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ABSTRACT 

Mitigation of gaseous RuO4 is an important issue in nuclear safety in order to reduce potential 

radiological consequences, either in the context of severe accident arising on pressurized water reactors 

(oxidizing conditions) or in reprocessing plants (loss of cooling of fission product storage tanks). For 

the first time, RuO4 trapping was compared using three kinds of materials acting as solid traps: a 

functionalized MOF UiO-66-NH2, an amine-modified silica and a commercial cerium dioxide. Different 

experimental conditions of temperature, humidity and gas composition were investigated in order to 

mimic those prevailing under accident conditions at filtered containment venting system (FCVS) level 

or in ventilation ducts (gas mixture). At 50 °C, the efficiency of UiO-66-NH2 for RuO4 trapping was 

both very high in dry gas and in presence of steam with decontamination factor (DF) in the range 104-

105. Under more severe conditions, the retention performances slightly decrease, especially when NO2 

was present in the feed gas due to some poisoning of adsorption sites. In presence of amino-modified 

silica, breakthrough of RuO4(g) occurred at an earlier stage due to its inferior adsorption capacity but 

the performances of the trap did not deteriorate in presence of steam and NO2 in gas mixture. Under 

similar conditions, cerium dioxide showed no retention of RuO4(g).  

KEYWORDS: ruthenium tetroxide mitigation, Metal-Organic Framework, gas-solid adsorption 

 

1. INTRODUCTION 
Ruthenium is a fission product generated in nuclear power plants from (NPP) uranium oxides used as 

nuclear fuel. In various accidental scenarios, the mitigation by filtration of gaseous ruthenium tetroxide 

(RuO4) releases remains an important issue due to its radiotoxicity and its ability to disperse radioactivity 

to the environment [1]. Indeed, RuO4 outside releases could occur in the context of a severe accident in 

pressurized water reactor (PWR) in very oxidizing conditions ([2]-[7]), as well as in reprocessing plants 

([8]-[12]) or other nuclear facilities.  

From a general viewpoint, the capture of RuO4 has received much less attention than that of volatile 

iodine species. Nevertheless, some recent works have been focused on RuO4 trapping in FCVS (Filtered 

Containment Venting System). These devices are part of some nuclear building containment in nuclear 

power plants. Two types of FCVS can be distinguished. In “wet” FCVS, the filtration module consists 

in scrubbers containing alkaline solution and is able to trap RuO4(g) by “pool scrubbing” with 

conversion into ruthenates (RuO4
2−) and perruthenates (RuO4

−) ions [13]. The second category 

corresponds to “dry” FCVS, such a metallic prefilter and/or a sand bed filter, not able to trap RuO4 [14]. 
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In reprocessing fuel context, the issue of ruthenium behaviour in nitric media (HLLW: High Level 

Liquid Wastes) has started to be studied since the 80’s. However, the need of re-assessing the knowledge 

on this topic, notably RuO4 mitigation, has been deeply reconsidered after the Fukushima-Daiichi NPP 

accident ([15]-[20]). 

Recently, many solid adsorbents were investigated by us and others for the trapping of various 

radiospecies, including RuO4.  

• Metal-Organic Frameworks (MOFs) materials, corresponding to hybrid porous solids composed 

of a variety of organic ligands and metallic cluster (Zn, Al, Cu, Zr, etc) [21]. Thanks to their 

high porosity and specific surfaces (up to 7000 m2/g), these materials are used in gas sorption, 

catalysis or drug release [22]. In the nuclear domain, MOF compounds have shown different 

interests, notably: 

o some efficiency for the capture of various radionuclides in liquid solutions [23] [24], 

o an ability to act as solid traps in gaseous fission products mitigation, especially iodine 

[25][27] and ruthenium. In that respect, it has been demonstrated that MOF UiO-66-

NH2 presents very good capacities for RuO4 trapping in dynamic and smooth operating 

conditions (T, RH) [25][28]. 

• Organo-modified silica with (poly)amine groups such as polyethylene imine (PEI): such 

compounds have already been reported and optimized for carbon dioxide capture [29]. More 

recently, they have been studied for gaseous fission products mitigation such as I2 with a very 

high adsorption capacity up to ~ 2 g/g at 100 °C [30], or ruthenium tetroxide [17] in smooth 

conditions. 

• Rare earth oxides: CeO2 based materials are well known in automotive catalysis and other 

applications for their oxygen storage capacity (OSC) associated with the easy switch between 

the Ce +III and +IV oxidation state. Their main interests in this context are their redox character 

as well as their thermal stability. Cerium dioxide based materials were recently studied for 

ruthenium tetroxide mitigation and showed some interest when doped with Zr in smooth 

conditions due to their reducing ability [17].  

• Zeolites or active charcoals, well known for iodine trapping [31][32], have shown no retention 

of RuO4(g) in smooth conditions [17]. 

This study aims at continuing the experimental study carried out with zirconium-based MOF UiO-66-

NH2 compound for RuO4 trapping [28], by testing conditions representative of those occurring in the 

FCVS during severe nuclear accident or as in ventilation ducts in reprocessing plants. Hence, the effects 

of parameters such as temperature, humidity and presence of nitrogen oxides were studied both alone or 

in combination. Besides, the performances of MOF for RuO4 retention are compared with other solid 

compounds such as a commercial silica modified with PolyEthylene Imine (PEI) and a commercial rare 

earth oxide CeO2. 

 

2. MATERIALS AND METHODS 

2.1.  Experimental device: SAFARI 

The experimental device called SAFARI (meaSurement of filtrAtion eFficiency of mAterial with regard 

to Ruthenium or Iodine) has been designed to determine the decontamination factor of an adsorbent bed 

with respect to gaseous ruthenium tetroxide [25][28]. On Figure 1 is displayed a scheme of SAFARI 

test bench. It is constituted of three parts: ruthenium tetroxide generation, ruthenium tetroxide mitigation 

and ruthenium tetroxide trapping in solution [14][28].  
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Figure 1: Experimental device: SAFARI test bench for Ru mitigation by solid compounds. 

Gaseous ruthenium tetroxide is generated in a glass sintered column with a diameter of 2 cm, containing 

400 mg of RuO2xH2O commercial powder. Oxidation of this powder is achieved using ozone from an 

ozone generator and dioxygen tank, leading to gaseous ruthenium tetroxide: 

RuO2(s) + 2/3 O3 (g) → RuO4(g)       (1) 

Dioxygen flow is set at 0.06 NL.min-1 with a concentration of 45 g.m-3 of ozone. The gaseous flow 

containing RuO4 + O2 + O3 is then mixed with H2O and/or NO2 diluted in argon (instead of air to avoid 

N2 oxidation by residual O3) to obtain the target velocity of 10 cm.s-1 through the material bed 

(representative of gas flow through FCVS in accidental condition [14]). The desired gaseous flow is 

then directed in the mitigation device containing the studied material in a sintered column of 1 cm 

diameter. This material device is heated at 50 or 90 °C depending on the conditions studied. For some 

additional tests in presence of nitrogen dioxide and water vapour, NO2 concentration is set to 100 ppmV 

using a 1000 ppmV NO2/air bottle. Besides, distinct concentrations of water vapour are generated at 50 

and 90°C in order to achieve a targeted humidity of 30% RH. 

On the third part of the experimental device, the generated gaseous flow is passed through an aqueous 

solution of sodium hydroxide NaOH (0.05 mol.L-1) in order to trap all the incoming gaseous ruthenium 

tetroxide. In this alkaline medium, ruthenium tetroxide decomposes to ruthenate and perruthenate ions: 

2 RuO4(g) + 2 HO-(aq) → 2 RuO4
-(aq) + ½ O2(g) + H2O(aq)    (2) 

2 RuO4(g) + 4 HO-(aq) → 2 RuO4
2-(aq) + O2(g) + 2 H2O(aq)    (3) 

Amounts of ruthenium trapped in this alkaline solution are determined by ICP-AES analyses. In order 

to determine the RuO4(g) generation rate (i.e. amount of ruthenium upstream the material bed), a by-

pass line is added to the SAFARI bench, directly from RuO4 generation column to a bubbler with sodium 

hydroxide solution (1 mol.L-1). 

Figure 2 presents a picture of SAFARI experiment. 
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Figure 2: SAFARI experiment. 

2.2. Decontamination factor calculation 

The objective of SAFARI test bench is to evaluate the mitigation efficiency of the material used for the 

filtration (MOF, silica, cerium oxide). Hence, the decontamination factor (DF) has to be calculated 

(equation 4), i.e. the ratio of RuO4 concentration upstream and downstream the material bed: 

DFRuO4 = [RuO4]upstream/[RuO4]downstream       (4) 

• Ru amounts generated in the upstream part are estimated thanks to the by-pass line mentioned 

above: before each experiment, ruthenium tetroxide is generated for one hour and trapped in an 

aqueous solution of sodium hydroxide (1M). Samplings are realized each 15 minutes over a 

period of one hour to estimate ruthenium tetroxide generation rate (expressed in µgRuO4/min). 

At the end of the experiment, this process can be re-iterated to confirm the kinetics of ruthenium 

tetroxide generation for a given test. The RuO4 generation rate can vary between tests performed 

on different days/weeks (range approximately from 450 to 1600 µgRuO4/min), due to the 

sensitivity of ozone generator. This explains why it is calibrated for each test. 

• The determination of Ru amounts downstream the tested material is carried out as follows: a 

sampling is realized every 30 minutes; it is then possible to calculate the ruthenium tetroxide 

mass that passed through the material bed.  

Thus, knowing the cumulated ruthenium tetroxide quantity downstream the mitigation device after each 

sampling and the expected ruthenium tetroxide generation rate, it is possible to calculate the 

decontamination factor at any given time during the retention process following the equation 5:  

𝐷𝐹 =
𝑚(𝑅𝑢𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑)𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 

𝑚(𝑅𝑢𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑)𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚
              (5) 

It is consistent with the previous equation (concentrations ratio) since the total flow rate remains constant 

during all the experiment. 

In the following, the evolutions of DF values during a test will be used to assess if the breakthrough of 

the material bed has been achieved by gaseous RuO4. Actually, the breakthrough is considered to be 
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reached when DF decreases continuously over the test (from high values in first samplings), to reach a 

value below 102 (equivalent of a retention efficiency Eff of 99 %, with Eff = 1 - 1/DF,). During an 

experiment, it corresponds to the emergence of a yellow/green colour in NaOH bubbler downstream the 

tested material, characteristic of ruthenate and perruthenate ions (equations 2 and 3). 

 

2.3. Materials tested 

Previous investigations on the interaction of gaseous RuO4 with some materials composing the inner 

surfaces of containment buildings have shown that the black Ru-containing deposits mainly consist of 

a hydrated form of RuO2 oxide (in +IV oxidation state) [33]. Hence, this shows that materials possessing 

a redox reducing activity could possibly act as efficient solid traps for RuO4 because they will promote 

its reduction to RuO2. Among the tested adsorbents which were found successful for iodine trapping, 

hybrid adsorbents such as MOFs or nanosilicas functionalized with amine groups are also suitable 

candidates for RuO4 retention. Cerium oxide based-materials used in automotive catalysts were also 

targeted because of their well-known oxygen buffer capacity (OSC) associated with the easy switch 

between Ce +IV and +III oxidation states [34]. By contrast, as mentioned in the introduction, preliminary 

tests carried out with zeolites in silver or protonated forms did not show any appreciable activity for Ru 

reduction and were discarded for this study, as well as tests with activated charcoals [17]. 

2.3.1. Description of UiO-66-NH2 

The Zr-based UiO-66-NH2 belongs to the porous MOF material family and has been chosen for this 

study because of its stability under severe conditions and its very good affinity for volatile fission 

products such as iodine [26] and ruthenium [28], its straightforward synthesis, but also its structural 

organization, that we suppose well adapted for the capture and the confinement of RuO4. Indeed, UiO-

66-NH2 (Figure 3) is built up from the assembly of Zr-centered oxo/hydroxo hexanuclear clusters with 

aminoterephtalate ligands, giving rise to two types of cavities (octahedral or tetrahedral shape), which 

are accessible through windows slightly larger (5 Å) than the estimated diameter of RuO4 (4.5 Å). Its 

synthesis has been carried out in our laboratory following the procedure described in reference [28]. In 

this study, we used UiO-66-NH2 from a batch synthesized on a large scale, presenting a specific surface 

area (BET model) of 825 m2.g−1 and pore volume of 0.31 cm3.g−1 [25][28]. Based on 1H NMR analysis, 

the formula of this solid is Zr6O4(OH)4(BDC-NH2)4,55(form)2.90 (BDC-NH2 = 2-aminoterephtalate; 

form = formate). The presence of formate groups in the structure indicates a partial substitution of 

aminoterephtalate linkers by formate species, as usually observed in this type of structure [35]. 
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Figure 3: Schematic structural illustration of UiO-66-NH2. a) [Zr6O4(OH)4]12+ cluster as secondary 

building unit (SBU), b) 2-aminoterephthalate carboxylate (BDC-NH2) as an organic linker, and c) the 

face-centred-cubic (fcc) crystal structure of UiO-66-NH2.  Purple sphere: octahedral cavity; green 

sphere: tetrahedral cavity; NH2 groups are omitted for clarity, due to disordered configuration. 

 

2.3.2. Other compounds 

The two following solid compounds have been tested on SAFARI test bench: 

• PEI-Aerosil, which corresponds to a modified commercial silica material (Aerosil 380, from 

Evonik) with an amine-containing polymer: polyethylenimine (PEI). The PEI dissolved in 

methanol solvent was incorporated by impregnation of the silica powder (10 g) to reach a PEI 

content of 23%wt. Figure 4 represents PEI-Aerosil. 

 

 
 

Figure 4: Structure of PEI-modified Aerosil silica. 

Branched PEI of M
w

= 600 

g/mol
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• Cerium dioxide (CeO2) powder has been purchased from Sigma-Aldrich (reference 544841, 

batch MKCQ5062, average particle size BET: 17 nm) and was used directly. Figure 5 represents 

the fluorite structure of CeO2. 

 

Figure 5: Structure of cerium dioxide Ce02. Yellow spheres: cerium; red spheres: oxygen. 

 

2.4.  Tests matrix 

To complete the results obtained in smooth (model) conditions on the promising material UiO-66-NH2 

for RuO4 trapping [28] and explore the other compounds presented above, the tests series detailed in 

Table 1 has been proposed. For MOF UiO-66-NH2, the different parameters are studied as follows 

(MOF-X stands for UiO-66-NH2 with a test letter X):  

• Test MOF-A: reference experiment without nitrogen dioxide nor steam and with a material bed 

thickness of 1 cm. 

• Test MOF-B: influence of material bed thickness (2 cm). 

• Tests MOF-C and MOF-D: steam influence (H2O) for two temperatures. Indeed, important 

quantities of steam can be present in severe accident scenario on PWR, as well as for loss of 

cooling system scenario in high level liquid waste PF tanks.  

• Tests MOF-E and MOF-F: influence of nitrogen dioxide in gas mixture. 

• Tests MOF-G and MOF-H: combinations of steam and nitrogen dioxide influence in gas 

mixture.  

• Tests SIL-1, SIL-2, CER-1 and CER-2: same conditions as tests MOF-A and MOF-G, 

respectively with PEI Aerosil and cerium dioxide as material. 

For each test, the material sample is first dried out in oven (120 °C, 30 min) and introduced in the 

sintered column. Then the tested material in mitigation device column is heated at 50 °C (reference) or 

90 °C. These two heating steps before RuO4, steam or NO2 injection (depending on the test, cf. Table 1) 

contribute to ensure that solids contain no residual water before exposure to the expected gas mixture. 

In the case of UiO-66-NH2, due to the relative low temperature of activation (<150°C), this MOF is 

considered in a hydroxylated state [36]. The reaction between RuO2xH2O and ozone is carried out at 

room temperature. The choice of 90 °C for several tests allows to avoid the thermal degradation of RuO4 

(for T ≥ 108 °C) [14], while approaching the temperature reached in accidental situation. As mentioned 

above, velocity of gas mixture is fixed at 10 cm.s-1, so the different gas flow rates (Ar, steam, NO2) are 

adapted to this target. 
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Table 1: Test matrix. 

Test Material Studied parameter 
Material bed 

thickness (cm) 
T (°C) Humidity (% RH) 

MOF-A 

UiO-66-NH2 

Reference 1 50 0 

MOF-B Bed thickness 2 50 0 

MOF-C 

H2O influence 

1 50 30 

MOF-D 1 90 30 

MOF-E 

NO2 influence 

(1st phase with NO2 

only in MOF-5bis 

1 50 0 

MOF-Ebis 1 50 0 

MOF-F 1 90 0 

MOF-G 
H2O + NO2 

influences 

1 50 30 

MOF-H 1 90 30 

SIL-1 
Modified 

silica  

PEI aerosil 

Reference 1 50 0 

SIL-2 
H2O + NO2 

influences 
1 50 30 

CER-1 
Cerium 

dioxide 

powder 

Reference 1 50 0 

CER-2 
H2O + NO2 

influences 
1 50 30 

 

3. RESULTS 

3.1. Performances of UiO-66-NH2 for RuO4 retention 

3.1.1. Decontamination factors measurements 

On Figure 6 are displayed the evolutions of decontamination factors as a function of time, for tests MOF-

A to MOF-G, with UiO-66-NH2. 
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Figure 6: Decontamination factors for RuO4 in UiO-66-NH2 as a function of time. 

a) Reference test and influence of bed thickness; b) Influence of H2O vapour (30% RH);  

c) Influence of NO2 100 ppmV; d) Combined influence of NO2 (100 ppmV) and H2O vapour 

(30% RH). 

 

3.1.2. X-ray diffraction analysis 

Figure 7 presents X-ray diffraction patterns of spent materials resulting from tests MOF-A to MOF-H, 

compared to the X-ray diffractogram of the unreacted MOF UiO-66-NH2. Powder X-ray diffraction 

diagrams have been collected at ambient temperature using a diffractometer Bruker D8 Advance A25. 

The measurement conditions are: 5° ≤ 2 ≤ 50°; step: 0.02°; acquisition: 0.5 s/step. 

 

Figure 7: Powder X-ray diffraction patterns of MOF UiO-66-NH2 before RuO4 retention and after 

tests MOF-A to MOF-H (radiation: copper wavelength). 5° ≤ 2 ≤ 50°; step: 0.02°; acquisition: 

0.5 s/step. Right: focus on small angles. 

a) b) 

c) d) 
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3.2. Alternative compounds: PEI-modified organo-silica and 

cerium dioxide 

The two other materials studied for ruthenium tetroxide mitigation are PEI-modified Aerosil silica and 

a high specific surface area cerium dioxide powder, as described in section 2.3.2. For each compound, 

two experiments have been performed at 50 °C with 1 cm of material bed thickness and a velocity of 

10 cm.s-1 through the material (cf. test matrix in Table 1, section 2.4): 

• reference test (dry gas at 50 °C, SIL-1 and CER-1 tests), for comparison with MOF-A test, 

• influence of steam (30 % RH) and NO2 (100 ppmV in gas mixture), SIL-2 and CER-2 tests, for 

comparison with MOF-G test. 

 

Figure 8 presents the results obtained in tests SIL-1 and SIL-2.  

 

 

Figure 8: Decontamination factor as a function of time for RuO4 in Silica PEI-Aerosil experiments. 

 

For cerium dioxide CeO2, in reference test CER-1 at 50 °C, decontamination factor remains close to 1 

from the beginning of the test until the final measurement. The result is almost the same in presence of 

steam and NO2 (test CER-2). 

 

3.3. RuO4 generation rates and material trapping capacities 

For each test performed, Table 2 summarizes RuO4 generation rates, evaluated as described in section 

2.2, and material trapping capacities. 
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Table 2: Summary of RuO4 generations and material trapping capacities for tests involving UiO-66-

NH2 and PEI-modified Aerosil silica 

Test 
RuO4 generation rate 

(µgRuO4/min ±12%) 

Ru trapping capacity 

(mgRu/gcompound ±12%) 
Observations* 

MOF-A 730 366 
Quantity after 180 min 

No breakthrough 

MOF-B 760 192 

Quantity after 180 min 

No breakthrough (more material: 

2 cm bed thickness) 

MOF-C 480 245 
Quantity after 180 min 

No breakthrough 

MOF-D 1350 248 

Quantity after 60 min 

Decrease of efficiency between 30 

and 60 min but remains around 

600 <DF < 1000 

MOF-E 1230 309 
Quantity after 60 min 

Breakthrough between 60 and 90 min 

MOF-F 1466 120 
Quantity after 30 min 

Breakthrough between 30 and 60 min 

MOF-G 1200 210 
Quantity after 60 min 

Breakthrough between 60 and 90 min 

MOF-H 1160 

Black deposit on glass 

column upstream material 

bed 

- 

SIL-1 1070 152 

Quantity after 60 min 

Breakthrough between 60 and 

120 min (continuous decrease even if 

DF > 100 after 90 min) 

SIL-2 1656 237 

Quantity after 60 min 

Breakthrough between 60 and 

150 min (continuous decrease even if 

DF > 100 after 90 min) 

CER-1 988 - Immediate breakthrough 

CER-2 638 - Immediate breakthrough 

*Breakthrough mentioned are confirmed by yellow/green colouring in NaOH bubbler at the indicated time 
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4. DISCUSSION 

4.1. UiO-66-NH2 

4.1.1. Reference test and bed thickness 

On Figure 6-a, values of measured decontamination factors for reference test MOF-A (blue), are ranging 

between 104 and 105 according to time. No breakthrough of ruthenium tetroxide over UiO-66-NH2 

material was observed after 240 min of test. Inside the adsorbent bed, Ru is very probably in hydrated 

RuO2 form in view of its typical black colour. This retention ability and observations are consistent with 

previous results [28]. DF-value seems to slightly increase as a function of time maybe due to auto-

catalytic effect induced by RuO2 deposits. At the end of MOF-A test (4 h), the amount of Ru trapped in 

UiO-66-NH2 was calculated (on the basis of RuO4 generation rate mentioned in Table 2) to be around 

488 mgRu/gMOF (±12%,). Here, it is worth noting that the measured adsorption capacity could have been 

higher if the test duration was extended to a longer period of time (no breakthrough so no saturation of 

UiO-66-NH2 by Ru). In Table 2, a reference value of around 366 mgRu/gMOF (±12%) after 180 min of 

test was used to compare the results with other tests performed using other operating conditions.  

In MOF-B experiment, 2 cm of adsorbent material (instead of 1 cm) were used in the sintered column, 

other parameters being the same as the reference test. Within experimental errors, the temporal evolution 

of decontamination factors (Figure 6-a), grey), remained roughly similar as test MOF-A (blue) with DF 

values in the range 105-104. At the end of the test (180 min), the quantity of Ru trapped in UiO-66-NH2 

was determined to be around 192 mgRu/gMOF (±12%), i.e. approximately the half of the reference. This 

result was expected since no breakthrough happened with 1 cm of material in the same operating 

conditions. Thus, only 1 cm of material was used in the next experiments. 

 

4.1.2. Influence of H2O vapour (relative humidity) 

Steam being present in case of nuclear accident, two experiments were carried out in presence of water 

vapour, at 50 and 90 °C (Figure 6-b, in dark grey and red, respectively). Both experiments were 

conducted with a constant relative humidity (RH) of 30%.  

• At 50 °C (test MOF-C), no breakthrough was observed even after 4h of test. DF measurements, 

between 104 and 105, witness of an efficient trapping of ruthenium tetroxide by the UiO-66-NH2 

material (DF evolution similar to reference test MOF-A) even in presence of humidity. The 

quantities of Ru trapped in the MOF were determined to be around 245 mgRu/gMOF (±12%) after 

180 min and 327 mgRu/gMOF (±12%) after 240 min. These values are slightly lowered than those 

of reference test due to some differences existing in the RuO4 generation rate from one test to 

another, as stated in part 2.2. 

• At 90 °C (test MOF-D), decontamination factors were higher than 105 after 30 minutes and 

decreased to around 103 after 1 hour while remaining rather stable after 90 min (til the end of 

experiment at t = 180 min). The slight decrease of DF values between 30 and 60 minutes has 

not to be attributed to the breakthrough of the adsorbent bed but rather to the role of water with 

saturation of some pores. The lower DF values after 1 hour in test D (90 °C) compared to test C 

(50 °C) could be explained by some differences pertaining to the amounts of water present in 

UiO-66-NH2 material. Indeed, for 30% RH, the steam flowrate is 3.50 g.h-1 at 90 °C vs. 0.69 g.h-

1 at 50 °C.  

Overall, the effect of humidity at 50 and 90°C was not found to be detrimental for RuO4 

retention. The quantities of Ru trapped in UiO-66-NH2 were around 124 mgRu/gMOF (±12%) 

after 30 min, 248 mgRu/gMOF (±12%) after 60 min and 744 mgRu/gMOF (±12%) after 180 min. 
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4.1.3. Influence of NO2 

Another studied parameter for the UiO-66-NH2 material is the impact of nitrogen dioxide (NO2) on 

ruthenium tetroxide mitigation by UiO-66-NH2 material. Indeed, in the studied scenario in reprocessing 

plants, nitrogen oxides can be released in important quantities from boiling nitric solution to the 

atmosphere and can poison the adsorption sites of UiO-66-NH2, to the detriment of ruthenium tetroxide 

simultaneously released during its transport.  

In the literature, Peterson et al. [37] have shown that UiO-66-NH2 presents high performances for NO2 

removal up to 1.4 g of NO2/g MOF in air/steam atmosphere at 150 °C, capacity enhanced in presence 

of steam. The mechanism involves some redox reactions impacting the ligand structure of the MOF with 

the formation of nitrates and diazonium species and the possible release of N2. In another study 

performed under ambient conditions, the bond between the organic linker and metallic oxide center is 

broken, leading to the formation of nitrate and nitrite species while organic ligands also contribute to 

the NO2 reactive adsorption via nitration reaction [38]. Besides, it can also be expected that NO2 could 

have a negative influence on RuO2 deposits because of its highly oxidizing character, leading possibly 

to their re-volatilization as RuO4 gas. However, this process should be limited due to the small 

concentrations used in our experiments (100 ppmV). Overall, it can be expected that trapping of RuO4 

decreases in presence of NO2. Tests described hereafter allow to quantify this effect. 

 

Experiments in dry gas 

The experiments were carried out with 100 ppmV of nitrogen dioxide, at 50 and 90 °C (Figure 6-c). 

Ruthenium generation is around 1230 µgRuO4/min (±12%) for test MOF-E (50 °C) and 1466 µgRuO4/min 

for test MOF-F (90 °C). These quantities correspond to a molar ratio NO2/RuO4 of 0.21 for test MOF-

E and 0.17 for test MOF-F. It highlights that NO2 is not in excess in gas mixture (this would remain true 

even if RuO4 generation rate was set to the minimum obtained during the whole set of experiments 

reported in Table 2, i.e. a molar ratio of 0.54 for a generation rate of 480 µgRuO4/min). 

• At 50 °C (test MOF-E), no breakthrough of the material was observed in the first hour of test 

(104 < DF < 105) but only after 90 min of experiment, since the decontamination factor 

decreased below 103 and then reached a value around 10 at the end of the experiment (180 min). 

The quantity of Ru trapped within UiO-66-NH2 corresponded to 309 mgRu/gMOF (±12%) after 

60 min. 

• At 90 °C (test MOF-F), the decontamination factor measured after 30 min is around 300, and 

below 102 after 60 min. It decreases to ~10 at the end of the experiment (180 min), similarly to 

what was observed at 50 °C. Thus, breakthrough seems to occur more rapidly at 90 than at 50°C. 

The quantity of Ru trapped in UiO-66-NH2 is around 120 mgRu/gMOF (±12%) after 30 min. 

• Additional test MOF-Ebis has been conducted at 50 °C in two phases: 

o Step 1: exposition of MOF UiO-66-NH2 to NO2 without RuO4 (1 hour), 

o Step 2: RuO4 injection without NO2. 

Breakthrough occurred quickly as in test MOF-F, with DF = 170 after 30 min (step 2) and DF 

below 40 after 1 hour. It confirms the inhibiting effect of NO2 on RuO4 trapping by UiO-66-

NH2. Indeed, the pre-exposure to NO2 seems to degrade irreversibly adsorption sites due to its 

very oxidizing properties. 

Despite NO2 is not in molar excess with respect to RuO4, nitrogen dioxide degrades the ability of UiO-

66-NH2 for RuO4 trapping, more precisely the availability of the amine group to reduce RuO4(g) in 

hydrated RuO2(s) (this latter being observed inside the UiO-66-NH2 after tests with trapping). The 

increase of temperature from 50 to 90 °C seems to enhance the poisoning effect of NO2. 

 

Combined influence of NO2 + H2O 

The last tests with UiO-66-NH2 aim at highlighting the combined influence of both nitrogen dioxide and 

steam on RuO4 mitigation. (Figure 6-d). At 50 °C (30% RH and 100 ppmV NO2), breakthrough seems 
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to occur just after the first hour of test: decontamination factor is in the range 100 < DF < 250 until 60 

min, which is less than in the beginning of test MOF-E at 50 °C (0% RH and 100 ppmV NO2) after 60 

min. Thus, at 50°C, the impact of both NO2 and steam (30% HR) on RuO4 trapping capacities by UiO-

66-NH2 (MOF-G) is almost similar to that of NO2 without water vapour (MOF-E).  

At 90 °C and 30% RH (test MOF-H), the decontamination factors were very high, between 1000 and 

100 000 (higher than in reference test MOF-A). However, in this configuration, ruthenium tetroxide was 

observed to decompose rapidly into ruthenium dioxide since a black deposit appeared on the sintered 

column (Figure 9). For this reason, no ruthenium tetroxide went through the filtration material as it 

degraded before the MOF in presence of steam and NO2. This behavior is reminiscent of the thermal 

decomposition of RuO4, notably observed in Nerisson et al. [14] for higher temperatures (> ~108 °C). 

This could be explained by a localized overheating phenomenon at the column head, which did not occur 

during the other tests at 90 °C. 

 

                                            

Figure 9: Sintered column containing UiO-66-NH2 after MOF-H test. 

 

4.1.4. X-ray diffraction 

As shown on Figure 7, X-ray diffraction did not reveal any crystalized ruthenium oxide that would 

correspond to nanoparticles of metallic ruthenium trapped either inside or outside the UiO-66-NH2, 

which is consistent with the study by Leloire et al. [25][28]. Hence, ruthenium dioxide must be present 

as an amorphous form, as described by McKeown et al. [39]. X-ray diffraction patterns of spent materials 

resulting from tests MOF-A to MOF-H were compared to the X-ray diffractogram of the unreacted MOF 

UiO-66-NH2. For each test, an attenuation of Bragg main peaks associated with UiO-66-NH2 is 

observed, which is linked to the incorporation of amorphous RuO2 within the framework. In fact, the 

incorporation of amorphous RuO2 does not lead to a partial degradation of the MOFs. Indeed, a proof 

was given in our previous work about UiO-66-NH2 [25][28]. The crystallinity of UiO-66-NH2 

framework was still preserved, but the occurrence of large amount of amorphous RuO2 within the pores 

led to a slight loss of intensity of the major diffraction peaks. Although a deep after-test characterization 



15 

 

was not performed for the other tested materials (cf. sections 3.2 and 4.2), the presence of a black 

amorphous deposit of RuO2 was observed for all kinds of adsorbents. 

 

 

4.2. Alternative compounds 

4.2.1. PEI-modified organo-silica 

In reference test SIL-1 at 50 °C, no breakthrough is observed until 1 hour. This corresponds to 

decontamination factors between 103 and 104 (Figure 8). Then, the decontamination factor decreases, to 

reach DF = 30 after 150 min implying that breakthrough of silica bed occurs between 60 and 120 min 

of experiment (continuous decrease even if DF > 100 after 90 min). In test SIL-2, almost the same DF 

evolution is observed (Figure 8), so there is no influence linked to the presence of steam and nitrogen 

dioxide. 

4.2.2. Cerium dioxide 

With Ce02, breakthrough seems to occur immediately at the beginning of the test, attesting that the used 

commercial cerium dioxide has no capacity for RuO4 trapping at 50 °C. It is worth noting that this result 

somewhat contradicts some preliminary tests performed on other kinds of Ce-based materials, which 

showed a much better behaviour [17]. In the present study, a commercial CeO2 sample was used instead 

because of its availability in large amounts and its more adapted shaping. However, it seems that it has 

not the required redox properties to promote the trapping of RuO4 to hydrated RuO2 deposits. Such 

properties can be obtained by using ceria nanoparticles of small size or doped with foreign elements in 

order to enhance the fraction of Ce3+ sites, which are needed for RuO4 reduction. Indeed, it was shown 

that the presence of reduced cerium sites and oxygen vacancies are key for a number of applications 

involving these materials. An alternative would be to test different samples belonging to this class of 

materials in the future, in order to better understand the reactivity of Ce-based oxides. 

 

4.3. Comparison of materials - Ru trapping capacities 

This section focuses on MOF UiO-66-NH2 and silica PEI-Aerosil (no trapping of RuO4 with cerium 

dioxide, cf. 4.2.2).To allow a better comparison between these two materials in similar conditions (T, 

RH, NO2 concentration), the time scale of a given test can be corrected by the ratio: 

𝑡𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑡𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 .
(𝑅𝑢𝑂4 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒)𝑡𝑒𝑠𝑡

(𝑅𝑢𝑂4 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
⁄    (6) 

According to results discussed in sections 4.1 and 4.2.1: 

• in reference conditions (50 °C, dry gas), silica PEI-Aerosil is less efficient than UiO-66-NH2 

for RuO4 trapping, since no breakthrough was observed with UiO-66-NH2 for the same bed 

thickness (tests MOF-A and SIL-1). However, minimum breakthrough time for SIL-1 can be 

corrected to 87 min instead of 60 min, according to equation (6) with MOF-A as reference 

generation rate. 

• in presence of steam and NO2 at 50 °C, Figure 10 compares DF obtained for MOF-G and SIL-

2 tests, using this time a corrected time scale for SIL-2, using equation (6) with MOF-G as 

reference generation rate. Silica appears more efficient than MOF, DF remaining above 100 

after nearly 180 min of test for silica while it reaches a value close to 10 after 90 min for MOF. 
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Figure 10: Decontamination factor as a function of time at 50 °C under mixture of H2O (30% RH) 

and NO2 (100 ppmV) for test MOF-G (grey triangles) and test SIL-2 (orange squares, corrected 

timescale according to equation (6) with MOF-G as reference generation rate) 

 

More generally, breakthrough times can be influenced by RuO4 generation rate. Thus, for tests where 

breakthrough occurred with UiO-66-NH2 and silica PEI-aerosil, breakthrough times mentioned in Table 

2 are corrected according to equation (6) with MOF-A as reference generation rate (730 µgRuO4/min), 

and reported in Table 3. These are indicative values, the main result for each configuration tested being 

the occurrence (or not) of breakthrough and the order of magnitude of its timing. Besides, it should be 

remembered that: 

• for tests without breakthrough (see Table 2), more RuO4 could have been trapped with a longer 

test (for the same bed thickness), 

• when breakthrough occurs, a fraction of incident RuO4 may still be trapped after it. But in this 

latter case, the amount obtained can give the order of magnitude beyond which retention 

becomes not satisfactory. 

 

Table 3: Corrected breakthrough time following equation (6) with MOF-A as reference test for RuO4 

generation, for tests where breakthrough occured involving UiO-66-NH2 and PEI-modified Aerosil 

silica  

Test 
Corrected breakthrough time following equation (6) 

with MOF-A as reference test for RuO4 generation 

MOF-E Breakthrough between 151 and 202 min 

MOF-F Breakthrough between 60 and 120 min 

MOF-G Breakthrough between 98 and 147 min 

SIL-1 Breakthrough between 87 and 175min 

SIL-2 Breakthrough between 136 and 340 min 

 

As mentioned before, the black deposit is very probably in a hydrated amorphous black solid RuO2 form, 

as described by Leloire et al. [25], [28]. Figure 11 shows the difference between two spent UiO-66-NH2 

beds collected after (right) or without breakthrough (left), respectively MOF-E and MOF-A. As 
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discussed above in section 4.1.3, NO2 may partially inhibit RuO4 reduction inside UiO-66-NH2. Indeed, 

black deposit is visible all along the MOF bed in test MOF-E, while the top layer of the UiO-66-NH2 

bed is sufficient to trap all incoming RuO4(g) in test MOF-A. 

 

                              

Figure 11: Evolution of the UiO-66-NH2 powdered samples at the end of tests MOF-A (left, no 

breakthrough) and MOF-E (right, breakthrough reached) 

 

5. CONCLUSIONS 
Experiments of gaseous RuO4 trapping in solid materials have been conducted on a dedicated test bench, 

with experimental operating parameters approaching conditions occurring in different nuclear accident 

scenarios, covering fuel cycle and nuclear power plants. 

RuO4 trapping efficiency is confirmed for UiO-66-NH2 at 50 °C in dry gas, with DF > 104. This order 

of magnitude of DF is also observed with higher bed thickness and with steam at 50 °C. In presence of 

steam at 90 °C, DF decreases but remains high (DF > 103 after 60 min and DF > 600 at the end of the 

test). In presence of NO2 in the feed gas, DF decreases significantly after approximately one hour of 

test, both at 50 and 90 °C due to alteration of amine groups. Indeed, breakthrough of 1 cm UiO-66-NH2 

bed by RuO4 occurs between 60 and 90 min after starting the test. Efficiency remains acceptable before 

this breakthrough (DF > 100) and reaches a value in the range 10 < DF < 100 at the end of the tests. 

Nitrogen dioxide is confirmed to be very reactive with respect to amine groups present in MOF, in line 

with its oxidizing properties.  

In dry conditions, PEI-modified Aerosil silica is less efficient than UiO-66-NH2 for RuO4 trapping but 

its capacity is preserved in presence of steam and NO2, while its efficiency is better than UiO-66-NH2 

in these latter conditions. 

The used commercial cerium dioxide powder (CeO2) is not efficient for RuO4 trapping whatever the 

conditions, despite encouraging previous results obtained with this class of materials. This could 

highlight a strong sensitivity to the characteristics of these materials, notably the Ce3+/Ce4+ ratio, for 

RuO4 trapping. 
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