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The focus on a ball milling induced conversion as a possible synthesis route of iodine sodalite (NagAlsSisOz415) from
zeolite-based iodine adsorbents in order to treat a radioactive iodine filter for the off-gas cleaning during nuclear facilities
is presented. A mixture of silver iodide and zeolite 13X as a simulated adsorbent was mechanochemically milled using a
laboratory-scale planetary ball mill. The obtained powders were characterized by X-ray diffraction to determine the effect
of milling time on the conversion of the iodine sodalite. The crystal grain size and the lattice strain of the grounded phases
were evaluated. After the ball milling, the milled samples were hydrothermally crystallized to form a sodalite phase with a
sodium hydroxide solution for 48 h in an autoclave maintained at 150°C. The iodine sodalite was successfully obtained after
hydrothermal crystallization. A leaching test was carried out for the assessment of the order of iodine leachability and chemical
durability under reducing conditions. The leaching amount was found to be low on the orders of 10~ ~107 mol dm™ in

sodium thiosulfate solution. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2441-2447, 2012
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Introduction

Iodine-129 is a radioactive form of iodine as a product of
nuclear fission of heavy nuclides such as uranium-235.
Iodine nuclides are present in the high-level radioactive wastes
resulting from processing spent nuclear fuel and the radioac-
tive wastes associated with the operation of nuclear reactors.
During the reprocessing processes, iodine-129 is transferred
from the liquid phase to the vapor phase, where iodine-129 is
trapped in a silver-containing adsorbent, such as silver zeo-
lite,"? as a form of silver iodide Agl, from the off-gas stream.’
However, silver iodide is unstable under the reducing condi-
tions in a geological repository* and iodine-129 has a long
half-life of about 15.7 x 10° years, and, therefore, it becomes
a significant long-term source of radioactivity. Moreover,
because iodine dissolves as an anionic form easily and moves
down with percolating water to the groundwater, the long-
term immobilization of iodine-129 is one of the great concerns
to researchers for the geological disposal of radioactive waste
containing transuranic elements.

To immobilize radioactive iodine, several matrices have
been investigated.”™ Among them, iodine sodalite, NagAle.
SigOy415, is considered as one of the insoluble crystalline
forms candidates.”™* Sodalite is a type of zeolite, a natural
and artificially synthesized mineral, which includes several
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anionic species and groups (OH™, CI™, Br, I, etc.),12 and
alkaline metal cations (Li*, K*, Nat, Cs™, etc.)." The solu-
bility of sodalite (10> mol dm *) is independent of the
environmental atmosphere due to its high tolerance to a
reducing atmosphere in some deep underground storage
facilities. The sodalite phase has a framework of cubic sym-
metry with a strictly alternating connection of corner sharing
SiO4 and AlO, tetrahedra. The framework of the sodalite
cages is highly flexible and can accommodate a certain
degree of expansion due to guest species of different sizes.
According to the literature,'” one possible synthesis proce-
dure of iodide sodalite from Agl-containing zeolite was a
solid-state conversion at a high temperature in an electric
oven. In this route, iodine sodalite can be obtained above
800°C. This is because the ionic radius of iodide ions
(0.22 nm) was relatively large compared to the open-pore
radius of the sodalite cage (0.28 nm) without thermal expan-
sion. However, excessive heating at higher temperatures
enhances the thermal decomposition and volatilization of
silver iodide over the melting temperature, resulting in the
serious emission of radioactive iodine.

This study presents a new and novel procedure for the
conversion of the zeolite-based iodine adsorbents to iodine
sodalite by a mechanochemical method instead of the
conventional thermal conversion. The schematic of a ball
milling process is shown in Figure 1. It was theorized that if
the mechanochemical conversion by ball milling was used
instead of a thermal treatment, a precursor of iodine sodalite,
which was activated and strained with some formation of
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Figure 1. Schematics of a ball milling process from a
spent adsorbent to iodine sodalite by a
mechanochemical route.

defects in the crystal structure by grinding in a nanoscale
size range, would be produced at low temperature. Further-
more, we considered that, if the uniform fine mixture of
zeolite and silver iodide was obtained by ball milling, an
extra step, the thermal treatment for mass transfer would not
be required. In the experiment, the crystalline phases
included in the final product were characterized using an
X-ray diffractometer to confirm the effect of milling time.
The lattice parameters, crystalline sizes and lattice strains
were estimated from the diffraction profiles of faujasite,
sodalite and silver iodide phase. The leachability of iodine
was also studied using the MCC-3 standard leach method.
The leaching amount of iodine for 14 days was measured in
ultrapure water and a sodium thiosulfate solution as the
leachant.

Experimental

A mixture of silver iodide and zeolite 13X as the simu-
lated adsorbent of a spent iodine filter was milled using the
planetary ball mill with different milling times of 3, 6, 12,
24 and 48 h. The starting chemicals of Agl (>99.9% in
purity), and zeolite 13X (molecular sieve 13X, 1!/ in. in
diameter, pellet shape) were purchased from Wako Pure
Chemical Industries, Ltd. The zeolite 13X pellets as received
were dried at 150°C in an oven.

In a typical experimental procedure, the mixture of silver
iodide and zeolite 13X were ground into powders in an agate
mortar. The amount of silver iodide was initially chosen
such that the mass ratio of silver iodide to zeolite 13X was
1:10. The milling equipment consisted of a planetary ball
mill (Frisch, Pulverisette P-7, Germany) with tungsten car-
bide vials, whose inner volume is 0.025 dm >, and tungsten
carbide balls. A sample-to-ball weight ratio of 1:30 was used
in the milling operations. Grinding of the powders was car-
ried out in air at a rotation speed of 700 rpm. The operation
did not cause a significant increase of the temperature. The
temperature just after the grinding heat and ranged from
30 to 40°C at 700 rpm depending on the grinding time and
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batch. Sodium hydroxide solutions (6 mol dm™) were used
for activation of the hydrothermal reaction'® during the soda-
lite crystallization. After the ball milling, a gray powder was
formed, and then the powder was poured into a polytetra-
fluoroethylene (PTFE) vessel of 0.040 dm~> in volume. The
vessel was placed in a stainless autoclave with 0.2 g of
sodium hydroxide solution in the bottom. The crystallization
of the milled powder was carried out at 150°C for 48 h
under autogenous pressure.

After the crystallization completed, the autoclave was
quenched in static air, and the sample was removed from the
PTFE vessel, washed with distilled water and dried around
100" C. The powder X-ray diffraction was measured by an
XRD diffractometer (mini-flex, RIGAKU, Japan) with Cu
Ko radiation (4 = 0.1542 nm, 30 kV, 15 mA). Scanning
electron micrograph images were observed using a scanning
electron microscope (SEM, JSM-6390AH, JEOL, Japan) at
10 kV. The diffraction pattern were obtained in the range of
20 = 20-80° at a step of 0.01 . The X-ray diffraction of the
different milling times was performed for the milled samples
and their hydrothermal products at the different milling
stages. The elemental distribution of the crystal surfaces
was investigated by SEM-EDS for the elements of Na, Si,
Al, Ag and L.

The MCC-3 leaching test method'” was used for the assess-
ment of the order of iodine leachability. An experimental
setup for the leachability test is displayed in Figure 2. The
obtained samples after hydrothermal treatment were crushed
in a mortar and sieved to 63-100 um. The samples were
placed in 0.04 dm > PTFE vessels containing ultrapure
water for the oxidizing condition or 0.1 mol dm > sodium
thiosulfate solutions for reducing condition. All handling of
materials for the test under reducing conditions was carried
out in a glovebox under a controlled argon atmosphere to

Suspension
Leachant

Ultra pure water or

Thiosulfate solution

Solid/ Liquid weight ratio = 1/10

PTFE vessel with screw cap

Cylindrical shape ¢ 45 mm
Depth 40 mm

Attachment

K/ Stage of shaking apparatus )

Shaking at 122 rpm for 14 days

Figure 2. Experimental setup of the leachability test in
accordance with MCC-3 method.

PTFE vessels containing test suspensions were fixed by
attachments on a stage of shaking apparatus.
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Figure 3. Close up view of diffraction profiles around
the diffraction peaks; (a) {5 5 5} for faujasite,
(b) {1 0 3} for Agl.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

avoid oxygen contamination of the vessel. The gap between
the vessel and cap was tightly sealed with PTFE tape. The
weight ratio of the sample to the leachant was maintained at a
constant of 1:10. The test was carried out at room temperature
for 14 days followed by the quantitative analysis of iodine
using induction coupled plasma mass spectrometry (ICP-MS,
SPQ-9700, Bruker, Australia).

Results and Discussion

Effects of ball milling on crystal parameters of
raw mixture

Based on the XRD, the crystal phase of the as-received zeo-
lite 13X was determined as sodium faujasite 13X, NayAl,.
Si401,.8H,0 and the silver iodide was y-Agl. Figure 3 shows a
close up of diffraction profiles around the diffraction peaks; (a)
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Figure 4. Effect of milling time on crystal grain size, D of
faujasite (squares) and Agl (circles) crystals.

The crystal grain size was estimated from the intense
peaks {5 5 5} for faujasite and at {1 0 3} for Agl.
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{5 5 5} for faujasite, and (b) {1 0 3} for silver iodide. After
ball milling, the diffraction peaks of both phases tended to be
broaden as the milling time increased. Both phases were clearly
present in the starting material, but the silver iodide phase was
absent after 24 h or longer milling.

The crystal grain size D, and the lattice strain e, were
evaluated for each phase in order to investigate the broaden-
ing effects of the diffraction peaks by ball milling. The crys-
tal grain size was calculated from the peak width of the
intense peak using the Scherrer’s equation18

0.894

B /2080 M
where ., is the half peak width and / is the wavelength of the
X-ray radiation. The value of f,, was determined from the
experimental integral peak width (FWHM). The crystal grain
size evaluated from peak width is plotted in Figure 4. The
crystal grain sizes of faujasite remarkably decreased from 370
to 90 nm with an increase in the milling time and reached
saturation values over 24 h. Likewise, the crystal grain size of
silver iodide gradually decreased from 60 to 40 nm, although
the decrease was much lower than that of faujasite. This
suggests that both phases tended to be either amorphous
or consist of extremely small, highly disordered crystals at
the final stage of ball milling, and the ball milling more
strongly affected the grinding of the faujasite particles and its
crystal grains.

The lattice strain on the lattice plane was estimated from
the ratio of the variation in the crystal face accounting for
the nonstrain state by applying following equation

_Ad_d—dy

T T d

@

The lattice strain for evaluated each phase was plotted
versus ball milling time as shown in Figure 5. Strain in the
faujasite phase varied around 0.002 from the beginning of
milling to 12 h, however, the strain rapidly increased to
0.026 at 24 h. On the other hand, change in the strain of the
silver iodide phase remained low around + 0.0002-0.0003
even after a long milling time. These results indicated that a
part of the mechanical energy is used in breaking the fauja-
site particles, and another part is used in creating the defects,
such as dislocations, and the distortion of the lattice in fauja-
site. In other words, the mechanical energy provided by ball
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©
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@ 0.010 |
£ Silver iodide
(1]
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Figure 5. Effect of milling time on lattice strain, ¢ of
faujasite {5 5 5} (squares) and y-Agl crystals
{1 0 3} (circles).
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(a) Without ball milling
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JCPDS 31-1272
F" Faujasite-Na, syn

JCPDS 39-1380
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JCPDS 19-1180
Agl y-type silver iodide

JCPDS 09-0399
S lodine sodalite
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* Initial phases detected in the
mixture before ball milling.
Figure 6. XRD results of obtained powders after hydro-
thermal crystallization (150°C, 48 h) (b) with
and (a) without a ball milling.

milling produces a decrease in crystallite size and increase
in the lattice strain of the faujasite phase rather than the
silver iodide phase in the powder mixtures.

Crystalline formation during hydrothermal operation

The formation of several kinds of zeolitic phases was
observed after the hydrothermal crystallization. X-ray dif-
fraction results of hydrothermal operation with and without a
ball milling is illustrated in Figure 6. The formed products,
obtained in the autoclave containing the sodium hydroxide
solution at 150°C, had a strong dependence on the increased
milling time. In the absence of ball milling, the zeolite
phases measured by XRD were not the iodide sodalite
phase, but the hydroxyl-type phases; i.e., hydroxyl cancrinite,
NagAIGSi6015(OH)6.4H20, and analcime-O, Na(Slel)O6H20,
in which the iodine contents were detected only as strong peaks
of silver iodide, y-Agl. In this case, without ball milling, the
I ions seem inaccessible to the fixation sites in the zeolite
cages, and the iodine immobilization could not be confirmed.

On the other hand, with the ball milling operation, the phases
detected by XRD were iodine sodalite, Nag(AlsSigO24)], analci-
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me-0, silver iodide and metallic silver, Ag. The iodine soda-
lite and analcime-O could be detected as sharp diffraction
peaks with high intensities, even for the samples with the short
milling time of 3 or 6 h, although the trace peaks of silver
iodide remained in the pattern at the beginning of the ball mill-
ing. However, the milling operation lead to a decrease in the
residual peaks of silver iodide with the increased milling time,
and this caused formation of the Ag phase in the diffraction
patterns, notably over 24 h. The overall route for the conver-
sion process consists of two procedures; i.e., ball milling and
hydrothermal conversion. Of the two procedures, the most
critical in this study was the ball milling. With longer time,
this enabled crystallization of the iodine sodalite at low tem-
perature. Thus, the ball milling operation seems to contribute
to the conversion of silver iodide to iodine sodalite.

Scanning electron micrographs of the powder obtained by
ball milling at 700 rpm for 3, 6, 24, 48 h are shown in

08 52 SEI

Figure 7. SEM photos of obtained powder after hydro-
thermal crystallization (150°C for 48 h) of
milled sample (700 rpm for 3, 6, 12, 48 h).

ANA and SOD means analcime-O and sodalite, respec-
tively.
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Figure 8. Elemental distribution (Na, Al, Si, Ag and I) of obtained powder after hydrothermal crystallization (150°C,

48 h) of milled sample (700 rpm 48 h).

Figure 7, and elemental distribution maps of the Na, Al, Si,
Ag and I elements of the particles was displayed in Figure 8.
As shown in Figure 7, the rhombic polyhedral particles,
approximately 5-10 um in diameter, were observed along
with the agglomerates of small particles (~1 pm), although
no apparent difference was observed in relation to the mill-
ing time. Although the polyhedral particle is the well-known
typical shape of analcime well-crystallized under hydrother-
mal conditions,'*?® the agglomeration of small particles was
considered to be iodine sodalite. In fact, the energy disper-
sive spectroscopy analysis revealed that the Al/Si atomic
ratio at spots on the agglomerate was 0.891 on average,
whereas the value at another spot on the polyhedral particle
was 0.440. The Al/Si atomic ratio on the agglomerate was as
twice as that of the polyhedral particle. This approximately
agreed with the deference in the Al/Si atomic ratio of the
theoretical composition of each phase. In addition, the value
of the Al/Si atomic ratio for analcime-O, (Na(Si,Al)O4.H,O:
Al/Si = 0.5), is equal to the original faujasite (Na,Al,.
Si401,.8H,0: Al/Si = 0.5), so that a part of the alumina
silicate, which was in excess to the iodine total mass, seems
to be easily composed of analcime-O as a byproduct of the
hydrothermal reaction. The EDS analysis also revealed the
homogeneous distribution of each element on the particles
as shown in Figure 8, indicating that the agglomeration of
the Ag and I elements was not present.

Figure 9 show the values of the lattice constant of sodalite
calculated from several peaks; {1 1 0}, {2 1 1}, {2 2 2},
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{3 3 3} at different milling times. The figure shows the
average lattice constants for the obtained sodalites were
a = 8.96-8.98. All the values were much larger than that of
chlorine sodalite (NagAlgSigO,4Cl,, a = 8.88) which was
estimated for natural sodalite, and were slightly smaller
than the theoretical value of iodine sodalite (NagAlgSigOo4ls,
a = 9.01)."® This suggests that the iodine ion (I"), which
has a larger ion radius than that of hydroxyl ions (OH™),
was partially substituted for the original OH™ ions in the
sodalite cages, which lead to the increasing lattice volume,
@ of the sodalite crystals.

Iodine dissolution from the sodalite products

The leaching test results measured by ICP-MS are listed
in Figure 10, which shows the effect of the milling time on
the iodine leaching amount in ultrapure water and a sodium
thiosulfate, Na,S,O;, solution for 14 days. The ordinate
shows the iodine concentration in mol dm~> dissolved into
the leachant, and the abscissa is the ball milling time. From
this figure, it was found that the leaching amount of retained
iodine was very low between 10°* ~107° in mol dm°
when the original mixture was mechanically treated by ball
mill, and the leaching amount slightly decreased when the
milling time was longer. In ground water, thiosulfate can be
formed as an intermediate compound in the reduction of sul-
fate. Silver iodide is more soluble in thiosulfate solution
than in pure water. When the thiosulfate ion is present, the
following complexation of silver enhances the silver iodide
solubility

DOI 10.1002/aic 2445



Agl + 25,02 & [Ag($,03),] +17, K=3x10" (3)

This well explains the higher leaching amount value
(1.01 x 1072 mol dm~?) without the ball milling operation
(displayed as zero hour milling time) where silver iodide
remained in the product as described earlier. Thus, it could
be confirmed that the ball milling remarkably improved the
stability of the product in the presence of thiosulfate under
reducing conditions.

Conclusions

This study details a ball milling as a potential approach to
convert and to immobilize radioactive iodine. As a result,
iodine sodalite was successfully obtained by a combination
of the ball milling and hydrothermal procedure from the
mixture of silver iodide and zeolite 13X, the simulated spent
adsorbents. The ball milling promoted the mechanochemical
conversion from zeolite 13X and silver iodide crystals to
form small crystal grains of faujasite and to enhance the lat-
tice strain. The mechanical energy provided by ball milling
produced a decrease in the crystallite size (~90 nm), and
increase in lattice strain (~2.6%) of the faujasite phase
rather than the silver iodide phase in the powder mixtures.
During the crystallization of sodalite from the milled mix-
ture, the formation of sodalite-type crystals with some
impure phases, metallic silver, analcime-O and unreacted
silver iodide, was confirmed as the results of the hydrother-
mal reaction at 150°C, 4.8 MPa. The unreacted silver iodide
phase was confirmed to disappear in the product phase after
the hydrothermal treatment when the ball milling was carried
out over 24 h. SEM observations showed that the powder
included two types of crystals which were characterized
from their crystal shape as iodine sodalite and analcime-O.
The lattice parameter of the obtained sodalite was nearly
the theoretical value of iodine sodalite due to the expansion
of the crystal lattice, although the values were slightly
smaller than the theoretical value of iodine sodalite due
to the partial substitution of iodine in the sodalite cages.
Furthermore, the leaching amount from the milled sample
was low on the order of 107* ~10~> mol dm > regardless
of the leachant. This conversion route has practical potential
for the low-temperature processing of a spent adsorbent
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E .
£ NaSisAl:Oy4l,
0.900 }
©
£ 0.895 il Obtained Sodalite
-
8 0.890 | NagSigAlgO,,(OH),
S
§ 0.885 : -
0 20 40 60

Milling time (hours)
Figure 9. Effect of milling time on lattice parameter, a

of sodalite crystal obtained after hydrother-
mal crystallization (150°C, 48 h).
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The leachability test was carried out for 14 days at
room-temperature.

and possibly the safety process without re-emission of radio-
active iodine.
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