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Abstract 
 
In the NKS-R ATR-2 activity (year 2015) by VTT Technical Research Cen-
tre of Finland Ltd and Chalmers University of Technology, Sweden the aim 
was to study the effect of the air radiolysis products N2O, NO2, HNO3 (see 
Part A) and CsI aerosol (see Part B) on the transport of gaseous and par-
ticulate ruthenium species through a model primary circuit. The outcomes 
of the air radiolysis products impact on Ru behaviour are summarized in 
this report (Part A). 
All the experiments were conducted with VTT´s Ru transport facility. The 
RuO2 precursor was heated inside a furnace up to 1300 K, 1500 K and 
1700 K under slightly humid air atmosphere and the formation of gaseous 
ruthenium oxides took place. The air radiolysis products N2O, NO2 and 
HNO3 were fed into the flow of ruthenium oxides. In the experiments nitro-
gen oxides as well as nitric acid originating from air radiolysis, which is an 
inevitable phenomenon during a severe nuclear accident, had a significant 
effect on the ruthenium chemistry in the model primary circuit. The fraction 
of transported gaseous ruthenium was increased when NO2 or HNO3 was 
injected into the air-flow with volatile ruthenium oxides. This effect was 
most prominent in case of NO2 precursor at temperature of 1300 K. The 
overall transport of ruthenium was strongly increased at 1500 K when N2O 
was injected into the gas phase, when compared to the pure humid air 
atmosphere. 
The obtained results indicate a strong effect of air radiolysis products on 
the quantity of transported ruthenium and its partition to gaseous and 
aerosol compounds. 
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1. Introduction
During nuclear accident the most important chemical elements are those forming
volatile compounds that can be released from the irradiated fuel into the environment.
Among others ruthenium is one of the critical radiotoxic elements in the case of an
accident due to its ability to form volatile oxides in oxidizing conditions. Ruthenium
oxides can be then readily released from the fuel. This can cause health risk for the
personnel of nuclear power plant, as well as for population in general in case of release
to the environment.

For proper evaluation of the possible source term during an accident, the quantity of
the released radioactive nuclides and their transport and further interactions with the
structural materials in the nuclear power plant are necessary to be known. The release
of fission products from irradiated nuclear fuel samples under different experimental
conditions was investigated within the PHÉBUS FP and VERCORS research programs [1-
3]. It was shown that depending on the conditions up to 17 of ruthenium content in
the burned fuel can be released under oxidizing conditions [1]. The release rate of
ruthenium was strongly dependent on the partial pressure of oxygen in the atmosphere
and on the temperature of the fuel [2, 3]. Based on thermodynamic equilibrium
calculations with the Factsage thermochemical software, ruthenium will be released
from the fuel mainly in form of gaseous RuO2 RuO3 and RuO4 depending on the
temperature as can be seen in Figure 1[4].

Figure 1. Ruthenium gaseous species at thermodynamic equilibrium in air atmosphere at
bar pressure [4].

Both gaseous RuO2 and RuO3 are unstable at lower temperatures, which makes their
partial pressures in the gaseous atmosphere very low under 1000 [5]. RuO2 condenses
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and RuO3 decomposes into the form of solid RuO2 according to the equations (1) and (2),
in which is the equilibrium constant [5]. Gaseous RuO4 is also unstable at
temperatures below 1000 towards the decomposition to solid RuO2 however its
decomposition kinetics is much slower than in case of the other two oxides [6]. This
makes RuO4 the only relevant ruthenium gaseous species at temperatures below 1000
K.

RuO2(g) RuO2(s) K=5E12 at 1000 (1)

2RuO3(g) 2RuO2(s)+O2(g) K=3.7E12 at 1000 (2)

The transport of ruthenium through reactor cooling system (RCS) has been examined
in few works before [7-9]. It was shown that the transport of ruthenium is affected by
humidity, temperature and air flowrate in the RCS. Results indicate that ruthenium will
be transported into the containment in two forms, aerosols consisting of anhydrous
RuO2 and gaseous RuO4

The interaction with other chemical elements released from the fuel may also affect the
chemical form and possibly the quantity of transported ruthenium [10]. However, only
few experiments on ruthenium transport have dealt with atmospheric composition
other that dry or humid air[11-13]. The use of pure air atmosphere to simulate air
ingress conditions can be oversimplified in case of an accident due to the occurrence of
aerosols (e.g. fission products, control rod materials) and various gaseous compounds
produced by radiolysis of air [1, 14].

The main air radiolysis products present in the containment in the case of severe
accident are O3 and nitrogen oxides, such as NO2 and N2O, which all have oxidizing
properties [15]. Reaction of NO2 with water leads also to the production of nitric acid
(HNO3). In case of air ingress these products may be able to oxidize the lower oxides of
ruthenium (RuO2 RuO3 to RuO4 in the reactor circuit and thus possibly increase the
release and transport of gaseous ruthenium from the fuel [15]J. The reactions leading to
the oxidation of lower ruthenium oxides into the form of volatile RuO4, calculated with
the HSC 5.11 chemistry software, are presented in equations (3-8) with the
corresponding equilibrium constants[16].

RuO3(g) +NO2(g) RuO4(g) +NO(g) K=16.8 at 1500 (3)

RuO3(g) +2N2O(g) RuO4(g) +2N2(g) K=9.5E5 at 1500 (4)

3RuO3(g) +2HNO3(g) 3RuO4(g) +2NO(g) +H2O(g) K=4.5E10 at 1500 (5)

RuO2(s) +2NO2(g) RuO4(g) +2NO(g) K=2.8 at 1500K (6)

RuO2(s) +2N2O(g) RuO4(g) +2N2(g) K=9.0E9 at 1500 (7)

1.5RuO2(g) +2HNO3(g) 1.5RuO4(g) +2NO(g) +H2O(g) K=4.5E7 at 1500 (8)
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For more precise and realistic modelling of the ruthenium chemistry in primary circuit
conditions, experiments regarding aerosols and air radiolysis products interaction with
Ru oxides in the gas phase are needed. Thus to provide better insight into the
chemistry of ruthenium during the transport through the RCS, the effect of nitrogen
compounds (NO2 N2O, HNO3 on the transport and speciation of ruthenium was
examined in this work.

2. Experimental

2.1. Experimental facility and procedure
The configuration of “VTT´s Ru transport facility” for the experiments can be seen in
Figure 2. The detailed description of the facility is given in the previous work [13]. The
main component of the facility was the horizontal, tubular flow furnace (Entech,
ETF20/18-II-L), which was used to heat the anhydrous RuO2 powder (99.95 %, Alfa
Aesar). The furnace was 110 cm long and it had two heating sections, each 40 cm long.
These zones were separated by 38 mm layer of insulation. At both ends of the furnace,
there was 131 mm of thermal insulation. The furnace tube was made of high purity
alumina (Al2O3 99.7 %) and its inner diameter was 22 mm. The alumina crucible (length
20 cm) with the RuO2 powder (mass. or depending on the temperature used in the
experiment) was placed in the beginning of the second heated zone of the furnace. As
new feature in these experiments, inside the furnace tube was inserted second
alumina tube (Al2O3 99.7 %, outer diameter mm with wall thickness of mm), which
outlet was located directly after the crucible. The RuO2 powder was heated to 1300 K,
1500 or 1700 in an oxidizing flow in order to produce gaseous ruthenium oxides.

Figure 2. Schematics of the experimental facility for ruthenium transport studies.
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The total flow rate through the facility was 5.0±0.1 l/min (NTP; NTP conditions °C,
101325 Pa, measured with Thermal Mass Flowmeter TSI 3063, TSI Incorp.). Half of the
total flow was directed through the inner furnace tube and the rest of the flow was
passing through the furnace tube. The pressure inside the facility ranged from 102 to
104 kPa. The air flow (2.5±0.1 l/min, NTP) directed to the furnace tube was fed through
an atomizer (TSI 3076). The air flow transported the water droplets (Milli-Q, ultrapure
water, resistivity of 18.2 ·cm at 25 °C) produced by atomizer via the heated line (120
°C) into the inlet of the furnace. Water evaporated when the droplets were heated and
thus it led to an increase in the steam concentration within the furnace. flow of N2O,
NO2 or HNO3 gases (2.5±0.1 l/min, NTP) was fed through the inner furnace tube. NO2

was diluted with N2 to obtain similar concentration of precursor as in case of N2O. As
HNO3 was fed with an additional atomizer (located then before the inlet of inner furnace
tube, not presented in Figure 2), carrier gas of nitrogen was used to transport HNO3

droplets (solution of HNO3 and Milli-Q water) via the heated line (120 °C) into the inlet
of the inner furnace tube. The experimental matrix is presented in Table 1. The duration
of experiments was 60 minutes for the experiments conducted in the humid air
atmosphere (experiments to 3) and 20 minutes for the experiments with additive
precursors fed into the humid air atmosphere (experiments to 12).

Table 1. The detailed experimental matrix.

Exp T

[K]

Gasa Precursor Additive

precursor

conc.

Humidityb,c

[ppmV]

1 1300±12 Air 1g RuO2 - 4.2E4/2.1E4

2 1500±12 Air 1g RuO2 - 4.2E4/2.1E4

3 1700±12 Air 2g RuO2 - 4.1E4/2.0E4

4 1300±12 Air+NO2 1g RuO2 50 ppmV
NO2

4.2E4/2.1E4

5 1500±12 Air+NO2 1g RuO2 50 ppmV
NO2

4.2E4/2.1E4

6 1700±12 Air+NO2 2g RuO2 50 ppmV
NO2

4.2E4/2.1E4

7 1300±12 Air+N2O 1g RuO2 50 ppmV
N2

4.2E4/2.1E4

8 1500±12 Air+N2O 1g RuO2 50 ppmV
N2O

4.2E4/2.1E4
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9 1700±12 Air+N2O 2g RuO2 50 ppmV
N2

4.2E4/2.1E4

10 1300±12 Air+HNO 1g RuO2 ppmV
HNO3

4.2E4/8.3E4

11 1500±12 Air+HNO3 1g RuO2 ppmV
HNO3

4.2E4/8.4E4

12 1700±12 Air+HNO3 2g RuO2 ppmV
HNO3

4.1E4/8.3E4

aThe total flow rate through the furnace over the crucible, before the inner tube outlet, was
(2.5±0.1) l/min (NTP) and (5±0.1) l/min (NTP) after the inner tube outlet in every
experiment.

bThe humidity in the gas flow originated from the water based precursor solution of the
atomizer.

cThe humidity concentration is stated before/after the inner tube outlet. The increase of
humidity in HNO3 experiments is due to the water evaporation from the HNO3 solution
injected into the inner tube.

After the vaporization of Ru and the following reactions within the gaseous atmosphere,
the gaseous and particulate reaction products were trapped in NaOH solution and
collected on planer filters, respectively. Further details are given in [13]. Particles were
also analysed online, see details below.

2.2. Analysis methods

2.2.1. Ruthenium release
The release rate of ruthenium during the experiments was obtained by weighting the
mass of the crucible containing RuO2 before and after the experiments. The mass of
released RuO2 was then converted to the corresponding mass of elemental ruthenium.
Based on the previous study performed with the facility using 103Ru radiotracer [7], the
release of ruthenium from the crucible was assumed to be linear during the experiment.

2.2.2. Online analysis of ruthenium transport
The number size distribution of particles was measured online with combination of
differential mobility analyser (DMA, TSI 3080/3081) and condensation particle
counter (CPC, TSI 3775) with time resolution of minutes. The flow rate through the
devices was (0.30±0.01) l/min (NTP). The particles were size classified according to
their electrical mobility by the DMA and the number of particles in each size classes was
counted by the CPC (with counting efficiency higher than 96%). The measurement
range was from 15 nm to 670 nm. However, pre-impactor removed particles larger
than 615 nm at the inlet of the DMA. The measurement system was controlled with the
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Aerosol Instrument Manager software version 9.0 (TSI). This measurement system is
called as Scanning Mobility Particle Sizer (SMPS).

All the presented online measurement data was corrected considering the loading of
analysis filter by particles and the following decrease in the flow rate through the filter
and thus the decreased flow rate into the aerosol sampling line from the main line. The
correction was based on the calibration of flow rate through the critical orifice (CO) at
various temperatures and pressures simulating the loading of filter. The calibration data
was then utilized to estimate the flow rate of CO in the experiments with the help of
temperature and pressure measurement data. Also the flow rate from the main line to
the aerosol line was always measured with Thermal Mass Flowmeter at the beginning of
every experiment. As result, the changes in dilution ration could be taken into
consideration. The highest uncertainty in the dilution ratio originated from the
inaccuracy of mass flow controller feeding air through the porous tube dilutor and of
Thermal Mass Flowmeter. Given that the uncertainty of both devices can be ±2% of the
reading, the uncertainty in the dilution ratio was ca. ±4%. Otherwise the contribution of
uncertainties in temperature and pressure measurements on the dilution ratio was low,
since the flow rate through the critical orifice did not vary significantly due to these
uncertainties. The presented online data was also depended on the flow rate through
the main line. The flow rate was always measured in the beginning of experiments, thus
an additional uncertainty of ±2% was resulted from the flowmeter. Therefore, the
combined conservative uncertainty estimate for the presented online data was ca. ±6%.
The particle number concentration values measured with CPC were also up to 4% too
low due to the deficiency in counting efficiency.

2.2.3 Intrumental Neutron Activation Analysis (INAA)
The quantification of ruthenium aerosols collected on filters and gaseous ruthenium
trapped in the sodium hydroxide liquid traps was done by use of INAA (Instrumental
Neutron Activation Analysis). Ruthenium in the liquid traps was precipitated with
addition of EtOH (96% Sigma-Aldrich), centrifuged and then filtered from the solution.
Aerosols collected on the PTFE filters were used as they were after the experiment.
Samples were then irradiated in the research reactor at VTT (Triga mark II reactor in
Otaniemi, Espoo). Irradiations were done with thermal neutron flux of 8.7.1012 n.cm-2.s-

1 and epithermal flux of 4.6·1012 n.cm-2.s-1 Samples were irradiated from 10 minutes up
to hours dependable on ruthenium content in the sample. After one week of cooling
time, the samples were measured by means of gamma spectrometry.

For the measurements High Purity Germanium (HPGe) detector (Ortec model GEM-
15180-S) was used with relative efficiency 17.7% and resolution of 1.7keV both at
1332 keV. The evaluation of data was done with GammaVision software version 7.01.03.
(Ortec). The detector was empirically calibrated for both energy and efficiency with
QCYA18189 (Eckert Ziegler) standard radionuclide source solution with the same
geometry as irradiated samples.



11

The activity of 103Ru was determined from counts at 497keV peak where absolute
efficiency at given geometry was determined to be 1.7%. The detection limit for
ruthenium was determined to be 1.0E-2 µg based on the times of irradiations and
measurements. Uncertainty of the measurements was calculated to be 5% according to
GUM (the Guide to the Expression of Uncertainties in Measurements)[17].

2.3. Chemical characterisation

2.3.1 X-ray photoelectron spectroscopy
Chemical analysis of the collected aerosol samples was done using XPS (X-ray
photoelectron spectroscopy. With use of XPS elemental composition of the samples as
well as oxidation states of detected elements was determined. For the XPS
measurements Perkin Elmer Phi 5500 Multi Technique System was used. The detailed
setup of the machine during measurements was described in the previous work [18].
Commonly, 1s peak is used as an internal standard for the binding energies during XPS
measurements. In the case of ruthenium Ru 3d5/2 peak is overlapping with 1s peak
what makes this reference unreliable, thus gold foil conductively connected to the
measured samples was used as an internal standard during the measurements. The
experimental uncertainty of binding energy of Ru 3d5/2 peak was determined to be ±0.
eV. The collected spectra were curve fitted with PHI Multipak software (Ulvac-Phi inc.)
assuming Shirley background. The asymmetrical shape of peaks was used due to the
conductive nature of anhydrous RuO2 [19]. XPS analysis was performed from at least
two different spots on the samples.

2.3.2. X-ray diffraction analysis (XRD)
Crystalographic structure of the collected aerosols was examined by means of XRD (X-
ray diffraction analysis). The combination of XPS and XRD analysis allowed the
characterization of both crystalline and eventually amorphous compounds in the
collected aerosols. XRD measurements were performed using Bruker D2 Phaser
diffractometer with Cu K characteristic radiation, equipped with scintillation detector.
Rotation speed of the sample holder was 360°/min and measurement angle interval was
20-80° 2-theta. The comparison of the obtained data with standards in the Joint
Committee of Powder Diffraction Standards database [20] led to the identification of
compounds.
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3. Results

3.1. Release and transport results

3.1.1. Release of ruthenium
The release of ruthenium from the crucible was analyzed by weighting the crucible with
RuO2 precursor before and after the experiment. The release rate results are presented
in Table 2.

Table 2. Release rates of ruthenium from the crucible

Experiment Ruthenium release mg/min

1. Air (1300 K) 0.34±0.02

2. Air (1500 K) 3.22±0.16

3. Air (1700 K) 20.27±1.04

The release rate of ruthenium from the crucible was fairly similar in all the experiments
conducted at the same temperature. As the location of additional precursors injection
into the airflow was just after the crucible, the precursors were not affecting the
vaporization of ruthenium and the observed ruthenium release results could be
expected. When compared with the previously performed experiments, the decrease in
airflow over the crucible from 5.0 l/min to 2.5 l/min resulted into decrease in the
release rate of ruthenium approximately by half [7, 13]. This effect can be attributed to
the lower absolute amount of oxygen reaching the ruthenium in the crucible.

3.1.2. Ruthenium transport
The quantification of ruthenium transport in forms of aerosols collected on the filters
and gaseous ruthenium retained in the 1M NaOH traps was done with use of INAA
(Instrumental Neutron Activation Analysis). The fractions of ruthenium transported in
forms of gas and aerosols through the model primary circuit in all experiments are
presented in Table 3. The values are given as of the released ruthenium. In all
experiments significant amount of ruthenium was visually observed to be deposited at
the outlet of the furnace, where the temperature gradient was the highest. Similar
behavior was also detected in the previous work with the same facility [21]. The effects
of different precursors and temperature on the transport of ruthenium are further
discussed in the following chapters.
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Table 3. The fractions of ruthenium transported as RuO2 aerosol particles and RuO4 gas
through the model primary circuit and the fraction of ruthenium deposited inside the
circuit. The values are given as of the released ruthenium. The uncertainties are given as

standard deviations.

Exp.

[#]

Ru
transported

in total

(%)

RuO2

transported

(%)

RuO4

transported

(%)

Ru
deposited

(%)

(1300 K) 9.3±0.9 9.1±0.5 0.024±0.012 90.7±1.4

(1500 K) 12.8±1.3 12.8±0.6 0.010±0.005 87.2±1.9

(1700 K) 14.3±1.4 14.3±0.7 0.00±0.005 85.7±2.0

(NO2 1300 K) 13.9±1.4 0.010±0.005 13.9±0.7 86.1±2.0

(NO2 1500 K) 13.9±1.4 4.0±0.2 9.9±0.5 86.1±2.0

(NO2 1700 K) 20.2±2.0 20.2±1.0 0.00±0.005 79.8±3.1

(N2 1300 K) 6.1±0.6 6.0±0.3 0.13±0.01 93.9±1.0

(N2O 1500 K) 25.5±2.6 25.4±1.7 0.14±0.01 74.5±3.8

(N2 1570 K) 15.5±1.6 15.5±0.8 0.00±0.005 84.5±2.3

10

(HNO3 1300 K) 10.4±1.0 9.1±0.5 1.2±0.1 89.7±1.6

11

(HNO3 1500 K) 13.1±1.3 11.8±0.6 1.3±0.1 86.9±2.0

12

(HNO3 1700 K) 14.4±1.4 13.6±0.7 0.78±0.04 85.7±2.2

3.1.2.1. Air atmosphere
The ratio between ruthenium transported as gas and as aerosols in the humid air
atmosphere was determined and it is presented in Table 4. From the data it can be seen
that ruthenium in form of aerosols was predominating over RuO4 within the whole
temperature interval of experiments (1300 1700 K). With the increasing
temperature the gaseous fraction was decreasing with respect to the aerosol one. This is
in agreement with the trend in thermodynamic equilibrium calculations performed with
the HSC 5.11. software [16]. The overall transport of ruthenium was also promoted with
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the increasing temperature. It is also noticeable that when compared with the previous
experiments [13] the transported ruthenium gaseous fraction was lower. This indicates
the effect of the flow rate on the transport of RuO4 through the RCS. Similar effect has
been observed in previous study with very low flow rates used in the experiments [9].

Table 4. Mass of ruthenium transported as aerosol particles and as gas through the model
primary circuit under humid air atmosphere. The uncertainties are given as sigma
standard deviation.

Exp.

[#]

Ru
transported

in total (mg)

Ru in form of
RuO aerosol

(mg)

Ru in form of
RuO4 gas

(mg)

Ratio of
RuO2

RuO4

Ru
deposited
inside the

facility (mg)

1. (1300 K) 0.64±0.01 0.62±0.001 0.020±0.001 38±1 8.4±0.1

2. (1500 K) 8.3±0.4 8.3±0.4 0.010±0.001 1636±40 76.7±0.8

3. (1700 K)
57.9±2.9 57.9±2.9 0.001±0.001

1.25E5±
3.1E3 475.8±4.8

3.1.2.2. Atmosphere with 50 ppmV of NO
The results of ruthenium transport under humid air atmosphere with 50 ppmV of NO2

additive are presented in Table 5. The feed of NO2 into the airflow affected the
composition of transported ruthenium resulting into higher transport of gaseous RuO4

through the facility.

Table 5. Mass of ruthenium transported as aerosol particles and as gas through the model
primary circuit under humid air atmosphere with 50 ppmV of NO2 The uncertainties are
given as sigma standard deviations.

Exp.

[#]

Ru
transported

in total (mg)

Ru in form
of RuO
aerosol

(mg)

Ru in
form of

RuO4 gas
(mg)

Ratio of RuO2/

RuO4

Ru
deposited
inside the

facility (mg)

4. (1300 K) 1.23±0.07
0.000±
0.001 1.23±0.07

0.0010±
0.0003 10.37±0.14

5. (1500 K) 8.96±0.45 2.55±0.13 6.40±0.32 0.40±0.01 76.04±2.2

6. (1700 K) 82.01±4.10
82.00±

4.10
0.010±
0.005 13231±330 451.66±8.3

The strong effect of temperature on the transported ruthenium species was observed.
This behaviour was attributed to two different phenomena. The first one was the
thermal decomposition of NO [22] according to reaction (9) [23].
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2NO2(g) O2(g)+2NO(g) with k 1.5 1013 exp( -654OO/RT) mol-1.sec-1 (9)

The second was the decreasing ability of the NO2 to oxidize RuO3 to RuO4 according to
reaction (10) with increasing temperature. As result, the NO2 injection into the gas
flow increased the amount of transported gaseous ruthenium in the experiments with
temperatures of 1300 and 1500 K. The corresponding aerosol fraction decreased
significantly. When temperature was increased to 1700 K, the transport of ruthenium in
aerosol form increased strongly and the transport of gaseous ruthenium was very low.
The equilibrium constants for this reaction (10) were calculated with the HSC 5.11.
software[16] and they are presented in Table 6. The ratios between aerosol and gaseous
fraction of transported ruthenium are lower than thermodynamic equilibrium
calculations predict.

RuO3(g)+NO2(g) RuO4(g)+NO(g) (10)

Table 6. Equilibrium constants for the oxidation of RuO3 by NO2 to RuO4 at different
temperatures.

Temperature Keq

1300 K 28.55

1500 K 16.85

1700 K 11.3

As can be seen from Table (4) the absolute amount of transported ruthenium was
increased when compared to the humid air atmosphere mainly under temperatures
1300 and 1700 with nearly 92 and 49 increase, respectively.

3.1.2.3. Atmosphere with 50 ppmV of N2O
The effect of N2 on the transport of ruthenium is summarized in Table 7. At all studied
temperatures the injection of N2 decreased the gaseous fraction of ruthenium
transported through the facility when compared with the humid air experiments. This
behavior was attributed to the reactions (11) and (12) and subsequent decomposition
of RuO3 into solid RuO2 at the outlet of the furnace where temperature decreased
below 1000 K.

RuO4(g)+N2O(g) RuO3(g)+2NO(g) (11)

RuO4(g)+2N2O(g) RuO2(s)+4NO(g) (12)
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Table 7. Mass of ruthenium transported as aerosol particles and as gas through the model
primary circuit under humid air atmosphere with 50 ppmV of N2O. The uncertainties are
given as sigma standard deviation.

Exp.

[#]

Ru
transported

in total (mg)

Ru in form
of RuO
aerosol

(mg)

Ru in form of
RuO4 gas (mg)

Ratio of RuO2/

RuO4

Ru deposited
inside the

facility (mg)

7. (1300 K) 0.54±0.03 0.53±0.03 0.010±0.005 47.0±1.2 11.1±0.1

8. (1500 K) 16.5±0.1 16.4±0.82 0.090±0.005 177±4.4 68.5±0.9

9. (1700 K) 62.9±3.1 62.9±3.1 0.010±0.005 6123±153 470.8±3.1

The absolute transport of ruthenium through the facility decreased when compared to
the humid air atmosphere at 1300K. The decrease was about 16%. On the other hand, at
1500K the mass of transported ruthenium was increased by factor of at the outlet of
the facility when compared to the humid air atmosphere. At 1700 the observed
increase in Ru transport was modest. This is noticeable effect predicting higher
ruthenium transport as aerosol through the primary circuit if N2 is in the atmosphere.

3.1.2.4. Atmosphere with ppmV of HNO
The results for ruthenium transport under the humid air atmosphere with ppmV of
HNO3 are presented in Table 8. The injection of HNO3 into the airflow affected the
composition of transported ruthenium resulting into higher transport of gaseous RuO4

through the facility when compared to the pristine humid air atmosphere at all
temperatures used in the experiments.

Table 8. Mass of ruthenium transported as aerosol particles and as gas through the model
primary circuit under humid air atmosphere with ppmV of HNO3 The uncertainties are
given as sigma standard deviation.

Exp.

[#]

Ru
transported

in total (mg)

Ru in form
of RuO
aerosol

(mg)

Ru in form of
RuO4 gas

(mg)

Ratio of RuO2/

RuO4

Ru deposited
inside the

facility (mg)

10. (1300 K) 0.9±0.5 0.80±0.04 0.11±0.01 7.5±0.2 10.7±0.5

11. (1500 K) 8.5±0.4 7.6±0.4 0.86±0.04 8.8±0.2 76.5±0.5

12. (1700 K) 58.2±3.0 55.0±2.8 3.2±0.2 17.5±0.4 475.5±3.0
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The effect of nitric acid injection was not as prominent as could be expected from the
thermodynamic calculations indicating that values for reaction (13) would be
1.65E11, 4.57E10 and 1.66E10 for temperatures 1300 K, 1500 and 1700 K,
respectively [16]. This can be again explained by the thermal decomposition of HNO to
the lower nitrogen oxides [24, 25] thus lowering the amount of precursor in the gas
phase.

3RuO3(g)+2HNO3(g) 3RuO4(g)+H2O(g)+2NO(g) (13)

As can be seen from Tables and the absolute amount of transported ruthenium was
fairly similar when compared to the humid air atmosphere under all temperatures used
in the experiments.

3.1.3. Online monitoring of aerosol transport
The transport of aerosol particles was monitored online in order to have information on
the transient behavior of ruthenium in the facility. The properties of particles, such as
number concentration, diameter and number size distribution, were measured with
SMPS at the outlet of the facility. The range of measurement uncertainty ±10% in the
experiments is not displayed in the figures and below. The data of experiment 10 is
not presented due to fault in the online measurement.

The evolution of particle number concentration and the count median diameter (CMD)
of particles in the experiments is shown in Figure 3. The vaporization temperature of
ruthenium inside the furnace had an obvious effect on the diameter of particles. The
increase of temperature from 1300 to 1700 caused an increase of particle diameter
in every experiment, resulting in up to 3.5 times larger particles in case of NO2 feed. This
phenomenon is directly connected to higher release of ruthenium from the crucible
and to the following formation of particles. High release of ruthenium also favors the
agglomeration of particles, when the concentration of particles exceeds ca. 106 particles
per cm3 [26]. Contrary to the particle CMD, the number concentration of particles
remained on rather similar level in the experiments when only the effect of RuO2

vaporization temperature was examined.

The feed of nitrogen compounds (NO2 N2O, HNO3 into the flow of Ru oxides changed
the transport of particles when compared with the reference experiments to 3. In
general, the number concentration of particles decreased, but at the same time the
diameter of particles seemed to increase. Depending on the experiment, the particle
CMD ranged from ca. 20 to 210 nm. In case of NO2 feed, the measured particle
concentration was at the lowest level ranging mainly from ca. 103 to 106 particles per
cm3 in experiments and 5. The concentration increased in experiment and it was
observed to be between ca. 106 and 107 particles per cm3 Furthermore, the particle
diameter was the highest and it seemed to even increase strongly in the course of
experiment. It indicated, in addition to the agglomeration of particles, that probably part
of the formed gaseous Ru compounds were condensing on the surface of the existing
particles and thus increased the particle diameter. This conclusion is also supported by
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the measured low number concentration of particles and the previous observation on
high formation of gaseous Ru due to NO2 see[13].

Figure 3. The particle number concentration [#/cm3 (above) and count median diameter
[nm] (below) at the outlet of the facility during experiments (measured with SMPS). The
duration of experiments to was 60 minutes, whereas the rest of experiments lasted for
20 minutes.

The particle number size distribution at the moment of 750 seconds since the beginning
of experiment is presented in Figure 4. The data is presented for particle diameter
range from 15 to 500 nm. In addition to the above observations on particle behavior, it
was noticed that the transported particles were lognormally distributed and most of the
particles were smaller than 500 nm in diameter. The shape of the particle number size
distribution did not vary lot due to the feed of nitrogen compounds N2 and HNO3 in
the studied conditions. The broad particle distribution and the emphasis of large
particles (100 to 500 nm) in the distribution were evident when NO2 was present in the
atmosphere, see the case of 1700 K.

Figure 4. The particle number size distribution at the moment of 750 seconds since the
beginning of experiment (measured with SMPS).
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3.2. Chemical characterization

3.2.1. XPS analysis
The chemical speciation of aerosols particles transported through the facility and then
collected on the PTFE filters was examined with XPS technique. The XPS measurements
revealed the binding energies of electrons in the elements of interest thus identifying
the chemical composition of the collected aerosols. The identification was based on the
comparison between the identified binding energies of ruthenium on the samples with
the reference binding energy values found in the literature. The reference samples of
commercial ruthenium dioxide powders both anhydrous and hydrated (purity of 99.5%,
Alfa Aesar) were analysed and the obtained spectra were then compared with the
spectra of ruthenium containing samples.

The reference electron binding energy values of ruthenium used in this work are
presented in Table 9. As it can be seen in the table, the binding energies are not only
dependent on the oxidation state of ruthenium but also on its chemical environment, e.g.
the hydration of RuO2 Similar effect has also been observed in previous study [27].
Thus, the comparison of all obtained spectra in the region of Ru 3d5/2 peak brings
better insight into the chemical characterization of the measured ruthenium compound.

The binding energies for Ru 3d5/2 peak in all samples were within the region of 280.4
eV-280.5 eV as it can be seen in Figure 5. It indicates, that the transported ruthenium
aerosols were in the form of anhydrous RuO in all experimental conditions. Also the
overall characteristics of spectra are very similar to each other, which strengthen the
assumption that all spectra are originating from the same compound.

It should be pointed out that nitrogen was not detected in the collected samples, thus
the possible formation of ruthenium nitrosyl compounds [28, 29] was ruled out during
the data evaluation process.
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Table 9. Reference values for the electron binding energies of various ruthenium
compounds.

Figure 5. The obtained XPS spectra from the analysis of collected aerosols on filters.

Compound Binding energy for
Ru 3d 5/2 line

(eV)

RuO2 280.5[18]

RuO2.H2O 282.1[18]

RuO4 283.3[30]

BaRuO4 284.2[31]

RuCl3 282.1[31]

Ru (metal) 280.0[30]
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3.2.2. XRD
The results from the qualitative crystallographic X-ray diffraction analysis of the
samples are shown in Figure 6. The recorded XRD spectra in experiments to have
shown the same diffraction pattern, which corresponds to the rutile structure of RuO2

This is in good agreement with the XPS analysis leading to the conclusion that aerosols
collected from the gas flow were in form of anhydrous ruthenium dioxide.

Figure 6. The obtained XRD spectra from the samples of experiments to 12. The height of
the peaks was scaled in order to fit in the figure.
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4. Conclusions
The focus in this study was to reveal the effect of different nitrogen oxides and nitric
acid on the transport and chemical composition of ruthenium in the model primary
circuit heated up to 1300 K, 1500 or 1700 simulating an air ingress accident. The
main focus was on the quantification of the gaseous and solid fractions of ruthenium
transported through the circuit, in which temperature decreased to ca. 300 K.

In the performed experiments, the effects of humid air, NO2 N2 and HNO3 on the
transport and partitioning of ruthenium were investigated. Nitrogen oxides and nitric
acid were used as representatives of the air radiolysis products formed in the gas phase
during nuclear accident.

The release rate of ruthenium (given as for elemental Ru) from the RuO2 powder
precursor was determined to be dependable on the temperature with values of
(0.34±0.07) mg/min at 1300 K, (3.22±0.16) mg/min at 1500 and (20.27±1.04)
mg/min at 1700 under air atmosphere with low content of steam 2.1E4 ppmV).

The partitioning of ruthenium was examined by collecting aerosol particles on PTFE
filter and trapping gaseous RuO4 into 1M NaOH solution traps. During experiments the
majority of ruthenium was deposited inside of facility. In visual examination, the
deposition was detected mainly at the outlet of the furnace where the temperature
gradient was the highest.

The quantification of ruthenium transport showed significant impact of the
experimental conditions on both the absolute amount as well as on the partitioning of
the transported ruthenium between gaseous and aerosol compounds. In general, the
increase in temperature resulted in higher release of ruthenium from the precursor
and also to higher transport of ruthenium.

In case of 50 ppmV of NO2 in the humid air flow, major effect on the fractions of
gaseous and solid ruthenium was identified. The gaseous fraction of transported
ruthenium was significantly increased under all temperatures due to NO2 At
temperatures of 1300 and 1700 the overall transport of ruthenium was significantly
increased when compared to the humid air atmosphere. The diameter of particles
seemed to increase in the course of experiments, whereas the particle number
concentration was low. It is suggested, that part of the formed gaseous Ru compounds
was condensing on the surface of the existing particles and thus increased the particle
diameter.

Introduction of 50 ppmV of N2 into the gas phase led to decrease of RuO4 transport
through the facility as well as to an increased fraction of ruthenium transported in form
of aerosols. Nearly 100% increase in the total amount of transported ruthenium was
detected at temperature of 1500 when compared to the humid air atmosphere.

An interesting observation was also done in the experiments with ppmV of HNO3 in
the humid air flow. The transport of gaseous ruthenium increased at all studied
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temperatures. However, the overall transport of ruthenium was fairly similar than in
humid air atmosphere.

The analysis of chemical speciation of the transported aerosols by XPS and XRD methods
showed that the chemical form of aerosols was anhydrous RuO2

The results obtained in this study showed significant effect of nitrogen oxides as well as
nitric acid on the transport and speciation of ruthenium in primary circuit conditions.
This indicates possible increase in the fraction of gaseous ruthenium reaching the
containment building during severe nuclear accident in case of air ingress and entry of
NO2 and HNO3 into the reactor. The obtained data bring additional insight into the
ruthenium chemistry during nuclear accident and reveal the possible interactions of
ruthenium with the air radiolysis products. This information will help to improve the
modeling of ruthenium behavior under severe nuclear accident conditions and enhance
the nuclear safety.
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