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Context and objectives of the study Experimental approach 

Materials and method 

Experimental results : water sorption 

Extraction 

VENTILATION DUCT HEPA filter 

Extraction 

SMOKE 

 Gloves boxe 

SMOKE 

Toxic and radioactive 

emissions 

Electrical 

cabinet 

Carbonaceous nanoparticles in the form of aggregates of primary particles 

• Specific surface (40 to 150 m2.g-1) 
• Primary particle diameter: 𝑑𝑃𝑃 ~ 30 − 65 𝑛𝑚 
• True density ~ 1.20-1.8 x103 kg.m-3  
• Overlap coefficient (𝐶𝑜𝑣) 
• Organic coverage (ratio CO/CT) 

𝑽𝒇 

𝑴𝒂𝒆 

 Repeatability: 

𝑹

𝑹𝟎
= 𝟏 + 𝒂. 𝟏 − 𝑻𝑪 .

𝑴𝒂𝒆

𝒅𝒑
+ 𝒃. 𝟏 − 𝑻𝑪 .

𝑴𝒂𝒆

𝑽𝒇. 𝒅𝒑

𝟐

 

NUCLEAR SAFETY 
Development of calculation codes for preventing consequences on ventilation in case of fire: 
Need to a better understanding of the clogging phenomenon of the  
High Efficiency Particulate Aerosol Filters (HEPA filters) 

SOOT 

Compact Fractal Fractal with an 
organic coverage 

 Different morphologies: 

Empiric clogging model currently used [1]: 
Microstructural caracteristics: 

  sorption and capillary condensation phenomenons 

Objectives :  
 Obtaining new water sorption data for fire soot 
 Identify the influencing parameters 
 Developping/adapting a sorption model by integrating the new identified parameters 

𝑻𝑪 : condensate rate 

 Principal properties: 

 ε ≥ 𝟗𝟓% 
High relative humidity 

Imperfect graphitic and turbostratic structure 
Cristallytes (portions of graphitic planes) concentrically arranged in the manner of 
the multi-layered « oignon-peel » 

𝒅𝒊𝒏𝒕𝒆𝒓−𝒑𝒍𝒂𝒏𝒆 𝒔𝒐𝒐𝒕
= 𝟎. 𝟑𝟔 𝒏𝒎  

>     
𝒅𝒊𝒏𝒕𝒆𝒓−𝒑𝒍𝒂𝒏𝒆 𝒈𝒓𝒂𝒑𝒉𝒊𝒕𝒆

= 𝟎. 𝟑𝟑𝟔 𝒏𝒎 
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Water sorption isotherms on the black carbon PRINTEX 90 

• 5 repeated sorption measurements for the 

commercialized black carbon PRINTEX 90 

• Pellet porosity: 60% ± 10% 

100 nm 

TEM picture 
(PRINTEX 90) 

 Good repeatability for a homogen black carbon 

considered as a reference material 

 Structure and composition similar to the real soot’s one 

 Correct operating validation of the microbalance: 

• Reference material : microcristalline 

cellulose MCC Avicel Ph-101  

• COST90 procedure (defined as an 

european standard, [3] )  water uptake 

measured for 10 water activities 
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Water uptake from COST90 data (%) 

y = x y = x +/- 15%

Diagram comparing the water uptakes given in the COST90 procedure and measured 

with the DVS Vacuum microbalance 

Production of significant 
amount of soot 

Soot characterization 

 Effects of scale, [O2], fuel nature? 

Sorption isotherms 

 Identification of the 

influencing parameters 

Modelling 

Particles  : 

Available model valid for nanoparticles of aggregate 

type without overlap coefficent [2]: 

Modelling approach: 

Aggregate issued from a real fire: 

• overlap coefficient 

• organic coverage 

Dry particles  

overlap coeffcient 

Intermediate case  

Physico-chemical parameters 

Small and medium scales  separated fuels 

• Liquids : solvents of reprocessing nuclear waste 
(TBP, TPH), hydraulic oil 

• Solids : polymers (PMMA, PVC, PC)  

Large scale  whole flammable elements 

• Density 
• Elemental composition 
• OC/EC ratio 
• Surface and bulk chemical compositions 
• Specific surface area 

• Primary particle diameter 
• Overlap coefficient 

Original fuel 

Mean 
primary 
particle 

diameter 
(nm) 

True 
density 
(g/cm

3
) 

Speciific 
surface 

area (m
2
/g) 

Elemental 
composition 

TEM pictures 

Gloves boxe ~ 42 1.66 43.8 
C, N, O, Fe, Cu, Si, S 
Traces: F, Na, Mg, 

P, Cl, K, Ca, V, Ti, Cr 

Electrical cables  
(with PVC) 

~ 68 1.85 144.2 
C, O, Cl, Rh, Pb, 

Na, Fe 

Electrical cables  
(with HFFR) 

n.d. n.d. n.d. n.d. 

Hydraulic oil (DTE 
Medium, Total) 

n.d. n.d. n.d. n.d. 

Black carbon 
 FLAMMRUSS 101 

~ 95 1.77 295 C (100) 

Black carbon PRINTEX  90 ~ 15 1.7 20 C (100) 

Kerozen (oil lamp) 57 n.d. 49 C (95), O(5)  - 

Kerozen (aircarft engine at 
cruise power)  

30 - 50 n.d. 54 C(95), O(5)  - 

Propane (burner) 30 n.d.  46 n.d. - 

• Gloves boxe 
• Electrical cables (with PVC, with free 

halogenated fire retardants) 
• Eectrical cabinet 

Physicochemical parameters 

Morphological parameters 

 Sensivity study 

Gases (CO2, CO, 
H2SO4, HCl…) 

Organic vapours 

Water vapour 

Soot 

Burning of flammable materials at different: 
 Scales 
 [O2] / ventilation 

𝒗 𝒂𝟎 =
𝒗𝒎𝑮𝒄𝑮𝒂𝟎𝒌

(𝟏 − 𝒌𝒂𝟎)(𝟏 + 𝒄𝑮 − 𝟏 𝒌𝒂𝟎)
+ 𝒁

𝝆𝒍

𝝆𝒔
𝟑

𝒉 − 𝒕

𝒅𝒑𝒑

𝟐

𝟏 −
𝟒(𝒉 − 𝒕)

𝟑𝒅𝒑𝒑
 

Real case  

 GAB model : empirically set (𝒂𝟎, 𝒄𝑮,𝑘), 

non predictive sorption model 
 Kelvin model : theoretical model 
 

constants: 

𝒅𝒑𝒑 : primary particle diameter  

𝒗𝒎𝑮 : sorbate volume forming the monolayer 

𝒂𝟎 : water activity in vapour phase 
 

Ideal case  

SEM picture of MCC Avicel Ph-101 

100 µm 

Conclusions et perspectives 
Conclusions: 

Perspectives: 

• Correct operating of the DVS Vacuum microbalance has been validated: good accordance with COST90 data 

• Sorption measurements carried out with the DVS Vacuum microbalance are repeatable 

• Identified influencing parameters: primary particle diameter, chemical and elementary compositions 

• New water sorption data on real fire soot 

• Study of the impact of [O2] and fuel nature on the soot properties at analytical scale (calorimeter cone in a controlled atmosphere) 

• Continuation of water sorption data acquisition for the new soot produced in this study 

• Testing of the Adsorption-Condensation model for the real fire soot 
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1 2 3 
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Sampling on 

grids and 

quartz filters  

for ex situ 

analyses 

Morphology/microstructure (TEM) 

Elementary composition (EDX) 

Organic and elemental carbon analysis 

Surface chemistry (XPS, NEXAFS) 

Physico-chemical analysis 

of the deposited soot 

Soot sampling on 

acetate cellulose 

membran 

• Manometric N2 sorption measurement 

for specific surface area 

• Gravimetric water sorption 

measurement  

Sorption measurements 

Concentration 

(CPC, TEOM) 

Granulometry (SMPS) 

Online granulometric 

analysis  of aerosol phase 

Deposited surface (NSAM) 

Calorimeter cone in a controlled atmosphere 

Air 

N2 

Mixing 

1 

Vacuum draw Vapour 
introduction 

Constant vapour flow 
and relative humidity 

• Incubator temperature range: 20-85°C. 
• Minimal pressure ensured by rotative pump: ~ 10-3 mbar  
• Minimal pressure ensured by turbomolecular pump: ~ 10-8 mbar 
• Maximal preheating temperature: 400°C 
• Sample weight for an optimal measurement: 0.1 µg -1 g 
• Microbalance accuracy: 0.1µg 

Microbalance DVS Vacuum (« Dynamic Vapour Sorption ») 

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝐻𝑅 − 𝑚𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ∗

𝑚𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
≡

𝑛𝐻2𝑂,𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

𝑚𝑑𝑟𝑦 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
 

∗ 𝑚𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  : At the end of the relative humidity stage of 0% 

𝒉 ≈ 𝟖 𝒎𝒎 
∅ ≈ 𝟔 𝒎𝒎 

𝜺 ≈ 𝟎. 𝟓 
𝒎 ≈ 𝟏𝟎𝟎𝒎𝒈 

Gravimetric measurements: 

Preparation of pellet by compacting the powder: 

Principle of dynamic vapour pressure:   

Microbalance DVS Vacuum features: 

Process schema of the device: 

3 

 use of a current adsorption-condensation model and adapt it for the real case of fire soot 

Water adsorption isotherms for soot emitted from different combustion processes 

• Electrical cables (with PVC) > electrical cables (with halogen free fire retardants) > hydraulic oil > glove boxe 

• Propane buner: good accordance with sorption data available in the literature 

• Kerosene burned in an oil lamp and hydraulic oil burned in a confined room  similar sorption data 

Influence of primary particle diameter on water uptake 

• PRINTEX 90 >> PRINTEX Xe2 > FLAMMRUSS 101  primary particle diameter seems to be a key parameter 

Dry particles 

presenting an 

overlap coeffcient 

Intermediate case  

Zürich 

Dilution system with N2 

HEPA filter 
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Water sorption isotherms for three different black carbons 

PRINTEX 90 , Dpp = 15 nm, pellet porosity =  60%

PRINTEX Xe2, Dpp = 71 nm, pellet porosity ≈  96% 

FLAMMRUSS 101 , Dpp = 95 nm, pellet porosity = 72%

Aggregate issued from a real fire with an overlap 

coefficient and an organic coverage 

Real case  

• spheric , smooth, dry 

• juxtaposed by contact points 
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Electric cables (with PVC), poorly ventilated and
confined room

Electric cables (with halogen free fire retardants) ,
poorly ventilated and confined room

Hydraulic oil, poorly ventilated and confined room

Gloves box, over-ventilated room

Kerosene, oil lamp [4]

Kerosene, aircraft engine at cruise power [4]

Propane, burner (OC/TC=4%) [4]

Propane, burner
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