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Abstract

The dissolution behavior of the (101) plane of zircon mineral in ultrapure water, 1 M HCI (aq),
and 1 M NaOH (aq), under room temperature and nearly atmospheric pressure was evaluated by
in situ measurement of the change in the surface height. A high-resolution phase-shift
interferometry microscope (HR-PSI) was employed to evaluate the velocity of the change in the
surface height of zircon in different solutions, and the application of this method in evaluating the
dissolution behavior of nuclear materials was examined. In all cases, the measured surface height
decreased linearly with small variations. Although the measured change in height of zircon in 1
M NaOH (aq) was the smallest under these conditions, the concentration of dissolved Zr in NaOH
(aq) was two orders of magnitude higher than that in ultrapure water. This indicates that a high
amount of dissolved Zr in 1 M NaOH (aq) was immediately precipitated on the zircon surface as
a secondary phase, and the surface shape was almost retained. On the other hand, the precipitation
on the reference of the surface height was confirmed while measuring the zircon in 1 M HCl (aq).
This shows that the precipitation in 1 M HCI (aq) occurred far from the dissolution points, and
the surface shape changed. As a result, the velocity of surface change and the precipitation
behavior of zircon, which is one of the extremely durable minerals, was successfully evaluated
using HR-PSI. This relatively quick method would be useful for evaluating the detailed surface
change behaviors of nuclear materials, such as fuel debris, ceramic waste forms, and UO,, during
the reaction with various solutions, since it minimises radiation exposure times and also the

amount of radioactive waste generation during measurement.
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1. Introduction

Mineral-water interactions, such as dissolution of minerals and precipitation of the dissolved
elements, play a significant role in geological element cycles [1]. The buried or Earth-based
artificial materials are gradually dissolved in water, and the dissolved elements migrate to the
geological environment with other elements. In nuclear waste disposal, radionuclides are released
when the vitrified radioactive waste or spent nuclear fuels are dissolved in geological depositories.
In the case of post-severe accidents, such as the three-mile Island unit 2 (TMI-2), Chernobyl
nuclear power plant unit 4 (ChNPP), and Fukushima Daiichi nuclear power plants (1F), fuel
debris, which are fuel-containing materials produced as a result of the melting of the reactor core,
were generated, and parts of them were dissolved in the surrounding water [2-4]. Radionuclides
are hazardous to humans; therefore, their dissolution should be investigated for risk evaluation of
radiation, nuclear fuel material control, and so on. Several dissolution experiments using actual-
or simulant-vitrified radioactive waste, nuclear fuels, or fuel debris have been conducted to
examine their dissolution in water [5-14]. In these studies, the dissolution behavior were evaluated
mainly by measuring the change in the elemental concentration of the solutions with time. The
vitrified radioactive waste and UQO; in spent nuclear fuels are homogeneous on a macroscopic
scale, and the dissolution from their surface is almost homogeneous. Therefore, the estimated
dissolution behavior, such as the dissolution rate of the elements from the measurement results,
are considered reasonable. On the other hand, fuel debris has multiple phases, and the
microstructure is heterogeneous [15, 16]. Therefore, the dissolution behavior of fuel debris must
always be different. Thus, it is difficult to evaluate the dissolution of fuel debris by measuring the
elemental concentration of the solutions.

Recently, high vertical resolution microscopes, including atomic force microscope (AFM), and
white light interferometers, such as vertical scanning interferometer (VSI) and phase-shift
interferometer (PSI), have been used to evaluate the interaction of mineral water interface [1].
Near-neutral water properties are appropriate for AFM measurements to avoid damage to the
device as AFM is a contact observation method. On the other hand, PSI is a noncontact
observation method and can be used for in-site measurements, regardless of the properties of the
solution, such as pressure, temperature, acidity, and basicity [17]. To evaluate the dissolution
behavior of fuel debris, dipping in various solutions, such as seawater, alkaline, boric, and acids
solution, should be considered [3, 4]. Therefore, it seems that PSI is appropriate for evaluating
the dissolution behavior of fuel debris in various solutions.

In the case of the TMI-2 accident, (U,Zr)O; and other phases were produced by in-vessel high-
temperature reactions of the core materials, such as UO,, zircalloy, and stainless steel [15]. On
the other hand, in the case of the ChNPP accident, molten fuel-containing materials reacted with

concrete or concrete-like materials [16]. Various fuel debris with amorphous SiO, matrix was



produced, and various phases, such as (Zr,U)SiO4, UO,, and (U,Zr)O,, were precipitated in the
matrix, and various elements, such as Al, Mg, Ca, Zr, and U, were dissolved in the matrix [16,
18-25]. In the case of the 1F accident, a part of the molten reactor core reacted with concrete [26].
Therefore, the formation of similar chemical phases as those of the fuel debris in ChNPP was
predicted [27]. Zircon is one of the most chemically stable phases in fuel debris owing to its
extreme durability [28]. Therefore, the change in surface height due to the reaction with solutions
would be smaller than that of other phases. If the change in the surface height of zircon can be
measured by PSI, that of other phases in the fuel debris can also be measured by the same
technique.

Zircon is an important mineral for estimating ancient geological environments owing to its
chemical stability [29]. It is also a good candidate for the host phase to immobilize weapon-grade
Pu [19, 30-35]. Thus, its dissolution under high temperature and/or high pressure simulating the
geological environments has been evaluated [36-39], but the dissolution under room temperature
and atmospheric pressure is rarely evaluated owing to the chemical durability [36].

Here, we evaluated the dissolution of zircon (ZrSiOs) in strong acid, 1 N HCI (aq), base, I N
NaOH (aq), and ultrapure water under room temperature and near-atmospheric pressure using
high-resolution PSI (HR-PSI) and discuss the applicability of the method in evaluating the

dissolution behaviors of nuclear materials, such as fuel debris, ceramic waste forms and UQO,.

2. Methods
2.1. High-resolution phase shift interferometry

HR-PSI, developed by H. Satoh et al. [17], was employed in this study. Its detailed structure and
performance can be found in [17, 40, 41]. It achieves in situ measurement of the
growth/dissolution rate of various materials in liquid down to the order of 10 nm/s [17].

Here, the specimen for in situ measurements was fixed by gold wire on the holder made of
polyether ether ketone in the in situ observation cell, Syn-corporation PC20-200. The solutions
to flow in the cell were ultrapure water, 1 M HCI (aq), and 1 M NaOH (aq). The refractive index
of each solution at 25 °C (n2s) was measured using an abbe refractometer, and the results are listed
in Table 1. The solution was pumped by a high-performance liquid chromatography plunger pump
at 0.5 MPa, from 11.6 to 42.8 pL/min, and was heated in the cell at 25 = 0.1 °C. It then flowed

into the in situ observation cell. The drainage was injected in a sealed centrifuge tube, and the
concentrations of Zr and Si in the solutions dissolved from zircon were measured by inductively
coupled plasma mass spectrometry (ICP-MS).

The initial surface of the zircon (101) plane was observed by HR-PSI, and the interference image
of the zircon surface captured every 30 s are shown in Figure S1 and S2 in the Supplementary

materials, respectively.



2.2. Materials

Zircon from Sri Lanka [42] (Figure 1) was used in the experiment. The property of the zircon is
shown in Table 2. The piece of zircon with the (101) plane was set on the in situ observation cell,
as shown in Figure 2.

The change in height on the (101) plane of the zircon during the reaction with the solution was
measured using HR-PSI. The reference point of the height is needed to measure the changes in
height. Gold (111) small crystals, which are insoluble, were used as the reference. They were
dispersed in the ultrapure water containing the zircon specimen, and an adhered crystal on the
(101) plane of zircon was used as the reference point.

The surface area, SA (m?) of the zircon specimen that contacts with the solution, except for the

bottom, was estimated from the SA in Figure 2, and it was 5.114 X 10 m?,

2.3.  Height change velocity

The velocity of change in height, Vieign: (nm/s), with the surface height change measured by HR-
PSI was evaluated as the slope of the linear approximation by least squares method of the
measured height change. The (101) surface height of zircon was measured every 30 s as

mentioned above.

2.4. Dissolution rate
The dissolution rate, Rate (mol/m?/s), with the measured Zr and Si concentrations in the solution,

C7z o si (mol/L), was calculated using Equation (1), as shown below.

FX(CZT orSiout_CZrorSiin)
Rate = . = 1
SAXNzy or si ( )
where subscripts “in” and “out” indicate the inlet and outlet of the solution to the in situ
observation cell, respectively. F is the flow rate (L/s), nz o si is the stoichiometric coefficient of

the zircon dissolution reaction. In this case, nz and ng; are 1.

3. Results
3.1.  Velocities of height change measured by HR-PSI

The initial height profiles of the zircon surface at two lines, L100 and L350, are shown in Figure
3. The region of L100 is continuously inclined and that of L350 crosses the growth hill. The signs
of the circles on the lines indicate the measurement points for the height changes while flowing
ultrapure water. The position of the two lines on the phase image of the zircon surface observed
by HR-PSI is shown in Figure S1 of the Supplementary materials. The height in the phase image

is represented by 255 tones from black to white in each 532/2n,s nm. The nys of each solution is



shown in Table 1. The sign of Au in the phase image is the height reference used in the height
measurement.

The time-line images of L100 and L350 while flowing ultrapure water were obtained by HR-
PSI and are shown in Figure S2. The height changes for each point on the lines extracted from
the timeline images are shown in Figure S3 and S4. The Vi.ion 0of each point was calculated from
the slope of the linear approximation by least squares method of the height changes and is shown
in Figure 4. The height of all points gradually decreased from the initial points. This means that
the dissolution is the dominant reaction compared to precipitation. The height at higher positions
decreased more than that at lower positions. This could be for two reasons: the effect of the water
flow conditions, such as speed, meandering, and vortex; the variation in the ease of dissolution
due to the slope of the surface. The effect of the water flow is minimal because the differences in
the height on the lines are small. The step of the crystal surface decreases in the horizontal
direction during the dissolution [43]. Therefore, a sharp slope has dense steps and the apparent
velocity of the decrease in height on the sharp slope during dissolution is large. The correlation
between the slope of the vicinal surface and the Vieign is shown in Figure 5. The degree of slope
of each point is expressed as follows:

tanf = %,
where d is the height of steps and 4 is the interstep distance. The Vieign: change with a steeper slope
is larger than that of the gradual-slope region. This tendency is opposite to that in the dissolution
of calcite [41, 44] and anorthite [17]. It implies that precipitation occurred at each step and
apparent velocity decreased. This is discussed in detail in a later section.

The average dissolution rates in L100 and L350 are —1.55 x 10™* and —1.39 x 10™* nm/s,
respectively (Figure 6). These values are reasonable as they are within the performance of the
resolution of the height measurement by HR-PSI (order of 10° nm/s).

Vieigne While flowing HCI (aq) and NaOH (aq) was also measured with the same procedure. The
phase images before the measurements, the timeline images, and the measured Vieion are shown
in Figure S5-S15. The measured Vieigne While flowing HCI (aq) and NaOH (aq) is shown in Figure
6. In the case of HCI (aq), the deviations of the values are larger than those of other cases. It seems
that the deviation stems from the precipitation on the reference surface. Figure S7 shows the
fluctuation of the surface while flowing HCI (aq). The Vieign: while flowing NaOH (aq) was the
lowest. This does not imply poor dissolution of zircon in NaOH (aq), rather it implies that the
dissolution and precipitation reactions are comparable, as discussed in detail in a later section.
The deviation of the measurements between different lines under the same condition was small.
It shows that the reactions of the zircon with the solutions are homogeneous, and the resolutions
of the height measurements by HR-PSI can be applied to measure Vieign of chemically durable

minerals, including zircon.



3.2.  Dissolution of Si and Zr measured by ICP-MS

The measured changes in the concentrations of Zr and Si in each solution are shown in Figures
7 and 8§, respectively. The concentration of Zr while flowing ultrapure water or HCI (aq) in figure
7, and that of Si while flowing ultrapure water in figure 8 were close to the detection limit. The
concentrations of the dissolved elements were almost constant while flowing the same solutions.
This is similar to the changes in surface height measured by HR-PSI. The dissolution rates were
calculated from each measured concentration, as shown in Figure 9. In all cases, the dissolution
rates of Si were more than one order of magnitude larger than that of Zr. It means that the
dissolution of zircon is incongruent under wide pH range in HCI (aq) and NaOH (aq) conditions.
We infer that most dissolved Zr and Si from the zircon surface immediately precipitated on the
dissolved surface. The dissolution rate of Si while flowing NaOH (aq) was much higher than that
while flowing ultrapure water but close to that while flowing HCI (aq). This is different from the

results of the surface Vieign. The reason for this variation is discussed later.

3.3.  The surface observation by atomic force microscopy

The (101) surface of zircon after the measurement by PSI was observed by AFM (Veeco
Demension 3100 AFM), as shown in Figure 10. It reveals several protruding objects, suggesting
that NaOH that was precipitated on the surface of the specimen because of the drying of NaOH
(aq). Etch pits are also observed as indents on the surface, and small sediments are shown in the
etch pit. The shape of the sediments is classified into two: sheet-like materials (ppt-A) and
particle-like materials (ppt-B). The detailed characteristics, including elemental composition and
chemical phase, are unknown. Nevertheless, it is evidence that precipitation reaction occurred

immediately after the dissolution of zircon.

4. Discussion
4.1.  Zircon dissolution behavior

The dissolution behavior of Zr and Si in each solution are to be expected as below. The
dissolution rate of Si was more than one order of magnitude higher than that of Zr under the
considered experimental conditions, as shown in Figure 9. The variations in the height change of
the zircon surface in ultrapure water and NaOH (aq) were small compared to those of zircon in
HCI (aq). This is because zircon in ultrapure water and NaOH (aq) forms etch pits on the crystal
surface, and most Zr immediately precipitates in the etch pits or near the surface. On the other
hand, precipitation on the reference Au nanocrystal was confirmed during the in situ measurement
of the zircon surface in HCI (aq). We infer that the Zr dissolved in HCl (aq) precipitated far from
the etch pits. Although a portion of Si should also be precipitated with Zr, the characteristics of

the precipitation are unknown.



The surface modification of the zircon is explained as below. The changes in surface height and
the concentration of dissolved Zr and Si in ultrapure water and NaOH (aq) were almost constant
in the duration of the experiments (several days). This is because that the dissolution of zircon
measured was the initial stage of zircon dissolution. The dissolution of zircon, which means
ZrSi0y4 crystal units departing from the steps of the crystal surface [43], occurs in the unreacted
surface, then other dissolution starts from the other unreacted area, and that is how the reacted
area on the zircon surface gradually spreads. Figure 10 shows that there were many unreacted
areas.

While flowing ultrapure water, the surface Vieigre was slower than that of other conditions.
Generally, the dissolution of crystals proceeds by retreating the steps in a horizontal direction
[43]. Therefore, a decrease in height in the region with dense steps is higher than that in the
nondense regions, such as calcite [41, 44] and anorthite [17]. On the other hand, Vieigis of zircon
decreases with an increase in the slope of the surface. This is similar to the dissolution
accompanied by precipitation, such as olivine [45]. The precipitate accumulates between the steps,
and the apparent Vg decreases. Therefore, it is difficult to convert the measured Vieigne to the
retreat velocity of the step, which is the physically accurate crystal dissolution velocity.

While flowing HCI (aq), the vibrations of the height change were larger than those of other
conditions because of the frequent precipitation on the surface of the reference. Moreover, the
concentrations of Zr and Si in HCI (aq) were also higher than that in other conditions. Therefore,
the rates of dissolution and precipitation are higher than those in other conditions.

While flowing NaOH (aq), although V.o Was the slowest, the dissolved Si in the solution was
equivalent to that in HCI (aq), and the dissolved Zr was equivalent to that in ultrapure water. This
shows that most dissolved Zr immediately precipitated on the dissolved surface.

From these results, we infer that the surface structure of zircon after dipping in different solutions
shows various surface modifications because of the dissolution and precipitation behaviors,
depending on the properties of the solutions. Therefore, an evaluation of the detailed surface
modification of zircon would be useful to better understand the dissolution and precipitation

behaviors of zircon.

4.2, Applications to evaluate dissolution behaviors of nuclear materials

Severe accidents of nuclear reactors cause high-temperature reactions of nuclear fuels, e.g. UO»
and PuQ,, with the structural materials, such as SUS, Zr, and concrete under various atmospheric
conditions with moisture [46, 47].. The reaction products of these components are multiphase and
heterogeneous materials [16, 48, 49] called fuel debris. The main phases of fuel debris generated
in TMI-2 are UO», (U,Zr)O,, and U-Zr—0O [48, 49]. (Zr,U)SiO4 was also confirmed in the fuel
debris of ChNPP [16]. (Zr,U)SiO; is similar to zircon, but it contains a higher concentration of

uranium than natural zircon. Zircon is one of the most chemically stable minerals and one of the



minerals with the lowest dissolution rate [28]. Therefore, if Vieign of zircon can be measured, that
of the other phases can also be measured. In this study, Vieign: of the zircon was successfully
measured. Since PSI can only be used for observation, there is a need to identify the phase
distribution and secondary phases formed by the reactions in different solutions, to understand
the dissolution behavior. The phase distribution and secondary phases in fuel debris can be
identified before and after in situ measurements of Vieigri. The spatial resolution of HR-PSI is
several micrometers. Therefore, it is necessary to identify the position of small phases, less than
several micrometers. Moreover, measuring the dissolved elements in the solutions is necessary to
evaluate the precipitation behavior.

The remarkable advantages of employing in situ measurements of the surface Vjeign: by HR-PSI
in evaluating the dissolution of fuel debris include the decrease in radiation exposure time and
radioactive wastewater during measurement because of the short measurement time and use of a
small amount of solution. The same solutions in which fuel debris is actually dipped into are used
to evaluate the accurate dissolution behavior of fuel debris in the actual environment.

Using this in situ measurement to evaluate the dissolution behavior of ceramic waste forms for
actinide immobilization and UO; dissolution for direct disposal is also useful. The knowledge of
the kinetic surface change behavior of UO; in solutions is limited. Therefore, employing the
method to evaluate the kinetics of UO, dissolution gives a deep knowledge to understand the
surface modification of UO; in various solutions. When UO; is dipped in the solutions, the
dissolved U(VI)O,?" precipitates on the surface as secondary phases, such as Shoepite, UO3;-nH,O,
and Dehydrated Schoepite, UO;-(0.8—1.0 H,O) [50]. Therefore, we infer that the trend of Vieigi
is similar to that of zircon. In addition, in situ measurements of the change in the height of spent
nuclear fuel in nitric acid to evaluate the dissolution behavior for aqueous reprocessing, such as
the PUREX process, can be employed to optimize the dissolution process and understand the

dissolution behavior of spent nuclear fuels in detail.

5. Conclusion

The Vieign: of the (101) plane of zircon, which is one of the most chemically stable minerals, in
ultrapure water, 1 M HCI (aq), and 1 M NaOH (aq) was successfully obtained by in situ
measurements of the surface height changes using HR-PSI. Moreover, the knowledge of the
dissolution and precipitation behaviors of the zircon was obtained from detailed in situ
measurements of the surface height changes by HR-PSI, and the measurement of Zr and Si
concentrations in each solution by ICP-MS. In the case of evaluating the dissolution behavior
along with precipitation, phase identification and concentration measurement of the elements in
the solutions are needed. This method is useful for evaluating the kinetic surface modification in

detail during the dissolution of nuclear materials, such as fuel debris and UOs. It is also useful



when considering the decrease in radiation exposure time and amount of radioactive waste during
the measurement.
4
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Table 1. Refractive index of each solution at 25°C

Solution Refractive index, nys
Ultra-pure water 1.332501
1 M HCI 1.341094
1 M NaOH aq 1.342259
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Table 2. Properties of zircon

Mineral Zircon
Locality Ratnapura, Sri Lanka
Formula ZrSi04
Formula weight 183.3071 g/mol
Density 4.85 g/em’
Crystal system Tetragonal
and d-space a=6.604,b=5.979, dioy =4.432 A
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Figure 1. Zircon from Sri Lanka used in this experiment (a: (100) plane; b: (101) plane)
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Figure 2. Zircon specimen fixed on the in situ observation cell
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Figure 3. Height profile of L100 and L350 on the (101) plane of zircon during the flow of
ultrapure water measured by HR-PSI
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ultrapure water (Error bars show the standard error)
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Figure 10. Surface of zircon after the HR-PSI measurements observed by AFM
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of the square in a; d: Derivative image of (c)
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