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Summary. In order to evaluate the potential incorporation
of I into uranyl phases that would form during oxidative
alteration of spent nuclear fuel, uranophane was synthesized
under mild hydothermal conditions of 165 °C in the presence
of iodide, iodate and periodate, respectively. The precipitates
were examined and analyzed using powder X-ray diffraction
(XRD), infrared spectroscopy (IR) and scanning electron mi-
croscope (SEM) equipped with an energy-dispersive X-ray
spectroscopy (EDS). The results indicate that significant
amount iodine can be incorporated into the structure of
uranophane in the form of 10,7, and less in the form of
10;7. Crystallo-chemical analyses suggest that the incorpo-
ration mechanisms would be the substitution of iodate and
periodate for SiO, tetrahedron in the sheet.

1. Introduction

The safe disposal of high-level nuclear waste (HLW) has
been a huge challenge worldwide. After four decades of
study, geological disposal remains the only scientifically and
technically credible long-term solution available to perma-
nent isolatation of the radionuclides from biosphere [1]. Up
to 270000 tons of spent nuclear fuel (SNF) had been accu-
mulated in the world by 2007, and the global amount of SNF
increases by 12 000 tons each year [2].

1291 is a long-lived isotope of iodine with a half-life of
1.6 x 107 years, and is generated in nuclear reactors as a fis-
sion product. The net production of **1 from ***U fission in
a thermal reactor is about 1 uCi MW= d~?, depending upon
the neutron flux and irradiation time [3], resulting in as much
as 0.2 kg of *°I in each metric ton of spent nuclear fuel [4]. It
was estimated that more than 54 000 kg of **1 had been ac-
cumulated in SNF all over the world by 2007. In addition,
more than 5068 kg of anthropogenic **1 has been released
into the global environment [5]. Because iodine is highly
mobile in most geochemical environments, **I is consid-
ered to have a high potential of escaping into the biosphere.

*Author for correspondence (E-mail: frchen@nju.edu.cn).

Based on the performance assessment of the proposed re-
pository at Yucca Moutain, USA [6, 7], it is clear that **|
is one of the limited number of radionuclides that make the
dominant contribution to final dose calculations. Therefore,
the behavior and fate of I released from altered nuclear
waste is important in the safety analysis of nuclear waste
repositories.

On the other hand, a large amount of uranyl phases are
expected to form during the alteration of UO, matrix in SNF
especially at the presence of radioactively produced oxi-
dants [8—11], and the radionuclides released from the altered
nuclear fuel may become incorporated into the secondary
uranyl phases [12-15], resulting in near-field containment.

Uranophane is the most common uranium(VI1) mineral
in nature [16] and is expected to be one of the dominant
alteration products of SNF in a geologic repository under
oxidizing conditions [14, 17, 18]. The possible incorporation
of iodine into the structure of uranophane may significantly
reduce the mobility of the *°I in geologic repositories.

2. Materialsand methods
2.1 Synthesis of uranophane

Uranophane was synthesized with reagent grade or purified
chemicals following the procedure of Oji [19] with some
amelioration. An aqueous solution was made by mixing 5 ml
0.1 M uranyl acetate, 2.5 ml 0.2 M sodium silicate and 5 ml
0.1 M calcium nitrate at room temperature in a Teflon-lined
Parr vessel under continuous stirring. The solution pH was
adjusted to about 10 using 1 M NaOH. The solution was
aged at room temperature for 2 d and then heated at 165 °C
in an oven. After 7 d, the vessel was removed from the oven
and cooled to room temperature. The suspension was filtered
and the precipitate was rinsed with 18 MQ de-ionized (D)
water to remove excess starting materials, then dried in air.
A bright butter yellow powder was obtained.

In order to examine the possible incorporation of iodine
into the synthesized crystals, '?’I was used as the surrogate
of °1 in the synthesis, and 1=, 10;~ and 10, were added
initially as Kl, KIO; and KIO,, with 1:U molar ratios of
1:1,1:5 and 1:10, respectively. The details of the ex-
periments are given in Table 1. In the presence of iodine,
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Tablel. Details of the experiment.

Sample Molar,.y pH

Before After After

aged aged reaction
U 0 10.35 9.60 6.17
U-KIO;-1:1 1:1 10.63 9.57 5.46
U-KI0;-1: 10 1:10 10.83 9.73 7.60
U-KIO,-1:1 1:1 10.63 7.63 5.86
U-KI0,-1: 10 1:10 10.33 9.29 6.01
U-KI-1:1 1:1 10.81 9.68 7.66
U-KI-1:10 1:10 10.85 9.71 7.64

the powders were washed with ethanol, after washing with
deionized water, to remove the molecule iodine (l,) that
would be produced during the synthesis.

2.2 Analytical methods

pH was measured with a PD-501 pH meter and Orion
glass body combination pH probe. Solids were character-
ized using powder X-ray diffraction (XRD), infrared spec-
troscopy (IR), scanning electron microscope equipped with
an energy-dispersive X-ray spectroscopy (SEM-EDS), ther-
mal analysis (TA), and X-ray photoelectron spectroscopy
(XPS).

Powder XRD analyses were obtained by using Rigaku D/
max-I11A diffractometer with Cu K, radiation (30 mA and
40kV), between 3° and 80° (260) at a step of 0.02° with
a scanning speed of 8°/min. Identifications of solid phases
were made by comparing the diffraction patterns to a database
of ICDD-PDF reference patterns.

IR data were collected on a SP 2000 (Pye Unicam Ltd.)
infrared spectrometer by using the KBr pressed disk tech-
nique. 32 scans were collected for each measurement over
the spectral range of 400-4000 cm~! with a nominal reso-
lution of 4cm~.

Samples to be analyzed by SEM/EDS were mounted
on stainless steel stubs and gold-coated. A Quanta 400
(FEI company) scanning electron microscope equipped
with a Genesis 2000 energy-dispersive X-ray spectroscopy
(EDAX company) was operated at an accelerating voltage of
20 kV to examine the morphology and analyze the chemical
variation of the synthsized crystals.

Thermal data for the synthetic phases were collected by
using NETZSH STA 409 PC/PG. Samples (15—-40 mg) were
encapsulated in Al,O; pans and heated at a rate of 10 K/min
from 30 °C to 800 °C under a nitrogen atmosphere.

Solid surfaces were characterized by XPS at the “In-
strumental Analysis & Research Center, Sun Yat-sen Uni-
versity” using a multidirectional electron energy analyzer
(ESCALAB 250, Thermo-VG Scientific). Analyses were
carried out by using a monochromatized AlK, source
(1486.6 eV) operated at 15kV and 150 W. The analyzer
chamber pressure was around 2 x 10~° mbar. Survey spec-
tra were recorded for each sample using a fixed pass energy
of 70 eV, while high resolution spectra of Si2p, Ca2p, 13d,
U4f, and O1s levels were recorded using a pass energy
of 20eV. All high-resolution spectra were presented after
a Shirley or a linear background subtraction.

3. Resultsand discussion
3.1 Mineral characterization
3.1.1 X-ray diffraction patterns

The SEM image shows that the uranophane appears as acic-
ular or hair-like crystals that form radial aggregates and tufts
(Fig. 1). The influence of iodine on the morphology of the
crystals is not obvious.

The XRD pattern of the synthesized samples show peaks
at 0.79 nm (hki: 200), 0.395 nm (hki: 400), 0.481 nm (hkl:
011), 0.298 nm (hkl: 012) and 0.32 nm (hkl: 220) (Fig. 2),
which is in well agreement with that of uranophane (ICDD
card #39-1360). No significant difference in XRD pattern is
observed between the crystals that are produced with and
without the presence of iodine, respectively. In addition, mi-
nor haiweeite (Ca(UO,),Sis0;5-5H,0) [20] and weeksite
(K5 (UO,),Sis045-4H,0) [21] may have formed in the sys-
tem with nyo, : Nuo, = 1: 1 (Fig. 2) according to the XRD
data.

3.1.2 Infrared spectroscopy

Infrared spectroscopy is widely used in analyzing the com-
position of natural and synthetic samples. This nondestruc-
tive method provides characteristic spectra that serve as fin-
gerprints for the identification of minerals. IR data obtained
for the samples of uranophane is listed in Table 2, and the
literature data in Table 2 is given for comparison and iden-
tification [22, 23]. Although most of the bands of the syn-
thesized uranophane in the presence of KI and KI1O; fit very
well to the references (Fig. 3), some band shifts are observed
as KIO, content increases (Fig. 4), which suggest that 10,
may be incorporated into the structure.

However, several shifts are observed when KIO, exist
(Fig. 4). The band at 3427 cm™! is attributed to the in-
ner hydroxyl units. The band shifts to lower wavenum-
bers (3426 cm~?, 3423 cm™! and 3421 cm?) as the concen-
tration of iodine increased. The band at 1634 cm™ is as-
signed to water bending modes of the water in the hydration
sphere within the uranophane interlayer. As the concen-
tration of iodine increased, the band shifts to 1637 cm=?,
1630 cm~* and 1626 cm™, respectively. The infrared spec-
trum of SiO,*" stretching bands show two strong absorp-
tions at 1005 cm~! and 940 cm~! and two weak absorptions
at 481 cm~! and 455 cm~*. As the concentration of iodine in-
creased, the 1005 cm~* band shifts to 1008 cm~?, 1022 cm™*
and 1054 cm1, respectively. Furthermore, a new small weak
band at 1018 cm™ is observed when Ny, : Nyo, =1 : 1.
The 940 cm=?* band shifts to 939 cm~t, 932cm~?, 913 cm~*
and 445 cm~! band shifts to 446 cm~*, 451 cm~!, 453 cm~1,
The 481 cm~* band shifts to 479 cm~?, 477 cm~* and then
lost when ngio, : Nuo, =1 : 1. The bands at 855cm™" and
660 cm~ are attributed to UO,?" unit. These band shifts
to higher wavenumbers as the concentration of iodine in-
creased, 855cm~* to 855cm~, 859cm~! and 866 cm,
660cm~ to 661cm=?, 662cm~ and 682 cm~t. Addition-
ally, the intensity in 1041 cm~! band is stronger while iodine
existence. These shifts indicated that periodate has been in-
corporated into the crystal of uranophane.

Cejka [22] suggested that the weak bands observed in the
range 1200-1550 cm~* may be assigned to § SiOH. How-
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Fig. 1. SEM micrograph of uranophane crystals from 7 d tests (a, U; b, U-KI0;-1: 1; ¢, U-KIO,-1: 1; d, U-KI-1: 1).

Table2. IR band maxima of ura-

nophane, and the tentative assign- Uranophane Uranophane U-KIO;- U-KIO,- U-KI- Tentative
ment of the bands. (Cejka [22]; (this study) 1:10 1:10 1:10 assignment
Lehmann et al. [23])
3437 3427 3427 3425 3426 v OH
1632/1636 1633 1633 1636 1634 5 H,0
1200-1550w? 1384 1384 1384 1384 v3 NO3~
1143 1143 1147 1144
1018 1004 1003 1008 1005 g SO,
936 940 939 939 939
855/859 854 856 857 857 vy U0,
767/790 767 769 769 770 v, UO,*
564 559 558 560 559 v, Si0,*
480 481 481 479 482 v, Si0,*
a: w — weak.

ever, Lehmann et al. [23] found a sharp peak with high in- a initial material and the nitrate was detected by EDS in this
tensity at 1384 cm~! and thought this spectral region is the study, we assign this band mainly to the v, stretching mode
v, stretching mode of NO; ™. Because Ca(NOs), was used as of NO;~ as Lehmann et al. [23] suggested.
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Fig. 3. IR spectroscopy of uranophane (U-KI, U-KIO).

3.1.3 Thermal behavior

The DTG curve of synthetic crystals is in general agree-
ment with that of uranophane reported by Cejka [22]
(Fig. 5). According to Cejka [22], the endotherm at 96.9°C
(weak) was associated with 1 H,O dehydration, 148.1°C

453
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Fig. 4. IR spectroscopy of uranophane (U-KIO,).

(strong) with 2 H,O dehydration, and other dehydration
inflexions were at 155-480°C (1 H,0O) and 480-820°C
(1.5 H,0). In most cases, the last two inflexions were
not observed clearly based on the DTG curve, while the
samples with endotherms at 155-480 and 480-820°C
show endotherms at different temperatures. For example,
the DTG curve of sample U-KI-1:1 that is synthesized
in the presence of iodide has endotherms at 335.4 and
709.6°C; the curve of sample U-KIO5-1:1 shows en-
dotherms at 111.9, 169.7, 267.6, 338.7 and 586.7 °C, while
U-KI10,-1: 10 at 106.3, 162.5 and 718.9 °C. These obser-
vations confirm that high purity uranophane was synthe-
sized in the experiments, and suggest that the existence
of iodate and periodate may impact the thermal behavior
of uranophane.

3.2 lodine content in the sythesized uranophane

Energy dispersive X-ray spectroscopy was used to analyze
the samples in order to know whether iodine can be incor-
porated into the crystals. Because the crystal was washed
with de-ionized water for 5 times, followed by washing with
ethanol, the iodine detected is considered to be incorporated
into the structure of the crystals.

Table 3 shows the concentration of incorporated iodine in
some synthetic samples, while others without iodine were
not shown here. According to the EDS results, both iodate
and periodate were found in uranophane. As the molar ratio

Table3. Concentration of incorporated iodine in synthetic uranophane.

Sample Average Average 1:U
concentration concentration (%)
of iodine (%) of uranium (%)

U-KIO;-1:1 0.21 43.02 0.49

U-KIO,-1:10 0.25 41.56 0.60

U-KIO,-1:5 0.66 40.52 1.63

U-KIO,-1:1 5.17 40.20 12.86
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Fig.5. TG and DTG of synthetic uranophane.

3.3 Incorporation mechanism of iodine

of 10, : U increases from 1:10 to 1:1 in the initial solu-
into uranophane

tions, the iodine content in the uranophane crystals increases
from 0.60% to 12.86%. In cases of the presence of iodate,
iodine was detected only in the samples that are produced in Because iodine is a redox sensitive element, XPS was used
solution of 10;™ : U =1: 1. However, the iodine content in to identify the valence of the iodine that is incorporated into
samples that are produced in the presence of iodide is under the synthesized uranophane (Fig. 6). The results showed that
the detection limit of EDS. These observations suggest that C, O, Si, Ca, U and | were observed in the samples that
a significant amount of iodine could be incorporated into were synthesized in KIO, bearing solutions. The binding en-
ergy of 13ds,, in the uranophane is 623.8 eV, which is in

uranophane in the form of 10,7, and less in the form of 10;7,
while little 1= would be absorbed into the structure. agreement with the value of potassium periodate (624 eV)
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Fig. 6. XPS survey of U-KIO,-1: 10 and the |1 3d scan.

from the National Institute of Standards and Technology
XPS database, and is quite different from the values for io-
date (623.3 t0 623.5 €V ) and iodide (618.4 to 618.5 eV) [24].
Thus, the binding energy of 623.8 eV for 13ds,, in urano-
phane may be attributed to periodate, and the 0.2 eV shift
should be caused by the difference in chemical environment
around iodine. This observation indicates that the valent
state of iodine did not change during the mineral synthesis.

As shown in Fig. 7, uranophane consists of alternating
stacks of U—Si—O sheets with interlayer cations bonded
to water molecules or hydroxyl in the «-direction [25].
The sheet contains chains of edge-sharing UOs polyhedra
that are cross-linked via SiO, tetrahedra [13] by sharing
two oxygen atoms. In SiO, tetrahedra, the Si—O bond dis-
tances are from 1.560 A to 1.700 A with an average value
of 1.624 A [21,27,28]. Most uranyl iodates contain UO,
hexagonal bipyramids and/or UOs pentagonal bipyramids,
and iodate/periodate ligands are connected to the bipyra-
mids by sharing oxygen atoms. In these compounds 1-O
bond distances of 105 are from 1.772 A to 1.858 A, and the
average value is 1.809 A [29-32]. 10, structure is observed
in one compound, Ag,(UO,)4(103),(10,4),0,, in which the
average 1—O bond distance is 1.909 A and 10, sharing
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Fig.7. The structure of uranophane viewed along (a) [100] and
(b) [010]. Ca and H,O exist in the interlayer of the sheet structure.
From Utsunomiya et al. [25] and after Burns [26].

two oxygen with UOs polyhedra [29]. The similar role of
iodate/periodate and SiO, tetrahedra in the uranyl crystals
imply that the substitution of iodate/periodate for SiO, is
possible.

According to the XRD patterns of uranophane which was
synthesized in the presence of iodine, the crystal structure
is in excellent agreement with natural uranophane, indicat-
ing that with the incorporation of iodine into the crystal, the
structure kept stable. Thus, the substitution for SiO, tetra-
hedron should be used to explain the role of iodine in the
crystals. The ionic radius of I"* is 0.053 nm, which is more
similar with Si*t (0.040 nm) than I5* (0.095 nm) [33]. It
may be the reason that periodate can be incorporated into
uranophane easier than iodate, thus the ionic radius is de-
terminant in this case. Moreover, both SiO, and 10, have
a structure of tetrahedron in uranophane, and the substitution
10, <> SiO, is more likely to occur. However, 105~ usually
has triangle coordination geometry with the three oxygen
anions approximately in the plane of the sheet. Therefore,
when 10; substitute for SiO,, an angle of the SiO, will miss
and more intensive structure adjustment is needed. Con-
sidering the charge balance, two hydroxyl groups should
be linked to 10, or 10;0H through hydrogen bond. There-
fore, (10,7)(OH™), < (SiO;0H)%* and (10;7)(OH™), <
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(Si0O;0H)*- should be possible. With the incorporation of
iodine into the crystal, the vibrational spectra of SiO, shifts
from 1005 to 1008, 1022 and 1054 cm~1, respectively, this is
considered to result from the substitution of SiO, by 10,.

Nevertheless, iodide was not detected in this study. There
are two reasons to explain the results. One is that iodide can
not be incorporated into the uranophane crystal because of
its large ionic radius (0.220 nm [33]), and the other one is
that the content of incorporated iodide is lower than the de-
tection limit of EDS.

4. Conclusions

The potential for **| incorporation into uranophane has been
evaluated by precipitating uranophane from aqueous solu-
tions containing Kl, KIO; or KlO,, and pure uranophane
was obtained in the experiments. XRD patterns and IR spec-
trum indicated that with the incorporation of iodine into
uranophane, the structure of the crystals kept stable. Accord-
ing to EDS results, both iodate and periodate were found in
uranophane, and 10,~ can be incorporated into uranophane
easier than 10;™. It was suggested that the incorporation
mechanisms for iodate and periodate in uranophane should
be the substitution for SiO, in the sheet.
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