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In boiling and drying accidents involving high-level liquid waste in fuel reprocessing plants,
emphasis is placed on the behavior of ruthenium (Ru). Ru would form volatile species, such as ruthenium
tetroxide (RuOs), and could be released to the environment with coexisting gases, including nitric acid,
water, or nitrogen oxides. In this study, to contribute toward safety evaluations of these types of accidents,
the migration behavior of gaseous Ru into the liquid phase has been experimentally measured by
simulating the condensate during an accident. The gas absorption of RuO4 was enhanced by increasing
the nitrous acid (HNO) concentration in the liquid phase, indicating the occurrence of chemical
absorption. In control experiments without HNO,, the lower the temperature, the greater was the Ru
recovery ratio in the liquid phase. Conversely, in experiments with HNO», the higher the temperature, the
higher the recovery ratio, suggesting that the reaction involved in chemical absorption was activated at

higher temperatures.

Keywords: Nuclear Fuel Cycle Facility, Boiling and Drying, Ruthenium, Ruthenium Tetroxide, Severe

Accident
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1. Introduction

A severe accident possible in nuclear waste reprocessing plants is evaporation to dryness due
to the loss of cooling functions (EDLCF) . High-level liquid waste contains fission products that are
removed during reprocessing and must be cooled constantly because they generate decay heat. In
EDLCEF accidents, it has been reported that ruthenium (Ru) is released into the gas phase at a higher
rate than other elements because it forms volatile compounds, such as ruthenium tetroxide (RuO4) .
Hence, it is essential to know the migration of gaseous Ru for safety studies on EDLCF and for
consideration of mitigation measures.

In EDLCF, gaseous Ru is released with coexisting gases, such as water (H2O) vapor, nitric
acid (HNOs) vapor, and nitrogen oxides (NOx) *¥. In these coexisting gases, H,O and HNO; are
condensable gases. It is assumed that condensates of the condensable gases are generated and the
gaseous Ru migrates to the liquid phase when the temperature of the migration pathway is lower than
the dew point. Because gaseous RuO4 (RuO4(g)) decomposes more slowly in the gas phase containing
HNOj3 or NOy than in dry air >®, migration to the liquid phase is an important phenomenon in predicting
the RuOu(g) leak path factor (LPF) in a migration pathway 7.

Sasahira et al. reported that vapor—liquid equilibrium was established when RuO4(g) migrated
to the liquid phase in an aqueous HNOj3 solution ¥. Conversely, some reports suggested that chemical
absorption may occur when nitrous acid (HNO,, a component formed when NOy is dissolved in H>O)
is present in the liquid phase. Cains et al. discussed the reaction of RuO4 with HNO: in gas absorption
into the liquid phase ?. The report of Igarashi et al. showed that absorption rates differ when gas
absorption was performed with nitric oxide (NO) or nitrogen dioxide (NO») as coexisting gases '?.

However, there have been few systematic evaluation reports of the effect of HNO; on the migration of
RuO4(g) into the liquid phase 112,

The purpose of this study is to provide information on the effect of HNO, on the migration
behavior of RuO4(g) to the liquid phase. The following three points were evaluated experimentally.
® An experimental apparatus capable of supplying RuOu4(g) at a constant supply rate was prepared,

and experiments were conducted to evaluate the absorption ratio of Ru by supplying RuOs(g) to
temperature-controlled gas sample absorbents.
® The experiments were conducted with HNO, concentration and temperature as parameters, and
systematic data were obtained. As the control, experiments using H>O as an absorbent were also
conducted.
® The ultraviolet/visible (UV/Vis) absorption spectra of the absorbents were obtained, and the
reactions involved in chemical absorption were discussed.
The results of this study provide experimental data on the migration of gaseous Ru to condensate, which
is important information on the behavior of gaseous Ru in the EDLCEF. These data will contribute to the

appropriate evaluation of accident consequences and countermeasures of the EDLCF.
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2. Materials and methods

2.1 Apparatus

A schematic diagram of the experimental apparatus is shown in Figure 1. This apparatus
consists of a gaseous RuO4 generator, an optical system, and a Ru recovery system. The gaseous RuO4
generator and the optical system were described in previous work ®. The optical system was used to
evaluate the RuOa4(g) supply rate. The vacuum pump and mass flow controller B (MFC-B) were used to
regulate the gas flow rate in the apparatus. The air intake was kept open at all times, and the internal
pressure of the apparatus was always maintained at atmospheric pressure. The RuOs4(g) supply rate was
controlled by adjusting mass flow controller A (MFC-A). By preventing the flow rate of MFC-A from
exceeding that of MFC-B, any shortage of airflow was naturally supplied from the air intake, and as a
result, a constant flow rate was maintained in the apparatus.

The Ru recovery system consisted of two gas washing bottles connected in series. The first gas
washing bottle had the sample absorbent, and the second bottle had 1 mol/L sodium hydroxide solution
(NaOH(aq)). The Ru not collected by the first gas washing bottle is completely recovered by the second

absorbent.

Mass flow controller A

Ru recovery system A" @Flowmeter

intake Valve A (MFC-A)
Mass flow controller B —
(MFC-B)
VeI € Solid RuO,
] ' %o
Vacuum pump Silica gel o Chiller
So A Exhaust
> % absorbent A Gaseous RuO, generator
Exhaust P
A absorbent B Heating line j
o e | |
Valve B
[ Quartz cell |
%o
°§,’° UV/Vis
slc_)lgrhcte spectrophotometer
1 mol/L Sample A
NaOHaq. Absorbent 0ptlca| SyStem

Figure 1 Schematic diagram of the experimental apparatus
The apparatus measures the absorption rate of gaseous RuQs into the various gas absorbents. The

supply ratio of RuO4 was measured by the optical system.
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2.2 Experimental conditions

The temperature and composition of the sample absorbents are summarized in Table 1. In this
study, experiments were conducted with the parameters of temperature and HNO; concentration.
Condensate containing a high concentration of HNO3 (>2 mol/L) can be generated during EDLCF.
However, a high concentration of HNO3 was not used in this study because HNOj3 is decomposed to form
HNO,. A concentration of twice the highest HNO> concentration in the experimental condition was
adopted as the concentration of HNOs. The experiments with water (Run 4-1, Run 30-1, and Run 50-1)
were control experiments for measuring the effect of HNOjs. Sodium nitrite (NaNO,) was used as the
HNO; source. Other experimental conditions are summarized in the supporting information (Appendix
Table A, B, and Fig. A). Because the rate of RuO4(g) generation decreases with time, the value of MFC-A

was gradually increased as needed to keep the supply rate as constant as possible.

Table 1 Composition of sample absorbents and temperature of the experiments

Experiment I.D. | Temperature (°C) | HNO3; (mmol/L) | NaNO; (mmol/L)
Run 4-1 4 0 0
Run 4-2 4 100 0
Run 4-3 4 100 1
Run 4-4 4 100 5
Run 4-5 4 100 10
Run 4-6 4 100 17.5
Run 4-7 4 100 25
Run 4-8 4 100 37.5
Run 4-9 4 100 50

Run 30-1 30 0 0
Run 30-2 30 100 0
Run 30-3 30 100 0.5
Run 30-4 30 100 1
Run 30-5 30 100 2.5
Run 30-6 30 100 5
Run 30-7 30 100 7.5
Run 30-8 30 100 10
Run 50-1 50 0 0
Run 50-2 50 100 0
Run 50-3 50 100 0.5
Run 50-4 50 100 1
Run 50-5 50 100 1.5
Run 50-6 50 100 2.5
Run 50-7 50 100 5
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2.3 Definition of Ru absorption ratio
An index indicating the Ru absorption activity of the absorbents, the Ru absorption ratio, was

defined as Eq.(1) and used to compare each experimental result.
Ru absorption ratio (%) = Ruaps/(Ruaps + Runaon(ag)) X 100 (1)

where Ruqps 1s the amount of Ru collected in sample absorbent (mol), Runsomwg 1s the amount

of Ru collected in NaOH(aq) (mol).

2.4 Experimental procedure

A Solid RuO4 was incubated at —10 °C for 30 min in a chiller to reach a constant temperature.
To adjust the zero value of the spectrophotometer, 0.5 NL/min of air was supplied to the quartz cell from
the air intake using the vacuum pump. Simultaneously, valve A was adjusted to supply RuO4(g) to the
exhaust absorbent A for a few minutes while the RuO4(g) generation rate stabilized.

After that, valves A, B, and C were switched to allow the RuO4(g) to pass through the quartz
cell to the exhaust absorbent B. The flow rate of MFC-A was adjusted so that the supply rate of RuOa4(g)
was the same in each experiment. Subsequently, valves B and C were switched to supply RuOas(g) to the
sample absorbent and NaOH(aq).

After RuO4(g) was supplied for 15 min, valves B and C were switched again to supply RuOu4(g)
to the exhaust absorbent B. The immobilization agent (20 mL of 3.0 mol/L NaOH solution) was added to
prevent re-volatilization of the RuO4(g) from the sample absorbent. If the black precipitate presumed to
be ruthenium dioxide (RuO;) was observed, potassium peroxodisulfate (K»S,0g) was added to the sample
absorbent as a solubilizing agent. After that, 15 mL of absorbent were sampled. Ru in each sample was

quantitatively analyzed using inductively coupled plasma mass spectrometry (Perkin-Elmer, DRC-e).

3. Results and discussion

3.1 Comparison of Ru absorption ratio for each sample absorbent

The Ru absorption ratios obtained in each experiment are compared in Figure 2. Other detailed
results have been summarized in Table 2. The Ru absorption ratio tended to increase at higher HNO;
concentrations.

At lower HNO; concentrations (0—1 mmol/L), the Ru absorption ratio was higher at lower
temperatures. A trend of these results is the same as that in the gas—liquid equilibrium experiments
conducted by Sasahira et al. ¥. Conversely, when the HNO, concentration was high (>1.5 mmol/L), the
Ru absorption rate was higher at higher temperatures. In the experiments at 30 °C and 50 °C, almost all
of the RuO4(g) was collected with 2.5 mmol/L HNO», whereas in the experiment at 4 °C, 3.2% of the
RuO4(g) passed through the sample absorbent even when 50 mmol/L of HNO, was used as the sample

absorbent. Figure 3 shows the relationship between the Ru absorption ratio and the absorbent temperature
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at each HNO; concentration. At the experiments with low HNO; concentrations (0 mM, 0.5 mM, and 1.0
mM), the Ru absorption ratio decreased with increasing temperature. On the other hand, when the HNO;
concentration was high (2.5 mM and 5 mM), the Ru absorption ratio increased with increasing
temperature. We considered that, at low HNO, concentration, the Ru absorption ratio decreased as a result
of the decrease in gas solubility with increasing temperature. In contrast, at high HNO> concentrations,
the trend was reversed because the effect of chemical absorption was accelerated with increasing
temperature.

These results indicate that chemical absorption involving HNO; and RuO4 occurs. It is considered
that the higher temperature yields a higher Ru absorption ratio because of the activation of reactions
involved in the chemical absorption of RuO4(g) when HNO: is in the liquid phase.

It is important to note that even in the experiments using H,O as the sample absorbent, the
majority of Ru was absorbed (Run 4-1, Run 30-1, and Run 50-1). It is assumed that the migration of
RuOs4(g) into the condensate has a large effect on the LPF of Ru in an EDLCF.

80

~
o

o)
S
>

50 °C —&—

Ru absorption ratio (%)

0 1 2 3 4 5

0 10 20 30 40 50
HNO, concentration (mmol/L)

o)
o

Figure 2 Relationship between Ru absorption ratio and HNO: concentration
The value of Ru absorption ratio was calculated from Eq. 1. The inset graph is an enlarged plot of the

region of HNO; concentration 1-5 mmol/L.
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Figure 3 Relationship between Ru absorption ratio and temperature
The value of Ru absorption ratio was calculated from Eq. 1. The Ru absorption ratio decreased with
increasing temperature when HNO, concentration absorbent was low. Conversely, when HNO;

concentration was high, an increase in the Ru absorption ratio with increasing temperature was observed.
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3.2 Chemical form of Ru in the sample absorbents

The UV/Vis spectra of the sample absorbents were measured after RuOs(g) supply (Figure 4).
For H>O (Run 4-1), the spectrum of dissolved RuO4 was clearly observed, indicating that the supplied
RuOy retained its chemical form (Figure 4) '*. For HNOs(aq) (Run 4-2), the absorption of RuO4 and
HNO:s3 overlapped at approximately 300 nm; however, the absorption at approximately 390 nm is similar
to that of H>O. This result suggests that RuOs retains its chemical form in HNOj3(aq). Conversely, in the
sample absorbent containing 1 mmol/L HNO; (Run 4-3), the spectrum of RuO4 disappeared, indicating
that RuOj4 reacted with HNO; to change to different chemical forms, such as RuO, and ruthenium(III)
nitrosyl nitrate complexes (Ru(Ill), such as Ru(NO)(NO3)) (Eq. (2) and Eq. (3)). The black precipitate
presumed to be RuO; was indeed observed in some of the sample absorbents (Table 2). This result is

similar to the results in the report of Cains et al. *.

RuO4 + 2HNO; — RuO; + 2HNO;3 2)
RuO4 + 4HNO, — Ru(NO)(NOs3); + 2H,0 3)

In experiments with HNO-, the UV/Vis absorption spectra corresponding to the Ru(III) could
not be observed because of the measurement interference by HNO, (Appendix Fig. B). However, the
precipitate presumed to be RuO; was not observed in the sample absorbents with relatively high HNO»

concentration, indicating that the Ru(IIl) may preferentially form in these absorbents.

HNO3aq.(Blank) —
Ru in H,O (Run 4-1) —
Ru in HNO3aq. (Run 4-2) —
Ruin 1 mmol/L HNOy (Run 4-3) —

250 300 350 400 450 500
Wavelength [nm]

Figure 4 Effect of HNO; on chemical form of Ru in sample absorbents
Considering the UV absorption at 350 -400 nm, the RuOy4 retained its chemical form when H2O (red
line) or HNOs(aq) (blue line) was used as the absorbent. On the other hand, in the presence of HNO», the

absorption of RuOj4 disappeared (green line).
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4. Conclusion

In this study, RuOas(g) gas absorption experiments were conducted with temperature and HNO-

concentration as parameters. Chemical absorption effects of HNO, were as follows:

® The Ru absorption ratio rose with increasing HNO; concentration in the sample absorbents,
indicating the presence of chemical absorption involving HNO,.

® In the experiments with absorbent HNO,, the Ru absorption ratio rose with increasing
temperature. The reactions involved in the chemical absorption were considered to be
activated by temperature.

These results may contribute to the improvement of accident management measures and source

term analysis of the EDLCF by improving the accuracy of prediction of Ru migration behavior.
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Appendix

Supporting information

1 Experimental condition

Table A Parameters for experimental apparatus operation

Parameter Value

RuOjy chiller (°C) -10
MFC-A (NL/min) 0.2-0.4
MFC-B (NL/min) 0.5
Optical path length (cm) 25
Sample absorbent (mL) 300
1.0 mol/L NaOHagq. (mL) 300
Sampling time (min) 15

2 Standard curve of Ru supply

In order to measure the supply rate of the RuO4(g), a standard curve was prepared using the data of the
peak area in the time course of absorbance at 306 nm, which is the local maximum absorption wavelength
of the RuO4(g), and the actual amount of supplied Ru (Table A and Table B). The peak areas were

calculated by using "Measure Path" function of the Inkscape software.

Table B Standard curve between Ru supply rate and peak area of absorbance at 306 nm

Peak area

RuOy4(g) carrier Absorbent of Ru in Ru in Ru §upply Ru supply rate
gas (MFC-A) amount bsorb NaOHaq NaOHaq time (umol/min
(NL/min) (mL) absoIbance — ouhy - (umol) (min) wmol/min)

at 306 nm

0.02 300 12040.2 1159 3.44 10 0.34

0.05 300 24426.6 2247 6.67 10 0.67

0.1 300 62473.1 5678 16.86 10 1.69

0.15 300 97174.4 8896 26.42 10 2.64

0.2 300 134697.4 12214 36.27 10 3.63

0.25 300 174112.3 15920 47.28 10 4.73
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Fig. A Standard curve of Ru supply rate

3 UV/Vis absorption spectra of sample absorbents containing HNO;

50 mmol/L HNO, — Ruin 10 mmol/L HNO, —
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Fig. B UV/Vis absorption spectra of sample absorbents containing HNO»
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