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Summary. A series of uranyl borates, UO,B,0,,
Na[(UO,)Bs01,(0OH)15-2H,0, and K,[(UO,),B1,0:9(OH),]:
0.3H,0, with different topologies have been prepared and
tested for the incorporation of iodate, one of the chemical
forms that I should have in nuclear waste. Laser ablation
ICP-MS was used to determine the iodine content in single
crystals of the three different uranyl borates. lodine levels
can be greater than 3200 ppm in crystals synthesized in the
presence of iodate. The intercalation of iodic acid is one
possible mechanism for iodate uptake in these solids.

1. Introduction

Borosilicate glasses are being used as a long-term storage
material for containing used nuclear fuel and other nuclear
wastes. These glasses are of different compositions and in-
clude R7T7, AVM, VRC, SNO8, and SM513 [1-3]. In order
to evaluate the performance of repositories in the long term,
it is necessary to study the corrosion behavior of nuclear
waste. Alteration phases are expected to form during the cor-
rosion of waste glass [4—7] and used nuclear fuel [8-12].
Uranyl borates may form during the cooling and storage of
borosilicate glasses containing nuclear waste. They may also
form as alteration products. A series of actinide borates have
recently been prepared by a facile route in enabling subse-
quent physical property measurements [13-17].

Burns etal. [18] and Chen etal. [19] predicted the
possibility that actinides and selenium could be incorpo-
rated into the alteration uranyl phases in trace quantities,
which might be a mechanism for immobilizing Se. Sev-
eral experimental studies have confirmed that 2’Np can be
incorporated into uranyl silicates, hydroxides, and phos-
phates [20-26]. Owing to its long half-life and bioavail-
ability, *°I is a radionuclide of special concern in repos-
itories. Our previous studies have shown that 2l can be
incorporated into a uranyl silicate and three uranyl phos-
phate in the form of iodate [27, 28]. Recently, we reported
the coupled substitution of Np** and iodate into a uranyl
phosphate [29]. Since uranyl borates might form or be ini-
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tially present in a repository [13-17], iodine uptake by
these compounds is of interest. Therefore, the uptake of io-
date during the formation of three typical uranyl borates,
UO,B,0, (UB), Na[(UO,)Bs04,(0OH)];-2H,0 (NaUB) and
K,[(UO,);B1,049(0OH),]-0.3H,0 (KUB) under mild hy-
drothermal conditions was investigated.

2. Experimental section
2.1 Syntheses

UO,(NOs),-6H,0 (98%, International Bio-Analytical In-
dustries), H;BO; (99.99%, Alfa-Aesar), NaNO; (99.3%,
Fisher), KNO; (99.3%, Fisher), and HIO; (99.5%, Alfa-
Aesar) were used as received without further purification.
Distilled and Millipore filtered water with resistance of
18.2 M cm was used in all reactions. PTFE-lined auto-
claves were used for all reactions. Caution! While the
UO,(NOs3),-6H,0 used in this study contained depleted U,
thereisreally not much difference between depleted uranium
and natural abundance uranium, and standard precautions
for handling radioactive materials should be followed at all
times. There are very old sources of uranyl nitrate that may
not be depleted, and enhanced care is warranted for these
samples.

UO,B,0, (UB), Na[(UO,)Bs0;,(0OH)];-2H,0 (NauB),
and K,[(UO;),B1,0,9(0OH),]-0.3H,0 (KUB) were synthe-
sized using the methods of Wang et al. [15-17] with molar
ratiosof B:U=8:1inUB,Na:B:U=5:15:1in NaUB
and K:B:U=5:15:1in KUB. All autoclaves were sealed
and heated to 190 °C in a box furnace for 2d. UB, NaUB
and KUB were the same compounds as UBO-1, NaUB4, and
KUBO-1, respectively, in Wang et al.’s paper [15-17].

2.2 Incorporation of iodateinto uranyl borate

In order to compare iodate uptake by crystals grown in the
presence of iodate vs. those grown in the absence of iodate
but added back into iodate solutions, two series experiments
were designed as follows: (1) UB, NaUB, and KUB were
synthesized in the presence of HIO; with the U: 1 molar
ratios of 20:1 and 10: 1, respectively, and the synthesized
compounds were labeled as UB1, UB2, NaUB1, NaUB2,
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KUBL, and KUB?2, respectively; (2) 0.0050 g, 0.0350 g, and
0.0053 g of synthesized iodine-free UB, NaUB, and KUB
were reacted, respectively, with suitable amounts of boric
acid and iodic acid solutions under mild hydrothermal con-
dition. The molar ratios of uranium to borate were as same
as that in (1) and the molar ratios of uranium to iodate in all
reactions were kept at 20:1 and 10: 1, respectively. Other
procedures were same as (1). The samples were labeled as
UB3, UB4, NaUB3, NaUB4, KUB3, and KUB4, respec-
tively. And the volumes of iodic acid solution are 100, 200,
25,50, 5and 10 uL for UB3, UB4, NaUB3, NaUB4, KUB3,
and KUBA4, respectively. The iodate-bearing samples were
washed and dried using the same method as that used by
Wang et al. [15-17]. **I was used as an analogue for *°1 in
this study.

2.3 Powder X-ray diffraction

Powder X-ray diffraction patterns of all products were col-
lected on a Scintag 6 —6 diffractometer equipped with
a diffracted-beanmed monochromatic set for CuK, (A =
1.54056 A) radiation at room temperature in the angular
range from 5° to 80° (260) with a scanning step width of 0.05°
and a fixed counting time of 1 s/step.

2.4 Crystallographic studies

Single crystals of all samples were selected and mounted
on glass fibers with epoxy and aligned on a Bruker APEXI|I
Quazar CCD X-ray diffractometer with a digital camera to
determine unit cell parameters. The unit cells of iodine-
incorporated samples were checked prior to Laser-Ablation
Inductively Coupled Plasma Mass Spectrometer (LA-ICP-
MS) analysis.

25LA-ICP-MSanalysis

The iodine and uranium contents of the experiment prod-
ucts were analyzed using a ThermoFinnigan high resolution
magnetic sector Element2 ICP-MS instrument coupled to
a UP213 Nd:YAG laser ablation system (New Wave Re-
search). Selected crystals were fixed on 1-inch glass slides
with double-sided tape. Individual analyses consisted of
a 60 s measurement of background ion signals followed by
a 60 s interval of measurement of ion signals subsequent 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) in order to eliminate possible spectral inter-
ferences. 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 to 55 um, repetition rate
of 2 Hz and 70% power output corresponding to an energy
density of 12—-15J/cm?. This typically results in a depth of
penetration of between 5 to 15 um [30, 31]. Because of the
high uranium content in the crystals, 2*U was monitored in
order to determine the elemental ratios. The total uranium
content was calculated according to the abundance of 25U
in the depleted uranium used in this investigation (0.35%).
Based on the known U content in UB, NaUB, and KUB,

the iodine concentrations were estimated using the measured
count rates (cps) of the mass spectrometer and calculated
I/U ratio.

3. Resultsand discussion
3.1 Structures descriptions

The structures of UB, NaUB, and KUB are shown in
Fig. 1. UB is light yellow and NaUB is yellow-green,
and their structures have been reported recently by Wang
etal. [15,16]. UB is composed of (BO,)1c0lD zigzag-
like chains and UOg hexagonal bipyramids via edge-sharing

i
3

)

L]

G

Fig. 1. General views of the structure of UB (a), KUB (b) and NaUB
(c). UOg hexagonal bipyramids are shown in green, BO; units in pink,
BO, units in purple, K and Na cations in black and O anions in red.
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Tablel. Crystallographic information of UB, NaUB, KUB and uranyl iodate.

Sample Color ad) bR cA) BC) VA Spacegroup  Reference
uB Yellow 1046 419 1563 109.77 231.81 c2 [15]
NaUB Yellow 6.39 11.14 15.99 92.77 1136.7 Cc [16]
KUB Yellow-green 6.43 6.43 4743 120  1699.8 P3,12 [17]
Uranyl iodate Yellow 845 7.71 1227 90 799.3 Pbcn [32]
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Fig.2. Powder X-ray patterns of UB, KUB and NaUB and the iodate
incorporated samples.

to form 2D layer [15]. It is remarkable that there are no
cations or water molecules between the sheets (Fig. 1a), thus
these sheets are held together only by van der Waals forces.
KUB is based on double, negatively charged layers united
in regular 3D structure by potassium cations distributed in
the interlayer space [17]. It is interesting that KUB has

framework which is not found in UB and KUB. Na* cations
and water were found within the pores of framework [16].
The detailed structures of UB, NaUB, and KUB have been
reported by Wang et al. [15-17].

3.2 Chemical phases

The XRD patterns of all products were shown in Fig. 2. The
patterns of samples synthesized in iodate-free systems are
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Table2. Concentration of iodine in uranyl borate.

Sample I/U (molar) lodine (ppm)
UB1 0.00751 2011.72
UB3 0.00071 253.19
uB4 0.00899 3211.38
KUB1 2.22x10°° 0.33
KUB2 2.02x10°° 4.60
KUB3 5.78 x 107° 131
NaUB1 1.38 x 10°° 0.31
NaUB?2 0.00050 111.92
NaUB3 5.66 x 10~° 1.26
NauB4 4.48 x 1078 0.99

identical to those reported by Wang et al. [15-17] for UB,
NaUB, and KUB, respectively, indicating that pure phases
of these compounds were obtained. On the other hand, when
iodate was present, some undesired phases were observed in
UB1, UB2, and KUB4 and were analyzed using electron mi-
croscope and single crystal XRD. Sample UB1 consists of
UO,B,0, and uranyl iodate, UO,(105),(H,0), while sam-
ples UB2 and KUB4 are pure uranyl iodate, which indicates
that iodate is a strong ligand that may substitute for borate
in uranyl phases if the structure is feasible. The presence of
U0, (105),(H,0) was identified using electron microscope
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and single crystal XRD. The unit cell parameters of each
crystal were listed in Table 1.

33LA-ICP-MS

LA-ICP-MS is well-suited for in situ chemical analysis of
trace element in small crystals, and hence was used to de-
tect the incorporated iodine within the synthesized uranyl
borate crystals. Our previous studies have shown that this
method can supply information on the chemical makeup of
crystals at high spatial resolution (~ 50 pm wide at surface
and ~ 15 um depth; Fig. 3). Obviously, such information
cannot be obtained by bulk sample digestion and subse-
quent solution mode analysis. As shown in the time-resolved
laser ablation spectrum (Fig. 4), background ion signals are
very low and smooth prior the start of lasering. Subsequent
lasering, ?’1 ion signals were detected, in particular for
crystals UBL and UB4 (Fig. 4) indicating that iodine was
incorporated into these crystals. The average molar 1/U ra-
tios and the calculated iodine concentrations are listed in
Table 2.

Samples UB2 and KUB4 are pure uranyl iodate phases
and thus were not analyzed by LA-ICP-MS. For the analysis
of the uranyl borates, single crystals were hand-picked care-
fully using a binocular microscope and verified with single
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Fig. 4. Typical LA-ICP-MS spectrum for UB1, UB4, NaUB2 and KUB2. 2’| was shown in open circle and *U in square.
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XRD. Generally, the incorporated iodine in UB ranges from
253.19 ppm to 3211.38 ppm, contrasting with 0.33 ppm to
4.60 ppm in KUB.

As is discussed in our previous study, 10;~ trigonal pyra-
mid could substitute for PO,*" tetrahedron if there is a ter-
minal oxygen in PO,> [28,29]. If this rule can be used
in uranyl borates, the iodine concentration in KUB should
be much higher than that in UB because KUB has ter-
minal oxygen in BO; polyhedra. Based on the LA-ICP-
MS data, it is unlikely that BO; polyhedra are substituted
for by 105~ anions. The trace amount of iodine in KUB
samples may be contributed by iodine inclusion, or inter-
calated between the layers. Generally, anions with similar
valences and geometries can easily substitute for one an-
other, such as (10,7)(OH™), <> (Si0,OH);~ and 10;™ <
HPO,*™ [27,28]. However, the length of 1-O bond ranges
between 1.77 A and 1.86 A and is much longer than the B—-O
bond (1.36-1.49 A). This may therefore account for the very
limited substitution between 10;~ and BO; or BO, polyhe-
dra in uranyl borates.

Ling and Albrecht-Schmitt demonstrated the intercala-
tion of iodic acid into the layered uranyl iodate to yield
UO,(103),-2H,0-2HI0O; in crystalline form, and the reac-
tion was described by the following equation [33].

U0, (105),-2H,0 + 2HI0; — U0, (103),-2H,0-2HIO;
@)

As described above, there is no direct linkage between ad-
jacent sheets, which are held together only by van der
Waals forces. In addition, the interlayer space within UB
is about 2 A, which is large enough for the emplacement
of HIO; molecules. Thus, the intercalation mechanism of
iodate into UB is expected, which accounts for the substan-
tial iodine detected in samples UB1, UB3 and UB4. The
intercalation of HIO; into UB layers can be described as
follows.

UO,B,0, + nHIO; — UO,B,0,-nHIO; (< 1) (2)

According to the experiments conducted by Ling and
Albrecht-Schmitt, when large excess iodic acid is present,
UO,(10;),-2H,0 will transform into a new structure,
UO,(103),-2H,0-2HIO; [33]. In this study, pure uranyl
borate (UB2) was synthesized when U:1 ratio at 10:1,
but phase transformation did not occur in UB4 when UB
reacted with iodate-bearing solution under similar condi-
tions.

The iodine ion signals within KUB and NaUB are con-
centrated within a few seconds of the ablation interval; a fea-
ture that is characteristic of when ablating crystals contain-
ing inclusions. As the laser hits an iodine-containing inclu-
sion, the mass spec records some iodine and the remaining
part of the interval is blank. This is precisely what is shown
in the time-resolved spectra.

In the reported iodate substitution, both the SiO, and
PO, polyhedra are isolated with other SiO, or PO, polyhe-
dra [27-29]. In contrast, the BO; or BO, polyhedra in KUB
and NaUB structure are connected to other BO; or BO,
polyhedra to form framework. And in UB the BO; polyhedra
are connected to other BO; to form (BO,)1001D zigzag-like
chains. Thus, the substitutions of 10; <> BO; or 10; <~ BO,

will disrupt the structural connectivity and are unlikely to
occur.

3.4 Implication for theimmobilization of **| in
nuclear wasterepositories

One of the structural characteristics of UO,(103),-2H,0 and
UO,B,0, is that the space between the sheets is empty,
which is easily filled by other neutral molecules. In this
case, the intercalated molecule is HIO;. As shown in Fig. 5,
the structure of rutherfordine, UO,CO; [34], as well as
U0,Se0; [35], and UO,TeO; [36] also have unoccupied
spaces between the sheets. Considering the similarity of the

@
Fig.5. Views of the structure of UO,(103),(H,0) (a), UO,CO; (b),

U0,Se0; (c) and UO,TeO; (d). UOg hexagonal bipyramids are shown
in green, Se and Te in blue and O in red.
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structure, the intercalation of iodic acid into the layers of
UO,C0O;, UO,Se0,, UO,TeO; and other similar structures
is also expected, but experimental investigation is required.
Therefore, intercalation may be a plausible mechanism for
immobilizing **1 in nuclear waste repositories.

4. Conclusions

As one of the forms for disposing of high level waste,
borosilicate glass is very important for immobilizing the ra-
dionuclides in repositories. Uranyl borate may be initially
present or form during the long-term storage and subsequent
alteration. According to the differences of bond distances
between 10; and BO; and different geometry, it is unlikely
that 105 will substitute for BO; polyhedra in uranyl borates.
Furthermore, 105 units will not substitute for BO, based on
the LA-ICP-MS results. The trace iodine found in KUB and
NaUB should be contributed by iodine inclusion while io-
dine may intercalate in significant level into layered UB in
the form of iodic acid. It is expected that iodic acid can also
incorporate into the interlayers of some layered structures
such as UO,CO,, UO,Se0,, and UO,TeO,.
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