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The simultaneous incorporation of 103~ and NpO,* into
Ba3(U0,),(HPQ,),(P0,4), (BaUP), which serves as a model for
uranyl alteration phases, was investigated. LA-ICP-MS

data demonstrate that the incorporation of both of these
species is significantly enhanced when they are present
together. The most probable explanation is that charge balance
is obtained by the coupled substitutions of Np0,* <> U0,2"
and 105~ <= HPO4*". According to the LA-ICP-MS results, in the
absence of iodate as much as 2.91 + 0.14 to 3.44 + 0.25%

of the uranium in BaUP can be replaced by neptunium. When
iodate is present in the reaction, the amount of uranium
substitution by neptunium increases to 6.05 4= 0.65% to 7.93 4
0.83%. The net increase for neptunium is 116 + 0.30% to 225
+ 0.25%. Similarly, in the absence of NpO,*, iodate incorporation
into BaUP reaches an I/U level of 0.0021 + 0.0004 to 0.0038

=+ 0.0005; whereas in its presence there is an increase to as
much as 100 = 0.11% to 0.0042 == 0.0008.

Introduction

Deep geological repositories are being considered and even
used as a method for the permanent disposal of high-level
radioactive waste (HLW). However, these storage sites may
serve as the source of hazardous radionuclides in the long
term. Owing to their radiotoxicity and long half-lives, 2"Np
(tyj» = 2.14 x 10° years) and '»I (f,, = 1.57 x 107 years)
warrant special considerations and concerns for nuclear
waste storage on a geologic time scale. There is as much as
0.5 kg of Z’Np and 0.2 kg of '?°I in each metric ton of used
nuclear fuel (1). It has been estimated that more than 3000
kg of 2*’Np and 5068 kg I has been released into the
environment because of nuclear weapons testing and nuclear
fuel reprocessing (2, 3). There have been a series of previous
investigations that focused on the source, distribution, and
migration of 2*’Np (4-10) and '*I (3, 11-25) in the environ-
ment. The mechanisms of transport and retardation of
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radionuclides derived from nuclear fission, as well as actinides
that are also present in either used nuclear fuel or dispersed
by nuclear detonations, have been summarized (26). Within
these mechanisms, mineralization and precipitation are very
important for some radionuclides (8, 27-30).

During the long-term storage of HLW, the waste form will
corrode, and secondary uranyl phases, such as uranyl
hydroxides, silicates, and phosphates are expected to form
(31-34). Burns et al. predicted that transuranium elements
present in the waste (e.g., neptunium and plutonium) could
be incorporated into these alteration products, decreasing
their mobility in the environment (35). Chen et al. analyzed
many uranyl alteration phases, and proposed that selenium
can incorporate into uranyl minerals via anion substitution
(36). It has been recently reported that *’Np can incorporate
into several uranyl hydroxides and uranyl silicates in the
form of NpO,*, which is the dominate form of neptunium
in the environment under oxidizing conditions (37-43). Our
previous studies have also shown that iodine in the form of
iodate can incorporate into a uranyl silicate and several uranyl
phosphates (44, 45). The substitution of NpO,* for UO,>*
creates a charge imbalance that requires additional alterations
elsewhere in the crystal structure (37-42). On the other hand,
there is excess positive charge in the structure once SiO4*~
or PO,3 is substituted by 105~ (44, 45). Considering that
coupled substitution occurs naturally (46-49), charge-balance
might be obtained if NpO," and IO;~ simultaneously
incorporate into the same structure.

In our previous study, we found that the synthetic uranyl
phosphate, Baz(UO,),(HPO,),(PO,), (BaUP), can uptake
significant amounts 105~ by substituting for HPO,>~: 105~ <
HPO42~ (45). Because of the common character of uranyl
polyhedra in BaUP and typical uranyl hydroxides/uranyl
silicates (37-43), it is likely that NpO,* will also incorporate
into BaUP via NpO," <~ UO,?*. However, this creates a charge
imbalance. This disparity might be corrected for by incor-
porating an anion of lower charge than phosphate, such as
iodate. Thus, we propose that coupled substitution of NpO,*
and 103~ into BaUP might occur to obtain charge balance.
The goal of the work described herein was to determine how
the presence of NpO, ' influences the uptake of 103~ and vice
versa. In particular, we wanted to resolve whether the
complementary charges of these ions would favorably
influence their incorporation into a uranyl phosphate that
serves as a model of a uranyl alteration phase.

Experimental Section
Syntheses. *’NpO, (99.9%, Oak Ridge), UO,(NO;),-6H,0
(98%, International Bio-Analytical Industries), H3BOs (99.99%,
Alfa-Aesar), H;PO, (85%, Alfa-Aesar), BaCO; (99.8%, Alfa-
Aesar), and HIO3 (99.5%, Alfa-Aesar) were used as received.
Distilled and Millipore filtered water with a resistance of 18.2
MQ-cm was used in all reactions. Reactions were run in Parr
4749 autoclaves with custom-made 10-mL polytetrafluoro-
ethylene liners. Caution: **’Np represents a serious health
risk owing to its a. and y emission, and especially because of
its decay to the short-lived isotope **3Pa (t;, = 27.0 days),
which is a potent § and y emitter. All studies were conducted
at the University of Notre Dame, which has appropriate
equipment and personnel for handling such materials.
Incorporation of Neptunium and Iodate into BaUP.
BaUP was synthesized using the method of Ling et al. (45).
To study the incorporation of neptunium and iodate into
BaUP, a solution of HIO3;, NpO, ", and HIO3/ NpO,* was added
into the starting solution of BaUP. The samples were labeled
as BaUPI, BaUPNp, and BaUPINDp, respectively. Itisimportant
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TABLE 1. Experimental Details for the Incorporation of Np0,™ and 10;~ (mmol)

sample UN? BaCO0, Hs;BO;
BaUPI 0.345 1.035 0.345
BaUPNp 0.345 1.035 0.345
BaUPINp 0.345 1.035 0.345

H3P04 Hzo H|03b Np02+
1.035 6.944 3.451 x 1072 —
1.035 27.778 - 1.875 x 1072
1.035 - 3.451 x 1072 1.875 x 1072

2 UN = UO,(NO3),+6H,0. ? HIO; solution was 0.069 mmol/L.

TABLE 2. Crystallographic Information of BaUP and lodate/Neptunium Incorporated BaUP

sample color a(A) b(A) c(A)
BaUP yellow—green 9.51 8.70 10.54
BaUPI yellow—green 9.52 8.68 10.54
BaUPNp green 9.51 8.69 10.55
BaUPINp green 9.52 8.70 10.54

crystal
p ) V(A3 system space group reference

97.31 865 mono. P2,/c (No. 14) Ling et al. 2009
97.23 865 mono. P2,/c (No. 14) this study
97.20 864 mono. P2,/c (No. 14) this study
97.34 866 mono. P2,/c (No. 14) this study

to note that BaUPNp and BaUPI are devoid of iodine and
neptunium, respectively. The details of the experimental
conditions used to study the incorporation of iodate and
NpO," are listed in Table 1.

A NpO,* stock solution was made as follows: NpO, was
dissolved in 8 M HNO; at 200 °C in an autoclave. The resulting
solution was reduced to a residue with heating, and then
dissolved in water, yielding a pink solution containing
exclusively NpO,*". A large excess of NaNO, was added,
reducing the Np(VI) to Np(V). NpO,(OH) was precipitated
by the addition of NH,OH. The resulting solid was filtered
off, washed, and dissolved in water with the minimal amount
of HCI needed to achieve complete dissolution. The final
concentration of Np(V) was 0.15 M. The products listed in
Table 1 were washed with water and ethanol, and the crystals
were left to dry in the air.

Crystallographic Studies. Single crystals of BaUPI, BaUP-
Np, and BaUPINp were selected and mounted on glass fibers
with epoxy and aligned on a Bruker APEXII Quazar CCD
X-ray diffractometer with a digital camera to determine unit
cell parameters.

Laser-Ablation Inductively Coupled Plasma Mass Spec-
trometer (LA-ICP-MS) Analysis. Laser ablation analysis of
single crystals from the three samples was conducted using
aThermoFinnigan high-resolution magnetic sector Element2
ICP-MS instrument coupled to a UP213 Nd:YAG laser ablation
system (New Wave Research). Selected crystals were fixed
on l-in. glass slides with double-sided tape. Individual
analyses consisted of 60 s measurement of background ion
signals followed by a 60 s interval of measurement of ion
signals subsequent to the start of lasering. Each analysis
represents a total of 93 scans (93 runs x 1 pass) with a sample
(dwell) time of 0.01 s with 20 samples per ion signal peak.
Analyses were conducted in medium mass resolution mode
(resolution = mass/peak width ~4000) to eliminate possible
spectral interferences, in particular between Np and U ion
signals. The ablated particles were transported from the
ablation cell to the ICP-MS instrument using He carrier gas
at a flow rate of 0.7 L/min. Crystals were ablated using a
range of spot sizes between 40 and 55 um, repetition rate of
2 Hz, and 70% power output corresponding to an energy
density of 12—15 J/cm?. Using these ablation conditions, the
depth of penetration of the laser is between ~5 and 15 um
(50, 51). Owing to the high content of 38U in the crystals, the
25U jon signal was measured to determine the ratios, and
the total uranium content was calculated according to the
abundance of >*U in depleted uranium, which was measured
independently using solution ICP-MS. The depleted uranium
used in this work contains 0.35% 2*°U. Based on the known

U content in BaUP, the iodine and Np concentrations were
estimated on the basis of the ratios of the counts for I/U or
Np/U.

Results and discussion

Syntheses. BaUP forms yellow—green crystals, and its
structure was recently reported by us (45). The color does
not change when iodine is incorporated into the structure.
However, the neptunium-incorporated crystals are green.
Bucket al. also found a similar color change when they studied
the incorporation of neptunium into uranophane (43).

Crystallographic Studies. Crystallographic studies show
that BaUPI, BaUPNp, and BaUPINp have the same unit cell
parameters compared with BaUP (Table 2).

These data indicate that the average structure of BaUP is
unaltered after iodine and neptunium incorporated into the
matrix. Klingensmith et al. reported that the single crystal
structure of metaschoepite also remains unchanged after
neptunium incorporation (38). Our previous work also shows
similar trends associated with trace iodate incorporatation
into several uranyl phosphates (45).

LA-ICP-MS. As shown in Figure 1, before the laser
ablation begins background ion signals are both stable
and very low. Once the laser shutter opened, stable peaks
for 2 and #*"Np were observed, indicating that iodine
and neptunium have been incorporated into the structure
of BaUP. Furthermore, the neptunium signal is in accord
with uranium as ablation continues from the surface of
the crystal into the interior. The laser ablation cell was
rastered during the lasering since crystals were ablated
rapidly, especially the ones on the smaller end of the
spectrum. This movement resulted in a bimodal distribu-
tion of ion signals (Figure 1), especially for BaUPI and
BaUPNp. When performing the calculation, the signals
from 60 s to 120 s were used to calculate the concentration
and 1 s to 60 s were used as background. At least three
separate crystals were analyzed for each sample.

According to the LA-ICP-MS results, the ratio of Np/U
ranges from 0.0243 + 0.0014 to 0.0356 + 0.0025 in BaUPNp,
which indicates that more than 2.91 + 0.14% to 3.44 &+ 0.25%
of the uranium has been substituted by neptunium (Table
3). The uranium content in BaUP is 35.68%, and thus there
is as much as 0.87 £ 0.05% to 1.27 + 0.09% neptunium in
BaUPNp. When iodate is present, the ratio of Np/U increased
from 0.0644 + 0.0065 to 0.0861 + 0.0084 in BaUPINp,
indicating 6.05 £ 0.65% to 7.93 & 0.83% of the uranium has
been substituted by neptunium, and the weight percent of
neptunium is 2.16 + 0.23% to 2.83 + 0.30%. The net increase
rate for neptunium is 116 £ 0.30% to 225 + 0.25%. This is
the highest neptunium content recorded within uranyl
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FIGURE 1. Typical LA-ICP-MS spectra for BaUPI, BaUPNp, and
BaUPINp.

SCHEME 1.

Ba,(UO,),(HPO,),(PO,), + xI0; —
Bas_o5,(UO,),(HPO,) ,_,,(I0) (PO,), + 0.5xBa** +
xHPO:™ (1)

SCHEME 2.

Ba,(UO,),(HPO,),(PO,), + xIO; + yNpO; —
Bay(UO,) ., (NpO,) (HPO,),_,,(105) (PO,), + yUO;" +
xHPO: (y =% (2)

SCHEME 3.

Ba,(UO,),(HPO,),(PO,), + xI0; + yNpO; + zH,0 —
Bay,(UO,) ;- (NpO,) (HPO,) 5 ,(105) (PO,),(H,0) , +
yUOS + (x + 2HPO: (y=x+ 22 (3)

compounds with incorporated neptunium content in met-
aschoepite being 500 ppm (38). On the other hand, the molar
ratio of I/U in BaUPI ranges from 0.0021 + 0.0004 to 0.0038
=+ 0.0005, compared to 0.0040 + 0.0005 to 0.0042 + 0.0008
in BaUPINp with a 5.26 + 0.84% to 100 + 0.11% increase.

BaUP has two different PO,*>~ sites, P(1)O,*>~ and
HP(2)0,* . It is unlikely that substitution of 03~ < P(1)0,3~
will happen because this would disrupt the structural
connectivity. On the other hand, substitution of 10;~ <
HP(2)0,* is possible since only one UO; bipyramid is
connected to HP(2)O,*" by corner-sharing. More details have
been reported by Ling et al (45). As shown in Scheme 1,
when 105~ is substituted for HPO,?>~, some Ba?*" should be
lost between the layers to obtain charge-balance (45).

Np®* usually exits as the neptunylion, NpO,*, surrounded
by 4—6 oxygen donors to yield tetragonal, pentagonal
(dominate), or hexagonal bipyramids (52). The similarity of
the geometries of the neptunyl (NpO,*) and uranyl (UO,>")
ions facilitates their substitution (35). Meanwhile, a charge-
balancing substitution is also required elsewhere in the crystal
structure when NpO,™ substitutes for UO,*" (37-42). There
is considerably more iodine and neptunium in BaUPINp
compared to BaUPI and BaUPNp. The most probable
explanation is that charge balance is obtained by the coupled
substitutions of NpO,™ <> UO,?* and 105~ <> HPO,?". If this
isthe correct mechanism, the ratio of Np/Iin BaUPINp should
be 1. Therefore, the mechanism should be described as in
Scheme 2.

However, the ratio of Np/Iin BaUPINp is as high as 14.7673
+ 0.0065 to 19.7499 + 0.0084, demonstrating that more
neptunium has been incorporated into the crystal. A possible
mechanism for the higher neptunium concentration is that
some of the HPO,?>~ has been substituted for H,O, which can
be expressed as Scheme 3.

TABLE 3. Concentration of Neptunium and lodine in BaUP

molar ratio of Np/U

0.0697 + 0.0099
0.0861 + 0.0084
0.0644 + 0.0065
0.0356 + 0.0025
0.0243 £+ 0.0014
0.0308 + 0.0034

sample molar ratio of I/U

0.0042 + 0.00087
0.0040 + 0.00057

BaUPINp 0.0041 + 0.00067

BaUPNp —
0.0038 + 0.0005
0.0021 + 0.0004

BaUPI 0.0022 + 0.0003 -

? The molar ratio of I/U in BaUPINp was calculated as I/(Np+U).

BINp (wt %)

0.0231 + 0.0035
0.0282 + 0.0030
0.0221 + 0.0023
0.0122 + 0.0009
0.0084 + 0.0005
0.0106 + 0.0012

molar ratio of Np/l

15.3910 4+ 0.0100
19.7499 + 0.0084
14.7673 + 0.0065
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FIGURE 2. An illustration of the potential substitution of 1057,
NpO,", and H,0 in Bas(U0,),(HPO,),(P0,),. Uranyl polyhedra are
shown in green and phosphate polyhedra are shown in yellow.
Oxygen atoms are shown in red.

We can speculate that these substitutions might occur as
shown graphically in Figure 2.

Implications for the Retardation of the Release of
Radionuclides in HLW Repositories. The molar ratios of
1297/U and 2*’Np/U in used nuclear fuel are about 4 x 107*
and 5 x 1074, which are 1—2 orders of magnitude lower than
that in BaUPINp. This indicates that the release of '?°I and
Z7Np in repositories should be mitigated by incorporation
into some alteration phases similar to BaUP. The radionu-
clides within the waste form, such as *’Cs, 2%U, 2"Np, 2*Pu,
Se, 99Tc, and '®I, can be divided into cations and anions.
In the previous studies, the retardation of cationic and anionic
radionuclides was investigated separately even though they
exist together in the waste form (37-45). Since coupled

substitution of NpO, <> UO,?* and 103~ < HPO,?

~isobserved

in BaUP, a model for uranyl alteration phases, it provides an
enhanced mechanism for mitigating the release of '*°I and
Z7Np from a nuclear waste repository. Similar phenomena
for coupled substitution are expected to occur in other uranyl
phases, such as uranyl silicates and carbonates. Furthermore,
coupled substitution of other cationic and anionic radio-
nuclides is also expected.
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