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Dissolution and precipitation behaviors of zircon under the

atmospheric environment
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The reactive behavior of zircon in three different solutions: 0.1 M HCl (aq), ultrapure water, and 0.1 M NaOH (ag) was examined

under normal temperature and pressure conditions. Dissolved Si and Zr concentrations show that considerable Zr precipitated on
the surface in all immersion cases. Bulk changes in the zircon were insignificant. However, the obvious surface change of the zircon
immersed in 0.1 M NaOH (aq) was confirmed. Porous layer comprising an amorphous SiO, phase and needle crystals of ZrSiO,

around pores were detected on the near-surface area of the zircon immersed in 0.1 M NaOH (aq). Consequently, the reaction was
limited when zircon was immersed in ultrapure water. Zr precipitated on the surface after the dissolution of ZrSiO, in 0.1 M HCl (aq).
Dissolved Zr and Si in 0.1 M NaOH (aq) precipitated on the surface, then the dissolution of ZrSiO, formed a porous layer, and most

dissolved Zr precipitated as zircon crystals.
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INTRODUCTION

Zircon, ZrSiQy, is one of the most chemically stable minerals owing
to its extreme durability’. Various elements are included during
zircon crystal growth in a geological environment. Zircon has been
used to estimate ancient geological environments by analyzing
elements, e.g., absolute dating by U-Pb geochronology, tempera-
ture estimation with Ti thermometry, and oxygen potential
estimation using valence states of lanthanides. Zircon is also an
important material in nuclear engineering: candidate material of
the host phase to immobilize Pu>=>, and one of the main phases
containing U in the fuel debris generated by the Chernobyl
Nuclear Power Plant unit 4 (ChNPP) accident in 198657. The
formation of the zircon containing a high amount of U in the fuel
debris generated by the Fukushima Daiichi Nuclear Power Station
(1F) accident in 2011 was also estimated®.

During severe nuclear accidents, such as the Three Mile Island
Nuclear Generating Station Unit 2 (TMI-2) accident in 1979°,
ChNPP, and 1F, fuel debiris is a high-temperature reaction product
between nuclear fuels such as U and Pu and structural materials
such as zircalloy, SUS, and concrete. Although these accident
progressions should be estimated in detail during post-severe
accident management to develop other nuclear reactors’ safety,
the information of the accident environments, such as the
measurement data of the spatiotemporal temperature, pressure,
and material transport, is too little to estimate the accident
progressions in detail. Therefore, estimating accident environ-
ments and progression from the situation inside the damaged
reactor and the characteristics of the fuel debris is necessary. For
example, the maximum reaction temperature during the forma-
tion of fuel debris and cooling rate can be estimated from the
phases and microstructure of the solidified fuel debris'®. More-
over, the temporal development of temperature and oxygen
potential inside the molten pool generated by the interaction
between molten core materials and concrete in primary contain-
ment vessel (PCV) can be estimated from the zircon formed in the
fuel debris using analytical methods to estimate ancient

geological environments''. However, the degradation of fuel
debris by the reaction with moisture and microbes and the effect
of radiation and other factors render it difficult to read the records
of the accident progression. Therefore, understanding the
degradation behaviors of the fuel debris accumulated in reactors
is important to estimate the accident environments and progres-
sion. The reaction with moisture is one of the major factors of
degradation'?, and the reaction of (U,Zr)O,, which is one of the
major phases in fuel debris”'%'* with solutions, has been studied
to understand the migration behavior of U in the reactors'*'°,
However, the reaction behavior of zircon with solution, which is
also one of the matin phases containing high-amount of U in fuel
debris, is rarely studied from the point of view of the degradation
of fuel debris™".

The reaction behavior of zircon minerals was classified into two
mechanisms: diffusion-reaction mechanism mainly caused in
metamict zircon and dissolution-reprecipitation mechanism
mainly caused in non-metamict zircon'®. Metamictization of
zircon mainly occurs by the a-decay of the 2°U and 38U
contained in the zircon. The half-life of 23°U and 238U is more than
7% 108y. Therefore, the metamictization of the zircon in fuel
debris during post-severe accident management is very low
during the decommissioning of damaged reactors. It has been
reported that as solution temperature exceeds 75 °C'7, zircon in a
solution degrades. Herein, we confirmed the surface height
changes in zircon in solutions under ordinary temperatures and
pressures conditions in a few days using high-resolution phase-
shift interferometry''. It indicates that zircon dissolves and
precipitates in water accumulated in the 1F and ChNPP reactors
at normal temperatures and pressures conditions. To understand
the reaction behavior of zircon in reactor conditions and evaluate
the effect on the estimation of accident environment and
progression, the reaction behavior of natural zircon minerals,
such as dissolution and precipitation in different acid-base
solutions under ordinary temperatures and pressures, was studied.
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Fig. 1 The pH changes of the solutions of 0.1 M NaOH (aq),

ultrapure water, and 0.1 M HCI (aq) in which crushed zircon was
soaked.
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Fig. 2 The elemental concentration changes in 0.1 M NaOH (aq),
ultrapure water, and 0.1 M HCI (aq). a The concentrations of Si in
0.1M NaOH (aq), ultrapure water, and 0.1M HCl (aqg). b The
concentrations of Zr in 0.1 M NaOH (aq), ultrapure water, and 0.1 M
HCI (aq).
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Fig. 3 The dissolution rates of Si and Zr evaluated from the
temporal concentration changes in Si and Zr in each solution at

the beginning of the immersion. Error bars represent the standard
deviation.

RESULTS
Change in the zircon immersing solutions

The pH of the crushed zircon immersing ultrapure water and 0.1 M
HCl (ag) was almost constant from the beginning of the
immersing, as shown in Fig. 1. Conversely, the pH of 0.1 M NaOH
(aq) rapidly decreased to below pH 10 on the first day of the
immersion; subsequently, the pH change decreased until the end
of the immersion, i.e., after 1608 h. It implies that some reaction
occurred at the beginning of the immersion of the zircon powder
in 0.1 M NaOH (aq), then it was suppressed.

The concentrations of Si dissolved from the zircon in all three
solutions and that of Zr in 0.1M HCl (ag) increased until
approximately 250 h after the zircon was immersed, then they
became practically steady or gradually increased, as shown in Fig. 2.
Conversely, the concentration of Zr in NaOH (aq) and in ultrapure
water remained almost constant during the immersion of zircon. A
remarkable feature of the elemental concentrations is the
difference between Si and Zr in NaOH (aq). Although the
concentration of dissolved Si in NaOH (aq) was the largest in
these conditions, the concentration of Zr was approximately 600
times lower than that of Si in the same solution, and it was close to
that of Zr in ultrapure water. The dissolution rates of Si and Zr
evaluated from the temporal concentration changes in Si and Zr in
each solution at the beginning of the immersion (between 0 and
46.5 h) are shown in Fig. 3. The dissolution rates of Si are larger
than that of Zr in all cases. It indicates that Zr precipitation after
the dissolution of zircon, ZrSiO,, is larger than that of Si.

Change in the bulk of the zircon

X-ray powder diffraction pattern of crushed zircon powder before
immersing in solution shows its little metamictization, because the
spread of (200) zircon, 26 is about 27°, which is the distinctive trend in
metamictization of zircon'®, is litle as shown in Fig. 4. The small
changes in the diffraction pattern of the zircon immersed in ultrapure
water and HCl (aq) were confirmed. However, the small peak at 32.5°
and 38° was established in the diffraction pattern of the zircon
immersed in NaOH (aq) as shown in Fig. 4. The peak at 38° is probably
NaOH (s) precipitated through drying the NaOH (aq). The peak at
32.5° is insufficient to identify the source of the phase.

The cross-section images of the zircon particles before and after
the immersing in each solution measured using synchrotron X-ray
microtomography with the energy around Zr K-edge, i.e., 18.0 keV,
are shown in Fig. 5. In this image, the more light the region, the
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Fig. 4 X-ray powder diffraction pattern of crushed zircon powder before and after immersing in each solution. Left panel shows the
pattern before immersion, and after immersing in 0.1 M NaOH (aq), ultrapure water, and 0.1 HCI (aq). Right panel shows unclear peaks at 32.5°

and 38° in the pattern after immersing in 0.1 M NaOH (aq).

Without immersion In ultrapure water

In HCI (aq) In NaOH (aq)

- 100pm

(@

Without immersion

In NaOH (aq)

(b)

Fig.5 The cross-section images of the zircon particles before and after the immersing in each solution measured using synchrotron X-ray
microtomography with the energy around Zr K-edge. The scale bar is 100 pm. a Energy weaker than Zr-K edge (17.9 keV). b Energy stronger

than Zr-K edge (18.1 keV).

larger the line absorption coefficient, higher the density, or thicker
the region. When the energy of the synchrotron X-ray is weaker
than Zr K-edge, i.e.,, 17.9 keV, the images show the distribution of
the elements except for Zr. On the other hands, when the energy
of the synchrotron X-ray is stronger than Zr K-edge, i.e., 18.1 keV,
the images show the distribution of Zr. The inner structure
differences between before and after immersing in each solution
were minor, indicating that the alterations in the inner structure
caused by immersing in the solutions were minor.

These results show that the bulk of the zircon powder changes
by immersing in 0.1 M HCI (aq), ultrapure water, and 0.1 M NaOH
(aq) for this experimental duration, i.e.,, 1608 h, are limited.

The surface changes

Figure 6 shows a three-dimensional image of the zircon particles
before and after immersion in each solution, as visualized using
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synchrotron X-ray microtomography at the same energy as the
cross-section images above. This Figure’s color has the same
meaning as Fig. 5. After immersing the samples in 0.1 M HCI (aq)
and 0.1 M NaOH (aq), the enrichment of Zr on the surface was
confirmed. When immersed in 0.1 M HCl (ag) and 0.1 M NaOH (aq),
the surface of the zircon dissolved in the solutions, and a
substantial amount of dissolved Zr precipitated on the surface of
the particles.

The results of the surface observation of the zircon using
SEM show no obvious change on the surface of the zircon after
immersing in 0.1 M HCl (aq) and ultrapure water. Alternatively,
the several micrometers-long needle crystals were confirmed
on the zircon’s surface immersed in 0.1 M NaOH (aq), as shown
in Fig. 7. Therefore, the surface modification of the zircon after
immersing in 0.1 M NaOH (aq) was evaluated in detail as
mentioned below.

npj Materials Degradation (2022) 13
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Fig. 6 The three-dimensional image of the zircon particles before and after immersion in each solution measured using synchrotron
X-ray microtomography with the energy around Zr K-edge. The scale bar is 100 pm. a Energy weaker than Zr-K edge (17.9 keV). b Energy

stronger than Zr-K edge (18.1 keV).

Fig. 7 The back scattering image of the surface of the zircon
particle immersed in 0.1 M NaOH (aq). The scale bar is 10 pm.
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Fig. 8 Cross-sectional secondary electron image of the zircon
immersed in 0.1 M NaOH (aq). The scale bar is 10 um.
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The several micrometer depth ranges of the zircon surface were
hewed out from the zircon immersed in 0.1 M NaOH (aq) using
focused ion beam (FIB) micro-sampling technique, as shown in
Fig. 8. This figure confirms that the Pt layer was coated on the
surface of the piece to avoid the irradation damage by Ga ion
beam. Several micrometers of many pores can be observed near
the interface of the zircon piece. FIB sliced the piece into a thin
film with a thickness of 150 nm to analyze the detail nanostructure
and chemical composition by an 200kV aberration corrected
(scanning) transmission electron microscopy (AC-(S)TEM) with an
energy dispersive X-ray spectroscopy (EDS). In Fig. 9, the presence
of rod-shaped materials around pores was discovered without
exception in the three FIB samples. Bright-field (BF) STEM images
are recorded with a probe semi-angle of 5.2 mrad and selective
detection angle of 8.0 mrad has successfully visualized diffraction
contrast inner surface of the zircon piece with large field-of-view
above 10 x 10 mm? and long depth of field 500 nm'®. Red arrows
in BF-STEM images indicate such rod-shaped materials. The dark
contrasts of the rod-shaped materials were sensitively changed
with an objective lens defocus and sample orientation. This result
means that the rod-shaped material is crystal, hereafter referred to
as a needle crystal.

The intensity of the region surrounding pores are relatively
higher than on of the needle crystal. Therefore, the materials
surrounding pores are amorphous. The HAADF-STEM images of
the same region as the BF-STEM images are shown in Fig. 10. The
heavier elements appear like brighter images. The needle crystal is
bright, and these are heavy elements. The zircon comprises Zr, Si,
O, and NaOH (aq) is H, O, and Na. Zr is the heaviest element in this
system, indicating that the needle crystal is a Zr-rich material. The
elemental mapping using the EDS of the same region as the BF-
STEM and HAADF-STEM images are shown in Fig. 11. The needle
crystals comprise Zr, Si, and O. This result corresponds to the
HAADF-STEM images. The region surrounding pores are Si-rich
oxide materials, and it indicates that this region is a Si-rich
amorphous oxide.
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Fig. 9 BF-TEM and BF-STEM images of thin films fabricated from the zircon surface immersed in NaOH (aq). a, ¢, e Low-magnification BF-
TEM images of 150 nm thin films fabricated from the zircon immersed in NaOH (aq). b, d, f High-magnification BF-STEM images obtained from
square surrounded area in low-magnification images, respectively. The scale bar on the upper three images is 5 um, the bottom is 2 um.

The zircon powder was crushed using an agate mortar in
2-propanol for the analysis using high-resolution TEM (HRTEM)
and electron diffraction (ED) to identify the phase of the needle
crystal. Figure 12a is a low-magnification TEM bright-field image of
the micrometers-long needle crystal. The needle crystal was
identified as single crystalline zircon (space group number 141)
using HRTEM shown in Fig. 12b along the [021] direction, in
addition to an ED pattern obtained with a selected area aperture
of 300 nm in diameter, as shown in Fig. 12c. The ED pattern of the
other region close to the needle crystal shown in Fig. 13 shows
that this region is an amorphous material. Therefore, this region is
amorphous SiO,.

DISCUSSION

When zircon powder was immersed in ultrapure water under an
ordinary atmosphere, dissolved Si and Zr were limited. The
concentration of Si in ultrapure water was approximately 103
times larger than that of Zr, and it indicated that most Zr
precipitated after the dissolution of ZrSiO,. The obvious bulk
change was small, and the obvious change of the surface was also
limited. The decrease in the surface height of the zircon under a
similar condition was confirmed'’. It indicates that the surface of
the zircon in ultrapure water was gradually dissolved, then most Zr
precipitated on the surface. This precipitation was insufficient to
prevent continuous dissolution.

In the case of the zircon immersed in 0.1 M HCl (aq), although
the change in the bulk of the zircon was small, the enrichment of
Zr on the surface of the zircon was confirmed using synchrotron
X-ray microtomography. The concentration of dissolved Si was
approximately twice larger than that of Zr. The decrease in the
surface height of the zircon and a large amount of precipitation on
the surface under immersion in 1M HCl (aq) were confirmed'".
Consequently, the dissolution of zircon in 0.1M HCI (aq) is
relatively fast compared to the other conditions, and at least half
Zr precipitate on the surface. However, the prevention of the
dissolution by the precipitations is limited because the adhesion
of the precipitates on the surface is limited'.

In the zircon immersed in 0.1 M NaOH (aq), an immediate
decrease in pH and the evaluated dissolution rate of Si and Zr
indicate that the dissolution of ZrSiO, in NaOH (aq) is the fastest in
the studied range, and most Zr precipitates on the surface.
Moreover, this precipitation of Zr restricts the additional dissolu-
tion of the zircon. The dissolution of ZrSiO, makes a porous layer
to a depth of several micrometers from the surface, and most
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dissolved Zr precipitates as zircon needle crystals. At this time, the
small peak of NaOH (s) in X-ray diffraction patter of the zircon
immersed in 0.1 M NaOH (aq) indicates that the part of needle-like
material confirmed in Fig. 7 is NaOH (s) which was generated by
drying of NaOH (aq). The part of Si also precipitates in this porous
layer as an amorphous oxide, SiO,. This result suggests that these
phenomena are one of the reasons for the durability of the zircon.
Similar phenomena were also confirmed with the reaction
between the zircon with high-temperature solutions'®. This study
shows that similar phenomena can occur under atmospheric
environments.

Many zircon crystals, including several molar percentages of U,
were founded in the lava-like fuel-containing materials (LFCM) of
ChNPP%”, However, the obvious degradation of the zircon was not
confirmed because the water from rainfall accumulates in the
bottom region of the sarcophagus of ChNPP, and the zircon
containing LFCM samples were picked up from the upper region.
Some LFCM were immersed in the accumulated water, and there
is a possibility that the zircon was dissolved in the accumulated
water with the other part of LFCM. The accumulated water was
contaminated by the dissolution of radioisotope such as Cs, Sr, Pu,
and Am?°. The pH of the accumulated water in the sarcophagus is
approximately 9, and carbonate ions and other anions were
detected®®. Therefore, when zircon is immersed in accumulated
water, the zircon dissolves from the surface, and a porous layer
comprising Si amorphous oxides and ZrSiO, needle crystal is
formed. The depth of the reacted layer of the zircon depends on
the pH of the accumulated water and the duration of the
immersion in the sarcophagus. The effect of carbonate ions and
another anion on the degradation should be considered in case of
actual environment. The dissolution of UO, is accelerated by
carbonate ions?'. Therefore, zircon containing U can also be
accelerated. This modification of the outer region of the zircon
eliminates the part of the accident record. The comparison
between the zircon immersed in the accumulated water and
the zircon without or less reaction with the accumulated water in
the sarcophagus of ChNPP provides detailed understanding of the
reaction behavior of zircon with water under an ordinary
atmosphere. Moreover, the effect of U contained in the zircon
and radiolysis generated by the radiation of the water can be
evaluated.

It was predicted that zircon was included in the molten core
concrete interaction (MCCI) caused in the PCVs during the 1F
accident®. The pure cooling water filtered contaminated water
using reverse osmosis membrane and other filtering systems has

npj Materials Degradation (2022) 13
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Fig. 12 TEM images and SAED pattern of the rod crystal. a Bright-
field TEM image of the rod crystal, b HRTEM image, and ¢ SAED
pattern. The scale bar on the left image is 200 nm, the upper right is
5nm and the bottom right, 10 nm~".

been injected in the reactors, and the fuel debris accumulated in
the PCV is immersed in the water?2. It was confirmed that the
radionuclides are eluted in the water from the fuel debris?®. The
pH of the water accumulated in the PCVs is 6.6-7.4%. Therefore,

npj Materials Degradation (2022) 13

The elemental mapping by EDS near the surface of the zircon. The scale bar is 2.5 pm.

the reaction behavior of zircon in the MCCI product with the
accumulated water is similar to that of the zircon with ultrapure
water evaluated herein. The reaction of zircon with ultrapure
water is limited.

Moreover, the zircon was covered by other phases, such as
amorphous/crystalline SiO, phases generated by melting and
cooling of reacted concrete with molten core materials. Therefore,
only a limited part of the zircon contacts with the water under 1F
conditions. Above all, it is concluded that the effect of the
degradation of zircon in the fuel debris of 1F to the estimation of
1F accident progression is limited. Moreover, analyzing the
degradation behavior of zircon and other phases in the fuel
debris and evaluating the differences of the degradation behavior
between laboratory conditions and the internal reactor conditions
is useful to evaluate the degradation behavior of zircon under
atmospheric environment, even for fuel debris during storage or
geological disposal.

METHODS

Zircon specimen and immersing condition

The piece of the (101) plane of the zircon mineral from Malawi was crushed
to less than 70 um using a tungsten motar, and it was immersed in three
different solutions; 0.1 M HCl (aq), ultrapure water, and 0.1 M NaOH (aq).
The immersing conditions were the following. The weight of the zircon
powder in each solution was 0.5 g (specific surface area: 2.574 m?g~'). The
solution volume was 7 ml. The vessel made of teflon was used. The
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Fig. 13 TEM images and SAED pattern of amorphous region. a Bright-field TEM image, b SAED pattern, obtained from amorphous region of

the zircon immersed in 0.1 M NaOH (aq). The scale bar on the left image is 50 nm, the right is 10 nm~".

temperature was kept at 30°C in thermostatic oven. The maximum
immersing duration was 67 days (1608 h). The samples of the solutions for
analysis were picked up from the different solutions adjusted under the
same conditions. The concentrations of Si and Zr were measured using
inductively coupled plasma mass spectrometry. Dissolution rate, rate, was
calculated as below.

kx Vel
Rate = ————, (1)
SSAX Myircon X ns; zr

where rate represents molar flux (mol m~2 s~"); k denotes the slope of time
versus concentration of Si or Zr (mol I=' s7"): the concentrations of Si or Zr
at 21.5 and 46.5 h after immersing the solutions were used to evaluate
initial dissolution behavior; V representss solution volume (l); SSA denotes
the specific surface area of zircon; myicon represents the mass of zircon (g);
and ns; z, denotes the stochiometric number of Si and Zr, i.e, 1.0 and 1.0,
respectively.

Bulk analysis

The crystal structures of the zircon powder before and after immersing in
solutions were identified using powder X-ray diffraction (D2 PHASER,
Bruker). Synchrotron X-ray microtomography was carried out at JAEA
beamline BL22XU in SPring-8. The X-rays are monochromatized by a Si
(111) double-crystal monochromator. In order to emphasize Zr, X-ray
microtomography measurements were made with two energies, 17.9 and
18.1 keV, which are the energies before and after the X-ray K absorption
edge of Zr. Transmission and direct X-ray images were recorded with a
visible-light conversion type X-ray camera which consisted of a powder Csl
scintillator, relay lenses and a complementary metal oxide semiconductor
(CMOS) camera. The CMOS camera used in the experiments is an ORCA-
Flash4.0 (Hamamatsu Photonics K.K.), which has 2048 x 2048 pixels and a
field of view (FOV) of 0.666 mm X 0.666 mm. The number of projection
images in a half rotation of the samples was fixed to 600. The image
reconstruction was performed by the software developed by SPring-82°.

Surface analysis

The surface conditions of the zircon specimens were evaluated from the
backscattering images of the zircon surface measured using field emission
SEM (JSM-7900F, JEOL).

The local structure and chemical composition near surface of the zircon
particle were characterized using FIB micro-sampling technique (Helios
FIB-SEM, Thermo Fisher Scientific) and advanced analytical TEM/STEM
(spherical aberration corrected ARM 200F, JEOL)*® with silicon drift X-ray
detector in nanometer scale.

The crystal structure of the typical regions on the needle was identified
by selected area electron diffraction (SAED) and high-resolution transmis-
sion electron microscopy (HRTEM) in an atomic scale?’.
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