. The aliquots taken at the 2 and 4 week periods were from the
Nd#(OH)3_and,Am(0H)3 samples.- About 1.25 mls of the solutions of
thewvarioﬁswpH%valuesbbetWeen.7fand.915‘wereﬁcentrifUQedAat 15,000 RPM- -
for 15 minutes. For our centfifﬂge:system; it.was estimated that
particles of about 0.1 um diameter and larger shod]d be precipitated(17),
Portions of the centrifuged solutions were taken and acidified in

counting bottles. The exact volume analyzed depended on the nuc1ear

count rate since the resolving time of the counting instrument placed
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243

Table 5. Quahtities of Nd(OH)3, and Nd*(OH)3 and Am(OH)3

and Initial pH Values Used in the Solubility Measurements

_ Quantity of“Solid (mgs) o
pH: 6:0. 6.5 7.0 7.5 8.0 85 9.0 9.5

Solid
Nd(OH) 50 5 8 4 2 2 2 2 .
Nd*(0H), - - 8 4 2 2 2 2

Am(OH); - - 4 2 2 2 2 2
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an upper limit on the acceptable total count rate. It ranged from 20
microliters for the lowest pH values to 1 ml for the higher pH
values. Then, 10 mls of scintillation cocktail Were added to the
counting-bottles and the nuclear count rate determined with the
Packard 460 liquid scintillation counter. Since nuclear disinte-
gration rates. are.directly.related to half-lives:and.the number of

243 ]47bm could be

atoms, the solution concentrations of  “Am and
calculated from the measured count rates per volume. Knowing the
ratfo of Pm to Nd atoms in the initial solution, the Nd concentration
could be calculated from the Pm concentration.

Since the:beta*emitting;zagﬂpidaughten*of?243Anﬁc0u1d;con-
tribute to the counting rate'and“Wascnotanecessari1yrin“equi1ibriumt

243Am was pUrified-by cation-exchange chromato-

with the: Am, the,
graphy: before counting.. One mk of the aliquots- (0.1 M in HC1) were
passed'thfough 3 mm diameter by 5-cmr16hg Dowex 50 x 8 cation- |
exchange resin cd]umns and the Am adsorbed onto the top of the resin
beds. The columns were then washed with 2 ml ofv] M HC1 to elute the
Np, and the Am eluted with 1 ml of 6 M HC1. This procedure was found

243Am¢

‘_tQ,consjétentJynngeigkeatervtﬁaﬁ;QSipercentgrecoveny-of the
At the end of the 6 weeks equilibration period, 5 ml samples were

taken-of the-solutions in contéct with the Nd*(OH)3 and Am(OH)3

and centrifuged as before. A portion of the centrifuged supernatant

solutions were also counted as before. The remaining portions were

3p]it into two fractions. One fraction was passed through a 0.2 um

acrodisc filter while the other fraction was passed through a 0.015 yum
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Nuclepore filter. The first 0.5 mls through the filters were.
discarded and a portion of the remaining filtrate analyzed by liquid
scintillation counting. This procedure was follows to test the
effectiveness- of the separation of solid and aqueous phases.

Also at the. end of the 6 weeks period, 5 ml aliquots of the
solutions in contact with theANd(OH)3_samp]eS'initial]y at pH va]uegf
of 6 and 6.5 were taken. These aliquots were centrifuged as before
and passed through 0.2 " acrodisc fi]ters,v The Nd concentrations in
the aliquots wefe_determined by making complexometric titrations of

each sample.

2.5.3. Determination of Solution Concentrations

- The concentration of Nd fh”thé:561utions.in contact With'Nd(OH)éh
at initial pH~va]ues of 6.0 and 6.5 were‘determined from the results
of three complexometric titrations of one mil voiumes of each solution
using 0.00999 M DTPA (diethylenetriaminepentaacetic acid) as tritrant
and erichrome b]éck T as endpoint indicator. Knowing the exact con-
centration of the DTPA and‘the volume of DTPA solution needed to reach
the endpoint, the number of equiva]enté of Nd in the solutions were
calculated. The.concentrations and standard deviations were deter=
mined from-the-averages of ‘the three titrations-and: the root mean
sduare deviations from the averages.

The Nd concentratibns in the solutions in contact with
, Nd*(OH)3 at initial pH values of 7.0, 7.5, 8.0, 8.5, 9.0 and 9.5

147

‘were calculated from the results of the Pm count rate deteriinations.
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Since both the number of millimoles of Nd and the disintegration rate
147

of Pm are directly related to the number of atoms present and
these values were accurately known for the initial stock solution, the
concentration of Nd could be calculated from the solution

disintegration rates, i.e.

M(Nd) = Aﬁg@l, X E:Z
where v
M(Hd) = concentration of Nd (mmoles/ml = moles/liter)
A(Pm) =-Pm solution count~raxef(c0unts/minute0
Nd,, =-total mmoles of Md in initial stock solution
=; 0.2985 rmoles: | |
Pmo_ =wtot61 Pm;cpunt'rate;in'initﬁa}’gtoék solution
- 9.368 x 10° c/m |
v = solution volume analyzed (mis)
The 1475, decays with a half-1ife of 2.62 years(Tg), There-

fo#e,wcorrectiOns,were;madéwfdr.the loss:of meatoms in- the samples.
due- to decay during the various equilibration times.
The.concentrations of Am*fn the: solutions in. contact with
Am(OH)3 at initial pH values of 7.0, 7.5, 8.0, 8.5, 9.0 and 9.5 were
calculated from the measured alpha particle disingration rates of the

solutions, i.e.,

() = g
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where |
M(Am) = concentration of Am(mmoles/ml = mo]es/]iter)
A(An) = 243Am solution count rate (diéintégrations/mihute)
C =~disintegratidn rate 6f 243Am per mmole | |
(disintegratibns/minute/mmo]e) =.1.077 x 10]1'd/m/mm01e
v =-solution volume:analyzed (mls) o

The:counting efficienéy of the LSC wasvexperimentally determined
to be 100 percent to an accuracy of 3.7 percent. Since energy analy-
sis of the a]pha}partic1e spectrum of the initial Am stock solution

showed that 86.3 # 0.3 percent of the total alpha count rate wasvdue

to 243Am, a correction to the measured solution count rates was made

243

to obtain the Am count rates.

2.5.4- _Testing of Solution Sample. Purity

Portions of the aliquots.of the solutions in contact with the
Nd*(OH)3 samples initiai]y-at pH valqés of 9.and 9.5, that had been
centrifuged and passed through the 0.2 um aérodisc filters, were
tested for radioactive purity. These samples were selected as being
- the<mdst sensitive to impuritieé since they exhibited the lowest count |
ratES,,fie; 200-300 counts per minute. Thié.was'accomp]ished by a
cation-exchange column separation using NH4;aJphahydroxyisobuxyfate
as the eluting agent. This technique is routinely used’to_separate
individual lanthanide elements and is highly selective‘18). From a

knoﬁledge of column dimensions and the concentration and pH of the

2luting solution, the elution position of a given lanthanide element -
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can be accurately predicted. Separations were carried out on 0.25 ml
volumes of the two samples. The separations were made on a 3 ma
diameter by 6 cm 1ong'Dowex 50 x 12 cation exchange resin column using

0.436. 1 NH,-alphahydroxyisobutyrate at a pH of 4.11 as the eluting

4 .
solution. The column eluate was collected in fractions“and the
fractions;countedainfthefliquid*scinti11atfqn'counter; The: fractions

']47Pm did indeed show substantial increases

predicted to contain the
in count rates 6ver the fractions that eluted both before and after.
In fact, the count rates of these latter fractions were essentially
the background count rate of the Packard 460, i.e., ~ 30 counts per

147Pm were

minute. The. count rates of the fractions;containing the
surmed- and compared with the count rates: of the correspohding»unsepa-
rated samples of équa] volumes. It was found that 76.3 +# 3.9 percent
and 77.0 = 3.9 percent of the radioactivity of the unseparated samples
initially at pH vaiues of 9.0 and 9.5, respectively, appeared in the
separated Pm fractions. The nature of this column separation is such
that some loss of sample usually occurs, normally of the order of 10
percent. Therefore, a large percentage;'~ 90 percent, of the fadio-
activity.of these two samples. could be*directlyvattributedwto'the;
]4J$M: - | |

Portions:ofthe:aliquots: of~the.solutions:in cbntactiwjth?tHEf
Am(OH)3 samples ihitially at pH values of 9 and 9.5, that had been
centrifuged and passedvthrough the 0.2 um acrodisc filters, were also

tested for radioactive purity. As with the Hd*(OH)3, these samples

would be the most sensitivé to impurities since they exhibited the
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lowest count rates; i.e., 100-300 counts per minute. This was
accomplished by measurement of the alpha particle energy spectra of |
dried aliquots of the two samples. The enérgy spectra'of both samples
were essentially idéntica] to thé.energy sbeétfum of the initial Am

stock. solution.

2.5.4. Data Analysis Methods -

The equilibrium between the solid Nd or Am hydroxides and the
species in solution, i.e. the uncomplexed cation and the hydroxide

complexes; can be represented by the general reaction
XHM(OH) 3(s) + (3x-y)H" = 1 (oH)y XY & (3 yn0

The ‘constant that governs' the concentration of each solution species

in equilibriun with the solid is

(3x-y)+
_ O (om) (3% 0]
[H+] (3x-y)

sty

These equilibrium constants are related to the solubility product

constant; Ks10’ and the hydrolysis constants, K byvtheuequation

Xy?
sty = XKs]Ony

The total metal concentration“in a saturated soltution is
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= . 3x=y
M(satd) = [x Kgxy[H*]

Thus the fota] Nd or Am concentration at any pH is the sum of terms,
one. for-each species; including the.unhydrolyzed cation, and each with
a.power:dependence:on~[H+]Jequa1 t0.3x-y- Asva_result,¢the~cur9e
representing theJvariatidnlofftﬁémlogarithﬁfoffﬂf(satﬂd) with pH is a.
composition of é series of straight 1ines beginning with a slope of 3
fqr the uncomplexed cation and decreasing in slope with incréasing pH,
one for each species. The following features are observed: (1) At the
low pH values, thevpredominant Species iS'the.unhydrolyzéd cation
(often polynuclear species are important for thhﬂmetal‘ibn |
concentrations) and ﬂ;(§§tfg2 is‘controT1eddprimafi]y by the

3%, oo
+ 3H505

solubility product“rea;tion; i'.e. M(OH)3(S)'+ 3H+ = M
(2) As the pH i's increased and M'(sat'd) decreases;, the predominant
species are ordered according to decreasing 3x-y values, i.e. first
M(OH)Z*, followed by M(OH)E, etc.; (3) The slope, d Tog M
(sat'd)/dpH, becomes less negative, with a value equal to the average
-(3x-y) for the species.present; (4) there is a minimum in the clirve
determined by the_neutral mononuclear-hydrolysis-product, M(OH)g,
the-concentration. of which is: independent. of pH; (5) if anionic
coiplexes are forned, the curve:will rise with a further increase in
pH. In general, several species can coexist in solution and must be
considered together in any analysis.

The results of the measurements of the solubilities of Nd(OH)3 ,

and AmiOH93,wenefanaiyged;inAtermsaof solubility product and.
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proposed hydrolysis reactions; Since this involves the solution of a
number of coupled equations simulﬁaneoﬂsly; the calculation of the:
coﬁcehtrations of solution species and solubilities from the

- thermodynanic data were made using»a computer progkam'ca11ed
MINEQL(]1). -MINEQL is a coﬁputér code designed to accept a 1list of
components-of a solution and their total analytical cpncentrétions;l
solve the appropriate set of massvbalancé and equilibrium constant.
expreSsions, and produce a list of the identities aﬁd concentrations
of all species formed by interactions among the components and between
them and/or water. Data processing‘involves reading the input
so]ution'éomposition, identifying the complexes.expected, fetching thef'
required stabi]ity constahts, cpnnecting the stability constants to
*fythg‘ionfé.stnenéth imposed, andhderiving.the'appropriatevmass balance
expressions. The.fesultinguset-of-stabi]ity_and.mass balance
expressionstis solvéd by the Newton Raphson method, using the
.correctnéss of the mass balances as thé criteridn of successful
solution. lonic strength cdrrections are made by the Davies

equation(ZO).
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3.0 RESULTS

3.1 SOLUBILITY MEASUREMENTS
3.1.1 EﬂiQﬂlg

The results of the measurenments of the solubility of crysta111ne
Nd(Od)3 at-25 ¢+ 1°C as a function of’ pH and for equilibration times.
of 16, 24 and 35 days are given in Table 6. Because the solutions
were unbuffered, there was a certain amount of drift in the pH values
between readjustment per1ods. The pH values g1ven in Table 6 are the
average values observed during the equilibration periods. The errors
in-the-pH values were estimated from the ihherentvneprodueibi1ity.of'
measurements wifh the pH meter-and probe-(0.04. pH units) and the root
mean square deviations of the. daily measurements. from the-averages.

The: Nd concentrations for the: pH QaJues:of 5.67 and 6.42, meas-:
ured at the 35 day equilibration period, Wereidetermined on solutions
in contact with the'pure»ﬂd(OH)3. The values are averages of three
titrations of each sanple and the errors are the root mean square
deviations from the averages. The rema1n1ng Nd concentrations were
determined for solutions:in-contact with Nd*(OH)3,-i e.,."spiked"

147, ]47Pm concen-

with Pm, and the values were calculated from the
trationS'measured*by,nuc1earvcounting methods. The errors result from
assignment of standard de?iations to (1).errors associated with count-
ing stétistics, (2) uncertainty in counting efficiency, (3) reproduc-
ibility of sampling volumes and (4) uncertainties in the measured

values of the Nd and Pm concentrations in the inital stock solutions.



Table 6. - Solution COncgntratfon {Moles/Liter) of Nd(III) in
Contact with Crystalline Nd(OH)3 as a Function of pH and Equilibration Time
Measured at 25 # 1° C and 0.1 A Tonic Strength '

Equilibration'Time

16_days 24 days - _ _ 35 days
o w2 " ula) o wa) u(®)

5.67 ¢ .15 3.90 + .08 x 107

6.42 ¢ .14 4.88 ¢ .75 x 1073
7.3+ .10 3.32+ .25 x10° 7.22 + .08 1.86 + .14 x 10°° 71 ¢.00 2,024 .05x107° 186+ .04 x107° 1.9
7.52¢ .09 1.49¢ .01 x10° 7.6+ .08 2.19 ¢ .17 x 10°° 7.44 ¢ .07  2.69 ¢ .20 x 10°° 2,42+ 18 x10C  1.49
7.93 ¢ .13 2.20 + .17 x 107 7.89 & .13 2.11 ¢ .16 x 107/ 7.854 .13 178+ a3 x 1077 147+ a2x107 1.2
8.41 ¢ .13 3.03+.23x10% 838t .12 218+ .97 x 108 8.3+ .12 3.68+.29x10° 1.68+.14x108 245
8.9 ¢ .10 2.0+ .19x10%  8.942.06 1.3¢+ .01 x10% . g96+.06 2.21+.18x10°% 1.08:.00x108 1.0
9.52 4+ .06 2.8+ .17 x 108 9,50+ .04 1.03 + .08 x 2078 9.8 + .04 1.60 + .13 x10% 100+ .09x10% 1.29

(a)Centrjfugation; (b)Centrifygation plus 0.2 um filtration; ‘C)Centrifugation;plug 0.015 um filtration.
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Standard methods for the assignment of standard deviations and for
propagation of errors were used to obtain the reported errors(21),
From the results given in Table 6, it is clear that much larger errors
of unknown origin were involved in the meaéurements. -For samples of
nearly the same final pH values, the measured Nd concentrations for
‘the.different: equilibration-times. and.the. different separation tech--
niques agreed to no better than about a factor of two.

For samp]és of very nearly the same final pH values and separated
by centrifugatibn, the variations between the measured Nd so1dtion
concentrations for the threevdifférent‘equi1ibration times did not
show: any. apparent trends toward an increase or decrease with time-and -
the*valuesigeneka11y agreed;tO»withTh?better than a factor of two.
Apparently,. steady state.was.achieved:within thésfirstﬁ16#days~dﬁ
equilibration.

At the end of the 35 day equifibration pérfod, a]iquotg-of the
samples at the various final pH values were subjected to séparations
by three techniques, i;e.; centrifugation at 15,000 RPM for 15
minutes, centrifugation plus filtration through 0.2 um pore size
filters, and centrifugation plus: filtration through 0.015 um pore size.
filters. In general, the»cen;rifuged-samp1es tended to yield slightly
larger Nd concentrations than the: filtered samples, particularly at
the higher pH values. However, the three techniques gave results that
agreed to better than a factor of two in general. This result was
taken as a demonstration that the solid and aqueous phases had been

effectively separated..
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3.1.2 ﬁﬂigﬂlg

The results of the measurements of the solubility of crystalline
Am(OH)3 at 25 + 1°C as a function:of'pHvand for equilibration times
of'17;-28&and~48wday5ware given in Table 7. 'As,withrtheaNd(OH)3'
sanples, drifte‘insthe pHeva]ues*occurredmbetween readjustment.
periods. However, withrthevAm(OH)é samples, the drift was much
larger, was nearly always towafd lower pH values, and was quite
reqular with time. In the near neutral pH region, where the solutions
were least bufﬁered,vthe drifts were as much as a half to three |
qharters of a pH unit per day. This‘behavior'has been reported

Previousqy(ZZQ

and was said to be due to alpha particle radiolysis
in air-equilibrated aqueous solutions which producedwnitric,ACid from
Nz., Since»our'so]utibnsrhad'beenvarged)with argon and had been
isolated from air in the inert atmosphere box, this mechanism seems
unlikely in our case. It may have to do with the radiolysis of the
water itself since it is known that densely ionizating radiation, such
‘as alpha particles, causes the decomposition of HZO with the forma-
tion of peroxide(23). |

The .pH values given in Table 7 are. the. average values observed .
during_the,equi]fbration periods. The errors in the pH.values were
estimated from-the inherent reproducibility of measurements with the
pH meter and probe (0.04 pH unifé) and the root mean square deviations
of the daily measurements from the averages.

The errors assigned to the Am solution concentrations are

standard deviations; resulting: from a :compounding ‘of errors:. due to



Table 7. Solution Concentration {Moles/Liter) of Am(11I)} in
COntact with Crystalline Nn(OH)3 as a"Functfon of pH and Equilibration Time
* HWeasured at 25 & ] c and 0.] H Tonic Strength

Equilibration Iime

17 _days - 28 days . - : 48 days
ol ula) ol ula) oH ul@) ulb) e
7.25 + 10 7.17 + .47 x 1078 7.09 ¢ .12 1.22 + .08 x 107 7.05 + .11 1.50 # 10 x 1070 1.60 # .10 x 107> 1.46 # .10 x 107
.44+ 05 1.87 8 .32 x 10°° 7.33 ¢ .16 3.3 # .22 x 10°° 719+ 38 373+ .24 x10° 3.6+ .23x10° 2.5+ a5 x10°
7.68 + .30 6.13 ¢ .40 x 107 7.60 ¢ .32 1.55 + .10 x 10°° 7.49 ¢ .33 1454 .00x10°% 129+ 08 x10% 873 .57 x 1077
8.09 ¢ .32 1.14 + .07 x 107 8.03 .35 2,26+ 5 x107  7.91+.36 3.26+ .21 x 107 2,55+ 7 x 107 102+ .07 x V077
8.85 + .15 3.79 + .25 x 107 8.88 ¢ .16 8.65 ¢ .57 x 1070 8.82 ¢ .16 8.3 # .55 x 1077 3.76 + .25 x 1070 4.13 + .27 x 107°
9.43+ .06 3.07 ¢ .21 x 107 9.42 £ .07 6.73 ¢ .44 x 1077 9.43 4 .06 8.77 + .58 x 1077 3.02+.20x 107 276+ .19 x 107

—88-

(b}

(G)Centrifygation; Centrifugation plus 0.2 ym filtration; (C)Centrigggatfon.plus 0.015 um filtration,
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(1) counting statistics, (2) rebroducibi]ity of sampling volumes, (3)
counting efficiency and (4) the meaSured ?43Am concentration in the
initial stock solution. As was the case with the Nd, the results
given-in Table 7 indicate larger erfors<of unknown origin.since sam-:
ples of about the same pH values agreed to no better than about a.
factor-of" three. ThiStfactor-iS'1arger'than for'thede(QH)3 and may
be in part due to the larger uncertainties in the final pH values for
the Am samples. Since the solution concentration of Am varies with.
pH, small differences in pH between samples can produce large
differences in Am concentrations.

For samp]es»ofvvery'nearly fhetsame final pH- values and seperated':
by'centkifugation,.the»variations between the measured Am solution
concentrations for equilibration times of.28 and 48 days agreed to
within better than’affactorﬁof'l.sj for the 17 day equilibration
period, the Anm concentretions tended'to be about a factor of 2 less
than those of the longer periods. From the reéu]ts, steady state was
considered to have been achieved within a month.

At the end of the 48 day edui]ibration period, aliquots of the
solutions of the various pH values:were subjected to separation by the
three techniques. The results agreed reasonably well except at the
two highest pH values where the centrifuged'samp]es,gave,concentra-
tions a factor of about three larger than the filtered samples. Since
the nature of this variation is unknown,'the results using the three
techniques were given equal weight in subsequent analyses. The

separations of solid and aqueous phases were.considered to be adequate.
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3.2 SEM STUDIES

The final pH values (and errors) of the aqueous phases in contact .

with the pure Nd(OH)3 samples for 35 days were 5.67 # .15, 6.42 #
14, 7.14° ¢ 1, 7.40 + .12, 7.88 + .14, 8.38 £ .11, 8.94. ¢ .07 and
9.46’* ,05; A few micrograms of the solid material in the samples
with the pH values: of 6.423'7;40;~8%38*and-9,46:wereataken‘from~the'
bottles, dried under a heét 1émp and samples prepared for study with
the SEM. A number of scans 6f the samples were taken with the SEM at
magnifications of 2000, 6500 and 10,800. Examples of the scans taken
at a magnificaﬁion of 6500 for pH values of 6.42, 7.40, 8.38 and 9.46
are: shown ianibures,4;65, 6 and 7,‘hespectiVe1y. VA visual comparison
of the scans of the crystals at these 4 pH values with scans of the:
origina]'Nd(OH)3:crysté]SEUSedzin the*in{tiallpreparationvof these
samples did not reveal any apparent,changefin:theﬁshépes,ﬁsizesJ,or
surfaces of the crystals. Assuming the formation of secondary phases
would have produced an observable change in the appearance of the
crystals, it was concluded that the nature of the cfysta]s before and
after the solubiiity measufements were the same and no further
investigatibnsaof other samp]es:were made. Since the;Nd*(OH)3:and
Am(OH)3 sampiéstwere»treated*theasame‘as~thesNd(OH)3vsamp1és
during'the'so]ubiiity-measureménts; it was assumed that  there was no

cnange in the nature of the crystals in these samples either.
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Figure 4. Nd(OH)3 Crystals as Viewed with an SEM
at a Magnification of 6,500 After Equili-
bration at a pH of 6.42 for 35 Days.
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Figure 5. Nd(OH)3 Crystals as Viewed with an SEM
at a Magnification of 6,500 After Equili-
bration at a pH of 7.40 for 35 Days.
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Figure 6. Nd(OH)3 Crystals as Viewed with an SEM
at a Magnification of 6,500 After Equili-
bration at a pH of 8.38 for 35 Days.
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ure 7. Nd(OH)3 Crystals as Viewed with an SEM
at a Magnification of 6,500 After Equili-
bration at a pH of 9.46 for 35 Days.
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3.3 DATA ANALYSIS AND DISCUSSION-
3.3.1 ﬂgigﬂla

Figure 8 shows a plot of the logarithm of the measured solution
concentrations of‘Nd_(Tab]e«G) as a function of the pH (open
circles). These experimental data were analyzed in terms of the -
§o]ubility~product~and-hydro]ysis-re&ctions-prdposed:by,Baesaand

Mesmer(24)

and are given in Table 8. Baes and Mesmer have reported
measured or estimated'constants for these reactions.for 25° C and zero
ionic strength(]3); they are also given in Table 8. Usfng these
thermodynamic constants, the solution concentrations of Nd, including

3+ and hydrolysis products, were calculated for an ionic strength

Nd
of 0.1 using the cbmputéracode MINEQL. The result of this calculation
ié.repfesented-bi’the'§oiid‘cufvéffabé]Tedf(Ay'ih Fféd?é‘é; Clearly,
the predicted solubility of Nd(OH)3 was' considerably higher than

that measured in our experiments. The value for K O‘given bvaaes

4(25)

sl
and Hesmer comes from the work of Aksel'ru

. A potentiometric
titration method was used-to study the solubility of Nd(OH)3
precipitates aged at room temperature for up to 120 days. These
solids were-not proven to be crystalline.

Further analysis of the'solubi1ity data presented here was made
using MINEQL in an attempf to 6btain values. for the solubility product
and hydrolysis constants that more closely represented our data. The
recently measured value of -7.7 ¢ .3 for the first hydrolysis con-

3+(9)

stant, K]l’ of d was used in these further calculations.

The values of the constants for reactions (2), (3), (4), (5), (6) and
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l
o__
s | | I |
6 7 8 9 10
pH
- XBL 8210- 1200
Figure 8. Plot of the Logarithm of the Solution

Concentration-~of+Nd: in-Aqueous:-
0.1 M-NaCl10g4. Solutions- as-a.Function:
of pH at 25°C.
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Table 8. Measurad and Estimated Solubility Product and

3+

Hydrolysis Constants of Nd for 25° C and Zero lonic Strength

| | | g kY ek
Reaction (Baes-and HMesmer) (this:work)

(1) 183" + 10 = Nd(o)Z* + W' K, 8.0  7.7:.3%
(2) Hd>" + 20,0 = NA(OH), *+ 2H'; Ky, o (16.9)% -15.8+.5
(3) na>* + 3”20'='Nd(oH)§ + 3 Ki3 - | | (-26.5)%  -23.9%.2
(4) ua>* + 44,0 = Nd(OH); *“4Hf;>K]4 o 37 -3

ey anadt n sra 1 4+ oyt . : o

(5) ZQd« + 24,0 = Ndy(OH), + 2H 5 Ky, - 13.8 .
»‘ 3+ " .1; 4+ _ +. . y

(6) 3Nd™" + 5H,0 = Ndg(OH);  + 5H 5 Kye < 28.5

(7)Nd(0H)3(s)‘+ 3H' = Hd™" + 3H,0; Ks1o - 18.6 16.0¢.2

*Values in parentheses are estimates.
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(7) were varied systematically from the Baes and Mesmer values to
obtain the best fit to our experimental points. The species NdZ(OH)g+
and Ndi(OH)g+, i.e., reactions (5) and (6), were calculated to
be'minor components of the solution over the pH range of investigation-
and the calculated solution concentrations were rather insensitive to
small variatioﬁs:in'the;ma1ueséof‘their*formationaconstants;-i.e;,
.variations of 100 or less. Therefore, no information could be ob-
tained from the analysis concerning'these constants. ‘Thus, the
experimental data were fit primarily by varyihg the values of Ks]O’
K12’ K]3, and K14. The values for these constants that resulted

in the.best fit to the‘experimehtal data- are.given-in.Table-8:

‘ Probable: errors were-estimated by-varyingfthevva1ues;of'theﬁconstants 
sorthat‘thé.ca¢cu1aiedAsolutﬁbn concentrations at-the véri%Ussz
values just remaﬁméd’withih-tﬁeuextnemegtjn the: measured solution
concentrations. The fitting of the calculaf%ons to the experimental
“data was quite sensitive to the value of Kslo'for pH vaiues of ~ 8

or less and to the value of K]3 for pH values of ~ 8.5 or greater.
Thus reasonably good values could be éextracted for these two
constantsi Thé:fitting:was:muchfleSSvsensitivesto:the-vaTUe-of’Klza
resulting in a rather 1argefassignedoerror; Contrary to the other
solution species, the concentration of Nd(OH); increases with
increasing pH. This would cause an increase in the solubility of
Nd(OH)3 with increasing pH at the higher pH values. Since this did
not appear to occur, only an upper limit could be assigned to the

value of K14w, Theqsp]idacurve'labglled-(B),in‘Figure;8vresu]ts,from
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calculations using these values. ‘The calculated concentrations of the
various solution species as a function of pH are represented by the
-solid lines in Figure 9. The concentrations of Ndz(OH)g+ and

. 4+ g e e e ¥ 4
Nd3(0H)5_ were calculated using the values-for Kzzland K35

‘given by Baes and Mesmer (13).

3.3.2 Aggjyil3

Figure 10 shows a plot of the logarithm of the measured solution
cqncentrations df‘Am'(Tabie 7) as a function of pH (open circles).
Sinée it was expected that Nd and Am should exhibit simi]arvbehavior, N
these experimental data were analyzed in terms of the so1ubility: |
product and hydrolysis reactions given in Table 9. Anaiysis»of ihe
"solubility data: for Am(OH)3 were.madevusing the computer code MINEQL
to. obtain values for thevsolubility'product and hydrolysis constants
that best répresented our experimental data. The recently nieasured |
value of -7.7 * .3 for the first hydrolysis cbnstant, K]T’ of Cm3+(9)
was used in the caleulations.'rcdrium,is adjacent to Am in the peri-
odic table and has nearly the same ionic radius. It was assumed in
‘the calcu1ation5jthat-thevspecieS'Amz(OH)g+vand Am3(0H)g+'wou1d
.be-minor solution components as was the case with Nd. The values of
the cbnstantS'for=reactibn5a(2); (3), (4), and (7) were varied system- -
atically as in the Nd analysis to obtain the'best‘fitvto our
experimental points. The resulting values are given in Table 9.
Probable errors were estimated by varying the values of the constants

so that the calculated solution éoncentrations at the various pH
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Figure 9.

XBL 8210 - 1202

Plot of the Logarithm of the Calculated
Concentrations of Nd Solution Species
in-0..1; M-NaC104: as~a-Function. of pH

at. 25°C.”
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Figure 10.

XBL 8210 - 120

Plot of the Logarithm of the Solutjion
Concentration of Am in Aqueous
0.1 M NaC104 Solutions as a Function

of pH at 25°C.
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Table 9. Solubility Product and Hydrolysis

_Constants of AnS' for 25° C and Zaro lonic Strangti

Reaction : | ‘ log K
() A e 1,0 = Am(oH)ZY ¢ 1T Ky, - 7.7 ¢ .39

(2) A>T + 2H,0 = An(OH), *+ 2H"; Kq, 216.0 £ .7
(3) Am' + 3H,0 = AM(OH)] + 3H'T K5 2243 £ .3
(4) A"+ 4H0 = AM(OH); *+ 4H"; Kyy | < -34.5

Vo3t | Y S i o
(5) 2am®" + 2H,0 = Amy(OH)3" + 20" K,, J13.8%

A 4+ .+
(6) 3Am" + BH0 = Amy(OH)3" + 8H'; Ko - 28.5%

a ' + 3+ . ' ' '

(7) An(OH)5(s) + 31" = A" + 3H,05 K qq | 215.9 ¢ .4

*Vaiues for Hd taken from reference 13.
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values just remé%ned within the extremes in the measuredvsolutiohi
concentrafions. As. with Nd, the fitting was quité sensitive to values
of.K510 ahd Ky3 but not Kyoe As was the case for Nd, an |
increase in the solubility of Am(OH)3 at the high pH values did not
appear: to-occur and, thus, only an upper 1limit could be assigned to.
the value of K14. "The solid curve in Figure 10 results from.
calculations using these values. The ca]chlafed concéntrations of the
various solution species as a function of pH are represehted by the
solid 1ines in Figure 11. The concentration of»Amz(OH)g+ and
Am3(0H5)4ffwere calculated using the values forK22 and K35

given by Baes and Hesmer for Nd(13).



Log solution concentration Am species (M)

X8L 8210- 1203

Figure 11. Plot of the Logarithm of the Calculated
Concentrations of Am Solution Species
in 0.1 M NaC104 as a Function of pH
at- 25°C.”



-55-

4.0 CONCLUSIONS

(1). Thé'measured soTubi]ity.df‘crystalline‘Nd(OH)3 was -
considerably less than that predicted from the usua]lyvaccepted
thermodynamic: constants- for the solubility product and:-hydrolysis-

constants given by Baes and Mesmer(]3)

» 1.e., a factor of 100-300
less soluble over much of the pH range of environmental interest.

(2) The measured so]ubility of crystalline Am(OH)3vwas also
considerably less‘thén that prgdicted from the solubility product

(]2), i.e.;'a factor

constant, KSIO,,estimated;by Baes .and Mesmer
of ~ 600. The solubility of the.crystalline material appears‘to be a
factor of abdutbthirty*TéSS.than,the amorphous material.

(3) The so]ubi]jty'of“cnystaliinevNd(OH)3hand,Am(0H)3 are
quite similar and are virtually identical over much of the pH rangé of
environmental interest. Therefore,‘Nd(OH)3 shodld be a good analog
compound for Am(OH)3..

(4) For pH values of about 8.5 or less, positively charged ions
would be expected to be. the dominant sdlution.species for lid and Am;

for. pH values of- about 8.5 and greater, the neutra]'complexes-would be

‘expected to be the dominant solution species.
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