Radiochim. Acte02, 151-159 (2004)
O by Oldenbourg Wissenschaftsverlag, Miinchen

Neptunium incor poration into uranyl compounds that form
as alteration products of spent nuclear fud:
| mplications for geologic repository performance

By Peter C. Burns*, Kathryn M. Deely and Suntharalingam Skanthakufar

! Department of Civil Engineering and Geological Sciences, University of Notre Dame, 156 Fitzpatrick Hall, Notre Dame,
Indiana 46556-0767, USA
2 Chemistry Division, Argonne National Laboratory, Argonne, lllinois 60439, USA

(Received June 23, 2003; accepted in revised form January 4, 2004)

Neptunium / Nuclear waste / Uranophane / UO,,, (an analogue for U®in commercial spent nuclear

Compreignacite / Meta-schoepite fuel) [1, 2], as well as laboratory-scale studies of alteration
of both UQ, and commercial spent fuel [3—8], indicate that
spent fuel is unstable under the moist, oxidizing conditions

Summary. Alteration of spent nuclear fuel in a ge- expected in the proposed repository at Yucca Mountain.

ological repository under oxidizing conditions is likely Once containers are breached, alteration of the spent fuel is

to result in abundant uranyl compounds. Incorpora-jikely to be rapid, leading to the formation of uranyl 5y

tion of radionuclides into the uranyl alteration phasesypases that may persist for thousands of years [9].

nay sencany fedue themniy ety imvect i ong e ot Np 214 10 years) and potn

y b ' g P tial high mobility of N+ in chemically oxidizing ground-

have been synthesized from solutions containing from . . . .
~10 to 500ppm Np: meta-schoepite, UO2H,0: Na- water make it one of the most important radionuclides for

Compreignacite’ NZ@(UOZ)SOZ(OH)S]Z(HZO)W uranophane’ the |0ng-term performance of the proposed repOSitory at
CaU0,),(Si0;0H),(H,0)s; and B-(UO,)(OH),. The struc-  Yucca Mountain. Uranyl compounds formed due to alter-
tures of each involve sheets of uranyl polyhedra; theation of spent fuel may incorporate various radionuclides,
interlayers contain cations and ,® groups in Na- including Np, released from spent fuel [10—18]. Such incor-
compreignacite and uranophane, onlyCHin meta-schoepite, poration could have a profound impact upon the mobility of
gﬂdtﬁ-(uozé(OH)zddoeS not c%ntaint iqter(ljaytf)er g(onstituentz. radionuclides. Burnst al. [12] predicted, on the basis of
ynthesized powders were characterized by X-ray powde ) : ;
diffractometry, and were analyzed by ICP-AES (U, Na, Ca) iEr:t{)StErla%r;?Técn?::)iagnlén;égtjééh;t_?&?iﬁggrgggoéggrs;ﬁ

and ICP-MS (Np). Aliquots of the powders were washed in . . ;
0.5M acetic acid to remove sorbed Np prior to analysis. Np in dehydrated schoepite formed as an alteration prod-

The powders of meta-schoepite apdUO,)(OH), contained  Uct of spent fuel, although these results were preliminary.
at most a few ppm Np. In contrast, powders of Na- The final report of the Yucca Mountain Total Systems Per-

compreignacite and uranophane contained"Np proportion ~ formance Assessment Peer Review Panel [19] emphasized
to the N§* concentration in the mother solution, and powdersthe need for systematic evaluation of the extent of incor-
of each containing more than 400 ppm®Ngof total Np + U) poration of?*’Np into uranyl compounds that may form in
were obtained. Incorporation of Ripinto uranyl compounds  Yycca Mountain. Such studies are essential to assess the
that form in a geological repository appears possible, and maymportance of this mechanism of radionuclide retention on
impact the mobility of Np. repository performance.

This manuscript reports initial results of a study concern-
ing incorporation of Np' into selected uranyl compounds.
The extent of Np" incorporation into powders with a variety
Safe disposal of nuclear waste in a geological repositoryof structures and chemistry grown between 70 and°0)0
such as Yucca Mountain, Nevada, USA involves manyfrom solutions containing from about 10 to 500 ppm°Np
unique scientific and engineering challenges because thig reported.
repository must retain radionuclides with vastly different
chemical characters for thousands of years. Most of the

radioactive material to béoused in the proposed reposi- 2. Alteration of spent nuclear fuel and UO
. 2

tory at Yucca Mountain is spent nuclear fuel derived from : : .
commercial reactors. Studies of natural analogues of geo- under simulated Yucca Mountain conditions

logical repositories, which emphasize the mineral uraninite Alteration of UG, the mineral uraninite, under oxidizing
conditions results in a suite of complex alteration products
* Author for correspondence (E-mail: pourns@nd.edu). dominated by uranyl compounds [20]. Mineralogical studies

1. Introduction
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have established the paragenetic sequences of uranyl minexere uranophane, Na-compyeacite, meta-schoepite and
als that result from alteration of UQ1, 2, 20, 21]. Several p-(UO,)(OH),. These phases provide considerable struc-
laboratory studies have been conducted to simulate the beural diversity. Uranophane, Na-compreignacite and meta-
havior of spent fuel and UQunder conditions expected in schoepite were reported as adttton products of spent fuel
Yucca Mountain. or UO, under simulated Yucca Mountain conditions using
Finch et al. [5] and Wronkiewiczet al. [3,4] studied EJ-13 water [4, 5].
the alteration of spent fuel and YQOrespectively, in the
presence of slowly dripping groundwater. The intent was
to simulate conditions in Yucca Mountain where ground-4' Structures of uranyl compounds selected
water could drip onto spent fuel following canister failure. for study

Finchet al. [5] examined the alteration products that formed The structures of & minerals and synthetic compounds
after groundwater dripped onto the fuel for six years ataimost invariably involve approximately linealUu0,)%"
90°C. The experiments used two pressurized-water-reactofiranyl ions that are further coordinated by from four to
fuels, ATM103 and ATM106, with corresponding burn-up six ligands arranged at the edodal vertices of square,
histories of~ 30 MWd/kg-U and~ 45 MWd/kg-U, respec-  pentagonal and hexagonal bipyramids. Due to the uneven
tively. The groundwater used was from well J-13 at thegjstribution of bond-valences in uranyl polyhedra [22], poly-
Yucca Mountain site, and was reacted with crushed Tonopaerization of uranyl polyhedra, either with other uranyl
Springs tuff at 90C for 80 days. The resulting water, des- polyhedra or with other cation-centered polyhedra of high
ignated EJ-13, contains more Na and Si than J-13 wateglence, most often results in sheets, which are contained in
with Na and Si concentrations of 46.5 and®gg/mL, re- 809 of known uranyl mineral structures. Buris. [23]
spectively [3]. Four different experiments involved injection and Burns [24] developed a structural hierarchy for uranyl
rates of~ 0.15 and~ 1.5 mL of per week of EJ-13 water. mjinerals and synthetic compounds based upon the polymer-
Alteration of the spent fuel in each experiment was observegzation of polyhedra of higher bond-valence, and reviewed
after six years, with uranyl compounds being the main al-the details of the structures of uranyl compounds. Structures
teration phases. These lnded meta-schoepite, U2H,O;  were grouped according to the connectivity of their struc-
dehydrated schoepiteqUO,)Oo25 x(OH)15,2; tentatively  tyral units: finite clusters, chains, sheets and frameworks of
the Na analogue of compreignacite (hereafter designated Nayolyhedra of higher bond-valence.
compreignacite), N&(UO,);0.(0H);].(H.0)-; soddyite, Burnset al. [23] developed the concept of a sheet anion-
(UQ,);Si04(H;0),; p-uranophane, G&IO,).(SI0;OH).-  topology for structures containing uranyl polyhedra. In brief,
(H20)s; Na-boltwoodite, (Na, K)(UO,)(SIO;OH)(Hz:0)15;  the sheet anion-topology is the projection onto a plane of
and a Cs-Ba-Mo uranate(Cs Ba)(UO,)s(MoOs)(OH)e-  the topology of the two-or-more connected anions within the
(H0), [5]. _ sheet, and in general represents the close-packing of anions
‘Wronkiewiczet al. [3, 4] examined U@that was under  jthin the sheet. The significance of this approach is that ap-
dripping EJ-13 water at 9 for more than 10years, parently unrelated structures often have the same underlying
with water injection rates of .075mL every 3 days or  sheet anion-topology. Burre al. [12] used this approach
0.0375 mL every seven days. Thieamation products present g predict incorporation mechanisms of various transuranics,
up to 10 years after the onset of the experiment were Chafa‘?ncluding NP+, into the structures of uranyl compounds.
terized. Uranyl phases identified were: meta-schoepite; de-
hydrated schoepite; compreignacite,[ JO,);0,(OH);],- 4.1 Uranophane

(H,0),; becquerelite, J&UO,)s0,(0OH)s](H,0)g; urano- i
phane, CAIO,),(Si0;0H),(H,0)s; boltwoodite, KUO,)- The structure of uranophane [25] consists of sheets of uranyl

(Si0,OH)(H,0),s. Na-boltwoodite: and sklodowskite, pentagonal bipyramids and silicate tetrahedra, witi*Ca

Mg[(UO,)(SiO;OH)1,(H,0)s. Wronkiewiczet al. [4] found cations and KO groups Ioc_ated irj thg interlayer (Fig.lla).
that the paragenetic sequence of uranyl phases that forme € L;ianyl peqtagonal plpyram|ds involve nearly _Ilnear
throughout the experiments involved initially uranyl oxide (WO2)°" uranyl ions (designated Ur) that are coordinated

hydrates, followed by uranyl silicates. This sequence isb_y five O atom_s arranged at the equatorial vertices of the
similar to those observed imatural analogue studies, such blpyramld_s, Wh'c.h are capped by th@r(atoms. Uranyl pen-
as the Nopal | deposit, Pefia Blanca District, Chihuahua,t"’Igonal blpyram|d§ share equalorial edges, formlng chal_ns
Mexico [2]. one polyhedron W|Qe. Each granyl_pentagonal bipyramid
shares one equatorial edge with a silicate tetrahedron, such
that tetrahedra alternate on opposite sides of the chain along
_ the chain length. The resulting chains are linked by the
3. Selection of uranyl compoundsfor study sharing of vertices between silicate tetrahedra and uranyl
Uranyl compounds selected for our initial study of *Np polyhedra, resgl_ting in a sheet (Fig..lb). Only three of the
ligands of the silicate tetrahedra are linked to uranyl polyhe-

incorporation could be synthesized with high yields andd - th S 0 h d ds th
purity, and are relevant to the expected chemical envi- ra; the remaining is an OH group that extends towards the

ronment of the proposed repository. Synthesis of mosinteriayer.
uranyl compounds in high yields and purity in a single
synthesis reaction is difficult, and optimization of syn-
thesis techniques requireek 100 experiments prior to The structure of Na-compreignacite has not been reported,
studies of NP incorporation. The compounds selected but X-ray powder diffraction data indicates that it is

4.2 Na-compreignacite
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Fig.1. The structure of uranophane,
CaU0,),(Si0;0H),(H,0)s. The
structure is based upon sheets of
uranyl pentagonal bipyramids (gray)
and silicate tetrahedra (gray with par-
allel lines) that are linked through
an interlayer containing Ca (cross-
hatched) and kD (O atoms are white,
H atoms are solid circles).
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Fig. 2. The structure of Na-compreig-
nacite, Na[(UO,);0,(0OH)3]>(H;0);.
The structure contains sheets of uranyl
pentagonal bipyramidsbj that are
linked by bonds to interlayer Na
(cross-hatched) and,B (white).
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Fig. 3. The structure of meta-schoepite,
UQO;-2H,0. The structure is based
upon sheets of uranyl pentagonal
bipyramids b) that are linked by
hydrogen bonds to interlayer ,B
groups (black).
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isostructural with compreignacite. The structure of com-4.4 8-UO,(OH),

preignacite [26] containg-U;Os-type sheets of edge and i . .
vertex-sharing uranyl pentagonal bipyramids, with monova-The compound-UO,(OH), is not known as a mineral, but

lent cations and kD groups in the interlayer (Fig. 2a). The is readily synthesized under mild hydrothermal conditions at
0-U,0z-type sheet (Fig. 2b) is common in the st.ructu.res opr ~ 4. Its structure [30] containdJO,)?" uranyl ions that

3-8 : . . . . are coordinated by four OH groups arranged at the equato-
uranyl oxide hydrates, and is compatible with a variety of

hydroxyl distributions within the sheet, as well as a rangerlal vertices of square bipyramids. Sheets are formed by the

of interlayer configurations. The sheets in compreignaciteSh.a”ng of equatorial vertices between the square bipyramids

are connected both by bonds to the interlayer cations, anﬁ: lg. 4a). ﬁ\czjacent sheets aref Ilnkedhonly through ';' bdonds
through a complex network of H bonding. at extend from OH groups of one sheet tp &@oms of ad-

jacent sheets; the structure does not contain any interlayer
constituents (Fig. 4b).
4.3 Meta-schoepite

;I'he structure of meta-schoepite (Fig. 3a) [_27] involves elec—5. Crystal chemistry of Nps+
roneutral sheets of edge and vertex-sharing uranyl pentag-

onal bipyramids (Fig. 3b), with O groups located in the Under the conditions present where U§pent nuclear fuel
interlayer. The sheets are connected only though H bondis altering to uranyl compounds, Ripis likely to be the

ing to the interlayer kO groups. The sheet found in meta- dominant oxidation state of Np [31]. Eleven crystal struc-
schoepite is compatible with a variety of interlayer config- tures have been considered that contaifNpable 1). Each
urations; topologically identical sheets of uranyl polyhedracontains an approximately linear neptunyl ion, NpOIn

also occur in schoepite [28] and the Pb uranyl oxide hydratenost cases the neptunyl ion is coordinated by five ligands
fourmarierite [29]. arranged at the equatorial vertices of pentagonal bipyramids
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Fig. 4. The structure of-(UO,) (OH),.
The structure consists of sheets of
uranyl square bipyramidsa) that are
linked by H bondslg).

Fig.5. Comparison of the uranyl sili-
cate sheet in uranophana) (with the
neptunyl chromate sheet in Q§O,-
(CrQy))(H,0) [37]. (b) Note that the
topologies of these sheets are identi-
cal.

Tablel1. Np**—0O bond lengths (A) in inorganic compounds.

Neptunyl Equatorial Reference
CsNpO,(SQy),(H,0), 1.82 182 239 239 252 246 259 [32]
K4 (Hs0,) (NPO,)3(M00O,),(H,0)., 1.84 184 239 239 239 239 [33]
1.90 185 241 244 243 241 245
(Co(NHa)6)HgO3(NPO,(SQy)5) 1.84 181 256 252 242 247 240 [34]
(NPO,),(NOy),(H,0)s 1.85 183 248 242 259 260 260 264 [35]
184 184 242 250 250 246 245
(Co(NHa)e) ((H,0)NpO,(SeQ),) (H,0), 1.85 185 246 246 243 243 249 [36]
CS(NpG,(Cr0,)) (H,0) 1.82 181 246 252 246 240 255 [37]
(NH,)4(NpO,),(CrO,); 1.85 183 246 259 240 243 243 [37]
1.84 184 251 239 240 246 256
Na,((NpG,)»(M00O,),(H,0)) (H,0) 1.82 182 254 252 243 244 251 [38]
1.83 188 239 245 244 246
(NpO,)(CIO,) (H,0),4 1.77 182 250 247 245 243 234 [39]
Cs(NPO,(CrO,) (H,0)) (H,0) 1.84 184 248 236 254 243 245 [40]
K3(NpO,) (M0O,), 1.83 185 249 246 243 242 249 [41]

that are capped by the O atoms of the neptunyl ion. Theand 246(5) A. The similarity of these bond distances im-
structural connectivity exhibited by Njpcompounds bears plies that substitution of Np for U% in crystal struc-
resemblance to uranyl compounds. For example, the uranylres is likely, assuming that appropriate charge-balancing
silicate sheets of uranophane are topologically identical tanechanisms exist.
the neptunyl chromate sheets in[@$0,)(Cr0,)]1(H,0)
(Fig. 5).

Substitution at cationic sites in crystal structures oc-6. Experimental methods
curs most readily when the substituting cations have simila
ideal ionic radii. The average-tOy, and U-Og, (eq: equa-
torial) bonds in uranyl pentagonal bipyramids from many Synthesis procedures for uranyl compounds were first opti-
well-refined structures are 1.79(4) anB3R9) A, respec- mized in the absence of Np, but using otherwise identical
tively [22]. Comparable averages for Npfrom 12 pen-  conditions to the experiments that included Np. A double-
tagonal bipyramids in 11 structures (Table 1) are 1.83(2)containment method was used for each hydrothermal syn-

b1 Synthesis of uranyl compounds
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thesis experiment. Reactants were placed in 7 mL Teflor6.2 X-ray powder diffraction analysis of uranyl
cups with threaded screw-on tops. After closure the cups compounds

were contained in 125 mL Teflon-lined Parr reaction ves-

sels. Fifty mL of ultrapure water was added to each vessel tg(-raé/ pchvxlllder_ dlﬁract;:)_n pa_tttﬁrtr)ls_l_were (io"e;t? for each
provide counter pressure during heating. Following heating,':JOW er following washing with boring water. Fatterns were

reaction vessels were allowed to cool to room temperature.Co”ec'“:“d over the two- theta range 2_15ﬂth a scan-rate
The N+ stock solution used for all experiments was OT 0.25 per minute using an qut.omated Sqntag theta-theta

obtained by dissolving NiEIO,)s in 1M HCIO,, with diffractometer and CK, radiation. The diffractograms

1375 mg N+ dissolved in %Zé‘r;L of solution @ were analyzed to determine the identity and purity of the
.Uranophane was synthesized by combining 5mL Ofpowders by comparison with patterns provided in the Pow-

02M UO,(CH,CO0),-2H,0 solution with 0227¢g der Diffraction File.

: . The uranophane and meta-schoepite powders contained
Na,SiO;-9H,0 and 0282 g C4CH;C0O0O),-H,O in a 7 mL . . . .
Teflon cup. 2fof stock soI%tion WaBS addczad io four identical N° detectable impurity phases. The Na-compreignacite pow-

. . . der included~ 5%-10% ofp-(UO,)(OH),. The B-(UO,)-
reparations to give- 10, 65, 135 and 350 ppm of Ripin . . N
Eolt?tion. UItrapu%e HO was added so that t?]% sumR(ZF;ENp (OH), pqwder contained no detectable |mpl.Jr|t|es'|n 'Fhe case
stock solution and kO totaled 05 mL. The pH of the so- of experiment UOH-1, ar]dr 9% Na-compreignacite in ex-
lutions as mixed ranged from 6.0 to 6.8; each was adjuste eriment UOH-2. Detection of phases present at levels be-

to 5.4 by addition of 1 M HCIQ. One mL aliquots of solu- ow ~ 2%, or the presence c_)f amorphous _mate_rial, i_s not
tion were collected for each experiment and retained for Iatef:JOSSIbIe using powder diffracn. Represgntqtlve diffraction
analysis. The reactants were heated at*@fbr 24 hours. patterns for each phase are presented in Fig. 6.
Na-compreignacite was obtained by combining 5mL .
of 0.2M UO,(CH,COO0),-2H,0 solution with 0041g ©-3 Chemical analyses of uranyl compounds
Na,CO,. NpF* stock solution was added to two identi- ~ nd solutions
cal preparations to give- 200 and 400 ppm of Np in Chemical analyses were done for aliquots of solutions col-
solution. Ultrapure HO was added to each so that Wp lected prior to hydrothermal treatment, the solutions remain-
stock solution and kO totaled 05 mL. The solution pH ing after treatment, precipitates that were washed with boil-
as mixed ranged from 5.2 to 3.7; these were adjusted inting water, and precipitates that were washed using both boil-
the range 5.2 to 5.7 by addition of 15% NaOH solution. ing water and acetic acid.
A 1mL aliquot of each solution was taken and retained In most cases precipitates had formed in the solutions
for later analysis. Reactants were heated to “@Gor prior to their analysis. They were acidified using a few drops
24 hours. of 6 M hydrochloric acid, which completely dissolved the
Meta-schoepite was synthesized by combinini48g  precipitates in most cases. 8tibns containing Si (the ura-
UO; powder with 5 mL of ultrapure kO followed by heat- nophane series) contained a white gel-like precipitate even
ing at 75°C for 24 hours. Np" stock solution was added to after acidification. Powders for analysis were each dissolved
three identical preparations to give20, 200 and 500 ppm in 5mL of 0.6 M hydrochloric acid.
of Np** in solution. Ultrapure HO was added to each sothat ~ Solutions were analyzed for Ca, Na, and U by inductively
Np*+ stock solution and kO totaled 06 mL. The pH of the  coupled plasma-atomic emission spectrometry (ICP-AES)
solutions as mixed ranged from 1.7 to 4.2; each were adusing a Perkin Elmer Optima Series Model 3300 DV instru-
justed into the range 4.0 to 4.2 by addition of 15% NaOHment operated in the radial viewing mode. Calibration stan-
solution. A 1 mL aliquot of each solution was taken prior to dards were prepared by volumetric dilution of certified solu-
sealing the reaction vessels. tion standards procured from SCP Science, Champlain NY
B-UO,(OH), was prepared by combining 5 mL of2ZM (Na and Ca) or Spex CertiPrep, Metuchen NJ (U). Samples
UO,(CH;COO0),-2H,0 solution and ®M41g NaCO,. were diluted as necessary to provide signals that fell with the
Np** stock solution was added to identical preparations torange of the standards, whichrsetimes required different
provide ~ 15 and 425 ppm N in solution, and ultrapure levels of dilution to accommodate all three elements.
H,O was added to each preparation so that Np stock solution Np was determined by inductively coupled plasma-
and HO totaled 05 mL. The pH of the solutions as mixed mass spectrometry (ICP-MS) with a VG Elemental Plasma
ranged from 4.4 to 4.9; these were adjusted into the range duad Il Plus system, using Th as an internal standard.
4.2 to 4.4 by the addition of 1 M HCIO The quadruple mass analyzer was tuned to optimize reso-
After heating solutions wersampled, and powders were lution at mass 237 and minimize tailing of the U-238 peak
recovered by filtration. The uranophane, Na-compreignaciténto the 237 mass position. Samples were diluted, using
and B-UO,(OH), products all contained crystals of Na the U concentrations measured by ICP-AES and ICP-MS
uranyl acetate, as identified by X-ray diffraction. Each pow-screening runs as a guide, to a concentration of 1flmg
der was washed about eight times using a total of 150 mL ofJ or to a Np concentration lower than the highest calibra-
boiling water, which removed all visible traces of Na uranyl tion standard (4Q.g/L). Analysis of standards containing
acetate. Subsequently, each powder was divided into thre®0 mg/L U and various amounts of added Np demonstrated
portions; one was used for X-ray powder diffraction analy-that the low mass tail of the 238 peak at this U concentra-
sis, one was prepared for chemical analysis without furthetion made a small contribution to the Np-237 signal, which
treatment, and the third was washed by shaking a combieorresponded to.@ug/L Np. Corrections were applied ac-
nation of the powder and 2 mL.®M acetic acid for 20 cordingly to the measured Np values in proportion to the
seconds to remove adsorbed®Np U concentration calculated from the ICP-AES data and the
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Fig. 6. Representative powder diffraction patterns for each phase studied, as collected following Np-incorporation experiments.

Table2. Pertinent results of chemical analy3es initial solutions and resulting powders.

Np in Powder Ca Na ] Np Np Np ppm
initial analyzed (wt. %) (wt. %) (wt. %) (ppm) (ppm) of
solution (mg) acid actinides
(mg/mL) washed
Uranophane
UR-1 001 970 43 0.8 529 5 n.d. 10
UR-2 007 3490 38 0.6 483 35 29 72
UR-3 014 4053 40 04 504 81 54 160
UR-4 036 3708 38 0.3 478 194 182 406
Theoretical o 556
Na Compreignacite
NAC-1 0.20 3563 27 751 167 133 220
NAC-2 0.43 3015 29 784 390 411 498
Theoretical 3 729
Meta Schoepite
MSC-1 Q02 4014 775 n.d. n.d. n.d.
MSC-2 Q20 3649 776 19 n.d. 24
MSC-3 048 2533 712 26 n.d. 36
Theoretical 7P
B-(UO,)(OH),

UOH-1 001 1221 a7 777 n.d. n.d. n.d.
UOH-2 042 1290 06 769 17 n.d. 22
Theoretical 8

a: accuracy estimated to be withirl 0%;
n.d.: not detected.

dilution applied for each ICP-MS sample. Calibration stan-deposited on a planchet and the total alpha emission rate
dards for Np measurements were prepared by volumetrisvas measured using a gasportional counting system in
dilution of a stock solution that was standardized by al-2-r geometry. The energy distribution of alpha particles
pha counting. A measured aliquot of the stock solution wasvas analyzed using an EG&G ORTEC Model 576A Al-
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pha Spectrometer with a solid-state surface-barrier detectanitial solution as determined by the chemical analyses in
that records the number of detected particles as a functiofig. 7. Fig. 7a gives results for powders washed in boiling
of energy. This analysis showed that 8% of the emitted water, and the data in Fig. 7b is for powders that were also
alpha particles were from decay of Np-237,8% from Pu-  washed with (& M acetic acid.
238, and 4% from Pu-239 in the Np source material. The  Powders of meta-schoepite ape(UO,)(OH), synthe-
Np concentration in the stock solution was calculated usingsized from solutions contaimg various Np concentrations
a specific activity for Np-237 of 1565 dpm penwg Np after ~ contained little Np; analysis for meta-schoepite powders
accounting for the efficiency of the2-counter and the frac- range from 5 to 36 ppm Np (given as Np of total ac-
tion of the alpha activity attributable to Np. The analytical tinides), whereas the corresponding range for powders of
results are summarized in Table 2. B-(UO,)(OH), is 5 to 22 ppm. The highest levels observed
Six samples representing a range of Np concentrationin each case were for powders synthesized from solutions
were analyzed in duplicate. In four cases results were ideneontaining the highest concentrations of *NpFollowing
tical within 5%, whereas the others differed by 13 and 15%.washing in 0.5 M acetic acid, maximum Np contents for
Samples were each diluted te 10 ppm U for analysis; meta-schoepite powders declined to below detection, which
based upon standards the detection limit for Np was detersuggests that much of the Np was adsorbed to the surface
mined to be 5 ppm of the U concentration in the specimenof crystals, rather than ingporated into the crystal struc-
For example, the Np detection limit for a sample contain-ture. Low yields of3-UO,(OH), precluded analysis of acid-
ing 2000 ppm U was 01 ppm. Analyses that resulted in washed crystals for UOH-2; in UOH-1 the Np content of the
Np concentrations below detection limits are so indicated inpowders following the acid-wash was below detection.
Table 2. Powders of uranophane and Na-compreignacite washed
in boiling water contain Np ranging up to 406 and 498 ppm,
respectively. There is a linear relationship between the Np
. : content of the uranophane and Na-compreignacite powders
7. Resultsand discussion and the Np" concentration in the initial solution (Fig. 7a).
The analytical results presented in Table 2 are expected thlp is incorporated into the powders of uranophane and Na-
be accurate withinv 10%. Reasonable agreement has beercompreignacite in approximately the same concentrations
attained between measured and theoretical values for thas present in the mother sthins. Washing the powders in
major elements of each phase. For the uranophane an@:5M acetic acid reduced the Np concentrations somewhat
lyses, measured values are slightly below theoretical valuesn some cases (Table 2, Fig. 7b), but the bulk of the Np was
whereas the Ca: U ratios range from 0.94:2 to 0.96: 2, irunaffected by the acid-wash, indicating that it is likely in-
good agreement with the theoretical ratio of 1: 2, especiallycorporated into phases present in the powders, rather than
given that some Na may substitute for Ca in the structuresorbed onto their surfaces.
The powders of uranophane may contain unreacted amorph- It is possible that powders of uranophane and Na-
ous silica, which would not have been detected in the X-raycompreignacite contain small amounts of a Np-rich phase
diffraction analysis, and would account for the somewhatthat could not be detected by X-ray powder diffraction.
low values for Ca and U (samples were not analyzed for Sit is also possible that the powders contain a Np-bearing
because of the difficulty of dissolving Si). The Na: U ratios amorphous phase that would not have been detected using
for analyses of Na-compreignacite are 1.1: 3, in reasonabl&-ray diffraction. Assuminghe hypothetical Np phase con-
agreement with the expected value of 1: 3. tained~ 70 wt % Np, the powders would contain at most
The Np content of the synthesized powder, as ppm of~ 0.06 wt % of the phase, making it virtually impossible
total actinides, is compared to the Np concentration of theo detect by any method. However, several aspects of our
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results support incorporation of Rfpinto uranophane and mechanism; we intend to re-examine Np incorporation into
Na-compreignacite, rather than precipitation of a Np-richmeta-schoepite with various counter ions in the synthesis
phase or inclusion in an amorphous phase. Incorporatiosolutions.
of Np into the powders is a linear function of the concen-  This study provides evidence for the likely incorpora-
tration of Ng* in the initial solution. Had a Np-rich phase tion of Np** into the structures of uranophane and Na-
precipitated in the higher-Nmpacentration experiments, de- compreignacite, phases that are expected to form due to the
partures from the linear trends observed would be expectedilteration of spent nuclear fuel in Yucca Mountain. Such
Also, the lack of Np in the powders of meta-schoepite andincorporation could have a profound impact upon the long-
B-(UO,)(OH), rules out precipitation of a Np-bearing phase term mobility of Np in the repository because Np incorpo-
in those experiments, even though the experiments corrated into uranyl compounds may be immobilized for thou-
tained comparable levels of Np as those for uranophansands of years.
and Na-compreignacite. Thgrghesis experiments for Na- Additional studies are required to determine effects of the
compreignacite and-(UO,)(OH), differed only in pH  presence of counter-ions, pH, temperature and time on Np
(5.2-5.7versus4.2—4.4, respectively); it seems unlikely that incorporation in uranyl copounds. Studies are also needed
a Np-rich phase would precipitate in the Na-compreignacitefor additional uranyl compounds that are expected to form
experiment, but be absent in thgUO,) (OH), powders. under Yucca Mountain conditions.

The only high-valence cation present in the structures of
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in a structure, a local charge-balance mechanism must also P

exist.
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