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Three new layered uranyl phosphates, Ba3(UO2)2(HPO4)2(PO4)2, Ba(UO2)F(PO4), and Cs2(UO2)2(PO4)2, were
synthesized under mild hydrothermal conditions. These compounds serve as models for uranium alteration phases
that might form when spent nuclear fuel is subjected to oxidizing groundwater containing dissolved phosphate. In order
to address the possibility of the incorporation of the key fission product 129I in the form of iodate into uranyl alteration
phases, the substitution of IO3

- for the structurally related PO3(OH)
2- or PO4

3- unit was probed. Iodate incorporation
into these phases was investigated using LA-ICP-MS, and these data indicate incorporation of iodine with levels as
high as 4162 ppm.

Introduction

A deep understanding of the crystal chemistry of uranium
compounds and minerals is motivated in part by their
potential impact upon the mobility of radionuclides in a
geological repository for nuclear waste and in vadose zones
contaminated with actinides.1 In addition to these impor-
tant environmental aspects of uranium chemistry, these
materials are of substantial fundamental interest because of
the rich coordination environments of U(VI) that includes

tetragonal, pentagonal, and hexagonal bipyramids.2 These
uranyl polyhedra can link together with each other through
different connecting modes such as corner- or edge-sharing.
Many oxoanions, such as sulfate,3 selenate,4 phosphate,5

iodate,6 silicate,7 and molybdate,8 have been used as ligands
for uranyl cations and result in the formation of various
structures containing one-dimensional chains, two-dimen-
sional sheets, or three-dimensional frameworks. These ura-
nium-containing compounds also have several interesting
and potentially useful physical and chemical properties,
including catalysis,9 luminescence,10 and ion-exchange.11
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Uranium phosphates have been the subject of special
interest for a variety of reasons, one of which is their
application in the separation of uranium from other com-
ponents in spent nuclear fuel because of the relatively low
solubility of these compounds.12 Uranyl phosphates are
abundant and structurally rich in natural systems,13 and their
formation subsequently affects themigration (ormobility) of
uranium in aqueous systems. Therefore, it is important to
study the structure, bonding, stability, and spectroscopic
properties of uranium phosphates.
Recently, wediscovered the unprecedented intercalation of

HIO3 into the layered hydrated uranyl iodate, UO2(IO3)2-
(H2O), to yield UO2(IO3)2(H2O) 3 2HIO3.

6d This intercala-
tion reaction provides a mechanism by which iodine, in the
form of iodate, might be taken up by layered uranyl com-
pounds. 129I is one of the key radionuclides of concern that
has been released into the environment as the result of nuclear
weapons testing and nuclear power operations, especially at
locations like the Hanford Site, Savannah River, Nevada
Testing Grounds, and Oak Ridge, and is expected to be
one of the primary radionuclides of concern in the proposed
repository at Yucca Mountain.14 129I is a long-lived (t1/2 =
1.7 � 107) β-emitter.
In an effort to predict themechanism for the retardation of

the release 79Se from spent nuclear fuel, Chen, Burns, and
Ewing analyzed a number of uranyl alteration phases and
proposed in which phases anion substitution might take
place.15 The speciation of selenium in water bears some
similarities with that of iodine in that the trigonal pyramidal
selenite, SeO3

2-, anion exists under oxidizing conditions
(alongwith SeO4

2-), and SeO3
2- has the samebasic structure

as that of iodate, albeit with a different charge. The principle
mechanisms proposed were that the (SeO3) units could
substitute for (SiO3OH) in phases such as sklodowskite,
Mg[(UO2)(SiO3OH)]2(H2O)6, for (PO4) units in the uranyl
phosphates phurcalite Ca2[(UO2)3(PO4)2O2](H2O)7, as
well as the potential for substitution of (SeO3) for (CO3)
in rutherfordine, UO2(CO3). Very recently a report was
issued by some of the authors of this present study
demonstrating the incorporation of iodine in the form of
iodate and metaperiodate into the uranyl silicate, urano-
phane.16 In addition, there has been at least one study that
indirectly indicates that (SeO3) can substitute for (CO3) in

rutherfordine UO2(CO3).
17 In consideration of the struc-

tural similarities between iodate and hydrogen phosphate,
PO3(OH)2-, we launched a study on the incorporation of
iodate into uranyl phosphate phases.
Herein, we report the preparation, structures, and spectro-

scopic characterization of three new uranyl phosphate com-
pounds, Ba3(UO2)2(HPO4)2(PO4)2, Ba(UO2)F(PO4), and
Cs2(UO2)2(PO4)2. We also probe the incorporation of iodate
into these uranyl phosphate phases using laser-ablation in-
ductively coupled plasma mass spectroscopy (LA-ICP-MS).

Experimental Section

Syntheses.UO2(NO3)2 3 6H2O (98%,Alfa-Aesar),H3PO4

(85%,Alfa-Aesar), HF (40%,Alfa-Aesar), H3BO3(99.99%,
Alfa-Aesar),K2CO3 (99%,Sigma-Aldrich),Cs2CO3 (99.9%,
Alfa-Aesar),BaCO3 (99.8%,Alfa-Aesar), andHIO3 (99.5%,
Alfa-Aesar) were used as received without further purifica-
tion. Distilled and Millipore filtered water with resistance of
18.2MΩ cmwasused inall reactions. PTFE-linedautoclaves
were used for all reactions. SEM/EDX analyses were per-
formed using a JEOL JSM-7000F. Caution!While the UO2-
(NO3)2 3 6H2O used in this study contained depleted U, stan-
dard precautions for handling radioactive materials should be
followed. Older sources of uranyl nitrate may not be depleted
and enhanced care is warranted for these samples. The HF is
extremely hazardous and appropriate skin protection and
ventilation is needed.

Ba3(UO2)2(HPO4)2(PO4)2 (BaUP). BaUPwas synthe-
sized by loading BaCO3 (204.2 mg, 1.035 mmol), UO2-
(NO3)2 3 6H2O (173.1 mg, 0.345 mmol), H3BO3 (21.4 mg,
0.345 mmol), H3PO4 (0.05 mL, 1.035 mmol), and 0.5 mL
of water in a 23mL PTFE-lined autoclave. The autoclave
was sealed and heated at 190 �C in a box furnace. After 4
days, the furnace was cooled to room temperature at a
rate of 9 �C/h. The product was washed with water and
methanol. Yellow-green crystals were left to dry in the air.
Yield: 207.4 mg (90.3% based on U). EDX analysis
provided a Ba:U:P ratio of 3:2:4.

Ba(UO2)F(PO4) (BaUPF). BaUPFwas synthesized by
loading BaCO3 (204.2 mg, 1.035 mmol), UO2(NO3)2 3
6H2O (173.1 mg, 0.345 mmol), H3BO3 (21.3 mg, 0.345
mmol), H3PO4 (0.05 mL, 1.035 mmol), HF (0.1 mL,
2.32 mmol), and 0.5 mL of water in a 23 mL PTFE-lined
autoclave. The autoclave was sealed and heated at 190 �C
in a box furnace. After 5 days, the furnace was cooled to
room temperature at a rate of 9 �C/h. The product was
washed with water and methanol and allowed to dry.
Yellow crystals of the title compound were isolated as the
major product. Yield: 149.4 mg (83.1% based on U).
EDX analysis provided a Ba:U:P ratio of 1:1:1. These
measurements also confirm the presence of fluoride in the
sample.

Cs2(UO2)2(PO4)2 (CsUP). CsUP was synthesized by
loading Cs2CO3 (266.3 mg, 0.817 mmol), UO2(NO3)2 3
6H2O (136.8 mg, 0.273 mmol), H3BO3 (16.8 mg, 0.272
mmol), H3PO4 (0.05 mL, 1.035 mmol), and 0.5 mL of
water in a 23 mL PTFE-lined autoclave. The autoclave
was sealed and heated at 190 �C in a box furnace. After
5 days, the furnace was cooled to room temperature
at a rate of 9 �C/h. The product was washed with water
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and methanol and allowed to dry. The reaction product
contained yellow-green crystals of the title compound as
the major product. Yield: 74.4 mg (54.8% based on U).
EDX analysis provided a Cs:U:P ratio of 1:1:1.

Crystallographic Studies. Single crystals of Ba3(UO2)2-
(HPO4)2(PO4)2, Ba(UO2)F(PO4), and Cs2(UO2)2(PO4)2
with dimensions of 0.076 mm � 0.066 mm � 0.021 mm,
0.061 mm � 0.038 mm � 0.036 mm, and 0.088 mm �
0.028 mm � 0.020 mm, respectively, were selected and
mounted on glass fibers with epoxy and aligned on a
Bruker SMARTAPEXCCDX-ray diffractometerwith a
digital camera. Intensity measurements were performed
using graphite monochromated Mo KR radiation from a
sealed tube with a monocapillary collimator. The inten-
sities and positions of reflections of a sphere were col-
lected by a combination of 3 sets of exposure frames. Each
set had a different j angle for the crystal, and each
exposure covered a range of 0.3� in ω. A total of 1800
frames were collected with an exposure time per frame of
10 s for Cs2(UO2)2(PO4)2, 30 s for Ba3(UO2)(HPO4)2-
(PO4)2, and 40 s for Ba(UO2)F(PO4).
Determination of integrated intensities and global cell

refinement were performed with the Bruker SAINT
(version 6.02) software package using a narrow-frame
integration algorithm. A semiempirical absorption cor-
rection was applied using SADABS.18 The program
suite SHELXTL (version 5.1) was used for space group
determination (XPREP), direct methods structure
solution (XS), and least-squares refinement (XL).19

The final refinements included anisotropic displacement
parameters for all atoms and a secondary extinction
parameter. Some crystallographic details are listed in
Table 1.

Powder X-ray Diffraction. Powder X-ray diffraction
patterns were collected with a Rigaku Miniflex powder
X-ray diffractometer using Cu KR (λ = 1.54056 Å)

radiation. The collected patterns were compared with
those calculated from single crystal data usingATOMS.20

Incorporation of Iodate into Uranyl Phosphates. In
order to compare iodate uptake results from crystals
grown in the presence of iodate versus those that are
added back into iodate solutions, two different experi-
ments were designed as follows: (1) BaUP, BaUPF, and
CsUP were synthesized in the presence of HIO3 and
labeled as BaUP1, BaUPF1, and CsUP1. (2) A total of
0.1136, 0.0461, and 0.0905 g of pure BaUP, BaUPF, and
CsUP crystals, respectively, were reacted with iodic acid
solutions under mild hydrothermal condition (190 �C,
5 days), and labeled asBaUP2,BaUPF2, andCsUP2. The
stoichiometric ratios of uranium to iodate in all reactions
were kept as 10:1. The prepared crystals were washed
several times with hot water and ethanol prior to analysis

Table 1. Crystallographic Data for BaUP, BaUPF, and CsUP

compound BaUP BaUPF CsUP

formula mass 1333.93 521.33 995.82
color and habit yellow-green,

prism
yellow,

prism
yellow-green,
prism

crystal system monoclinic monoclinic orthorhombic
space group P21/c (No. 14) P21/c (No. 14) Pbca (No.61)
a (Å) 9.5055(19) 6.6668(6) 14.1762(11)
b (Å) 8.6987(17) 8.2659(8) 8.9300(7)
c (Å) 10.5439(21) 10.7945(10) 19.5347(15)
β (�) 97.314(4) 92.062(2) -
V (Å3) 864.7(3) 594.47(10) 2473.0(3)
Z 2 4 8
T (K) 193 193 296
λ (Å) 0.71073 0.71073 0.71073
maximum 2θ (deg) 56.68 56.58 57.46
Fcalcd (g cm-3) 5.115 5.825 5.349
μ(Mo KR) (cm-1) 258.67 340.52 322.75
R(F) for

Fo
2> 2σ(Fo

2)a
0.0272 0.0327 0.0438

Rw(Fo
2) b 0.0699 0.0863 0.1284

a RðFÞ ¼ P jjFoj-jFcjj=
P jFoj. b RwðF2

o Þ ¼ ½P½wðF2
o -F2

c Þ2�=
P

wF4
o �1=2.

Table 2. Selected Bond Distances (Å) for BaUP

U(1)-O(1) 2.327(4) P(1)-O(1) 1.524(4)
U(1)-O(2) 2.409(4) P(1)-O(2) 1.532(4)
U(1)-O(3) 2.362(4) P(1)-O(3) 1.535(4)
U(1)-O(4) 2.436(4) P(1)-O(4) 1.539(5)
U(1)-O(5) 2.278(5) P(2)-O(5) 1.543(5)
U(1)-O(9) 1.774(4) P(2)-O(6) 1.598(5)
U(1)-O(10) 1.774(4) P(2)-O(7) 1.495(5)

P(2)-O(8) 1.507(5)

Figure 1. Illustration of the coordination environment of uranium
(green) with phosphate ligands (yellow) in Ba3(UO2)2(HPO4)2(PO4)2.

Figure 2. View of a two-dimensional [(UO2)2(HPO4)2(PO4)2]
6- layer in

Ba3(UO2)2(HPO4)2(PO4)2 that extends in the [bc] plane. Uranyl and
phosphate are shown as green and yellow polyhedra, respectively. Blue
balls stand for barium cations.

(18) (a) Sheldrick, G. M. SADABS 2001; Program for absorption correction
using SMART CCD based on the method of Blessing. (b) Blessing, R. H. Acta
Crystallogr. 1995, A51, 33.

(19) Sheldrick,G.M.SHELXTLPC, version 6.12; An integrated system for
solving, refining, and displaying crystal structures from diffraction data, Siemens
Analytical X-Ray Instruments, Inc.: Madison, WI, 2001. (20) ATOMS; version 6.1; Shape Software: Kingsport, TN, 2004.
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in an attempt to remove any iodate that might be sorbed
on the surfaces of the crystals. These single crystals were
then ablated using a New Wave Research UP-213 Nd:
YAG laser under aHe carrier gas at∼0.710 L/min and an
Ar sample gas flow of∼0.9 L/min. The contents of iodine
in these crystals were determined by a high-resolution
magnetic sector Thermo Finnigan Element 2 inductively
coupled plasma mass spectrometer (ICP-MS).

Results and Discussion

Crystal Structure of Ba3(UO2)2(HPO4)2(PO4)2. The
title compound contains one crystallographically unique
U(VI) center that is strongly bonded to two oxygen
atoms, forming a nearly linear UO2

2þ cation. The UdO
bond lengths within the uranyl cation are 1.774(5) Å (�2)
and the O-U-O angle is 176.5(2)�. The UO2

2þ cation is
further coordinated equatorially by five oxygen atoms
and forms a UO7 pentagonal bipyramid. Within these
UO7 polyhedra, the equatorial U-O bond lengths range
from 2.278(5) to 2.436(4) Å. There are also two crystal-
lographically unique phosphorus atoms observed in the
structure, and both of them are coordinated by four
oxygen atoms in a tetrahedral geometry. The P(1)O4

3-

tetrahedron consists of four bridging oxygen atoms
bound to three uranyl polyhedra. The P-O bond dis-
tances within P(1)O4

3- range from 1.524(5) to 1.539(5) Å.
Although P(2) has a similar tetrahedral coordination
environment with oxygen atoms, it acts as a terminal
ligand and connects to only one uranyl polyhedron.
Within the tetrahedron, one oxygen atom is protonated
with a P-O(6) bond distance of 1.598(5) Å. The bond
distances of the remaining three P-O bonds range from
1.495(5) to 1.543(5) Å. Two crystallographically unique
Ba atoms are found in the structure, and both them have
10-coordinate environments. The Ba-O bond distances
range widely from 2.642(5) to 3.178(5) Å. The calculated
BVS values21 for U(1),2 P(1), P(2), Ba(1), and Ba(2) are
6.01, 4.97, 5.11, 2.11 and 2.05, respectively. Selected bond
distances are listed in Table 2.
The structure of Ba3(UO2)2(HPO4)2(PO4)2 is of parti-

cular interest because it has a new uranyl layered topo-
logy. As shown in Figure 1, each uranyl polyhedron is

coordinated by three bridging P(1)O4
3- tetrahedra and

one terminal HP(2)O4
2- tetrahedron. Among these three

bridging P(1)O4
3- tetrahedra, one of them is connected to

the uranyl polyhedron through edge-sharing and the other
two combine to the uranyl polyhedron through corner-
sharing. These uranyl polyhedra are joined together
through bridging P(1)O4

3- ligands to form a [(UO2)2-
(HPO4)2(PO4)2]

6- layer in the [bc] plane with terminal
HP(2)O4

2- ligands pointing out of the layer. These anionic
layers further stack along the a axis and form a layered
structure. Ba2þ cations, which act as counterions, reside in
the interlayer space between adjacent [(UO2)2(HPO4)2-
(PO4)2]

6- layers. A view of the two-dimensional [(UO2)2-
(HPO4)2(PO4)2]

6- layer in Ba3(UO2)2(HPO4)2(PO4)2 that
extends in the [bc] plane is shown in Figure 2. An illustra-
tion of the stacking of the [(UO2)2(HPO4)2(PO4)2]

6- layer

Figure 3. Illustration of the stacking of the [(UO2)2(HPO4)2(PO4)2]
6- layers in Ba3(UO2)2(HPO4)2(PO4)2 along the a axis. Uranyl and phosphate are

shown as green and yellow polyhedra, respectively. Blue balls stand for barium cations.

Table 3. Selected Bond Distances (Å) for BaUPF

U(1)-O(1) 2.330(6) P(1)-O(1) 1.545(6)
U(1)-O(2) 2.317(5) P(1)-O(2) 1.541(6)
U(1)-O(3) 2.398(5) P(1)-O(3) 1.543(5)
U(1)-O(5) 1.774(5) P(1)-O(4) 1.509(6)
U(1)-O(6) 1.780(6)
U(1)-F(1) 2.376(4)
U(1)-F(10) 2.394(5)

Figure 4. View of the two-dimensional [(UO2)F(PO4)]
2- layer in Ba-

(UO2)F(PO4) that extends in the [ab] plane. Uranyl and phosphate are
shown as green and yellow polyhedra, respectively. Blue and light blue
balls stand for barium and fluorine atoms, respectively.

(21) (a) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244. (b)
Brese, N. E.; O'keeffe, M. Acta Crystallogr. 1991, B47, 192.
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in Ba3(UO2)2(HPO4)2(PO4)2 along the a axis is shown in
Figure 3.

Crystal Structure of Ba(UO2)F(PO4). In the structure
of Ba(UO2)F(PO4), there is only one crystallographically
unique U(VI) center that exits as a nearly linear UO2

2þ

cation with UdO bond lengths of 1.774(5) and 1.780 (5)
Å, and a O-U-O angle of 175.1(3)�. The uranyl cation is
further coordinated by three oxygen atoms and two
fluorine atoms in the equatorial plane to form a UO5F2

pentagonal bipyramid. The equatorial U-O bond
lengths range from 2.317(5) to 2.398(5) Å, and the U-F
bond lengths are 2.376(5) and 2.395(5) Å. One distinct
phosphorus site and one distinct barium site are observed
in the structure. The phosphorus atom is coordinated by
four oxygen atoms in a tetrahedral geometry with P-O
bond distance ranging from 1.509(6) to 1.545(6) Å. Nine-
coordinate Ba2þ ions are found interacting with eight
oxygen atoms and one fluorine atom. Ba-Obond lengths
range from 2.644(6) to 3.183(6) Å, and the Ba-F bond
length is 2.791(5) Å. The calculated BVS values21 for
U(1),2 P(1), and Ba(1) are 6.07, 5.08, and 2.12, respec-
tively. Selected bond distances are listed in Table 3.
The uranyl pentagonal bipyramids are joined together

through two corner-sharing fluorine atoms to form a
chain extending along the b axis. These chains are further
linked by tridentate phosphate anions to form a
[(UO2)F(PO4)]

2- layer in the [ab] plane. The anionic layer
has a similar topology to the [(UO2)2F2(HPO4)2]

2- sheet
in the structure of [(CH3)2NH(CH2)2NH(CH3)2][(UO2)2-
F2(HPO4)2].

22 These anionic layers stack along the c axis
with barium cations imbedded the interlayer space as
counterions. A view of the two-dimensional [(UO2)F-
(PO4)]

2- layer in Ba(UO2)F(PO4) that extends in the
[ab] plane is shown in Figure 4. An illustration of the
stacking of the [(UO2)F(PO4)]

2- layers in Ba(UO2)F-
(PO4) along the c axis is shown in Figure 5.

Crystal Structure of Cs2(UO2)2(PO4)2. There are two
crystallographically unique U(VI) centers in the structure
of Cs2(UO2)2(PO4)2. The UdO bond lengths are 1.777(9)
and 1.78(1) Å in the U(1)O2

2þ cation and 1.785(8) Å and
1.79(1) Å in theU(2)O2

2þ cation. TheO-U-Oangles are
176.4(4)� and 177.0(4)�, respectively. Both of the UO2

2þ

cations are further equatorially coordinated by five oxy-
gen atoms to form UO7 pentagonal bipyramids in which
the equatorial U-O bond lengths range from 2.249(8)
to 2.601(8) Å for U(1) and 2.227(8) to 2.584(8) Å for
U(2). There are also two crystallographically unique

phosphorus atoms observed in the structure of Cs2-
(UO2)2(PO4)2, and both of them are coordinated by four
oxygen atoms to form a tetrahedral geometry. The P-
(1)O4

3- tetrahedron has one terminal oxygen atom with
the P-O bond as 1.489(9) Å. The remaining three P-O
bond distances within P(1)O4

3- range from 1.547(8) to
1.580(9) Å. Furthermore, the P(1)O4

3- tetrahedron is
connected to two uranyl polyhedra via edge-sharing and
to another two uranyl polyhedra via corner-sharing.
While the P(2)O4

3- tetrahedron consists of four bridging
oxygen atoms bound to four uranyl polyhedra, and the
P-O bond distances range from 1.530(8) to 1.549(9) Å.
Two different Csþ cations are observed in Cs2(UO2)2-
(PO4)2, and both of them are coordinated by 10 oxygen
atoms. The Cs(1)-O and Cs(2)-O bond distances range

Figure 5. An illustration of the stacking of the [(UO2)F(PO4)]
2- layers in Ba(UO2)F(PO4) along the c axis. Uranyl and phosphate are shown as green and

yellow polyhedra, respectively. Blue and light blue balls stand for barium and fluorine atoms, respectively.

Table 4. Selected Bond Distances (Å) for CsUP

U(1)-O(9) 1.777(9) U(2)-O(40) 2.433(8)
U(1)-O(10) 1.78(1) U(2)-O(70) 2.226(8)
U(1)-O(2) 2.457(8) U(2)-O(80) 2.315(8)
U(1)-O(1) 2.601(8) P(1)-O(1) 1.548(8)
U(1)-O(10) 2.427(8) P(1)-O(2) 1.579(8)
U(1)-O(5) 2.305(8) P(1)-O(3) 1.485(9)
U(1)-O(60) 2.249(7) P(1)-O(4) 1.547(8)
U(2)-O(11) 1.79 (1) P(2)-O(5) 1.529(8)
U(2)-O(12) 1.783(8) P(2)-O(6) 1.532(8)
U(2)-O(2) 2.423(8) P(2)-O(7) 1.550(8)
U(2)-O(4) 2.584(8) P(2)-O(8) 1.538(8)

Figure 6. View of the two-dimensional [(UO2)2(PO4)2]
2_ layer in Cs2-

(UO2)2(PO4)2 that extends in the [bc] plane. Uranyl and phosphate are
shown as green and yellow polyhedra, respectively.

(22) Ok, K. M.; Doran, M. B.; O’Hare, D. Dalton Trans. 2007, 3325.
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from 2.932(8) to 3.60(1) Å, and 2.930(8) to 3.635(8) Å,
respectively. The calculated BVS values21 for U(1), U(2)2,
P(1), P(2), Cs(1), and Cs(2) are 5.96, 5.95, 4.92, 4.95, 0.98,
and 1.13, respectively. Selected bond distances are listed
in Table 4.
The structure of Cs2(UO2)2(PO4)2 also has a new and

highly unusual uranyl layered topology. As shown in
Figure 6, each of the U(1) or U(2) uranyl polyhedra
connects to another two U(1) or U(2) uranyl polyhedra
through corner-sharing to form a chain of uranyl poly-
hedral along the b axis. EachU(1) uranyl polyhedra chain
also connects to another U(2) uranyl polyhedra chain via
corner-sharing along the c axis. Between the adjacent
U(1) andU(2) polyhedra, there is a P(1)O4

3- tetrahedron.
Both of the U(1) and U(2) polyhedra share an edge with
the P(1)O4

3- tetrahedron. The terminal P-O bond in the
P(1)O4

3- tetrahedra alternately point up and down. The
ribbons of uranyl polyhedra are joined together by tetra-
dentate P(2)O4

3- through corner-sharing to form a
[(UO2)2(PO4)2]

2- layer in the [bc] plane. Cesium cations
reside in the interlayer space between two adjacent
[(UO2)2(PO4)2]

2- layers. A view of the two-dimensional
[(UO2)2(PO4)2]

2- layer in Cs2(UO2)2(PO4)2 that extends
in the [bc] plane is shown inFigure 6.An illustration of the
stacking of the [(UO2)2(PO4)2]

2- layers in Cs2(UO2)2-
(PO4)2 along the a axis is shown in Figure 7.

Incorporation of Iodate into Layered Uranyl Phos-
phates. Iodate-incorporated BaUP, BaUPF, and CsUP
single crystals were analyzed using laser-ablation ICP-
MS in which single crystals were first ablated by a laser
and subsequently analyzed by ICP-MS at a mass of 127.
As shown in Figure 8, there is a low and smooth back-
ground for the 127I mass before the laser-ablation starts.
As soon as the laser shutter opens (start at 60 s), stable
peaks of 127I were observed that demonstrate the exis-
tence of iodine in the single crystals ofBaUP,BaUPF, and
CsUP. Table 5 shows the concentration of incorporated
iodate in all samples. The average content of iodine
in BaUP1, BaUPF1, and CsUP1 are 4162, 2923, and
100 ppm, respectively. It is clear that the iodate uptake
values change significantly between these compounds
with the highest uptake occurring for the most open
layers.
The most likely mechanism for iodate incorporation

into these compounds is the substitution of iodate
for phosphate, (IO3

-) T (PO4
3-). Thus, the different

coordination of PO4
3- in the structures will result in

a different quantity of incorporated iodine. As discussed
previously,BaUP has two different PO4

3- sites: P(1)O4
3-

is connected to three UO7 pentagonal bipyramids and
P(2)O4

3- is connected to oneUO7 pentagonal bipyramid.
It is unlikely that the substitution IO3

- T P(1)O4
3- will

happen because this will disrupt the structural connectiv-
ity. However, P(2)O4

3- is connected to only one UO7

bipyramid by corner-sharing, which makes it possible for
IO3

- to substitute for PO4
3-, IO3

-T P(2)O4
3-. With the

incorporation of iodate into the structure, an additional
charge-balancing mechanism is required to maintain
electrostatic neutrality. The most likely possibility is
losing some Ba2þ cations between the sheets, which can
be described as follows

Ba3ðUO2Þ2ðHPO4Þ2ðPO4Þ2 þ xIO3
- f

Bað3-0:5xÞðUO2Þ2ðHPO4Þð2-xÞðIO3ÞxðPO4Þ2 þ

0:5xBa2þ þ xHPO4
2- ð1Þ

The PO4
3- tetrahedron in BaUPF is connected to three

UO5F2 pentagonal bipyramids, with O 3 3 3O contacts in
the range of 2.473-2.536 Å. This is similar to the O 3 3 3O
contacts of IO3

- in several uranyl iodates whose O 3 3 3O
distances range from 2.484 Å to 2.793 Å.6a,d Because of
the small O 3 3 3O contacts differences between PO4

3- and
IO3

-, it is probable for IO3
- to substitute for PO4

3- via
sharing three oxygen atoms with the UO5F2 pentagonal
bipyramids, if structural connectivity is not disrupted

Figure 7. Illustration of the stacking of the [(UO2)2(PO4)2]
2- layers in Cs2(UO2)2(PO4)2 along the b axis. Uranyl and phosphate are shown as green and

yellow polyhedra, respectively. Blue balls stand for Cs atoms.

Figure 8. LA-ICP-MS spectrum for 127I and 235U in a typical iodate
incorporated Cs2(UO2)2(PO4)2 single crystal.
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by the elimination of an anion apex due to the substitu-
tion.

BaðUO2ÞFðPO4Þþ xIO3
- f

Bað1-xÞðUO2ÞFðPO4Þð1-xÞðIO3Þx þ xBa2þ þ xPO4
3-

ð2Þ
There is a P(2)O4

3- tetrahedron in CsUP that is con-
nected to four UO7 pentagonal bipyramids by corner-
sharing. Because of the potential structure disruption, it is
unlikely for iodate to substitute for P(2)O4

3-. However, the
P(1)O4

3- tetrahedron is connected to twouranyl polyhedra
via edge-sharing and to another two uranyl polyhedra via
corner-sharing, which makes it is possible for P(1)O4

3- to
be substituted by IO3

-. Thus, the mechanism of iodate
substitute for PO4

3- in CsUP should be similar to that in
BaUPF.

Cs2ðUO2Þ2ðPð1ÞO4ÞðPð2ÞO4Þþ xIO3
- f

Cs2ð1-xÞðUO2Þ2ðPð1ÞO4Þð1-xÞðIO3ÞxðPð2ÞO4Þþ
2xCsþ þ xPð1ÞO4

3- ð3Þ
By extrapolating from LA-ICP-MS data, substitu-

tions of phosphate become more facile with fewer
shared corners or edges in the structure. Thus, the
iodate concentration in BaUP1 is higher than BaUPF1.

The iodine incorporation abilities before crystal growth and
after are different according to different compounds.
BaUP1 and BuUPF1, which are grown together with
iodate, can uptake much more iodate than BaUP2
and BuUPF2. However, there is no significant difference
between CsUP1 and CsUP2.

Conclusions

The question posed in the title of this manuscript has been
answered in the affirmative. Iodate can indeed be incorpo-
rated at significant levels into the structures of uranyl
phosphates that form under mild hydrothermal conditions.
This indicates that iodate also can be incorporated into some
natural uranyl phosphate minerals such as phurcalite, Ca2-
[(UO2)3(PO4)2O2](H2O)7. Therefore, the mobility of 129I in
geologic repositories can be reduced significantly through
this mechanism.
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Table 5. Iodate Incorporation into Uranyl Phosphate Crystals

sample name BaUP1 BaUP2 BaUPF1 BaUPF2 CsUP1 CsUP2

concentration of 127I (ppm) 4162 412 2923 1241 100 139


