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Presentation of PhD and post-doctoral  
works at LRGP 
 

 

This document presents the thesis and the postdoctoral research works realized at LRGP. 

The document was concisely written in order to make it easier for the reader to quickly find 
out what is done at LRGP. For each study, a summary page presents (1) the general context of 
the work, (2) the objectives and challenges, (3) the methodology being developed, (4) a 
schematic illustration, (5) the main results and (6) some references. 

All PhD and postdocs research projects currently carried out in the laboratory regardless of 
their current progress are introduced in this document. Studies, which were recently started, 
are described by their expected results only while the findings of more mature projects are 
illustrated with the most significant results 

These scientific works are organized into 5 sections according to the different Research 
Departments at LRGP, as following:  

 Processes for Environment, Safety and Resource Valorization 
 Intensification, Optimization and Architecture of Processes 
 BioProcesses - BioMolecules 
 Kinetics and Thermodynamics for Energy  
 Processes for Products and Materials   

Within each Department section, the research projects were further sorted by alphabetic 
order according to the researcher’s surnames instead of year because different new studies 
begin throughout the year. Moreover some projects may progress faster or slower depending 
on whether they are in the continuity of previous studies or they initiate a new topic. It is also 
a wish to ensure that every researcher can communicate on equal ground. 

I wish you a pleasant reading! 

 
 
Laurent FALK 
Director of Reactions and Chemical Engineering Laboratory, Nancy, France 
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Impact of airflows induced by the filter media 
pleating on clogging phenomena for steady and 

transient states 

ALILOU Youssef (2nd year)  

Supervisor: THOMAS Dominique1, BARDIN-MONNIER Nathalie1 

Axe 1 - LRGP, SAFE 

 

 

Illustration: Streamlines in a pleat filter 

 

General context, scientific issues: 
Containment of airborne contamination in 
hazardous industrial activities is mostly 
ensured by HEPA filters. It’s essential to be 
able to predict the evolution of pressure drop 
of these filters to anticipate any dysfunction or 
failure of these devices. The pressure drop is 
linked to airflow rate and to clogging process. 
For pleated filters, pressure drop increases 
quickly due the loss of filtration surface, this 
phenomenon is called surface reduction [1]; its 
study is the purpose of this thesis.  

 

Objectives and stakes: 
The purpose of this thesis is to enhance the 
comprehension of pleated filters’ behavior and 
to characterize the surface reduction 
phenomenon caused by particle deposit inside 
the pleat. Finally we aim to develop predicting 
models of clogging in both transient and 
permanent regimes. 

Main results: 
The first results obtained concern the clean 
filter pleat. Introducing filtration surface loss 
due to pleat deformation leads to a good 
estimation of pressure drop for low and normal 
filtration velocities. µ -PIV method has been 
adapted to measure the velocity field inside 
the filter for different filtration velocities. 
Using the experimental data, we validate the 
flow calculation of ANSYS. In future, 
tomography technic will be used to enhance 
the comprehension of the deformation 
phenomenon in order to have the real 
geometry of the filter to simulate its clogging. 

References: 
[1]: Ouf F- X., Mocho V-M, Pontreau S., Colmatage des 
filtres industriels plissés à très haute efficacité par 
des aérosols en situation d’incendie, Pollution 
atmosphérique, N°215, 2012 

 

2016 
 
 

 

 

Methodology / Experimental approach: 
A methodology divided into two parts has been 
fixed for the running of this project. Firstly, we 
aim to characterize the flow within the pleats 
of HEPA filters. Using optical diagnostics we 
measured the flow field within the pleats. The 
experimental data have been used to validate 
numerical flow calculation (ANSYS CFX, 
GeoDict). Using these numerical tools, a data 
bank has been established and used to model 
the flow in the filters and to estimate the 
resulting pressure drop at the pleat scale. 
Secondly, we will measure the slip velocity field 
(using the same technic) of alumina particles at 
the pleat entrance channel, in order to validate 
GeoDict particle motion computations. 
Numerical models will be enhanced and 
validated upon grid tests. 
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2016 Characterization of the dissemination of substances 
in a lentic aquatic environment 

Assaad Aziz (chercheur CDD) 
Axe 1 - M-N. Pons, J-P. 

Leclerc 
Sols & Eaux 

 
 
 
 
 
 
 
 
 

 General context, scientific issues 
In the BioCapTech project, several partners have 
joined forces  to  find  an  ecological  solution  to 
fight against algal blooms (cyanobacteria) and 
herbaceous (macrophytes) in ponds. This 
association was conducted as part of a call for 
project of the Economic Mobilization Agency of 
the Lorraine  region  and  the  final  goal  is  to 
develop an eco-sustainable treatment process of 
aquatic pollution. This solution requires the use of 
allelopathic natural substances to be dispersed 
effectively in the water body. The evaluation of 
the application and the efficiency of this solution 
require having a model to predict rapidly the 
location of treatment  points  and  their  number. 
This model will then be included in a decision 
support system for selecting the most appropriate 
treatment. 
This model, developed by FA Moussoh must be 
validated first on a laboratory pilot. 

 

 
Figure1: Pilot structure which is used to validate the 

numerical model. 

Main results 
Chloride sodium was detected with very small lab-made 
conductimeter  probes  and  rhodamine  was  measured 
with a submersible spectrofluorimeter (Cyclops-7™ 

Submersible Sensors). Numerical simulations were 
carried out by F.A. Moussoh using the commercial code 
Fluent using two turbulence models (RNG k-ɛ and SST 
k-ω transition turbulence models). 
Figure 2 shows an example of a comparison of numerical  
and  experimental  RTD  curves.  The numerical and the 
experimental RTD measurements showed the same flow  
behaviors which validate  the CFD simulation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure2: Comparison of experimental and numerical 
RTD 

Objectives and stakes 
- To   realize   a   complete   experimental 

program, with tracking saline and 
fluorescent tracers which represent the 
natural substances used in the treatment. 

- To  analyse  the  results  obtained  and  to 
compare them with the results of the 
numerical model. 

Pilot structure 
 

The studied pond (figure1) has a parallelepiped 
shape with the dimensions of 1.55 m * 0.7 m * 0.8 
m.  The  working volume (0.4606 m3)  is  1.4  m 
long, 0.7 m wide and 0.47 m deep. The pond is 
fed at a flow rate of 1 m3/h..  The inlet Reynolds 
number is 7300. The Reynolds number inside the 
pilot varies between 100 and 7 300.   This large 
variation of the flow regimes inside the volume 
(laminar, transition and turbulent flow) makes that 
simulation of  flow  behavior  using  CFD  is  not 
straightforward despite the apparent simplicity of 
the system. 
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Keywords : Wastewater treatment ; Variability urban wastewater pollution. 

General context, scientific issues 

Untreated wastewater discharged into rivers are one of 
the most important forms of water pollution worldwide. 
The problem is worse in developing countries where 
over 90% of sewage and 70% of untreated industrial 
wastes are discharged into surface waters (UN, UNEP, 
FAO, 2010). In developed countries, the problem is less 
because sanitation is well developed. But the problem 
today is that sewage treatment plants remove only 
partially or not at all, wastewater micropollutants. The 
first step is to understand the variation of their 
concentration with respect to human activity in order to 
improve the efficiency of treatments.  
 

Objectives and stakes 

Bring specific knowledge about the variability of urban 
wastewater composition (macro and micropollutants, 
major cations and ions) in two catchments (Cotonou and 
Greater Nancy) and provide experimental data for the 
improvement of wastewater models (Gernaey et al., 
2011, Saagi et al., 2016) that will predict wastewater 
composition on a given site. 
 

Methodology / Experimental approach 

 Selection of two catchments : Greater Nancy in France and 
Cotonou in Benin  

 Literature review: pollution parameters and geographical, 
political, socio-economic and cultural catchment charac. 

 Sampling campaigns and samples analysis 
 Statistical data processing 
 pH modelling 
 Simulation of wastewater composition on the study sites.  

2016 
 

 

 
 

 
 

PhD subject 
 
 

First name Name (Choisissez un élément.) 

Supervisor 1 First name Name, Supervisor 2… 
Choisissez un élément. |  Choisissez un élément. | Entreprise si CIFRE sinon rien 

 

Study circles 
COTONOU 

 
GRAND-NANCY 

 
 

Main results 

- Orders of magnitude (conventional pollutants) 

 
 

- Daily profile of the variability of pollutants 
Example of daily profile of chromium in the Grand-
Nancy. 
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Relationship between the variability of urban pollution and 
geographic and socio-cultural traits in Benin and France 

 
Nelly Chrystelle Houéfa ATINKPAHOUN (2nd year) 

Marie-Noëlle PONS, Jean-Pierre LECLERC, Henri H. SOCLO 
Axe 1 | Sols & Eaux |  
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Keywords: Retention pond, NaCl, metal trace elements, sedimentation, transfer dynamics 

General context, scientific issues 
During winter, deicing agents (mainly sodium chloride-
NaCl-) are carried by runoff waters which are collected 
by retention pond before being rejected into the 
environment. A high concentration of NaCl may affect 
water quality because of ionic strength that plays a 
major role on particles stability [1]. Metals associated to 
particles may be released into pond water [2]. 
Therefore, the retention pond only delays the release of 
sodium chloride and dissolved metals into the 
environment, affecting ecosystem quality. 
 
 

Objectives and stakes 
Utque proeliorum periti rectores primo catervas densas 
opponunt et fortes, deinde leves armaturas, post 
iaculatores ultimasque subsidiales acies, si fors adegerit, 
iuvaturas, ita praepositis urbanae familiae suspensae 
digerentibus sollicite, quos insignes faciunt virgae 
dexteris aptatae velut tessera data castrensi iuxta 
vehiculi frontem omne textrinum incedit: huic atratum 
coquinae 
 

Methodology / Experimental approach 
The objective of this work is to bring better 
understanding of the role of NaCl on the dynamics of 
pollutant transfer at the water-sediment interface. 
Retention of deicer salts and further processes are 
influenced not only by physico-chemical interactions 
but also by hydrodynamics and settling of sediments. 
Physico-chemical data have been measured for 3 years 
[3] on a road retention pond (Chenevières, Grand Est). 
In order to assess the influence of the pond design, a 
second one will also be studied. This work includes data 
acquisition on the ponds, water and sediment 
characterization, investigation of sediment settling, and 
role of physio-chemical interactions on pollutant 
dynamics. 

2016 
 

 

 

 
 

 Metal trace elements and sodium chloride transfer dynamics in water-
sediment interface  

in road retention basin 
 

Lucie Barbier (1st year of PhD) 

Marie-Odile Simonnot, Ivana Durickovic (Cerema) 
Axe 1 |  SOLEO | Cerema 

Axe 1 |  SOLEO | Cerema Choisissez un élément. |  Choisissez un élément. | 
Entreprise si CIFRE sinon rien 

 

Illustration: Schematic representation of major 
phenomena influencing particle stability and release of 
metal trace elements (MTE) 

 
 

Main results 
A bibliographic survey has been achieved. 

The second retention pond was chosen, with a design 
different from the previous one. Consequently, 
sediment distribution and water flow are different, 
which may influence NaCl distribution. The equipment 
of both ponds (e.g. flow rate measurement, pH and 
redox sensors) are being installed.  

Conceptual models of both ponds are in construction. 
Sampling zones have been chosen. Water and 
sediments have been sampled and analyses are 
currently performed (e.g. major ions, metal trace 
elements, dissolved organic carbon).  

First results indicate that pond physico-chemical 
parameters are influenced by rainfall.  
 

References 
[1] Novotny, E.V., Murphy, D., and Stefan, H.G. (2008). Increase of 
urban lake salinity by road deicing salt. Sci. Total Environ. 406, 131–
144. 
[2] Clozel, B., Ruban, V., Durand, C., and Conil, P. (2006). Origin and 
mobility of heavy metals in contaminated sediments from retention 
and infiltration ponds. Appl. Geochem. 21, 1781–1798. 
[3] Suaire, R. (2015). Dynamique de transfert des fondants routiers 
dans un bassin de rétention des eaux de ruissellement routières : vers 
une solution d'assainissement par phytoremédiation. Thèse. 
Université de Lorraine 
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 Keywords: energy, carbon dioxide capture, adsorption, recycling 

General context, scientific issues 
 
In recent years, anthropogenic carbon dioxide emissions 
have become an environmental subject of great concern 
because of the relevant influence of this greenhouse gas 
to the global climate change. As a matter of fact, there is 
an important need to control carbon dioxide level in the 
atmosphere. To this end, adsorption by porous materials 
such as zeolites, carbons or metal-organic frameworks is 
a promising and alternative way to reduce CO2 emissions 
from large industrial sources, since this method requires 
lower energy consumption than the amine scrubbing.  
General context, scientific issues 
 

Objectives and stakes 
 
The main purpose of this thesis is the development of an 
advanced adsorption process for capturing CO2 from flue 
gases to recycle it. The different research areas are:  

 Selection and characterization of one or more 
appropriate commercial adsorbent(s) 

 

 Study and quantification of adsorption parameters 
in terms of equilibrium and kinetics 

 

 Evaluation of the impact of impurities contained in 
flue gases on the adsorbent performances  

Objectives and stakes 
 

Methodology / Experimental approach 
 

 Evaluation of the textural (specific surface area, pore 

volume, pore size distribution) and physical (density, 

morphology) properties of the adsorbents to explain 
CO2 adsorption phenomenon 

 

 Adsorption equilibrium measurements to assess the 
amount of gas adsorbed per unit mass of adsorbent: 
static experiments carried out in a thermogravimetric 

analyzer (SETSYS Evolution apparatus) 
 

 Adsorption kinetics measurements to determine the 
mass transfer rates from the gas phase to solid phase 
(breakthrough curves) : dynamic experiments carried 
out in a fixed bed adsorption unit 

 

 Assessment of the material regeneration conditions 
in order to optimize the regeneration phase 

 

 Quantification of the impact of impurities contained 
in flue gases in order to develop a specific and reliable 
adsorption model 

 
2016 

 
 

 

 
 

 
CO2 capture by an advanced process for its recycling 

 
Sabrina BEDEL (2nd year) 

Cécile VALLIÈRES 
Axe 1 | SAFE  

Illustration: Comparison of the Toth predictions and the 
experimental data of CO2 adsorption equilibrium  
 

  
 

 

Main results: Evaluation of equilibrium parameters 
 

 Application of the temperature dependence form of 
the Toth model: prediction of adsorption equilibrium 
at any temperature by extrapolation or interpolation 

 
 ❶ Six unknown parameters which have to be identified  

from the experimental data: qm0, χ, b0, Q/RT0, t0, α 
 

 Parameters estimability analysis: implementation of 
a sequential orthogonalization method [1,2] to assess 

which model parameters are the most estimable and 
in which order  

 

qm0 > Q/RT0 > t0 > b0 > α > χ 
 
HOWEVER, the experimental information is insufficient 
to assess the parameter χ because a variation of 10% of 
its value implies a variation lower than 2% of the output 
 
 ❷ The parameter χ is nonestimable and can be fixed 

 

 Parameters identification study: computation of the 
optimal model parameters by using the experimental 
adsorption equilibrium data at 303 K, 323 K and 343 K 

 
 ❸ CO2 adsorption equilibrium is satisfactorily predicted 
Main results 
 

References 
 
[1] M. Lei, C. Vallieres, G. Grevillot, M. A. Latifi, Ind. 
Eng. Chem. Res. 52, 7526-7533 (2013). 
[2] K. Z. Yao, B. M. Shaw, B. Kou, K. B. McAuley, D. W.  
Bacon, Polym. React. Eng. 11, 563-588 (2003). 
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Keywords: Microalgal bacterial flocs (MaB-flocs) - Wastewater - immobilization- anaerobic 
microreactor  

General context, scientific issues 
 
Microalgal bacterial flocs (MaB-flocs) 
immobilization technique using PVA (polyvinyl 
alcohol) crosslink with sodium sulfate represents a 
novel approach to wastewater treatment. In this 
approach, the PVA-sulfate method may be a 
promising and economical technique for cell 
immobilization, and entrapped MaB-flocs could 
separates the treated wastewater from the produced 
biomass.  

 
 

Objectives and stakes 
 
The present work aims at developing an original 
microscale approach to investigate various 
phenomena and then to intensify the performance 
of an anaerobic multiphase bioreactor.  

 
 

Methodology / Experimental approach 
 
The experiments were carried out respectively in a 1D 
anaerobic microreactor to effectively treat the synthetic 
wastewater prepared with two different initial COD 200 
mg/L and 450 mg/L solutions. Sunlight exposure 
promoted the growth of microalgae in the microreactor 
forming an algal–bacterial symbiosis in PVA-sulfate 
beads. Three different MaB-flocs concentrations C1: 
2%, C2 :5%, C3 :10% were used in PVA entrapment 
processes. The feasibility of this PVA-alginate 
formulation for cells immobilization was investigated 
by checking the survival of the microalgal bacterial 
flocs after immobilization process and chemical oxygen 
demand (COD) removal performance of anaerobic 
reactor efficiency for microscale synthetic wastewater 
treatment. In addition, the microscopy analysis 
techniques offer an opportunity to observe and quantify 
the growth of microalgal bacterial flocs at microscale on 
a single PVA bead. 
   
 

2016 
 

 
 

 
 

 Coupling of bacteria and microalgae for the wastewater treatment 
and production of valuable biogas sludge 

 
 

BEJI Olfa (Second year of PhD) 
Supervisors name: Souhila PONCIN& Nouceiba ADOUANI & Huai Zhi LI 

Axe 1 /  Reactions Laboratory and Process Engineering 
 

 

 

Illustration: Entrapment of microalgal bacterial 
flocs into PVA-alginate matrix 

 
 

Main results 
 
This treatment with MaB-flocs PVA beads resulted 
in significantly COD removal rates among 
wastewaters. The COD removal performance of the 
anaerobic microreactor achieved 63% after 6 days of 
treatment, suggesting the high concentration of 
MaB-flocs C3 :10% have good potential for organics 
removal. A high MaB-floc production was obtained 
respectively with a 200mg/L effluent. These results 
may contribute to evolving immobilized MaB-floc 
as a valuable remediation strategy for wastewater 
treatment. 
 

References 
 
[1] Zhang, L. S., Wu, W. Z., & Wang, J. L. (2007). 
Immobilization of activated sludge using improved polyvinyl 
alcohol (PVA) gel. Journal of environmental sciences, 19(11), 
1293-1297. 
[2] Van Pham, D., & Bach, L. T. (2014). Immobilized bacteria by 
using PVA (Polyvinyl alcohol) crosslinked with Sodium 
sulfate. International Journal of Science and Engineering, 7(1), 
41-47. 
[3] Ramanan, R., Kim, B. H., Cho, D. H., Oh, H. M., & Kim, H. S. 
(2016). Algae–bacteria interactions: Evolution, ecology and 
emerging applications.Biotechnology advances, 34(1), 14-29. 
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Illustration 
test bend for fuel cell cycling (one cycle’s duration = 20 min), 
operating conditions (λH2-λair = 1.2-2, RH= 50%, 1.5 bar, 
Tcell=80 °C)

 

 

 
 

Optimization of the microporous and its impact on aging and 
water management in fuel cell  
MARIEM BELHADJ (3rd year) 

François Lapicque, Caroline Bonnet 
Axe 1 / SysPol 

  

Objectives and stakes  
The performance of PEMFC depends on the 
catalyst activity and the quality of its various 
components including the gas diffusion layer 
(GDL). In this study the impact of microporous 
layer (MPL), one part of the GDL, on ageing and 
water management in fuel cell is investigated. 
Because of water production in the cell, MPL 
hydrophobicity varies between the cell inlet and 
outlet. The challenge of this project is based on 
the understanding of ageing mechanism and the 
optimization of the diffusion medium1 (MPL) to 
improve both PEMFC performance2 and 
durability.   

 Methodology/ Experimental approach 
The GDL design is based on electrochemical 
characterization and physical and chemical 
measurements. The degradation of new GDLs 
was performed under pressure according to the 
European standard conditions (NEDC) comprising 
different variable load acceleration, full power 
and overload running conditions within an 
overall time period of 1200 s. The performance 
loss of the cell is investigated by various 
measurements made before and after NEDC 
cycling: i) Electrochemical tests such as 
polarization curves, electrochemical impedance 
spectroscopy (EIS), cyclic and linear voltammetry. 
ii) Physical and chemical measurements. Specific 
accelerated stress tests are carried out to identify 
the effect of GDL ex-situ ageing on 
electrochemical performance. 

Main results 
The electrochemical measurements have been 
conducted in a 100 cm² fuel cell. The Membrane 
Electrode Assembly (AME) with GDL and MPLlayers 
were prepared in Cea-Liten. To evaluate GDL/MPL 
degradation, 500 cycles has to be performed. During 
the operation, gas flow rates are measured and 
controlled by a Dspace card®. This card was also 
programmed to collect all the data.The fuel cell current 
was measured during with an electrochemical charge 
connected to the Dspace card. Before the cycles, the 
fuel cell is conditioned at 1A/cm² at operating 
conditions. Throughout the first cycling, the cell 
response of MEA tested with homogeneous 
hydrophobicity distribution, showed a progressive 
decrease trend. The regularly voltage loss indicates the 
degradation of the GDL-MEA. Three operating 
conditions (dry membrane, humidified membrane and 
NEDC conditions) are performed in polarization curves 
to identify the effect of gas relative humidity and water 
content. EIS showed significant changes in diffusion 
resistance whereas ohmic resistance remained 
unchanged. The effects of cycling could also be 
observed from the regular decrease in Electrochemical 
Active Area. As a next step it is planned that some of 
the prepared GDL in assemblies exhibiting spatial 
distribution of hydrophobicity or different porosity 
gradient in view to optimal performance and durability 
in the cell.  

References 
1) Velayutham, G. Effect of micro-layer PTFE on the performance of 
PEM fuel cell electrodes. Int. J. Hydrog. Energy 36,14845–14850(2011) 
2) Kitahara, T., Nakajima, H. & Mori, K. Hydrophilic and hydrophobic 
double microporous layer coated gas diffusion layer for enhancing 
performance of polymer electrolyte fuel cells under no-humidification 
at the cathode. J. Power Sources 199, 29–36 (2012) 
 

2016 
 

 

 

General context, scientific issues 
This thesis CEA-Tech is co-supervised by LRGP 
and Cea-Liten Grenoble with funding from 
Region Lorraine. The major challenge of PEMFC 
technology is to become a viable commercial 
vehicular power source with low emissions. 
PEMFC   commercialization requires progress in 
terms of durability and cost effectiveness. 
Literature attention was focused on the 
membrane life time more than on the gas 
diffusion layer (GDL). The GDL is considered here 
a critical component since its degradation has an 
impact on the fuel cell durability. 
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Illustration 
Dicranopteris dichotoma plants grown in southern 

China. 

 
(Image by WANG Xiaoling & FU Shenglei) 

 
 

Main results 
Dicranopteris dichotomas contains between 2000 and 
4000 mg/Kg of REE, in majority La, Nd and Ce. 
Plants also contain other compounds such as Al, Ca, K, 
Mg, Mn and also S and P. 
 
Incineration of biomass leads a loss of REE (40% if T = 
900 ° C, 20% if T = 550 ° C). 
According to XRD results, ashes are amorphous 
whatever the combustion temperature used (550 or 
900°C). Silicon must be analyzed by ICP; it is suspected 
of being a major constituent. 
 
Exploitation of pyrolysis results is underway. The loss 
of mass is about 65% (10°C/min and 30 min rest period 
at 550°C).  
 
Water extraction carried out in a column leads to a 
partial, non-selective, recovery of all compounds 
(0.805g/kg of REEs in liquid phase and 1.458g/Kg in 
solid phase). 
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      Recovery of rare earths from hyperaccumulator plants 
Zeinab CHOUR (1st year) 

Laurence Muhr, Baptiste Laubie 
Axe 1 ǀ  SOLEO 

 

Keywords: Rare earth elements, hydrometallurgy, extraction, biomass 

Objectives and stakes 
 Characterization of biomass 
 Process design for REE recovery 
 Separation of major REE 
 

Methodology / Experimental approach 
Hyperaccumulator plant used is Dicranopteris 
Dichotomas which has a very strong ability to 
accumulate REEs.  
Following approach is adopted: 
Determining of the composition of the biomass with 
digestion 
3 ways of rare earth element recovery are assessed: 
-Incineration followed by ash leaching to solubilize 
REEs. Two temperatures of combustion are tested: 
550°C and 900°C. 
 - Pyrolysis followed by leaching of biochar. The 
temperature chosen in 550°C. 
 - Direct water extraction of REEs in column. 
 
Elementary composition of biomass, ash and biochar 
is determined by ICP-AES after digestion step 
(HNO3/H2O2). Solid particles (ash, biochar, insoluble) 
are analyzed by XRD and mass loss is assessed by TGA. 

General Context, scientific issues 
The rare earth elements (REE), which comprise 15 
lanthanides and yttrium with similar chemical and 
geochemical properties, make up a special group of 
heavy metals in the research fields of plant nutrition 
and environmental toxicology. [1] 
They have become increasingly important in the 
transition to a more sustainable, low carbon 
economy, because of their essential role in 
permanent magnets, lamp phosphors, rechargeable 
NiMH batteries, catalysts and other industrial 
applications… 
Phytoremediation, defined as the use of plant to 
remove, immobilize or degrade contaminants, is 
thought to be a feasible way to decrease the 
harmless effects of metals in soil and has a great 
potential for in-situ and low-cost remediation [2]. 
REEs can be extracted by hyper-accumulator plants 
and current studies focus on REEs recovery from 
plants to recycle it. 
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of being a major constituent. 
 
Exploitation of pyrolysis results is underway. The loss 
of mass is about 65% (10°C/min and 30 min rest period 
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partial, non-selective, recovery of all compounds 
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Keywords: Rare earth elements, hydrometallurgy, extraction, biomass 

Objectives and stakes 
 Characterization of biomass 
 Process design for REE recovery 
 Separation of major REE 
 

Methodology / Experimental approach 
Hyperaccumulator plant used is Dicranopteris 
Dichotomas which has a very strong ability to 
accumulate REEs.  
Following approach is adopted: 
Determining of the composition of the biomass with 
digestion 
3 ways of rare earth element recovery are assessed: 
-Incineration followed by ash leaching to solubilize 
REEs. Two temperatures of combustion are tested: 
550°C and 900°C. 
 - Pyrolysis followed by leaching of biochar. The 
temperature chosen in 550°C. 
 - Direct water extraction of REEs in column. 
 
Elementary composition of biomass, ash and biochar 
is determined by ICP-AES after digestion step 
(HNO3/H2O2). Solid particles (ash, biochar, insoluble) 
are analyzed by XRD and mass loss is assessed by TGA. 

General Context, scientific issues 
The rare earth elements (REE), which comprise 15 
lanthanides and yttrium with similar chemical and 
geochemical properties, make up a special group of 
heavy metals in the research fields of plant nutrition 
and environmental toxicology. [1] 
They have become increasingly important in the 
transition to a more sustainable, low carbon 
economy, because of their essential role in 
permanent magnets, lamp phosphors, rechargeable 
NiMH batteries, catalysts and other industrial 
applications… 
Phytoremediation, defined as the use of plant to 
remove, immobilize or degrade contaminants, is 
thought to be a feasible way to decrease the 
harmless effects of metals in soil and has a great 
potential for in-situ and low-cost remediation [2]. 
REEs can be extracted by hyper-accumulator plants 
and current studies focus on REEs recovery from 
plants to recycle it. 
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 Keywords: dust explosion, hybrid mixtures, severity, turbulence, flame propagation 

General context, scientific issues 
The UNGG reactors (Natural Uranium Graphite Gas) 
were the first generation of nuclear power reactors in 
France. The last reactor of this type has been shut down 
in 1994. The possibility to encounter dusts composed of 
graphite and metals particles, during decommissioning 
activities or stored in silos, has led to characterize their 
flammability and severity properties to support the 
future safety analyses of decommissioning operations. 
Actually, a safe decommissioning is a lengthy process 
that requires careful planning, close attention to 
technical details and a complete risk assessment of the 
plant [1]. 
 

Objectives and stakes 
The objectives of my PhD work are on the one hand to 
better understand the explosive phenomenon of such 
mixtures by means of an extensive experimental work 
and on the other hand to model it by developing a 
programming code that can be extended later to binary 
mixtures of dust graphite / metal (magnesium and / or 
iron).  
 

Methodology / Experimental approach 
The sensitivity to self-heating and ignition and the 
severity to explosion of such mixtures have been 
assessed in a standardized way in order to estimate the 
minimum ignition temperature in dust layer and cloud, 
the minimum ignition energy, the maximum explosion 
pressure and the deflagration index. The flame 
stretching and propagation have been observed with a 
high speed camera in a vertical squared tube, coming up 
with the estimation of a pseudo laminar flame velocity 
by using an approach similar to the one developed for 
pure gases [2]. Moreover, the time evolution of 
turbulence intensity and mean particle velocity resulting 
from the dust dispersion in the 20-liters explosion 
sphere have been studied by implementing the Particle 
Image Velocimetry technique (PIV see illustration). Such 
experiments have been completed by in situ laser 
granulometry analysis, the severity being strongly 
dependent on the spatial dust size distribution at the 
time of ignition. Experimental results have contributed 
to develop a numerical model predicting the severity of 
graphite in a confined space based on the description of 
the flame structure and the analysis of the resulting 
temperature, velocity and concentration fields. 
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 Experimental study and modeling of hybrid solid/solid explosions: an 
application to mixtures of graphite/metal dusts 

 
Miriam D’Amico (3rd year) 

Olivier Dufaud, Jean-Claude Latché 
Axe 1 |  IRSN   

Illustration: Experimental setting used to study the dust 
dispersion phenomenon in the 20-liters sphere. 

 
 

Main results 
The modification of graphite dusts explosivity strongly 
depends on the nature of the metal considered. On the 
one hand, 30% wt. of iron dust markedly promotes the 
ignition phenomenon in layer causing a decrease of 
roughly 53% of the graphite minimum ignition 
temperature. On the other hand, the same amount of 
magnesium powder does not induce a noticeable 
change. These different behaviors are particularly 
related to the oxide layer coverage and the oxygen 
accessibility in the storages.  
A parametric study has also been realized to investigate 
how the explosivity depends on several parameters 
(initial turbulence, ignition energy, particle size, dust 
humidity, etc.). Turbulence plays an important role in 
the cloud uniformity and in the local variations in dust 
concentration, which impacts in turns the mixture 
explosivity. The velocity field resulting from the dust 
injection in the explosion sphere has been 
characterized, as well as the time evolution of the 
turbulence intensity. A significant decay has been 
observed from 80 ms and a stabilization phase to begin 
at roughly 160-180 ms.  
Because of the presence of metals in the mixture, the 
possibility of hydrogen production resulting from the 
reaction with water vapor at high temperatures could 
not be neglected. It leads to an enhancement in the 
severity, when the relative humidity slightly increases.  
 

References 
[1] Trélat S., International conference of agricultural 
engineering, 2012. 
[2] Andrews G.E. & Bradley D., Determination of burning 
velocities: a critical review. Combustion and Flame, 18, 
13-153, 1972. 

Livre recueil thèses complet 2016.indd   21 6/21/2016   2:52:40 PM



10

 

Keywords: 

 gas-solid adsorption, NOx, CO, H2O, Diesel exhaust, zeolite 

General context, scientific issues 
 
In France, about 800 000 employees are potentially 
exposed to Diesel emissions by working in confined 
spaces like in automotive garages or during the 
construction and maintenance of tunnels for example. 
The goal of this project is to remove nitrogen oxides 
(NOx) and carbon monoxide (CO) from the exhaust gas 
of these vehicles. One of the solutions is to use an 
adsorption process. The main scientific lock is the 
temperature of the exhaust gas which is unfavourable 
to the process. The presence of other components 
such as CO2 and H2O vapour is also a critical point 
which can lower the performance of the developed 
process. 
 

Objectives and stakes 
 
The steps to perform the study are: 
 Select some adsorbents able to capture NOx and CO 
 Test these adsorbents with NOx, CO and H2O to find 

the more efficient 
 Find the best configuration in order to obtain an 

effective system 
 

Methodology / Experimental approach 
 
The goal of the project is to capture NOx and CO in an 
adsorbent. 
After selecting some adsorbents according to the 
literature, the physical structure (surface area and pore 
size distribution) were obtained by physical adsorption. 
Density was also determined using a pycnometer. 
Adsorption isotherms for different gases (CO2, CO and 
NO separately) in pure conditions are performed with a 
thermogravimetric technique. 
Only two or three adsorbents will be selected. 
The next steps will be to determine the capacity and 
the kinetics of transfer when mixture of two gases is in 
contact with adsorbent before testing real conditions. 
In the final step, the shape of the adsorbent will be 
optimized to get an effective system. 
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 Study of the feasibility of a gas-solid adsorbent for treatment of NOx and CO in 
the presence of water  

Applications to Diesel engine emissions in confined spaces 
 

Florine DELACHAUX (1st year) 

Cécile VALLIERES (LRGP), Hubert MONNIER (INRS) 
Axe 1 | SAFE 

 

Illustration 

 
Thermogravimetric analyzer (Setaram) 

 

Main results 
 
Seven zeolites were chosen based on literature results 
and commercial availability. 
Surface areas determined by physical adsorption of N2 
at 77K are in adequation with the data furnished by the 
supplier (difference lower than 10%). 
The pore size distribution confirms that zeolites are 
microporous with pores width lower than 20 Å. 
In the first instance, CO2 adsorption isotherms were 
performed à 35°C. CO2 is present in the exhaust gas 
with a concentration of 10% and its presence will 
influence the adsorbent capacity towards NOx and CO. 
Hence, the selected adsorbent has to adsorb high level 
of NOx and CO but low level of CO2. 
Concerning CO2 isotherms, all zeolites have almost the 
same adsorption capacities. Isotherms obtained have 
been modelled with Langmuir, Sips and Toth models. 
Langmuir best describes the experimental data. 
CO isotherms at 35°C were measured. Zeolite FAU Y 
300 is significantly better than the other (adsorption 
capacity about 7.5 times higher). 
Pure gas capacity and kinetics of transfer will be 
determined using an experimental set up allowing 
dynamics measurements. 
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General context, scientific issues 
Zinc and iron are two essential elements for human 
health. However, high levels can cause many health 
problems [1]. The limit of iron and zinc in drinking water 
is 0,3mg/L and 3 mg/L respectively (OMS).  
Electrocoagulation can be a promising technology for 
removing these metals from waters. 
 

Objectives and stakes 
The aims of this research are: 
-to study the effect of various parameters such as initial 
metal concentration, current density, pH on treatment 
efficiency (removal of pollutant, aluminum dissolution 
and hydrogen recovery). 
-to study mechanisms of zinc and iron removal. 
-Modeling of global parameters,removal kinetics and 
phenomena in the electrochemical cell. 
 
 

Methodology / Experimental approach 
 
Treatment runs have been carried out batchwise by 
recirculation of 2 liters synthetic water in the flow rig 
composed of a reservoir, a peristaltic pump, electro- 
chemical cell which is consisted of two aluminum 
electrodes. The gas produced at the aluminum surface 
is collected in a graduated column. 
Liquid fractions were collected at regular intervals 
along the run to measure concentrations of various 
species by atomic spectrophotometer. 
All along the test the flowing reactions occur: 
 
At the anode   Al(s)→Al3+

 (aq)   +    3 e- 
 

2H2O → 4H+  + O2  +  4e- 
 
At the cathode  
 

H2O (liq)    + 1 e-→1/2 H2 (g)     +   OH- 
 
In the solution  

 
Al + 3H2O → Al(OH)3 + 3/2 H2 

 

2016 
 

 
 

 
 

 
Depollution of waters by electro-coagulation process: Application in waters 

containing Zn and Fe 
 

Amira DOGGAZ 
 

Axe 1 / François LAPICQUE, Marie LE PAGE MOSTEFA 
 

 

Illustration: Electrochemical reactor and setup 

 
 

Main results 
Effect of current density on zinc removal 

 

 
The removal rate of zinc increases with the current 
density which is explained by the higher amount of 
coagulant [2].   
According to pH evolution, two mechanisms can explain 
the removal of Zn2+ and Fe2+ cations: 
-Adsorption of the metallic ions on the surface of 
colloids formed by Al(OH)3. 
- precipitation of the metallic ions as hydroxides 
Zn(OH)2, Fe(OH)3 particularly at the vicinity of the 
cathode where thepH is higher because of H2 evolution 
 

References 
[1] Jjemba PK (2004) “Interaction of metals and metalloids with 
microorganisms in the environment”. In: Jjemba PK (ed.) Environmental 
microbiology – principles and applications. Science Publishers, Enfield, pp 
257–270  
[2] N. Adhoum, L. Monser, Decolourization and removal of phenolic 
compounds from olive mill wastewater by electrocoagulation, Chem. 
Eng. Proc. (2004).  
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Illustration:  
 

 

General context, scientific issues 
Huge areas in the world are covered by soils 
containing high metal contents. Agromining aims 
at recovering these metals by growing 
hyperaccumulator plants and treating the metal-
rich biomass by pyro or hydrometallurgical 
processes. Alyssum murale is a plant able to reach 
high Ni yields : 100 kg Ni per ha. Once harvested 
and dried, A. murale biomass is incinerated and 
the ashes are treated by a hydrometallurgical 
process that we have designed to produce high 
value added salt. This process has to be up-scaled 
to the pilot scale in order to launch a start-up 
project to develop this activity. This work is 
granted by BPI France (maturation project). 

sObjectives and stakes  
 
 

- Produce nickel salts at the pilot scale. 
- Evaluate the feasibility of a start-up 

project. 
 

 

 

Methodology/ Experimental approach 
 
Starting from the process developed to 
produce ammonium nickel sulfate 
hexahydrated salt (ANSH) from A. murale 
ashes (Barbaroux et al., 2012; Zhang, 2014), a 
new protocol has been established to 
synthesize a chemical intermediate of a nickel 
salt range. A biomass-fired boiler has been 
purchase and a pilot including 2L, 5L and 10L 
jacketed glass reactors has been designed. 
The new process has been tested on the pilot 
and all procedure steps of have been 
controlled by ICP-AES analyses. 

Main results 
 
 
- From former ANSH process, 2 Kg 

ANSH.week-1 can be produced with an 
ANSH/ashes yield of 0,83 Kg ANSH.Kg ashes-1. 
 

- Our results have demonstrated the 
feasibility of a synthesis of the chemical 
intermediate at the pilot scale with a purity 
of 95%. 

 
- This chemical intermediate allows the 

synthesis of at least 5 new nickel salts. 
 

- A bibliometric analysis is ongoing to 
identify the potential commercial of each 
nickel salt. 

 

References 
 Barbaroux et al., Sci. Total Environ. 2012.  
 Zhang X et al., Int J Phytoremediat 2014. 
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General context, scientific issues 
In order to reduce steelmaking CO2 emissions, 
ironmaking by low temperature alkaline electrolysis 
has been investigated the last decades. Although iron 
production from pure hematite electrolysis is 
efficiently achieved, substitution of hematite with iron 
ore in the process results in a significant drop in 
Faradaic yield. One or several compounds in the 
gangue therefore seem to have a detrimental effect on 
the electrochemical reduction of iron ore. These 
compounds must therefore be identified and removed 
by a purification step prior to the electrolysis. 
 

Objectives and stakes 
- Find out if purification of iron ore by alkaline leaching 
can efficiently be achieved 

- Verify if this purification has a significant positive 
effect on the Faradaic efficiency of iron ore electrolysis 

- Use thermodynamics to validate experimental results 

- Consider the feasibility of this process at a larger scale 
 

Methodology / Experimental approach 
Gangue compounds, mostly siliceous and aluminous 
phases, can be selectively dissolved by sodium 
hydroxide through alkaline leaching. In order to better 
understand the kinetic behaviors of these compounds 
during alkaline leaching, an experimental setup was 
built. This setup will allow quick introduction of 
pulverulent ore in hot leachant as well as in situ 
sampling during the reaction plus acquisition of 
multiple parameters: pH, temperature, humidity and 
electrochemical potential. Each sample will have its 
liquid phase characterized by ICP-OES and solid phase 
characterized by XRD and XRF.  Temperature will be 
fixed at 90°C while alkalinity will be varied from 1M to 
5M.  
On another hand, an electrolysis apparatus was built so 
to test the electrochemical reactivity of treated iron 
ore. This setup will also be used in an attempt to 
identify which gangue compounds have detrimental 
effect on iron ore electrolysis. 
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into Iron through Alkaline Electrolysis 
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Illustration: Leaching cell setup (above) ; Electrodes 
before and after electrolysis (below) 

 
 

 

Main results 
- Two original setups were designed to conduct alkaline 
leaching and electrolysis experiments 
 
- Due to quicker implementation of the electrolysis 
setup, trials regarding the identification on detrimental 
gangue compounds will be carried out before leaching 
trials 
 

References 
[1] Allanore, A., Lavelaine, H., Valentin, G., Birat, J. P., & Lapicque, F. 

(2008). Iron Metal Production by Bulk Electrolysis of Iron 
Ore Particles in Aqueous Media. J. Electrochem. Soc.  

[2] Mazzocchitti, G., Giannopoulou, I., & Panias, D. (2009). Silicon 
and aluminum removal from ilmenite concentrates by 
alkaline leaching. Hydrometallurgy, 96, pp. 327-332. 
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Aging Characterization test  
State of health of the cell was evaluated every 100 
hours (300 cycles) through its V vs. cd performance, EIS 
at various cd levels and voltammetric techniques for 
estimation of electrochemical surface area (ECSA) and 
H2 crossover. Tests were usually conducted until 
severe reduction of cell performance, or their sudden 
breakdown. Post mortem analysis of the MEA by 
microscopy techniques (e.g. SEM, TEM) provided 
useful complementary information on its degradation. 
 

General context, scientific issues 
Fuel cells are by essence low voltage electrical 
sources so treatment of the power delivered by 
the cell is usually ensured by converters to raise 
the stack voltage to usual levels of use. Besides 
fuel cells are generators little adapted to sharp 
variations of current – as in transported 
applications - because of appreciable response 
time of mass flow controllers, and the induced 
stress at the cell MEA: this slow dynamics and 
relative sensitivity of fuel cell components often 
lead to couple batteries or supercapacitors to the 
fuel cell, alas with the cumbersome presence of 
converters. It has nevertheless been shown that 
the direct hybridization of fuel cells to 
supercapacitors could be technically possible. 

 

 
Objectives and stakes  
The present investigation deals with the direct 
coupling of a 100 cm2 PEM single cell to a 
supercapacitor, for the sake of higher durability 
and better energy management, in standardized 
operation NEDC (20 min) cycles of PEMFC with 
current levels in the range 0 – 1 A cm-2 (Fig. 1). 

 Methodology/ Experimental approach 
Tests have been performed in a 100 cm2 UBZM 
single cell provided with 7-layer MEA (PaxiTech), 
with Pt charges in both electrodes. The cell was 
operated at 55°C, with hydrogen and air, with 
stoichiometric factors at 1.2 and 2.5 at ambient 
pressure. Dry hydrogen was fed whereas air was 
humidified at 50%. The cell was directly coupled 
to a 3000 F supercapacitor (SC). The flow rates of 
the two gases were controlled to follow the 
current fluctuations of the cell: operation of the 
FC system was entirely controlled by a dSPACE ™ 
card for both variable control and data 
acquisition. Three strategies were investigated 
until MEA decay: (i) operation without SC; (ii) 
operation with SC, with gas flow rates calculated 
in the basis of the current delivered by the (FC-SC) 
system; (iii) with gas flow rates calculated on the 
basis of the current delivered by the cell, 
regardless of the SC behaviour along the cycle. 

Illustration 
Fig1 shows PEMFC voltage response of current 
simulation charge. 

 
Figure 1: Standardized operation NEDC (20 min) cycles of PEMFC 
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Main results 
The result reports the potential of the hybridized 
mode, in terms of durability – through examination of 
the various degradation modes at the MEA, and 
hydrogen supply efficiency. Progressive increase in 
charge transfer and diffusion resistances were 
observed along the run, whereas the ohmic resistance 
remained nearly unchanged. It could be observed that 
operation with hybridized modes (ii) and (iii) could 
slow down the increase in charge transfer resistance 
and the regular reduction in ECSA along the cycling 
operation. However mode (ii) appears to be less 
efficient with respect to the gas flow supplied, because 
of the poor correspondence between the gas flow rate 
and the current actually delivered by the cell. In 
contrast, strategy (iii), with flow rates directly 
calculated on the basis of the current supplied by the 
cell, hydrogen (and air) consumptions are at their 
lowest over one cycle. 
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Main results 
The result reports the potential of the hybridized 
mode, in terms of durability – through examination of 
the various degradation modes at the MEA, and 
hydrogen supply efficiency. Progressive increase in 
charge transfer and diffusion resistances were 
observed along the run, whereas the ohmic resistance 
remained nearly unchanged. It could be observed that 
operation with hybridized modes (ii) and (iii) could 
slow down the increase in charge transfer resistance 
and the regular reduction in ECSA along the cycling 
operation. However mode (ii) appears to be less 
efficient with respect to the gas flow supplied, because 
of the poor correspondence between the gas flow rate 
and the current actually delivered by the cell. In 
contrast, strategy (iii), with flow rates directly 
calculated on the basis of the current supplied by the 
cell, hydrogen (and air) consumptions are at their 
lowest over one cycle. 
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General context, scientific issues 
The world has to face new challenges regarding heavy 
metal resources and recycling. New secondary 
resources have to be considered. Some of these are 
wastelands and industrials wastes which contain 
significant amounts of heavy metals but not enough to 
be treated by traditional pyrometallurgy or 
hydrometallurgy. That’s why agromining has been 
developed (1). Some plants, called hyperaccumulator 
plants (HA), have the capacity to extract metals from 
soils and to accumulate it over 1000 mg/kg of dry plants. 
Once the best candidate of HA are selected to extract 
nickel and cobalt, my study consists of developing a way 
to produce nickel and cobalt carboxylates, which are 
natural chelators of these metals in the plant (2), from 
HA  using mild conditions with good efficiency and high 
purity.  This work is part of the ANR program Agromine 
(3). 
 

Objectives and stakes 
 Produce nickel carboxylates from the HA Alyssum 

murale in mild conditions (if possible using water) 
 
 Test and adapt the process developed on another 

nickel HA, Leptoplax emerginata 
 
 Produce cobalt carboxylates from cobalt HA in mild 

conditions 
 
 

Methodology / Experimental approach 
First the composition of Alyssum murale in cations is 
determined by ICP-AES after digestion of the plant. Then 
extraction is proceeded with water using a packed bed 
column and different parameters are observed (flow 
rate, quantity of plant, temperature) to optimize the 
nickel extraction yield. The extracts are characterized by 
ICP-AES to determine the present cations and by HPLC 
to identify and quantify the organic acids extracted. The 
anions will also by analyzed. From these results some 
ways of purification will be considered and tested to get 
the targeted nickel carboxylate with high purity. 
Chromatographic methods will be tested first (4). The 
same experimental approach will be used for Leptoplax 
emerginata and the cobalt HA. 
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Illustration 
Majority metals extracted in percent of the quantity 
found in the plant  

 
 

Main results 
 Alyssum murale contains 5000 mg-Ni/kg of dry plant 
 
 Extraction with water allows to extract above 80% of 

the nickel present in the plant and the extract 
contains 500 mg/L of nickel 

 
 The extract also contains 800 mg/L of potassium, 250 

mg/L of calcium, and about 100 mg/L of manganese, 
phosphorous and sulfur 

 
  Acetic, malic, succinic, malonic and citric acids have 

been identified in the extract 
 
 Measure of non-purgeable organic carbon seems to 

show  a correlation between the quantity of metals 
extracted and the quantity of carbon extracted 

 
 

References 
(1) Van der Ent et al. Agromining: Farming for 
Metals in the Future? Environmental Science & 
Technology 2015, 49, 4773-4780. 
(2) Montargès-Pelletier et al. Identification of 
nickel chelators in three hyperaccumulating plants: An 
X-ray spectroscopic study. Phytochemistry 2008, 69, 
1695-1709. 
(3)          www.agromine.org 
(4) Collins, Separation of low-molecular mass 
organic acid–metal complexes by high-performance 
liquid chromatography. Journal of Chromatography A 
2004, 1059, 1-12 
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Illustration (main principle of the methodology) 
(a) : define compartments 
(b) : define exchanges between compartments 

 

General context, scientific issues 
The modelling of chemical reactors is a very effective tool 
to understand and predict their behavior. A general 
modeling method called “compartmental modelling” is 
study. The method would be able to create a network of 
compartment which take care about the geometrical 
structure of the system and the physic which happens 
inside. The information used for the creation of the 
network could come from tracing experiment, CFD 
simulations, experimental data and/or operator 
knowledge. Some authors have already realized this kind 
of modeling but each study is focus on only one 
application. The aim of this study is to go deeper in the 
theory and generalize the method. 

 

Objectives and stakes  
 Generalize the compartmental modeling 

to any kind of system. 
 Develop a software which is able to 

resolve mass transfer equation of any 
network. 

 

 
Methodology/ Experimental approach 
 
In order to cut the system on a network of 
compartment, we have define them as zone 
where all quantity are homogenous.  
Furthermore, all of them have two important 
characteristics: (i) a spatial localization (ii) a 
physical meaningful function. If symmetry 
allow it, we first work on a slice and secondly 
work on the whole system. The number of 
compartment in a slice if define by 
superposition of 2D profiles of the most 
important quantities which describe the 
system. The difficulty is to define this quantities 
and how it is possible to make simplifications in 
order to create the smallest number of 
compartment. Then, exchanges fluxes must be 
defined by convective and/or turbulent way. 
 
 

Main results 
 Creation of a code on FORTRAN language (graphical 

interface realized by PROGEPI) which is able to : 
o Calculate mass balance (DTS and/or 

chemical concentration) of any 3D 
network of perfect mixing and/or piston 
reactor.  

o Treat experimental tracing curves. 
 Bibliography of anterior work on this topic in order 

to develop the general methodology. 
 Application of the method on an example which 

consist of simulate the dispersion of active 
substance for algae treatment in aquaculture pond. 

References 
 Gresch & al., 2009. Compartmental Models for 

Continuous Flow Reactors Derived from CFD 
Simulations 

 Le Moullec & al., 2010. Comparison of systemic, 
compartmental and CFD modelling approaches: 
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General context, scientific issues 
Within the SOLEO team, a strong expertise has been 
developed in the recovery of nickel from 
hyperaccumulator plants [1, 2, 3].  
This work takes place in the European project Agronickel 
(FACCE Surplus program) aiming at providing new 
research to transform already existing agromining into a 
fully green technology at implementation stage.  
This project has just started and my research work 
begins. 
Under the work package 2, the by-products production 
from the effluents of nickel process will be minimized or 
by-products will be removed. Biomass combustion 
produces energy and it will be recycled. To achieve this, 
different calorific studies will be performed.  Finally, the 
synthesis of different nickel salts will be carried out from 
different nickel hyperaccumulator plants. 
 

Objectives and stakes 
The main objectives of this work are: 
- to design and optimize the different steps of the 
chemical synthesis for the production of nickel salts, 
other than ANSH, 
-  to establish an assessment on the by-products, to 
characterize them and search recovery methods (e.g. as 
nutrients) 
-   to measure the energy content of the different plants 
at pilot scale and select a  method to recover energy.  
 

Methodology / Experimental approach 
The work will be performed at laboratory scale and at 
the pilot scale. To begin, the first experiments will be 
thermogravimetric analysis (ATG) at different 
temperatures and the obtained ashes will be 
characterized by combined techniques (elemental 
analysis, XRD and so on). Combustion experiments will 
also be performed in a boiler on the GISFI site 
(Homécourt, www.gisfi.fr). XRD, microXRF and other 
tools will be used to analyze the ashes coming from the 
boiler. Then, experiments for the production of different 
nickel salts (e.g. Ni acetate, Ni tartrate) and to recover 
the by-products will be carried out. 
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Schematic abstract of the future process 

 
 

Main results 
The project has just begun. The kick-off meeting took 
place in Spain in April 2016. The experiments which will 
be run this post-doc, build on the previous results of the 
team [1, 2].  
 
 
 

References 
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General context, scientific issues 
With 35% volume of marketed therapeutic proteins, 
monoclonal antibodies (mAbs) are today one of the 
most important drugs developed for human use[1]. The 
advances in cell culture over the last decades led to 
important improvements in production yields, 
displacing the capacity bottleneck towards purification 
steps, mostly operated in batch mode. Chromatography 
remains the main workhorse of mAbs purification, with 
typically 2-4 chromatography steps[2]. Operating 
chromatography in batch mode in industry usually 
implies a sub-utilization of resins resulting in low 
productivity and high buffer consumption, as well as 
requiring large and expensive equipment. Among other 
alternatives, Sequential multicolumn chromatography 
(SMCC) has been developed to overcome these issues 
and identified as a serious solution[3]. The proof-of-
concept has been recently demonstrated[4] and the 
next step is its integration and implementation at 
industrial-scale. 

Objectives and stakes 
Develop an, industrial optimized sequential 
chromatography process based on the SMCC 
technology for the purification of mAbs 
 
If necessary, design a new equipment meeting the 
specifications highlighted by the previous steps 
 

Methodology / Experimental approach 
Gain knowledge on the SMCC process and continuous 
chromatography in general by: 
       - Characterizing batch chromatography system 
       - Using a modelling model and an objective-driven 
simulation tool to generate SMCC recipes 
       - Applying these recipes on the SMCC equipment 
and generate quantitative and qualitative date 
       - Select the most suitable development strategy 
and optimize the SMCC process for mAb purification 
 
Perform scale-up and possibly integrate the SMCC step 
within a typical mAb production process. 
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Illustration: Breakthrough curves illustrating the 
difference in resin utilization between for batch 
chromatography and SMCC. 

 
 

Main results 
So far, an equipment to perform SMCC processes has 
been developed and built. Previous research works 
established a representative mathematical model and a 
computational-based optimization approach. A proof-
of-concept has also been performed. 
This new research work began in February 2015 and is 
still at the early stage. However, expected outcomes of 
this research work include: 
 

- Development of an optimized process for mAb 
purification 
 

- Confirmation and rational understanding of the gains 
(productivity, operational expenses, etc.) expected from 
SMCC compared to batch chromatography, 
 

- Demonstration of the robustness of the SMCC process 
and equipment, 
 

- Increase the process knowledge of continuous 
chromatography and continuous processing in general 

 
References 
[1] Marichal-Gallardo & Álvarez, Biotechnol. Prog. 28, 
899–916 (2012) 
[2] Kelley et al, in Downstream processing of 
monoclonal antibodies: current practices and future 
opportunities, 1–24 (2009) 
[3] Cooney & Konstantinov, in Proceedings MIT 
Continuous manufacturing congress 1–14 (2014) 
[4] Girard, V. et al, J. Biotechnol. In press, (2015). 

Livre recueil thèses complet 2016.indd   30 6/21/2016   2:53:12 PM



18 19

 

Keywords: agromining – nickel recovery – upscaling - phytoremediation 

General context, scientific issues 
Soils and wastes with high metal content are sources of 
compounds of industrial interest. But 
metal concentrations are generally too low for 
conventional pyrometallurgical recovery. Phytomining 
offers a great interest: based on the properties of some 
plants, named hyperaccumulators [1], that accumulate 
metals dispersed in soils. Thanks an innovating 
hydrometallurgical process developed in a lab 
partnership context [2,3], metals are recovered and 
valorized by synthetizing high value metal salts. But no 
works have been done and no medium scaled pilots 
have been built so far to attest the feasibility in an 
industrial context 
 

Objectives and stakes 
The objectives of this work are numerous. They consist 
into up-scaling the process, improving and modelling 
all the steps, studying and attesting its industrial scaled 
feasibility and its profitability by constructing a 
medium scaled pilot. The pilot must be adaptable to 
produce different amount of one specific metal salts 
but also to adapt the process for different kind of metal 
salts. 
 

Methodology / Experimental approach 
The first task consisted into constructing the unit by 
framing up all the parts that are necessary for the 
washing step, and the lixiviation step, and the 
crystallization. 
The unit was tested, step by step, by following the 
kinetic rates and the concentration in the bulk of each 
chemical element. These experimental parts allowed us 
to write local and global mass balance to understand 
what the critical points in this process are in terms of 
yield and purity. It also allowed us to establish kinetic 
and economical models. 
ICP-AES and TOC analysis were performed to measure 
the chemical concentrations in liquids and solids (after 
mineralization steps). 
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Illustration 
Picture of the 10L batch pilot built in this work 

 
Figure 1 The hyperaccumulator plant Alyssum murale 

 
Figure 2 The synthesized ANSH salt  

.  
Figure 3 Picture of the 10L batch pilot built in this work 
 
 

Main results 
The 10 liters unit built shows an excellent ability to 
produce high purity ANSH salt (99%). It is also possible 
to synthesize different kind of metal salt and expend our 
production offer to different customers and 
specifications. 
Several points have been improved to reach the desire 
specifications, especially in terms of selective 
precipitation to make easier the purification and 
crystallization steps. 
A lot of results are on the way in terms of modeling and 
kinetics. 
References 
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General context, scientific issues 

Most of high rate anaerobic reactors are of very 
complex nature, particularly due to the coupling 
between the biochemical aspects and multiphase flows 
including wastewater, sludge and biogas. The existing 
process studies were usually conducted by global 
black-box approachdue to the opacity of these 
reactors. It is commonly acknowledged that the 
hydrodynamic conditions are the most important 
operating parameter on the process efficiency in 
whatever anaerobic reactors. 

Objectives and stakes 
This comentorship PhD thesis aims at studying the 
complex coupling between the biochemical 
reactions and the hydrodynamics of three phases 
(sludge granules, bubbles and water) involved in 
anaerobic reactors.  The biological approach is 
performed at Tsinghua University and a multiscale 
investigation on the hydrodynamics will be carried out 
in LRGP. 
 

Methodology / Experimental approach 
The rheological properties of concentrated sludge are 
investigated under different angles. In addition to a 
classical rheometer, we will develop a home-made 
process rheometer to characterise the rheology of 
sludge suspensions of different concentrations to avoid 
settling-down effects.  
The complex hydrodynamics of three phases (sludge, 
bubbles and water) involved in anaerobic reactors will 
be investigated by means of a multiscale approach. The 
liquid flow fields are measured by the particle image 
velocimetry (PIV) technique in both 2D and 3D 
transparent pilots. The model fluids which display 
similar rheological signature as swine manure but are 
transparent to allow flow measurements by the PIV 
under stirring. The rise of bubbles in such complex 
media exhibiting a yield stress will also be 
characterised to mimic biogas bubbles’ behaviour in 
industrial installation. A modelling will be realised by 
gathering both biological and hydrodynamic 
understanding. 
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Illustration: Flow field by PIV in an anaerobic reactor 

 
 

Main results 
 
-The rheological characterisation was made for 
different kinds of swine manure with suitable models. 
-Typical industrial installations were resumed and 
simplified to reliable laboratory pilots of conceptual 
similarity to build up transparent pilots in LRGP for the 
PIV technique. 
-The biological activity through the production of 
biogas was studied within laboratory-scale pilot. The 
biogas bubbles were monitored and will be extended 
to the bubble injection of an inert gas in transparent 
model fluids in Nancy. 
-The mixing efficiency began to be considered at 
Tsinghua University under various stirring conditions 
and will be compared to the results with model fluids 
in transparent cold pilots in LRGP. 
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Journal, 273 (2015), 111-119 
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Illustration  

 
Figure 2 : Acetic acid concentration in the dilution 

compartment (N°2) and number of transferred 
moles vs. time (configuration AF+CF)  

 
Figure 3 : Specific energy consumption (KWh / Kg of 
acetic acid transferred) vs. final acid concentration 
in the dilution compartment (initial concentration: 

0.033 M)  

compartments 
 

General context, scientific issues 
Effluents containing diluted organic acids are 
generated by many processes. For environmental 
considerations, these effluents need to be treated. The 
elimination of compounds such as acetic acid can 
also be of interest during continuous fermentation 
processes to limit the inhibitive effect of this acid [1]. 
Conventional treatment of such effluents using 
bipolar membrane electrodialysis is widely used for 
the recovery of organic acids into valuable 
concentrated organic streams [2]. However its 
limited yield and its high energy consumption are 
pushing towards the development of alternative 
hybrid processes. 

 Objectives and stakes  
This work is dedicated to the study of a hybrid 
separation process for the treatment of dilute acetic 
acid effluents using bipolar membrane 
electrodialysis (BMDE) associated with ion exchange 
resin (IEX). Preliminary work comparing the 
performance of using solely BMDE and BMDE 
coupled with IEX showed the benefits of hybrid 
processes [3]. 
The influence of resin type and strength on acid 
recovery and energy consumption is investigated. 

Methodology/ Experimental approach 
The experimental study was carried out on a press-
filter type pilot unit. The cell is composed of four 
compartments separated by a bipolar membrane, an 
anionic membrane and a second bipolar membrane. 
Batch treatments of 0.2% w acetic acid solutions 
under constant current density are conducted. 
Acetic acid migrates from the second to the 3rd 
compartment where it gets concentrated (Figure1). 
For each batch treatment, acetic acid concentration, 
conductivity, pH in weak and strong acetic acid 
compartments along with the voltage between 
electrodes are followed. 

 
Figure 1 : Schematic representation of the  

EDMB-IEX stack  
 

Main results 
When coupling bipolar membrane electrodialysis 
with ion exchange for acetic acid recovery, an 
optimal choice of the resins can be done. Regarding 
the anionic resins in the dilution compartment, the 
choice of a strong or weak type of resin depends on 
the experimental conditions and the objectives: if 
batch mode (adsorption/electro-regeneration) is 
used, weak resins may be preferable because they 
are easier to regenerate whereas if continuous 
mode (electro-deionization) is used, strong resins, 
which presents a higher affinity for acetate ions, 
may enable lower residual concentrations to be 
reached. The presence of strong cationic resin in H+ 
form in contact with the anionic membrane has a 
favorable impact on the driving force that allows 
acetate ions to migrate from the diluted towards 
the concentrated compartment. 
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General context, scientific issues 
Studying an individual drop is an effective and bottom-
up approach to understand complex phenomena 
involved in numerous domains such as emulsion 
production, inkjet printing, raindrop, as well as 
electrosprays. The formation and breakup dynamics of 
ferrofluid drops under a gravity-compensated or 
gravity-superimposed magnetic field have never been 
investigated.  
 

Objectives and stakes 
 Investigate the dynamics of ferrofluid drop 

formation  
 Analyze the time and space evolution of the neck 
 Verify the self-similar scaling law under two 

unidirectional magnetic fields 

 
 

Methodology / Experimental approach 
 
Two stainless steel nozzles (I: d = 0.6 mm and II: d 
= 1.8 mm) were used to generate drops. The nozzle 
was placed vertically above a neodymium iron 
boron (NdFeB) magnet (Ф60 mm) to produce a 
downward-growing drop. While for the upward-
growing drop, the nozzle was laid upside down to 
be vertically below the center of the magnet. 
Through a hand lifting platforms, we could easily 
adjust the distance between the magnet and the 
nozzle. A Gaussmeter with a precision of 0.01 mT 
was employed to measure the magnetic flux 
densities. The drops emerging from the nozzle 
were recorded with a high-speed camera. In our 
experiments, an oil-based ferrofluid with density ρ 
= 1200 kg.m-3 and viscosity μ = 11.25 mPa.s, 
respectively, at 25℃, was employed. The effect of 
outer gas can be neglected owing to the small 
density and viscosity of air. The particle volume 
concentration in the ferrofluid is 1.8% and the 
initial susceptibility χ = 0.39. 
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Illustration: Figure 1. Experimental setup. 

 
 

Main results 
 The shape, volume as well as formation 

frequency of ferrofluid drops under an applied 
magnetic field differ greatly with their 
counterpart without a magnetic field.  

 The final pinch-off process exhibits space-time 
self-similarity, regardless of the initial 
conditions. 

  For the radial self-similarity, the primary 
pinch-off exponent is within the range of (0.70 
– 0.80) while for the axial self-similarity, the 
exponent remains unity. 

 The gravity-compensating and gravity-
superimposing magnetic fields exert a 
negligible effect on the pinch-off mechanism, 
but directly determine the location of the 
primary pinch-off point. 
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General context, scientific issues 
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General context, scientific issues 
Phosphate is generated by various human activities, 
from the use of fertilizers in fields, cattle, chemical 
industry, urban life (also with washing/soap powders): 
the lot is responsible of real threat to environment, first 
with ponds and lakes eutrophisation. 
Electrocoagulation, i.e. electrochemical generation of a 
coagulant species – here Al (III) - can be a promising 
technology for removing these metals from waters.  
 

Objectives and stakes 
The aims of this research are: 
- Studying the effect of various parameters in the lab-
scal system such as initial metal concentration, current 
density, pH on treatment efficiency (removal of 
pollutant, aluminum dissolution). 
- Investigations of phosphate complexation by Al (III) 
species. 
- Modeling the overall process of phosphate abatement 
through addition of trivalent aluminium species, that 
are generated at the anode of the electrochemical cell.  
 

Methodology / Experimental approach 
Treatment runs have been carried out batchwise by 
recirculation of 2 liters synthetic water in the 
flow rig composed of a reservoir, a peristaltic pump, the 
electrochemical cell which consists of two aluminum 
electrodes. The gas produced at the aluminum surface 
is collected in a graduated column. Liquid fractions are 
collected at regular intervals along the run to measure 
concentrations of phosphate and Al salts. 
All along the test the following reactions occur [1, 2]: 
At the anode     Al(s) →   Al3+

 (aq)   +    3 e-               (1)                                                                          
2H2O   →   4H+  + O2  +  4e-  (unlikely) 

At the cathode           
2 H2O (liq)    + 2 e-  →    H2 (g)     +   2 OH-           (2) 

Plus in the presence of chloride ions (as a catalyst) 
Al + 3H2O → Al(OH)3 + 3/2 H2                            (3) 

From literature, it appears that phosphate can be 
complexed by Al (Iii) to form neutral complex Al-PO4. 
Experimental tests have to be carried out in two devices: 
*A stirred vessel provided with two flat immersed 
electrodes 
*An electrochemical cell with recirculation (see figure) 
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Illustration: Electrochemical reactor with recirculation  

 
 

Main results 
The progress of the PhD work, completed both in LRGP 
and Tunisia (Univ. Gabès) has mainly concerned the 
comparison of the two experimental setups. As a matter 
pf fact, the effect of recirculation – used by LRGP for ten 
years or so – is of moderate significance. More 
importantly, the current density is the ruling operating 
parameter since acting directly on the formation of Al 
(III) following Faraday’s law – in spite of the occurrence 
of the non-electrochemical reaction (3). 
Secondly, it appears that the pH is an important 
parameter. As a matter of fact pH does not have only to 
be fixed at initial time but along the run: the occurrence 
of Al dissolution plus the ongoing hydrolysis reactions of 
Al 3+ cations result in regular change in the pH to an 
equilibrium level in the order of 9. However, in 
accordance with previous works [2], phosphate 
precipitation in the form of neutral AlPO4 compound is 
optimal when pH is maintained near 7. 
Further work will deal with (in particular): 
The effect of electrode metal nature: pure Al and 
various alloys will be explored 
The mechanism of the formation will be highlighted 
together with the crystalline form of the phosphate 
obtained. 
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General context, scientific issues 
Fire is the most likely hazardous risk in a nuclear facility 
and can lead to emissions of radioactive particles and 
soot in the atmosphere. In case of fire, soot particles 
strongly interact with gas/vapours and may significantly 
modify the properties of the cake formed at the HEPA 
filter surface. Indeed some adsorbed species such as 
water on soot surface may be a significant parameter on 
the clogging process [1, 2]. Sorption phenomena on soot 
have to be taken more in account in order to improve 
the fire modelling, to better predict the clogging of the 
HEPA filter and prevent their damaging or breach in the 
worst case. 
 

Objectives and tasks 
The principal aim of this study is to develop a model of 
water adsorption/condensation (AC) on soot emitted in 
fire conditions. This model would be developed by 
determining the most influencing physicochemical 
parameters of soot on the water sorption process 
 

Methodology / Experimental approach 
Experiments consist in producing soot from realistic fire 
conditions, analyzing their characteristics and 
determining their water sorption isotherms. First, soot 
of isolated fuels commonly used in nuclear facilities 
(Plexiglas, PVC) are produced and collected at bench 
scale in a calorimeter cone. Online analyses are 
performed in order to determine the mass, number and 
surface concentrations of the soot. Other soot from 
more complex elements (glove boxes, electrical cables) 
are collected during fire tests made at realistic scale. All 
those collected particles from different fuels are 
characterized for determining the morphology (fractal 
structure, overlap coefficient Cov), the particle size, the 
chemical composition, the specific surface area, the 
elemental to organic carbon ratio and the condensed 
material content TC. Finally water sorption 
measurements are carried out with microbalances at 
atmospheric pression and under vacuum. These data 
bases of physicochemical properties and sorption 
isotherms will enable us to develop a water adsorption 
model suitable for realistic soot and including the most 
influencing parameters. 
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Illustration: Water sorption isotherms for soot particles

 
 

Main results 
The illustration represents several isotherms measured 
with different soot from fire experiments and from a 
gaseous burner used at two different fuel to air ratio 
(CAST 4%, CAST 7%) and whose products have already 
been well determined. The principal conclusion of these 
results is that soot emitted in case of fire seem to be 
more hygroscopic than those emitted by gaseous burner 
even its soot have a significant amount of organic 
carbon. Moreover, the 27% OC soot are more 
hygroscopic than those of 4% OC. This difference of 
water affinity may be due to the surface structure and 
chemical composition. Further experiments with other 
fuels, burning conditions and scales will enable us to 
enlarge the data base of water sorption isotherms and 
physicochemical properties of soot. Thus empirical 
relationships between soot and fire parameters could 
be deduced. Finally the most influencing parameters of 
soot on their hygroscopicity could be determined in 
order to improve an adsorption-condensation model 
(AC) already proposed in the literature [3]. 
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General context, scientific issues 
 
Bioenergies, produced from biomass, offer relevant 
opportunities for sustainable development policies. It is 
however important to value the environmental impacts 
of these energies. Currently, the Life Cycle Assessment 
(LCA) is the most universal tool for measuring the 
environmental performance of products / services and 
of course for bioenergy processes. According to this 
tool/concept, all phases of the life cycle (extraction and 
processing of raw materials, manufacturing, 
transportation and distribution, use and reuse, recycling 
and waste management) have an effect on the 
environment and the economy. LCA has the advantage 
of being coupled with different tools and different LCA 
can be determined:  exergy LCA, economic LCA and 
recently emergetic LCA (Em LCA). According to the 
theory of emergy, the different forms of energy, 
materials, human labor and economic services are 
valued on the common basis of a unique equivalent 
form of energy: the solar energy.  
 

Objectives and stakes 
This PhD research aims to allow us to measure, through 
a multitude of environmental impacts, (1) the 
environmental performance of various scenarios 
related to bioenergy production, (2) locate thereafter 
the areas (steps) of environmental imperfections and (3) 
determine the most eco-efficient channels. This goes 
through: 
-an advanced literature work on methods of emergy 
analysis and life-cycle assessment (LCA). 
-development of scientific bases of the combined 
method of life-cycle assessment Emergetic (ACVEm). 
-identification of scenarios for studies and application of 
(LCA Em) for the considered systems. 
 

Methodology / Experimental approach 
This research is based on a dense literature work, 
enriched by real data on bioenergy processes for all 
stages of these processes to establish the fullest 
possible inventories. Subsequently, with the SimaPro 
software, the emergetic life-cycle assessment is 
generated. Results will be then compared and 
discussed. 
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Illustration: Scheme of Life cycle assessment 

 
 

Main results 
There are not too many results so far, as the research 
just started. Literature review has been done on the 
anaerobic digestion process and the (LCA) of biogas 
production. 
A further work for this year will be performed on the 
combined method of (LCA Em) and the development of 
a relative scientific basis. 
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General context, scientific issues 
The presence of nitrates coupled to high 
temperature can cause eutrophication in water 
bodies. Eutrophication is a process of nutrient 
overenrichment of a water body [1], resulting 
in accelerated biological productivity. The 
state of the art regarding methods of control 
against plant invasions in aquatic 
environments has led to carry out research 
(such as the Biocaptech project) to find new 
processes. The utilization of CFD to simulate 
the dispersion of treatment substances in 
eutrophicated water bodies is an innovative 
contribution for the optimization of effective 
treatment.  

Applications of CFD for water flow simulation and 
evaluation of the dispersion of an active substance used 

for the treatment of eutrophicated water bodies 

A. François MOUSSOH (defense : 23rd May 2016) 

Axe 1 / Marie-Noëlle Pons, Jean-Pierre Leclerc 
Sols et Eaux (SOLEO) 

Objectives and stakes  
The global objective is to develop an innovative 
process to locate the area to be treated and 
effectively target aquatic plants to treat. The 
treatment of these fish ponds overrun by 
invasive aquatic plants (algae) requires the 
understanding of the hydrodynamic behavior of 
flow through the Computational Fluid 
Dynamics (CFD) simulation [2]. Then, ensure 
an optimal treatment based on acceptable 
concentration of product that could kill the 
targeted invasive plants. 

Methodology/ Experimental approach 

Numerical simulations were carried out using 
the commercial code Fluent using five 
turbulence models (Sk-ɛ, RNG k-ε, Rk-ɛ, RSM, 
and Transition SST). A species transport 
method was used to predict numerical 
Residence Time Distribution (RTD). In order to 
validate the choice of the turbulence models, 
experimental RTD have been measured using 
two types of tracers. Chloride sodium (NaCl) 
was detected with very small lab-made 
conductimeter probes and rhodamine was 
measured with a submersible 
spectrofluorimeter (Cyclops-7™ Submersible 
Sensors). 

 

Illustration: Comparison of experimental and 
numerical Residence Time Distribution in a fish 
pond at pilot scale 

 

Main results 

The contours of flow velocity magnitudes and 
the velocity vectors simulated with several flow 
rates are examined and the global 
hydrodynamic behavior is determined. We 
tested several operating conditions for the 
experimental tracer injections. The velocities 
vectors show that the flow is independent of the 
slope of the pond bottom. The velocity contour 
and vectors show that the global flow is divided 
into three main zones inside the pond. The 
above illustration shows that the numerical and 
the experimental RTD measurements give the 
same global flow behavior. However, each of 
the five turbulence models tested predicts 
differently the local hydrodynamic behavior in 
low flow rates areas inside the pond. The RNG 
k-ε model is finally chosen for the rest of the 
work. The dispersion monitoring of the 
simulated tracer which is injected at a position 
located within the pond (in a low-velocity area) 
shows that the choice of model affect the local 
dispersion. 

 References 
[1] Ji, Z. G., 2008. 1st Edition, John Wiley, New 
Jersey, USA, 676 pp. 
 
[2] Alvarado et al., 2013. Water Research 47,    
p 4528–4537 
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Experimental and computational approaches to the particles 
dispersion in a turbulent flow: Application to dust explosions 

Carlos Murillo (4th year) 
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1LRGP, SAFE 
 
  Illustration:  

Evolution of the turbulent kinetic energy in the 
modified Hartmann tube 
 

 

General context, scientific issues 
The experimental determination of the 
flammability parameters of a combustible dust 
implies significant variations of factors that 
require several attempts to establish its 
ignitability properly. The modified Hartmann 
tube is a standard test widely used to determine 
the flammability characteristics of combustible 
dust. Moreover, the uncertainty level of this test 
varies according to the physical properties of the 
analyzed material and the conditions defined for 
the experiments. 

Objectives and stakes  
The aim of this work is to determine the 
influence of operating parameters such as the 
dispersion pressure, the ignition delay and height 
on the dust flammability.  

For this purpose, the particles dispersion within 
the dust cloud of the standardized flammability 
tests has been analyzed by describing the 
evolution of the turbulent two-phase flow 
associated to the dust cloud. 

Methodology/ Experimental approach  
An experimental approach determined the 
parameters that influence the conditions of the 
dust/air mixture. The dispersion of the dust were 
characterized by granulometric analyses. 
Moreover, a Computational Fluid Dynamics (CFD) 
simulation, based on an Euler-Lagrange 
approach, was developed and validated with the 
results obtained with the experimental approach. 
 
The case study that was considered for this study 
is micrometric wheat starch. This is a combustible 
dust that is submitted to the fragmentation and 
agglomeration phenomena due to its cohesive 
behavior. 

Main results 
The analysis of the influence of the main operating 
parameters of the modified Hartmann tube is an 
important tool to study the variability of the 
flammability parameters of a combustible dust. A 
preliminary characterization of the dispersion 
mechanisms inside the vessel, by using CFD tools 
for instance, might constitute an insight for 
defining the most conservative conditions for an 
experimental procedure. 

In the peculiar case of starch/air mixtures, the 
results show that an ignition performed between 
80 and 120 ms with an injection performed at 5 
bars is appropriate for an acquisition of the 
flammability data and to improve the 
experimental reproducibility. Ignition tests confirm 
this statement. Additionally, the results suggest 
that the location of the ignition sources should be 
of approximately 10 cm over the dispersion nozzle 
in order to have a relatively low turbulence level 
during the dust ignition. These characteristics pose 
the importance of the analyses of the physical 
properties of the gas and the dust in the 
description of the two-phase flow and its effects 
on the experimental results. 

 
References 
[1] Di Sarli, (2014). CFD simulations of dust 
dispersion in the 20 L vessel: Effect of nominal dust 
concentration. Journal of Loss Prevention in the 
Process Industries, 27: 8-12. 
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General context, scientific issues 
Polycyclic aromatic hydrocarbons (PAHs) are pollutants 
of major concern because of their high toxicity [1]. 
They can be detected in all environmental 
compartments but in this work we focus on the 
unsaturated zone of industrial soils (coking plants or 
manufactured gas plants for example). As a 
consequence of the complex chemical structures and 
low availability of PAHs, specific soil clean-up 
techniques must be used: in situ chemical oxidation 
(ISCO) is one of these techniques [2]. It involves 
injecting oxidants into the soil to convert organic 
pollutants into less harmful chemical compounds. 
 

Objectives and stakes 
The PhD is a part of the Bioxyval project (AMI ADEME) 
and aims at assessing the feasibility of the 
implementation of the Oxysol process in the field.  
Oxysol combines ISCO, soil building and revegetation to 
turn a contaminated soil into a clean and functional 
soil. 
 

Methodology / Experimental approach 
The first step is to determine the most efficient oxidizing 
solutions (oxidant and appropriate catalysts and/or 
additives) and the associated doses on lab-scale (batch 
experiments). Oxidant doses are based on the stoichiometric 
oxidant demand of the extractable organic matter of the 
contaminated soil [3]. Moreover, PAHs are so recalcitrant to 
degradation in such soils that a single oxidation doesn’t 
generally achieve acceptable results. Consequently, a pre-
treatment operation can be added in order to enhance PAH 
desorption and thus increase PAH availability and oxidation 
effectiveness. For example, these pre-treatment operations 
can be thermal treatments at moderate temperature (< 100 
°C) or the use of solubilizing agents such as surfactants, 
vegetable oils, co-solvents or cyclodextrines.  
The second step is the field-testing of the most effective 
processes optimized on lab-scale. Two main new issues 
appear: the duration of the treatment and the contact of the 
oxidizing solution with pollutant. Several techniques will be 
tested on the site of a former coking plant in Lorraine 
(France). 

2016 
 

 
 

 
 

 
 

 In situ chemical oxidation of the unsaturated zone of former industrial soils 
contaminated with polycyclic aromatic hydrocarbons  

 
Bérénice Ranc (3rd year) 

 Marie-Odile Simonnot, Pierre Faure, Véronique Croze 
Axe 1 |  SOLEO |LIEC - ICF Environnement  

Illustration: The studied soil treatment process  
 

 
 

 

Main results 
The batch experiments are in progress. Single oxidation 
is not enough effective (PAH degradation of 30% 
maximum). However, the addition of a thermal 
treatment significantly improve the process 
effectiveness (PAH degradation higher than 60%). 
Soil heating at moderate temperature is technically 
feasible so this process will be field-tested.  The 
objective is to reach a concentration of the 16 parent 
PAHs prioritized by the United States Environmental 
Protection Agency below 50 mg/kg of dry soil for at 
least one of the combination “oxidizing 
solution/contact technique”.  The choice of the optimal 
solution will be done with a consideration for 
environmental and economic aspects of the process. 
The final aim being to allow the restauration of soil 
functions, environmental aspects include i) the use of 
moderate oxidant doses and ii) the quantification and 
the estimation of the toxicity of the by-products 
resulting from the oxidation of PAHs, especially 
oxygenated polycyclic aromatic compounds. Economic 
aspects include i) a fast treatment and ii) the use of 
cost-effective reagents. The results should lead to 
specific recommendations in order to facilitate the 
implementation of ISCO for a complex organic 
pollution of the unsaturated zone of soils. 
 

References 
[1] Agency for Toxic Subtances and Disease Registry, Toxicological profile for Polycyclic 
Aromatic Hydrocarbons, 1995 
[2] M.-O. Simonnot, V. Croze, Traitement des sols et nappes par oxydation chimique in 
situ, Techniques de l'ingénieur, 2012 
[3] B. Ranc, P. Faure, V. Croze, M.-O. Simonnot, Selection of oxidant doses for in situ 
chemical oxidation of soils contaminated by polycyclic aromatic hydrocarbons (PAHs): 
A review, Journal of Hazardous Materials 312 (2016) 280-297 
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General context, scientific issues 

Industrialized countries are facing a triple challenge: (1) 
to increase renewable biomass production without 
competing with agricultural and natural landscapes; (2) 
to recycle their waste; (3) to reclaim contaminated or 
unfertile sites. 

The LORVER project1, by reconstructing a fertile soil 
with different nonhazardous wastes with agronomical 
potential, could help restore brownfields’ fertility and 
hence address those challenges [1]. 

Its potential environmental and social impacts need 
however to be quantified. 
 

Objectives and stakes 
Life Cycle Assessment (LCA) [2] is a normed 
methodology inventorying the flows generated by a 
product over its lifecycle to evaluate its potential 
impacts (e.g. climate change, ecotoxicity, etc.).  

This thesis first consists in (1) the LCA of the LORVER 
project, (2) the improvement of LCA to better grasp the 
costs and benefits of LORVER, in terms of landscape 
preservation [3]. 

The developed methodology aims to help stakeholders 
to choose between different solutions to tackle at best 
their local challenges. 
 

Methodology / Experimental approach 
A LCA is conducted on LORVER, from waste transportation 
and use to build a soil, to the transformation of the 
produced biomass. 
 
It is compared with different contrasted scenarios, where 
biomass is produced directly on the polluted site and wastes 
are landfilled or composted. 
 
Scenarios depend on whether (a) inert wastes are landfilled 
or substitute gravel in road construction; (b) their 
valorization is close to or distant from their production site 
(30 or 120 km); (c) yields on brownfields are close to 
conventional yields or ten times lower. 
 
A Principal Component Analysis (PCA) then synthesizes the 
results for the main impacts.  
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Illustration: PCA of the LCA results 

 
 

Main results 
For a vast majority of impacts related to land use and 
environmental pollution (climate change, toxic and 
ecotoxic emissions, eutrophication, VOCs, PM2.5, etc.), 
LORVER is one of the best options. 

For impacts related to electricity consumption (water, 
emissions of radioactive substances) and natural 
resources, LORVER is less pertinent if alternative 
valorizations avoid significant resource extraction. 

When agricultural yields on brownfields are high 
however, LORVER loses much of its comparative 
advantage. 

Uncertainty on those results needs to be more 
thoroughly assessed to identify in which conditions 
(and for which impact categories) LORVER is the best 
environmental option. 
 

References 
[[1] Auclerc et al., 2013, Biodiversity and functioning of a constructed 
technosol used for the restoration of industrial areas 
[2] ISO 14040 
[3] Millenium Ecosystem Assessment, 2005 
The LORVER project (2012-2017) is granted by Région 
Lorraine and FEDER. 
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General context, scientific issues 
Recovery of wastelands and materials is a major 
challenge for the regions that have undergone 
important industrial changes. Nowadays this is evolving 
towards the development of ecosystem services on 
these lands and materials. This work, done in the 
LORVER project, consists of the use of plants able to 
extract metals from soil. These plants are called 
hyperaccumulator (HA) plants. Metal extraction can be 
done in situ or on a constructed soil made from waste 
materials (urban and industrial byproducts). My study 
focuses on the mobility of nickel (Ni) contained in the 
materials, evaluating their potential transfer to the 
plants for agromining. 
 

Objectives and stakes 
The selection of powerful individuals is one of the 
agromining improvements. These selected individuals 
will be able to integrate Ni recovery processes by 
hydrometallurgical processes, taking into account the 
constraints related to the purification of the product. 
Applications of this work will be considered for multi-
contaminated matrices, with special attention for 
tolerance to high concentrations of metals and co- 
contamination.  

Methodology / Experimental approach 
We cropped HA plants, under controlled conditions, to 
select the best candidate, ie with highest biomass and 
concentration in Ni in their shoots. We cropped 4 
species and several populations. In parallel, we mixed 
different materials (sludge, amendments, soil…) 
selected for their high Ni concentration and/or 
interesting agronomic properties. Then we test the 
ability to growth of these plants on these mixtures. 
After cropping, plants are analysed with inductively 
coupled plasma–atomic emission spectroscopy (ICP–
AES) to evaluate their concentration in metals and 
therefore their capacity to extract metal.  Soil is 
analysed as well to assess metal mobility. 
Once we select the optimum formulation and the best 
performing plants we will test the system at the plot 
scale.  
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Illustration: 
Biomass in shoots of seven populations (N=70). 
Leptoplax emarginata (LEPT), Alyssum murale (AS2, AS10, AS15, 
ALB), Noccaea tymphaea (NOC), Bornmuellera tymphaea (BORN) 
from the Balkans. 

  
 

Main results 
 The cropping of HA plants shows that the intra- and 

inter- population variability of Ni concentration are 
very high. But L. emarginata, B. thymphaea and 
some populations of A. murale offer a high potential 
for Ni phytoextraction under our experimental 
conditions. 

 The tested mixtures show that the presence of 
biochar (obtained from biomass pyrolysis) as an 
amendment, increases the potential of 
vegetalisation of the mixture and the transfer of 
metal to the plants. 

 Despite the toxicity of the used materials (metal 
sludge ...) we can get the development of plants and 
the extraction of Ni. These results are very 
promising. Now we should test the cropping of 
longer time (full cycle of plant development) and 
test other waste to enable Ni extraction on a wide 
range of materials. 

 

References 
 Van der Ent et al (2015) Agromining: Farming for 

metals in the future? Environmental Science and 
Technology, 49, 4473-4780. 

 Rue et al (2015) Phytoextraction of nickel and 
rhizosphere microbial communities under mono- or 
multispecies hyperaccumulator plant cover in a 
serpentine soil. Australian Journal of Botany, 63, 92–
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General context, scientific issues 
Nonwoven filter media are widely used in filtration 
applications [1]. In air filtration, one of the main 
objectives is to have the best efficiency for the smallest 
pressure drop. According to Podgorski et al. (2006) and 
Wang et al. (2007) [2,3], using submicron fibers 
increases the ratio between efficiency and pressure 
drop ("quality factor") so submicron fiber media have 
high efficiency with a relative low pressure drop. 
Graham et al. (2002) [4] reported the low pressure 
drop is due to the modification of the air flow by the 
presence of submicron fibers generating a slip flow 
effect. Nowadays, the main technologies that could 
perform submicronic fiber-based structures are the 
electrospinning, the nano-meltblown, and the 
bicomponent island-in-the-sea spunbond technologies 
[1-2].  
 

Objectives and stakes 
This work is a part of the FUI Filairco consortium. 
The aim of the thesis is to develop submicron fiber 
media structure based on two methods with high 
productivity rate compare to electrospinning: nano-
meltblown process and the bicomponent island-in-the-
sea spunbond technologies and then show how 
submicron fibers impact the filtration performance 
(efficiency and permeability). 
 

Methodology / Experimental approach 
The methodology consists of two parts: First, the two 
technologies for creating submicron fibers are analysed 
in depth in order to understand the relationship 
between the process factors and the structural 
parameters (fiber diameter, packing density, basis 
weight, thickness…) with experimental design and 
statistical analysis.  
 
Then, the relations between filtration properties and 
the structural parameters are investigated. The 
permeability is measured with a flowmeter from 0 to 
200 l/min and the collection efficiency is measured 
with NaCl particles with a filtration bench test. The 
filtration analysis is completed by the development of 
filtration model.  
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Illustration: Nano-meltblown process to produce 
submicron fiber 

 
 

Main results 
The first analysis of the two processes draws a global 
overview of the relationships between process factor 
and structure. For instance, in the case of nano-
meltblown: polymer throughput and pressure air 
impact the fiber diameter. And in the case of the 
bicomponent island-in-the-sea spunbond technologies: 
the polymer ratio island/sea is one of the main factors 
on the fiber diameter.  
For optimizing the process parameters according to the 
first results, a large range of structures is developed 
(submicron to micron fibers…) and tested in filtration. 
Some fiber media tested have lower collection 
efficiency compare to theoretical model prediction. 
One cause could be the heterogeneity like the non-
uniform packing density or the fiber size distribution 
which affected the air flow. 
Future works will aim to (i) complete the study of 
relationship parameter process/structure to create 
submicron fiber and (ii) complete the filtration test 
performance and develop a filtration model 
incorporated the heterogeneity of the structure. 
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General context, scientific issues 
Steel industry is known to be responsible for high 
emissions of CO2 [1]. They can be reduced by lowering 
the carbon consumption or by upgrading or storing 
carbon dioxide emissions. The VALORCO project 
adheres to this objective and proposes both to reduce 
at source the quantity of CO2 and to value those 
emitted. These last solutions require a gas free from 
particles or at least with a very low dust content. 
 

Objectives and stakes 
Systems are already in place for the treatment of gases 
produced by the steel industry. However, if they aim at 
respecting air emission standards, the processes of CO2 
valorization require to introduce a new step in the 
treatment chain. With that objective in mind, a new 
filtration process has been developed in order to treat 
high flow rates with a good collection efficiency and a 
limited and constant pressure drop. It is a combination 
between a granular bed and an absorption column, in 
which the particles trapped on collectors are 
continuously re-entrained thanks to a water film flow. 
However, the main difficulty in the design of the 
separator is the selection of the operating parameters 
and the characteristics which permit to obtain a good 
efficiency (close to a filter media efficiency) while 
maintaining a constant and limited pressure drop. As 
there is no correlation for determining the theoretical 
collection efficiency and pressure drop of a trickle bed, 
the performances of this separator have been compared 
with those of a traditional granular bed. 
 

Methodology / Experimental approach 
The experiments have been carried out in a co-current 
configuration on a 2.5 m-high glass column with a 
diameter of 0.2 m. The bed is 0.5 m high and different 
collectors have been used. An aerosol composed of 
Al2O3 micronic particles is generated and collected 
through the granular bed. Water is pumped from a tank 
and a distributor is used to wet the collectors 
homogeneously. 
A pressure transducer and an aerodynamic particle sizer 
allow us to determinate the performances (pressure 
drop and efficiency) of the filter. 
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Illustration: Pressure drop in clogging experiment for a 
granular bed and a trickle bed (glass beads collectors 
with a diameter of 5 mm) 

 
 

Main results 
The pressure drop was measured for different air and 
water flow rates varying from 10 to 22 m3.h-1 and from 
4 to 20 L.min-1, respectively. This hydrodynamic study 
highlighted that for a given collector size and air flow 
rate, the pressure drop increases with the water flow. 
This is due to the presence of water through the column 
which decreases the bed porosity. Initial collection 
efficiencies were determined for a constant air flow 
rate, set at 20 m3.h-1. The results showed that the initial 
collection efficiency increases with the water flow. This 
phenomenon reveals that the addition of a water film 
flow improves the filter performances. Finally, filter 
clogging experiments have been performed. While the 
collection efficiency of the separator was almost 
constant in presence of water, the pressure drop was 
clearly higher at the beginning of the experiment, but it 
tended to stabilize over time, around values quite below 
those observed for a dry granular bed. 

These first experimental results have validated our 
approach of using a trickle bed. More experiments have 
to be performed to select the ratio between air and 
liquid flow rates in order to reach the best “unclogging” 
of the filter. 
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General context, scientific issues 
Hybrid mixtures explosions of flammable gases and 
combustible powders, each of which could be in amount 
less than the lower respective explosible 
limit/concentration, are often present in the industries 
(mainly coal mines and power generation plants).  
Recent studies of the explosible characteristics of these 
systems have been conducted. However, there is a 
limited information regarding the combustible 
nanopowders/gases mixtures. This project focuses in 
carbon black nanopowders/gases mixtures because 
they may also allow to understand the influence of soot 
in the combustion phenomena.  
 

Objectives and stakes 
The objective of this thesis project is to determine the 
influence of nanoparticles insertion (mainly carbon 
black) on gas mixtures explosions. The effect of soot or 
soot‘s precursors in the combustion of gases will be also 
studied.    
 

Methodology / Experimental approach 
The explosion severity of nanopowders/gas mixtures 
has been studied by measuring the maximum 
overpressure, the rate of pressure rise and the front 
flame velocity. A 20 liters explosion sphere is used in 
order to determine the evolution of the two first 
parameters as a function of the nanoparticles 
concentration, the gas molar fraction and the initial 
system turbulence. The combustion gases are analyzed 
by micro-chromatography. The flame velocity is 
measured by the open-tube method. Dust clouds are 
generated by an air pulse from the bottom of the tube. 
A high speed video camera is used for recording videos 
of the flame propagation. The laminar flame velocity is 
approximate by taking the flame stretching into 
account. 
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Illustration: Front flame detection of nano-carbon 
black/methane/air explosion 

 
 

Main results 
The maximum overpressure and the rate of pressure 
rise has been measured for nanocarbon-
black/methane/air and were compared to the reference 
system methane/air mixtures.  The severity tests had 
been held for two types of carbon black with similar size 
distribution, but different size of elementary particles. 
The results shows that the insertion of carbon blacks at 
low concentrations does not modify significantly the 
maximum overpressure, whatever the initial turbulence 
and gas concentration. However, the rate of pressure 
rise slightly decreases when carbon black is added, 
especially at high turbulence and methane-rich mixture. 
At high turbulence, the influence of carbon black 
insertion on the explosion severity is less perceptible for 
particles with higher primary diameter. The flame 
velocity seems to decrease when carbon black 
nanoparticles concentration is increased. These trends 
are explained due to the improvement in radiation heat 
transfer with the addition of black particles. 
 

References 
[1] Dufaud et al.,Ind. Eng. Chem. Res. 2012, 51, 7656–
7662 
[2] Kosinski et al, J. Loss Prevent Proc, 2013, 26, 45 - 51 
[3] Khalili, J. Loss Prevent Proc, 2013, 26, 1027 – 1038 

 

Livre recueil thèses complet 2016.indd   45 6/21/2016   2:53:20 PM



34
 

Illustration 
Selectivity and recovery of chromite particles by flotation obtained for 
the system without agitation 
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CO2 sequestration by mineral carbonation in steel production 
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Objectives and stakes  
To ensure environmentally responsible process, 
separation technologies are studied for the 
recovery of valuable compounds and to avoid 
disposal of toxic solids. A part of the study is 
focused on olivine treatment before carbonation 
to collect the chromite particles by flotation.  
 Methodology/ Experimental approach 
The flotation system developed in the lab consists 
of a column whose plug includes the SS sparger 
distributor with “05” porosity for homogenous gas 
distribution and an appropriate bubbles size. For 
circulation of the slurry, a second system has been 
developed with a mechanical agitation, 
considering the magnetic properties of chromite 
particles. The tests have been conducted in a 
solution of CTMAB as collector (150 mg/L) at pH = 
11, using a mixture of olivine and 3 wt % of 
additional chromite to enhance the results 
interpretation and to control the chromite 
characteristics. The selectivity and the recovery 
extent of the collected particles are analysed to 
determine the optimal test conditions. A 
numerical law which corresponds to a calibration 
relationship is established between the chromium 
relative concentration, obtained by EDX analysis, 
and the chromite particles fraction in the solid.  
The model consists of a second order polynomial 
function, based on the experimental results. 

 

 

Main results 
According to the tests results and considering 
hydrodynamic aspects, agitation influences the gas 
introduction and the bubbles dispersion in the 
column. Experiments reveal that the increase in the 
agitation rate affects the dispersion of the gas in the 
column, up to a certain liquid level from the 
bottom. Best selectivity and recovery are obtained 
for the tests without agitation. After 5 min flotation, 
the mass of the collected particles is near 5 %. A 
concentration of chromite particles is observed 
with a selectivity of 9 and a recovery of 35 %. After 
15 min, the selectivity decreases and 25-30 % of the 
particles are collected with a chromite recovery of 
80 %. From 15 min to 60 min, which corresponds to 
the end of the test, the selectivity is lower than 1; 
from that time, flotation is not selective and does 
not allow the chromite concentration in 
comparison to the input chromite fraction. 
Flotation cycles with the reuse of collected particles 
are considered to increase the selectivity. 
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General context, scientific issues 
Valorco is a project coordinated by ArcelorMittal, 
in order to develop steel industry with low carbon 
dioxide emissions. The global project consists of a 
sequestration process by mineral carbonation, an 
alternative in which CO2 is captured and 
chemically stored in solid carbonates. Olivine has 
been selected as mineral feedstock: it is a 
magnesium-iron silicate (Mg,Fe)2SiO4 that also 
contains small amounts of other metals. In 
particular, chromium oxide, inert during the 
carbonation, is present in the chromite particles 
(Cr2O3-FeO) at a concentration of 0,20-0,25 wt %. 
 

 

The presented results corresponds to flotation tests carried out under 
the same conditions to develop the method, assess the repeatability 
and demonstrate the efficiency of the separation method. 
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General context, scientific issues 
Respirator cartridge is widely used to protect operators 
exposed to toxic volatile organic compounds (VOC) 
vapours. Anti-gas cartridge filters are classified 
following European standards, which are based on 
breakthrough time for cyclohexane as reference 
vapour.  

Whereas cartridges are used several times by most gas 
masks users mainly for economic reason, a study 
pointed out a risk of immediate breakthrough upon 
reuse (IBUR) [1] after a first exposure followed by a 
period of storage. But since no clear evidence has been 
addressed yet, its reuse should be banned according to 
the French institute of research in workers safety 
(INRS).  
 

Objectives and stakes 
In respirator cartridge, VOC vapours are removed by 
adsorption on activated carbon. Preliminary studies of 
the equilibrium and kinetics of single vapour 
adsorption for several VOCs have already been 
undertaken. 

The aim of this study is to model and simulate the 
diffusion of VOC vapours in activated carbon bed 
column during the period of storage. This enables to 
predict the IBUR concentration in function of: storage 
time, initial loading, concentration and organic vapour 
species. 
 

Methodology / Experimental approach 
The experimental setup consists of a column filled with 
commercial activated carbon, exposed to single VOC 
vapour. The gas composition at the end of the column 
is monitored by a gas chromatography (GAS Compact) 
coupled with a FID detector. The kinetics rate 
coefficients are derived from the treatment of the 
experimental chromatograms and equilibrium data. 

The simulation is based on a static diffusion model. 
This model assumes an equilibrium model following 
the Langmuir expression, and a surface diffusion 
control according to Higashi et al. model [2] of the 
adsorption kinetics. 
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Illustration: Breakthrough before reuse of acetonitrile 
after a first exposure at 4000 ppm concentration, and 
60% of initial loading of the bed. 

 
 

Main results 
The experimental breakthrough points show high risk 
of IBUR after only 3 days of storage only. After one 
week without any utilization, the IBUR concentration 
recorded is above 250 ppm, whereas the stationary 
concentration is 1200 ppm approximately which 
indicates the high degree of progress of the static 
diffusion within the column. 

The deviation with experimental results can be 
explained by the simplicity of the HIO model which 
underestimates the mass transfer kinetics. However, 
the evolution of modeled concentration within the bed 
found in the simulation is similar to that measured by 
in-situ analysis using x-ray tomography [3].  

The proposed model describing the static diffusion has 
been extended to other VOCs: cyclohexane, acetone, 
ethanol, dichloromethane and butanone. It has been 
observed that the risk of IBUR is lower for cyclohexane 
and butanone which are molecules with more than 4 
carbons. That puts emphasis on the importance of 
dispersive rather than polar interactions of the 
adsorbate/adsorbent system in the mobility of VOC 
molecules in the micropore of the activated carbon. 
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Illustration: Model-based predictions vs. experimental data 

 

General context, scientific issues 
Ultrafine particles are generated by many 
manufacturing processes such as surface 
processing and coating etc... The most efficient 
and widely used de-dusting methods for 
separating the particles from the carrier fluid are 
currently fibrous media which have to be 
frequently replaced because of an irreversible 
clogging. As an alternative, granular beds exhibit 
interesting performance, in terms of ultrafine 
particles collection efficiency and operation time 
by exploiting a greater depth. Furthermore, the 
unclogging might be easier especially by means 
of vibrations. 

 Objectives and stakes  
In the case of industrial ultrafine particles 
filtration by a granular bed, the prediction of the 
efficiency and the pressure drop evolution is a 
key step towards the installation sizing. The 
existing phenomenological models of pressure 
drop and efficiency evolution are currently non-
predictive because of the imperative knowledge 
of empirical values. To overcome this issue, a 
predictive clogging model has to be established. 

 Methodology/ Experimental approach 
The development of our predictive model is 
based on several approaches. We conduct 
microscopic observations of the evolution of the 
nanoparticles deposit structure during the 
clogging. This should permit to correlate the 
changes in collector geometry with changes in 
pressure drop and efficiency.  To validate the 
model, we also perform experiments to follow 
the clogging evolution of granular beds. For these 
experiments, we used various operating 
conditions, i.e., three types of poly-dispersed 
aerosols (Zn-Al, Carbon and Iron), three different 
collector diameter (0.5, 1 and 1.6 mm) and two 
different superficial velocities (19.8 and 7.6 
cm/s). 

Main results 
A predictive clogging model based on the 
expressions of collector equivalent diameters was 
established. These diameters depend on the mass 
of collected particles. This approach permits to use 
the initial efficiency and pressure drop models to 
forecast the behaviour of a granular media during 
the deep bed filtration phase. Experimental data 
obtained from the experiments described above 
and model-based predictions agreed well. 
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General context, scientific issues 
 
PCBs are persistent and toxic pollutants in soils and 
sediments, which is a health and environmental 
concern, e.g. in sites polluted by e-waste recycling 
activities of China and in brown sites of France and all 
over the world. In recent decades, a cost-effective 
method to reduce chlorinated organic pollutants and 
toxic metals has been developed by introducing ZVI. It 
is promising to remediate PCB-contaminated soils and 
sediments by using ZVI. 
 

Objectives and stakes 
 
The objective of this thesis is to determine a cost-
effective cleanup method to remediate PCBs 
contaminated soils by ZVI reduction with the assistance 
of surfactants. Before the application, it is of necessity 
to understand the roles of both surfactants and ZVI. 
Afterward, the cleanup process could be established by 
adjusting the condition of each reaction unit. 
 

Methodology / Experimental approach 
 
Batch experiments were conducted to understand the 
kinetic and pathway of reduction. The effects of 
surfactant, humic acid, pH and Nickel ions on ZVI 
reduction of PCB-52 were investigated by using a 
simulated soil washing solution.  
To better understand the influential mechanisms on 
dechlorination by the concerned factors, several 
characterizations of the ZVI particles were conducted 
by SEM-EDX and XRD. After the study on mechanisms, 
an aged PCB-contaminated sediment was sampled to 
test the feasibility of ZVI reduction assisted by 
surfactants at lab-scale. Two approaches of cleanup 
process are proposed and explored by batch 
experiments. 
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Illustration: Structure of the thesis. 

 
 

Main results 
 
1. The coexistence of multiple contaminants was 

ubiquitous in e-waste contaminated sites located 
in south China, and the status of contamination 
was generally related to the disposal activities and 
the soil properties. 

2. Stepwise reduction of PCBs and the major 
pathway of dechlorination (congener specificity 
and regiospecificity) were confirmed during the 
ZVI-mediated reaction. 

3. Mass transfer is a crucial process for PCBs 
reduction by ZVI in aqueous solution; the relative 
importance of the studied factors was in the order 
of surfactants > humic acid > pH > Ni2+. 

4. Surfactants on iron surface were found to 
decrease interfacial tension, while aqueous 
micelles were found to sequestrate PCB-52 and 
humic acid. 

5. The participation of humic acid as a reductant 
during ZVI-mediated reaction was suggested by 
the fact that the mineral FeCO3 was detected on 
the iron surface. 

6. A series of batch experiments manifested the 
enhancement of surfactants at low concentrations 
on the stepwise degradation of PCBs in a ZVI-
sediment suspension. 
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General context, scientific issues 
CO2 is commonly found in natural gas and must be 
removed to meet specifications before the gas can be 
delivered to the pipeline. Among the conventional 
options of natural gas treatment (e.g. physical or 
chemical absorption) membrane separation is 
interesting due to its modularity, compactness and 
environmental friendliness [1]. 
In this process one can distinguish several variables in 
two different scales: in a micro-scale describing the 
phenomena related to mass and energy transfer 
through the membrane (e.g. sorption and diffusion into 
membranes, enthalpy change, pressure variation, local 
composition, etc.) and in a meso-scale describing the 
characteristics of the gas treatment (e.g. membrane 
surface, number of stages, flow mode, etc.). As 
expected, all variation in the micro-scale will influence 
the variables of the meso-scale. However, this 
affectation is sometimes not obvious. Indeed, no 
general pattern can be established since every answer is 
system dependent. 
Developing a simulation tool allowing to relate both 
scales is therefore of vital importance, since it would 
provide valuable information about process design 
and/or equipment size for several membrane systems. 
However, to our knowledge, the development of such 
tool has been the objective of few researches [2]. 
 

Objectives and stakes 
To develop a membrane separation model with 
different levels of complexity inside a process simulation 
environment. The utility must be robust but still easy to 
use from an industrial point of view. 
 

Methodology / Experimental approach 
The development of the utility takes into account the 
modelling of various degrees of complexity of the 
membrane gas separation process, i.e. pressure drop 
calculation, thermal effects, variating membrane 
permeability and flow pattern. Every complexity 
combination will then be modelled into a process 
flowsheet simulation software. The utility could be 
validated against experimental data of a chosen case of 
study of natural gas treatment. 
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Illustration: Schematic representation of membrane 
separation tool in a process simulation environment 

 
 

Main results 
For the given case of study of natural gas treatment, the 
simulations performed using the developed membrane 
separation model have resulted in the following 
conclusions: 
- Depending on the operating conditions, a variable 
permeability model can predict membrane areas 
significantly different from those estimated with a 
constant permeability model. 
- The permeate pressure drop is not negligible and can 
be significantly higher than that of the retentate, 
depending on the geometric characteristics of 
membrane modules. 
- Permeate pressure drop has been modelled by a linear 
distribution and by correlations using geometric 
characteristics of the membrane modules.  
- Depending on the stage cut, both retentate and 
permeate streams can be significantly cooled due to gas 
throttling. 
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Illustration: ZSM-5 zeolite synthesis 

 
 
 

 

General context, scientific  issues 
In the aquatic environment, pharmaceutical 
active compounds (PPs) have been recognized to 
be a group of emerging environmental 
contaminants. Their occurrence in the aquatic 
environment has been recently investigated and it 
is principally due to insufficient removal in 
wastewater treatment plants (WWTPs) [1]. 
Consequently, variable quantities of 
pharmaceuticals can reach surface waters, 
groundwaters, and sediments, resulting in 
concentrations ranging from nanograms to 
micrograms per liter. Even at very low 
environmental concentrations, they have a 
negative effect on non-target organisms [2]. 
 
 

 

Objectives and stakes  
For most pharmaceutical contaminants the 
setting up of analytical protocols is an on-going 
process, with validated methods unstandardized.  
The aim of this study is the development of an 
efficient analytical procedure, that makes it 
possible the quantification of pharmaceutical 
contaminants as diflofenac, at the ng/L level in 
contaminated water, then synthesizing an 
efficient catalyst for their photocatalytic 
degradation [1]. 
 
 
 

 

 

Methodology/ Experimental approach 
1)Synthesis of Catalyst:  
Synthesis of ZSM-5 zeolite and study the 
adsorption and photocatalysis of the chosen 
pollutant molecule over zeolite. 
 
2) Sampling and detection:  
 Sampling: from Meurthe and Moselle 

rivers. 
 Filtration and characterizations. 
 Preconcentration by solid phase 

extraction. 
 Preparation and detection by LC-MS-

MS. 
 
 

 

 

Main results 
 Synthesizing ZSM-5 

The XRD pattern shows peaks similar to the specific 
peaks of ZSM-5 zeolite mentioned in literature [3]: 
one at 2θ=7-9° and another at 2θ=23-25° . 

 
 Detection and Characterizations 

-The mostly detected compounds were: 
Carbamazepine, Diclofenac, Ibuprofen, 
Sulfamethoxazole, Bisphenol A, Lidocaine and 
PFOS. 
-Organic carbon: 3.5 mg/l, Tolerable. 
-Inorganic carbon between 20 mg/l and 30 mg/l: 
Acceptable. 
-Total nitrogen between 0.6 mg/l and 1.5 mg/l: 
Acceptable. 
-Maximum UV absorbance around 190 nm: 
corresponding to nitrate and nitrite mainly. 
-Two Fluorescence peaks at λexc=290nm for 
tryptophan-like compounds, and λexc =355nm for 
fulvic acids. 
 Detection of high amounts of chloride 

and sulfate, with small amounts of 
nitrate and nitrite. 
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General context, scientific issues 
In the specific case of hydrogen production by Steam 
Methane Reforming (SMR), high power heat 
exchangers (hundreds of MW) are operated to conduct 
the endothermic catalytic SMR reaction. The operating 
conditions are harsh: high temperatures, high 
pressures, highly corrosive environments and poor 
heat transfer, leading to low process efficiency [1]. 
Process intensification by miniaturising the heat 
exchanger reactors allows reducing the limiting 
phenomena (internal and external mass transfer, heat 
transfer ...) inherent to catalytic reactions [2][3]. 
However, the lack of proper sizing tools makes the 
implementation in a global flow sheet and the 
economic assessment of such technologies difficult. 
 

Objectives and stakes 
The objective of this project is to develop a simulation 
tool for heat exchanger reactors, which is able to 
simulate endothermic and exothermic catalytic 
reactions and predict thermal profiles and efficiencies. 
A simplified 1D version of the tool will be developed 
and validated with experimental and CFD simulation 
results. The CFD simulation should also allow 
understanding the physical phenomena occurring in 
the heat exchanger reactor. 
 

Methodology / Experimental approach 
The 1D program which is currently under development 
includes homogeneous and heterogeneous models 
(featuring external heat and mass transfer 
considerations) that enable the simulation of 
simultaneous catalytic and fluid phase chemical 
reaction in a heat exchanger. The heat exchanger 
model that was chosen as general frame for the 
simulation tool is a plate-fin heat exchanger. 
The CFD simulation of both a reactive flow in a channel 
and a set of several channels will be done to 
understand the physical phenomena occurring at local 
and global scales respectively (i.e. the external and 
internal mass transfer, coupling between heat and 
mass transfer, conduction, heterogeneous distribution 
in the channels …). These simulations should allow 
mapping the domain of validity of the simulation tool. 
To confirm the validity of the simulation tool, a 
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Illustration: Milli-structured, plate and channel - heat 
exchanger reactor, with examples of the plates. 

 
 

Main results 
Several heat transfer phenomena occur in plates and 
fins heat exchangers, such as convection and 
conduction. The competition between both is 
responsible of non-negligible temperature gradients in 
fins [4]. In the specific case of reactive plates and fins 
heat exchangers, by absorbing or releasing heat at the 
fin surface, the catalytic reaction affects significantly 
the fin and by-pass efficiencies. As a consequence, the 
classical expressions available in the literature for these 
efficiencies are no longer correct. Not taking into 
account these differences would lead to 
overestimating both heat transfer and kinetics, the last 
one being critical because the kinetics depend 
exponentially on the temperature.  
Mapping of these efficiencies as functions of relevant 
dimensionless numbers is in progress and shows how 
important can be the impact of the reaction on heat 
transfer at the fin surface. 
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comparison between simulation and experimental 
results is planned. 
Throughout the project, the 1D code will be modified 
to fit at best the results of the pilot under several sets 
of operating conditions. 
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General context, scientific issues 
Biomass gasification is a promising way to produce 
energy from renewable sources. The gasification 
process produces not only gases but also various 
impurities such as tars. The main uses of the gas 
(engine, fuel cell, etc.) require to remove tars. The 
present PhD subject aims at evaluating the ability of 
new separation techniques to meet this requirement. 
 

Objectives and stakes 
 Measuring the intrinsic performances of the 

separation techniques 
 Evaluating the ability for these techniques to meet 

the separation requirements 
 

Methodology / Experimental approach 
The first step is to measure the physical properties 
implied by the considered separation techniques. Due 
to the unusual nature of the components to be 
removed, new techniques need to be invented. 
 
Thanks to these properties, it is possible to evaluate 
the expectable performances of the separation 
techniques as unit operations. 
 
These unit operations models will be modelled and 
simulated in order to evaluate the real interest of the 
studied separation methods. 
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Illustration: The separation issue 

 
 

Main results 
 Some thermodynamic properties of tars have been 

measured. To the best of our knowledge, these 
properties had never been measured before. So, 
no comparison with literature is possible. We can 
anyway observe tendencies that are similar to the 
ones reported for similar species. 

 We are expecting to measure kinetic and transfer 
properties of tars related to the considered 
separation techniques. 

 The comparison of the measured properties with 
the ones of better known species will allow to 
model the behavior and the performances of the 
unit operations. 

 These models of separators are expected to bring 
elements to judge of the ability for the considered 
techniques to meet the requirements. 
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Methodology/ Experimental approach 
 

One of the most used technique for real time 
optimization is referred as the two step approach. 
The main idea is to carry a step of parametric 
estimation followed by a re-optimization using an 
updated model.  
Hence, the measurements can be used to 
estimate the gradient of the plant to enforce the 
necessary condition of optimality with a scheme 
to update the inputs. 
Polymerization reactors play a key role in polymer 
engineering, and the importance of their effective 
control is well recognized in the polymerization 
literature [3]. In this study, we focus on the 
polymerization of a mixture of styrene and waste 
tire powder. 
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Objectives and stakes 
 

Measurements can be used in an optimization 
framework to compensate the effects of 
uncertainty [2]. The objective of the thesis is to 
define an appropriate methodology of dynamic 
real time optimization for a polymerization batch 
reactor and validate it. A major characteristic of 
polymerization reactors is their complex non-
linear behaviour. Finally, global optimization will 
be carried out finally to ensure an overall optimal 
functioning. 

General context, scientific issues 
Optimization is important in science and 
engineering as a way of finding the best operating 
conditions. Optimization is typically performed on 
the basis of a mathematical model (a set of 
Differential-Algebraic Equations) that could be 
inaccurate especially in presence of disturbances. 
In a context of global competition and saturated 
markets, it is essential to the process industry to 
strive for more efficient manufacturing. Dynamic 
optimization can be used to determine optimal 
input profiles for dynamic processes. The optimal 
inputs determined through model-based 
optimization will not be optimal for the plant. [1] Main results 

We classified real-time optimization schemes and 
analysed their ability to enforce feasible and 
optimal process operation by using on-line 
measurements. These considerations have been 
illustrated through the run-to-run optimization of a 
semi-batch reactor in the presence of model 
mismatch. One way to perform this is to simulate 
the reality and to add disturbances in form of 
parametric uncertainty, structural model 
mismatch, noises... An exponential filter of first 
order have been added to avoid large variations 
from an iteration to another. Moreover, we are 
searching new scheme to perform dynamic real 
time optimization adapted to batch reactor. The 
non-linear behaviour of the system and the 
presence of constraints (due to safety and practical 
considerations) maintain real conditions to study 
the performance of those approach. The results 
demonstrate that the integration of optimization 
and control in a real-time framework is a very 
promising approach for achieving optimal 
operation (increased productivity, good 
disturbance rejection…). 
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uncertainty [2]. The objective of the thesis is to 
define an appropriate methodology of dynamic 
real time optimization for a polymerization batch 
reactor and validate it. A major characteristic of 
polymerization reactors is their complex non-
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input profiles for dynamic processes. The optimal 
inputs determined through model-based 
optimization will not be optimal for the plant. [1] Main results 

We classified real-time optimization schemes and 
analysed their ability to enforce feasible and 
optimal process operation by using on-line 
measurements. These considerations have been 
illustrated through the run-to-run optimization of a 
semi-batch reactor in the presence of model 
mismatch. One way to perform this is to simulate 
the reality and to add disturbances in form of 
parametric uncertainty, structural model 
mismatch, noises... An exponential filter of first 
order have been added to avoid large variations 
from an iteration to another. Moreover, we are 
searching new scheme to perform dynamic real 
time optimization adapted to batch reactor. The 
non-linear behaviour of the system and the 
presence of constraints (due to safety and practical 
considerations) maintain real conditions to study 
the performance of those approach. The results 
demonstrate that the integration of optimization 
and control in a real-time framework is a very 
promising approach for achieving optimal 
operation (increased productivity, good 
disturbance rejection…). 
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 General context 
Dissolution, followed by the 

hydrometallurgical extraction of UO2, is a 
major step for spent nuclear fuel processing. 
However, there are actually no accurate 
models for continuous dissolvers.  

The present study approach is based on a 
better understanding of local physicochemical 
phenomena. The aim is to propose new 
reactors or to upgrade actual processes for 
dissolution. 

Objectives and stakes  

 
Methodology/ Experimental approach 
 

The first goal of our approach is to create a 
dissolution cell where limitations by diffusion 
or heat transfer are nonexistent (fig 1).   

Chemical kinetic is then studied by following 
of UO2 particles apparent area, dissolving in 
nitric acid, thanks to transmission microscopy. 
This method is called ombroscopy. The 
advantages are that it is easier to avoid 
diffusion limitation and the experimental 
wastes are limited. 
 
A model including diffusion between liquid 
and solid, chemical reaction rate and gas 
liquid exchange will enable to predict the 
dissolution rate. 
 
This model has to be verified by experimental 
data. It will then provide different lines of 
approach for the optimization of dissolvers. 
 
 
 
 

Main results 
General profile of the dissolution curves :  

 

 
Influence of the catalyst : 

 

The induction time still has to be explained. 
However, ombroscopy was validated as a 
method to follow the dissolution rate.  

A first model for autocatalytic reaction kinetic 
rate was verified. The influence of the catalyst 
is now quantified and shows an optimum that 
is really interesting for dissolver optimization. 

 2 3 1 
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Figure 1: Reactor for chemical kinetic studies 
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General context, scientific issues 
Acrolein is produced by the controlled oxidation of 
propene. This reaction, carried out in a fixed-bed reactor 
with a bismuth molybdate catalyst, is a highly 
exothermic process. Because of this heat emission, 
molten salt has to be used in order to efficiently cool 
down the reactor. Furthermore, an elevation of 
temperature can lead to secondary reactions, degrading 
the acrolein or competing with the main reaction.   
 
Process intensification is an effective solution to these 
issues. Indeed, compact reactors have a high heat 
transfer coefficient, allowing a better temperature 
regulation and a better control of the process. [1] 
 

Objectives and stakes 
The objective of this research project is to design, 
develop and operate an intensified heat exchanger 
reactor compact size driver synthesis of acrolein by 
oxidation of propylene.  
This technology allows a good control of heat transfer 
and should limit unwanted secondary reactions. 
 

Methodology / Experimental approach 
In order to design a new reactor, the kinetics of the 
several reactions occurring in the reactor has to be 
clearly determined.  
A kinetic model, based on Redlingshofer et al. work [2], 
has been developed. This model is composed of 
numerous kinetics parameters that need to be 
estimated. 
 
Numeric simulations (MATLAB© environment) have 
been carried out, using experimental data provided by  
a team of the UCCS.  
Several improvements of the initial kinetic model have 
been done: some reactions that don’t happen at 
industrials temperatures were removed, reactions rate 
expression were modified to take into account the 
adsorption of reactants.[3] 
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Illustration: Comparison of experimental and modelled 
molar flux 

 
 

Main results 
The current kinetic model, although not definitive, 
describes now efficiently the production of acrolein and 
consumption of propene and oxygen, whereas by-
products (especially CO2, CO and acrylic acid) are poorly 
estimated. 
A new set of experimental points, focusing on lower 
space times, has been obtained, and should permit a 
better estimation of the global kinetic model. 
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Once this kinetic model finalized, 1D numeric 
simulations will be carried out to estimate the most 
appropriate coolant fluid and the technology needed to 
efficiently cool down the reactor and maintain the 
optimal temperature. of the pilot under several sets of 
operating conditions. 
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General context, scientific issues 
The PhD objectives are the study of the physico-
chemical and transport properties of membranes 
based on PVA, either modified with nanoparticles or by 
surface treatment. Experimental goal is also a 
comprehensive study of membrane separation 
parameters on the properties of the membrane 
polymer material (object - composite materials based 
on polymers), the composition of the feed mixtures, 
the sorption characteristics of the membranes. 
 

Objectives and stakes 
 Incorporation of nano carbon particles such as 

fullerenol derivatives to get mixed matrix 
membranes 

 Evaluation of the pervaporation membrane 
performance with water mixtures 

 

Methodology / Experimental approach 
 
1. Preparation of membranes based on composite 
PVA – fullerenol with an additional crosslinking 
agent - maleic acid for separation of mixtures 
amines-water by pervaporation. 
 
2. To check and confirm the transport properties 
(reproducibility) of supported membranes based on 
composite PVA - fullerenol (thermally crosslinking 
at 140°C) by pervaporation binary mixtures of 
acetic acid - water at different temperatures. 
 
3.    Study of new technologies of preparation of 
polymeric membranes which is layer by layer 
(LbL) and test the pervaporation properties. 
 
 4.    Investigation of the optimal conditions for 
preparation and introduction of particles MOF in 
PVA matrix, as well as the study of structure of 
composite membranes by spectroscopic methods 
and dispersion of particles by transmission electron 
microscopy in membrane and in ethanol and water 
solutions.  
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5.  Characterization of the introduction of 
nanoparticles (fullerene and fullerenol) in 
membranes based on PVC and carry out series of 
experiments of pervaporation the mixture of 
toluene- heptane.  
 
Illustration: Pervaporation  setup 

 
 

Main results 
 Transport properties of mixed-matrix 

membranes of polyvinyl alcohol (PVA) and 
low-hydroxylated fullerenol C60(OH)12 were 
use as a selective layer. 

 Crosslinked dense and supported membranes 
were prepared using maleic acid and heat 
treatment. 

 The separation of water-THF, water acid acetic 
and toluene-heptane mixtures were studied with 
dense and composite membranes over a wide 
range of concentration in the feed mixture, 

 Stability of PVA membranes was confirmed in 
mixtures containing up to 30 wt% of water. 

 

References 
 M. Padaki,  R. Surya Murali, M.S.  Abdullah, N. Misdan, A. 
Moslehyani, M.A. Kassim, N. Hilal, A.F. Ismail, Membrane 
technology enhancement in oil-water separation. A review, 
Desalin. 357 (2015) 197-207.  
M.G. Buonomenna, J. Bae, Membrane processes and 
renewable energies, Renewable and Sustainable Energy 
Reviews, 43 (2015) 1343-1398. 

Livre recueil thèses complet 2016.indd   60 6/21/2016   2:53:27 PM



46

 

*Institute of Chemistry, St. Petersburg State University, Universit. pr. 26, Peterhof, Saint Petersburg, 198504, Russia 

Keywords: hydrosoluble polymers, mixed matrix membranes, nanocarbone particles, water azeotropes   

General context, scientific issues 
The PhD objectives are the study of the physico-
chemical and transport properties of membranes 
based on PVA, either modified with nanoparticles or by 
surface treatment. Experimental goal is also a 
comprehensive study of membrane separation 
parameters on the properties of the membrane 
polymer material (object - composite materials based 
on polymers), the composition of the feed mixtures, 
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(LbL) and test the pervaporation properties. 
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Illustration:  G1 microreactor designed by Corning 

 

General context, scientific issues 
Process intensification has been subject to many 
works in the past few years, especially in the field 
of organic chemistry [1].   
More particularly microreactors have become a 
mean of enhancing chemical reaction processes 
by suggesting the appropriate equipment to fine 
chemistry reaction while it used to be the reverse 
way around for decades [2].  
Contrast agents synthesis is a good candidate for 
process intensification as it involves hazardous 
products with highly exothermic reactions and 
high yield and specificity are to be met. The 
present work deals with intensification of the 
synthesis route of a contrast agent using micro- 
reactors. 

Objectives and stakes  
Each synthesis step is analysed regarding heat or 
mass transfer limitations, reactions kinetics and 
reaction heat.  
After batch experiments are carried out, 
operating conditions can be suggested to switch 
to a continuous process, such as a microreactor. 
Tests are carried out at lab-scale to validate the 
best experimental conditions before working at 
pilot scale. 

 Methodology/ Experimental approach 
The synthesis route was first adapted (change of 
solvent, change in synthesis steps…) to increase its 
intensification potential. The first reaction steps 
studied are those having a high intensification 
potential: experiments in batch with HPLC 
analyses and temperature recording are carried 
out to estimate reaction kinetics and reaction 
heat, before a model can be proposed. This model 
can suggest the behavior of the reaction system in 
a continuous reactor, and relevant operating 
conditions can be identified before tests at lab-
scale and seamless extrapolation [3] to pilot-scale 
are conducted.  

Main results 
The two chlorination reactions in the synthesis 
route are fast and highly exothermic. They were 
good candidates for the first intensification studies. 
Kinetic and thermal data were collected in batch 
and tests in the G1 reactor were launched, showing 
good conversion results at temperature near room 
temperature with short residence times. Tubing 
was added at the end of the G1 plates for additional 
residence time as the 2nd chlorination reaction 
showed slower kinetics due to steric hindrance. The 
heat generated by the reaction could be removed 
with a few plates of G1 microreactor. These results 
were successfully transposed to pilot scale using a 
G4 microreactor, by adapting the design of the 
system to the desired productivity, keeping 
constant temperature, ratio of reactants and 
residence time.   
Further intensification experiments were carried 
out on the hydrogenation reaction, involving liquid, 
solid (catalyst) and gas (hydrogen) phases, leading 
to good results. Eventually other reactions proved 
to be limited in continuous intensified mode due to 
the presence of solids.  
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General context, scientific issues 
Confronted with the growth in the world population, 

diminishing fresh water resources, degradation of the quality of 
fresh waters and climate change, the capacity to provide people with 
drinking water and good quality water is a key issue for the 21st 
century. Today, seawater desalination appears as a major alternative 
to produce drinking water in many countries. The global capacity of 
seawater desalination plants is increasing by about 10% every year. 
Membrane technology has become a major technology to provide 
access to drinking water either by nanofiltration (NF) or reverse 
osmosis (RO).  

On the basis of lab-scale and since recently semi-industrial 
scale experiments, membrane distillation (MD) has been 
demonstrated as an interesting alternative for brackish or seawater 
desalination. MD is a process involving the evaporation of water 
through the pores of a hydrophobic macroporous membrane. The 
liquid/vapour interface is supposed to be located at the membrane 
pore inlet. The membrane acts merely as a physical barrier between 
the two phases and has no influence on the process selectivity, but as 
it enhances the contact area for vaporization, this process is called a 
membrane contactor and is considered as a way for process 
intensification. The major potential risk of dysfunction of this 
process is membrane pore wetting, which is a key problem for 
membrane manufacturers and water companies that need some 
scientific-based guidelines before deciding to develop MD 
equipment. The project has a  fundamental target, how to avoid 
wetting of porous hydrophobic membranes used in membrane 
distillation, in order to allow the development of new membranes to 
be applied for water desalting. 
 

Experimental strategy 
As explained above there is also a need of new membranes 

specifically dedicated to be used in the MD process, and which 
would have been designed specifically with the objective of 
reducing or to completely avoiding the risk of wetting. Indeed a 
drastic decrease of the membrane mass transfer coefficient would 
occur as soon as wetting takes place, due to the much lower 
diffusion coefficient in liquids (typically 10-9 m2.s-1) compared to 
gases or vapours (typically 10-5 m2.s-1). In that event, a one to two 
orders of magnitude of the membrane mass transfer coefficient 
results, even for a limited wetting of the membrane such as 10% of 
the overall thickness of the porous media. In that case, the 
membrane becomes the major mass transfer resistance and the 
potentialities of the process, in terms of intensification and 
operational stability, no longer apply. It is thus of utmost importance 
to ensure non wetting conditions of the membrane; this objective has 
been intensively investigated for decades and it can be basically 
achieved through two main complementary strategies: 

Develop non wetting porous membrane materials. In order 
to decrease and prevent membrane wetting, specifications of the MD 
membranes should be: a high surface hydrophobicity and roughness, 
a high porosity and pore size as large as possible, which is 
unfavorable to wetting, in order to reduce membrane resistance and 
to increase permeate flux.Today membranes used or studied for MD 
process are generally microfiltration membranes made of 
hydrophobic material like PVDF or PTFE but they were not 
specifically designed for MD operation. 
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improve drinking water facilities by membrane distillation  
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Illustration:Schema of heat and mass transfert through a single layer 
hydrophobic membrane used in DCMD process for the treatment of a feed 
aqueous solution containning non-volatile solutes   

 
 There is thus another important challenge for the 

preparation of specific macroporous membranes for MD in order to 
combine both a high porosity and large pore size with a high 
hydrophobic and rough membrane surface. 

A complementary strategy consists to develop new 
membranes based on the above porous and hydrophobic membrane 
that will be further modified by surface treatment in order to tune the 
pore size and the surface hydrophobicity, in order to avoid any 
wetting. Providing that the chemical and physical modifications 
polymer are carefully chosen and correctly achieved at the porous 
surface, the resistance to wetting shouldbe obtained without a too 
large decrease of the overall mass transfer coefficient. Thisconcept 
is currently studied in LRGP for various membrane processes, but, 
to our knowledge, it remains unexplored for transmembrane 
distillation applications. 

 
The novelty of this work and its originality are lying on: 

The general understanding of MD dysfunction and the 
search for advanced materials and tools to avoid wetting; 

An experimental strategy that is planned in the same time 
to explore the ways of producing less wettable porous membranes 
by two complementary methods. 

The effective membrane performance will be tested first at 
lab scale with plan membranes for water vapour mass transfer. 
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General context, scientific issues 
Mixed matrix membrane based on MOFs (M4) [1] are 
regarded as a promising technology to achieve a highly 
efficient CO2 capture, due to  their superior separation 
performances compared to conventional glassy 
polymers. Membrane-based CO2 capture is also affected 
by the composition of the gas to be treated, as well as 
by the driving force for CO2 separation [2]. Hence, the 
design of membrane processes based on M4 needs to 
be deeply investigated, in order to understand their 
technical behavior and to assess their potential benefits 
compared to well-established CO2 capture technologies. 
 

Objectives and stakes 
 Modelling of transport properties of M4 hollow fiber 

membranes; 
 Conceptual design for post-combustion CO2 capture; 
 Simulation of one and two-stage membrane processes 

with multicomponent feed mixtures; 
 Economic analysis and Life cycle impact assessment. 
 

Methodology / Experimental approach 
Membrane gas separation process is simulated using 
the proprietary software tool M3PRO, considering a 
five-component gas mixture. The model has been 
properly integrated into Aspen Plus environment, in 
order to carry out the energy analysis of single and dual 
stage membrane system configurations.  
The economic analysis is based on the costing method 
of Electrical Research Power Institute, that provide for 
the evaluation of capital and operating expenses of 
membrane system. The specific cost of CO2 capture 
process is then evaluated as the increase of electricity 
production cost per tonne of CO2 captured in a year [3]. 
Life-cycle analysis (LCA) of membrane system is 
operated using a hybrid approach: as regard to CO2 
capture process operation, environmental impacts are 
evaluated through a conventional LCA, which involves 
an inventory of the materials and energy used during 
the CO2 separation and compression processes. As 
regard to construction and decommissioning of CO2 
capture system, an economic input-output LCA is 
accomplished, which requires as input data costs for 
producing and dismantling system equipment. 
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Illustration: Layout of a single stage membrane unit 

 
 

Main results 
Single stage and dual stage membrane systems have 
been investigated, considering the exhaust flue gas from 
a coal-fired power plant. Several configurations,  
differing in term of membrane type (PIM-1, Polyactive) 
and strategy to create the driving force, have been 
compared from the energy and economic point of 
views.  
The energy analysis of membrane system has allowed 
for the evaluation of the CO2 permeate purity and the 
corresponding specific energy requirement for CO2 
separation and compression; in addition, the effects of 
membrane system integration within the power plant 
have been assessed by evaluating the extent for 
capacity derating, the penalty on the net efficiency and 
the benefits on specific CO2 emissions.  
Conversely, the economic analysis has evaluated the 
specific cost of the CO2 capture and the mitigation cost 
with or without credits for enhanced oil recovery (EOR). 
Life cycle emissions of a gas separation process based on 
a dual stage membrane system have been compared 
with the case of post-combustion CO2 capture based on 
conventional amine absorption system.  
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General context, scientific issues 
Confronted with the growth in the world population, 

diminishing fresh water resources, degradation of the quality of 
fresh waters and climate change, the capacity to provide people with 
drinking water and good quality water is a key issue for the 21st 
century. Today, seawater desalination appears as a major alternative 
to produce drinking water in many countries. The global capacity of 
seawater desalination plants is increasing by about 10% every year. 
Membrane technology has become a major technology to provide 
access to drinking water either by nanofiltration (NF) or reverse 
osmosis (RO).  

On the basis of lab-scale and since recently semi-industrial 
scale experiments, membrane distillation (MD) has been 
demonstrated as an interesting alternative for brackish or seawater 
desalination. MD is a process involving the evaporation of water 
through the pores of a hydrophobic macroporous membrane. The 
liquid/vapour interface is supposed to be located at the membrane 
pore inlet. The membrane acts merely as a physical barrier between 
the two phases and has no influence on the process selectivity, but as 
it enhances the contact area for vaporization, this process is called a 
membrane contactor and is considered as a way for process 
intensification. The major potential risk of dysfunction of this 
process is membrane pore wetting, which is a key problem for 
membrane manufacturers and water companies that need some 
scientific-based guidelines before deciding to develop MD 
equipment. The project has a  fundamental target, how to avoid 
wetting of porous hydrophobic membranes used in membrane 
distillation, in order to allow the development of new membranes to 
be applied for water desalting. 
 

Experimental strategy 
As explained above there is also a need of new membranes 

specifically dedicated to be used in the MD process, and which 
would have been designed specifically with the objective of 
reducing or to completely avoiding the risk of wetting. Indeed a 
drastic decrease of the membrane mass transfer coefficient would 
occur as soon as wetting takes place, due to the much lower 
diffusion coefficient in liquids (typically 10-9 m2.s-1) compared to 
gases or vapours (typically 10-5 m2.s-1). In that event, a one to two 
orders of magnitude of the membrane mass transfer coefficient 
results, even for a limited wetting of the membrane such as 10% of 
the overall thickness of the porous media. In that case, the 
membrane becomes the major mass transfer resistance and the 
potentialities of the process, in terms of intensification and 
operational stability, no longer apply. It is thus of utmost importance 
to ensure non wetting conditions of the membrane; this objective has 
been intensively investigated for decades and it can be basically 
achieved through two main complementary strategies: 

Develop non wetting porous membrane materials. In order 
to decrease and prevent membrane wetting, specifications of the MD 
membranes should be: a high surface hydrophobicity and roughness, 
a high porosity and pore size as large as possible, which is 
unfavorable to wetting, in order to reduce membrane resistance and 
to increase permeate flux.Today membranes used or studied for MD 
process are generally microfiltration membranes made of 
hydrophobic material like PVDF or PTFE but they were not 
specifically designed for MD operation. 
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hydrophobic membrane used in DCMD process for the treatment of a feed 
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 There is thus another important challenge for the 

preparation of specific macroporous membranes for MD in order to 
combine both a high porosity and large pore size with a high 
hydrophobic and rough membrane surface. 

A complementary strategy consists to develop new 
membranes based on the above porous and hydrophobic membrane 
that will be further modified by surface treatment in order to tune the 
pore size and the surface hydrophobicity, in order to avoid any 
wetting. Providing that the chemical and physical modifications 
polymer are carefully chosen and correctly achieved at the porous 
surface, the resistance to wetting shouldbe obtained without a too 
large decrease of the overall mass transfer coefficient. Thisconcept 
is currently studied in LRGP for various membrane processes, but, 
to our knowledge, it remains unexplored for transmembrane 
distillation applications. 

 
The novelty of this work and its originality are lying on: 

The general understanding of MD dysfunction and the 
search for advanced materials and tools to avoid wetting; 

An experimental strategy that is planned in the same time 
to explore the ways of producing less wettable porous membranes 
by two complementary methods. 

The effective membrane performance will be tested first at 
lab scale with plan membranes for water vapour mass transfer. 
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General context, scientific issues 
Mixed matrix membrane based on MOFs (M4) [1] are 
regarded as a promising technology to achieve a highly 
efficient CO2 capture, due to  their superior separation 
performances compared to conventional glassy 
polymers. Membrane-based CO2 capture is also affected 
by the composition of the gas to be treated, as well as 
by the driving force for CO2 separation [2]. Hence, the 
design of membrane processes based on M4 needs to 
be deeply investigated, in order to understand their 
technical behavior and to assess their potential benefits 
compared to well-established CO2 capture technologies. 
 

Objectives and stakes 
 Modelling of transport properties of M4 hollow fiber 

membranes; 
 Conceptual design for post-combustion CO2 capture; 
 Simulation of one and two-stage membrane processes 

with multicomponent feed mixtures; 
 Economic analysis and Life cycle impact assessment. 
 

Methodology / Experimental approach 
Membrane gas separation process is simulated using 
the proprietary software tool M3PRO, considering a 
five-component gas mixture. The model has been 
properly integrated into Aspen Plus environment, in 
order to carry out the energy analysis of single and dual 
stage membrane system configurations.  
The economic analysis is based on the costing method 
of Electrical Research Power Institute, that provide for 
the evaluation of capital and operating expenses of 
membrane system. The specific cost of CO2 capture 
process is then evaluated as the increase of electricity 
production cost per tonne of CO2 captured in a year [3]. 
Life-cycle analysis (LCA) of membrane system is 
operated using a hybrid approach: as regard to CO2 
capture process operation, environmental impacts are 
evaluated through a conventional LCA, which involves 
an inventory of the materials and energy used during 
the CO2 separation and compression processes. As 
regard to construction and decommissioning of CO2 
capture system, an economic input-output LCA is 
accomplished, which requires as input data costs for 
producing and dismantling system equipment. 
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Main results 
Single stage and dual stage membrane systems have 
been investigated, considering the exhaust flue gas from 
a coal-fired power plant. Several configurations,  
differing in term of membrane type (PIM-1, Polyactive) 
and strategy to create the driving force, have been 
compared from the energy and economic point of 
views.  
The energy analysis of membrane system has allowed 
for the evaluation of the CO2 permeate purity and the 
corresponding specific energy requirement for CO2 
separation and compression; in addition, the effects of 
membrane system integration within the power plant 
have been assessed by evaluating the extent for 
capacity derating, the penalty on the net efficiency and 
the benefits on specific CO2 emissions.  
Conversely, the economic analysis has evaluated the 
specific cost of the CO2 capture and the mitigation cost 
with or without credits for enhanced oil recovery (EOR). 
Life cycle emissions of a gas separation process based on 
a dual stage membrane system have been compared 
with the case of post-combustion CO2 capture based on 
conventional amine absorption system.  
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General context, scientific issues 
Since a few years, intensified reactors, such as plug-flow 
microreactors, are alternatives to stirred tank reactors. 
Thanks to their high heat and mass-transfer rates, a 
better control of operating conditions makes it possible 
to obtain a better product quality. 
However, it is difficult to predict quantitatively the real 
interest of intensified reactors without a large amount 
of experimental work.  
Hence, an iterative strategy [1] based on the 
combination of experimental design and modeling has 
been successfully developed to select the best reactor 
technology and corresponding optimal operating 
conditions while minimizing experimentation step. 
 
 

Objectives 
The objective of this work is to develop a process 
intensification software in which the users could 
optimize their experimental strategy in order to select 
the best reactor technology and corresponding optimal 
operating conditions. 
 
 

Methodology / Experimental approach 
The process intensification software consisting of four 
functions (process modeling, parameter estimation, 
process optimization, design of experiments) will be 
developed by using MATLAB. The available types of 
reactors are continuous and fed-batch stirred tank 
reactors, microreactors and conventional plug-flow 
reactors. 
The systematic modeling method [2] will be used for 
process modeling. While optimizing the performance 
and designing the experiments, multi-objective 
optimization algorithms, such as, genetic algorithm, 
particle swarm optimization, will be included. 
The acceptance tests of the software will be achieved 
thanks to two reactions concerned with valorization of 
vegetable oil: 
- transesterification of vegetable oil by homogeneous 
base catalyst. 
- epoxidation of vegetable oil by percarboxylic acid. 
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Main results 
A literature survey providing theoretical basis for the 
future works has been carried out for the following 
aspects: 
- process intensification strategy, 
- systematic modeling methods, 
- parameter estimation methods, 
- multi-objective optimization algorithms, 
- transesterification of vegetable oil by homogeneous 
base catalyst, 
- epoxidation of vegetable oil by percarboxylic acid. 
Future works will aim at developing and verifying 
experimentally the process intensification software. 
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General context, scientific issues 
Membrane gas separation processes are currently 
applied in numerous industrial sectors (energy, 
chemistry, pharmacy, electronics, aeronautics…) and 
are considered as one of the most attractive 
technologies for the development of sustainable 
processes for industries [1]. 
The architecture of the membrane gas separation 
processes can change significantly the achievement of 
the target process performances and often requires 
multistage processes to be designed, including 
recycling loops. 
There are many factors that influence the system 
(number of stages, number and location of recycling 
loops), thus it is not possible to determine the optimal 
design configuration without the support of a 
computer aided system [2]. 
Formulating the design as an optimization problem 
results in a very challenging Mixed Integer NonLinear 
Programming (MINLP) problem. Continuous variables 
and constraints allow to model a single membrane 
behaviour, and discrete variables are necessary to 
parameterize the number and connection of different 
membranes (and eventually the type of membrane 
involved). 

Illustration: Schematic representation of a general 
membrane system’s superstructure 

 
 
Main results 
- The membrane system design is modelled as a (MINLP) 
problem and implemented in AMPL.  Two different models 
were tested a linear one and a 2 dimensional grid. 
- Using a fixed configuration for the membranes, therefore 
fixing integer variables, a NonLinear optimization problem 
is determined. Different commercial solvers for convex 
NonLinear optimization were tested for locally solving the 
underlying NonLinear problem, and their effectiveness was 
compared. 
- The global nature of the continuous problem was 
confirmed experimentally, and a multistart approach was 
implemented. 
- Even keeping a fixed configuration, interesting results 
were obtained. In fact, the proposed model and 
preliminary optimization algorithm was able to improve 
the cost of the system of some case studies present in the 
literature [4]. 
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Objectives 
The first objective of the project was to formulate the 
problem as a MINLP to describe the multistage 
membrane process design (architecture) for a set of 
target performances (i.e. product purity and recovery, 
energy efficiency, productivity, costs of the system). 
The second objective was to perform a preliminary 
computational study to understand the nature of the 
difficulties of the problem and provide some solution 
strategies. 
 
Methodology 
The model proposed is a mathematical programming 
model, and it has been implemented in the language 
of mathematical programming AMPL. Commercial 
solvers are used to solve the underlying nonlinear 
continuous problem. As the problem is by nature is 
not convex, a global optimization strategy is studied 
and implemented to find putative global optima [3]. 
The resulting model and results are validated using 
the membrane system simulator COFE. 
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General context, scientific issues 
Since a few years, intensified reactors, such as plug-flow 
microreactors, are alternatives to stirred tank reactors. 
Thanks to their high heat and mass-transfer rates, a 
better control of operating conditions makes it possible 
to obtain a better product quality. 
However, it is difficult to predict quantitatively the real 
interest of intensified reactors without a large amount 
of experimental work.  
Hence, an iterative strategy [1] based on the 
combination of experimental design and modeling has 
been successfully developed to select the best reactor 
technology and corresponding optimal operating 
conditions while minimizing experimentation step. 
 
 

Objectives 
The objective of this work is to develop a process 
intensification software in which the users could 
optimize their experimental strategy in order to select 
the best reactor technology and corresponding optimal 
operating conditions. 
 
 

Methodology / Experimental approach 
The process intensification software consisting of four 
functions (process modeling, parameter estimation, 
process optimization, design of experiments) will be 
developed by using MATLAB. The available types of 
reactors are continuous and fed-batch stirred tank 
reactors, microreactors and conventional plug-flow 
reactors. 
The systematic modeling method [2] will be used for 
process modeling. While optimizing the performance 
and designing the experiments, multi-objective 
optimization algorithms, such as, genetic algorithm, 
particle swarm optimization, will be included. 
The acceptance tests of the software will be achieved 
thanks to two reactions concerned with valorization of 
vegetable oil: 
- transesterification of vegetable oil by homogeneous 
base catalyst. 
- epoxidation of vegetable oil by percarboxylic acid. 
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Main results 
A literature survey providing theoretical basis for the 
future works has been carried out for the following 
aspects: 
- process intensification strategy, 
- systematic modeling methods, 
- parameter estimation methods, 
- multi-objective optimization algorithms, 
- transesterification of vegetable oil by homogeneous 
base catalyst, 
- epoxidation of vegetable oil by percarboxylic acid. 
Future works will aim at developing and verifying 
experimentally the process intensification software. 
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General context, scientific issues 
Membrane gas separation processes are currently 
applied in numerous industrial sectors (energy, 
chemistry, pharmacy, electronics, aeronautics…) and 
are considered as one of the most attractive 
technologies for the development of sustainable 
processes for industries [1]. 
The architecture of the membrane gas separation 
processes can change significantly the achievement of 
the target process performances and often requires 
multistage processes to be designed, including 
recycling loops. 
There are many factors that influence the system 
(number of stages, number and location of recycling 
loops), thus it is not possible to determine the optimal 
design configuration without the support of a 
computer aided system [2]. 
Formulating the design as an optimization problem 
results in a very challenging Mixed Integer NonLinear 
Programming (MINLP) problem. Continuous variables 
and constraints allow to model a single membrane 
behaviour, and discrete variables are necessary to 
parameterize the number and connection of different 
membranes (and eventually the type of membrane 
involved). 

Illustration: Schematic representation of a general 
membrane system’s superstructure 

 
 
Main results 
- The membrane system design is modelled as a (MINLP) 
problem and implemented in AMPL.  Two different models 
were tested a linear one and a 2 dimensional grid. 
- Using a fixed configuration for the membranes, therefore 
fixing integer variables, a NonLinear optimization problem 
is determined. Different commercial solvers for convex 
NonLinear optimization were tested for locally solving the 
underlying NonLinear problem, and their effectiveness was 
compared. 
- The global nature of the continuous problem was 
confirmed experimentally, and a multistart approach was 
implemented. 
- Even keeping a fixed configuration, interesting results 
were obtained. In fact, the proposed model and 
preliminary optimization algorithm was able to improve 
the cost of the system of some case studies present in the 
literature [4]. 
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Objectives 
The first objective of the project was to formulate the 
problem as a MINLP to describe the multistage 
membrane process design (architecture) for a set of 
target performances (i.e. product purity and recovery, 
energy efficiency, productivity, costs of the system). 
The second objective was to perform a preliminary 
computational study to understand the nature of the 
difficulties of the problem and provide some solution 
strategies. 
 
Methodology 
The model proposed is a mathematical programming 
model, and it has been implemented in the language 
of mathematical programming AMPL. Commercial 
solvers are used to solve the underlying nonlinear 
continuous problem. As the problem is by nature is 
not convex, a global optimization strategy is studied 
and implemented to find putative global optima [3]. 
The resulting model and results are validated using 
the membrane system simulator COFE. 
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General context, scientific issues 
Drying of organogels, gels composed of an 
organogelator such as amino-acids dissolved in a 
solvent(tetralin or toluene), by supercritical carbon 
dioxide (SC-CO2) [1] leads to the formation of aerogels, 
very light solids made of 95% air in volume. These 
aerogels are expected to be very good heat insulating 
materials. The challenge now to find the best production 
process conditions, considering that most of their 
properties depend on the process carried out to obtain 
the final product. 
 

Objectives and stakes 
 Improve the CO2/ toluene separation 
 Study the drying kinetics (solvent :tetralin) 
 Ensuring a good process reproducibility 
 Automating the process (control of P, T, flow rate) 
 Optimize the process 
 

Methodology / Experimental approach 
 
To understand the bad separation of CO2/solvent when 
the solvent is toluene two approaches were adopted:  
 
 CFD approach: predict the transport of solvent 

droplets toward the exit of the cyclone. 
 Thermodynamic approach: predict the solvent 

fraction in the cyclone gas outlet 
 
To study the drying kinetics, a diffusional model was 
developed with Matlab to describe tetralin transfer 
mechanisms in the reactor and to evaluate the drying 
time [2] 
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Illustration: Simplified diagram of the organogel drying 
process by supercritical CO2 

 
 

Main results 
Cyclonic separation downstream of the organogel 
drying process studied here is not satisfactory.  

- The CFD study carried out with ANSYS -Fluent also 
shows that the liquid is not entrained to the outlet gas, 
showing that the hydrodynamic is favorable to 
separation.  

- The thermodynamic modeling of separation achieved 
with the Pro II software, using thermodynamic model 
PPR78 gives recovery rates very close to those obtained 
experimentally, and hence helps to explain the poor 
separation in the case of toluene solvent. 

The drying model can represent the experimental 
kinetics if the value of tetralin diffusion coefficient in the 
organogel is optimized 
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General context, scientific issues 
 
Hollow fiber contactors have been gradually 
replacing various industrial process usually 
performed by filters, packed/bubble columns and 
other kind of contactors used for separation. 
Membranes provide a big number of advantages 
which make this technology more suitable, such as 
the no phase changing, the direct separation, and 
the decreasing of fouling, among others; reason 
why it is of interest the development and progress 
of this new and promising technology. 

 

 Anyway, there is still some negative point 
about membrane technology that have to be 
overcome in order to increase its 
performance and enlarge its field of 
application 

 

Objectives and stakes 
 
There is still some negative points about 
membrane technology that have to be overcome 
in order to increase its performance and enlarge its 
field of application, therefore the main objectives 
of the project are: 
 CFD study of a HF contactor  
 The limitation of the concentration 

polarization in HF contactors by the use of 
new geometries. 

 Find the best geometry parameters to 
maximize the energetic performance of the 
contactors 

Methodology/ Experimental approach 
 
Various simulations have been done for hollow 
fiber contactors. First, the already known geometry 
(straight fibers) was simulated in order to validate 
the mass transfer and hydrodynamics with 
experimental data. After, simulations of the helical 
geometries were done to find the configuration of 
parameters that give the best energetic 
performance. 
For both geometries different approaches will be 
followed: 

1. CO2 absorption in H2O ( diffusion only) 
2. Water desalination  ( evaporation, heat 

transfer) 

Main results 
 Dean vortices appear since fibers take a 

helical geometry. 
 These vortices enhance the mass transfer 

through the membrane making the 
process more efficient. 

 Mass transfer is increased in 60% to 70% 
when using helical fiber arrangements. 

 For the geometries simulated neither the 
helix diameter nor the step influence in a 
considerable way the percentage gain in 
mass transfer recovery. 
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General context, scientific issues 
 
Hollow fiber contactors have been gradually 
replacing various industrial process usually 
performed by filters, packed/bubble columns and 
other kind of contactors used for separation. 
Membranes provide a big number of advantages 
which make this technology more suitable, such as 
the no phase changing, the direct separation, and 
the decreasing of fouling, among others; reason 
why it is of interest the development and progress 
of this new and promising technology. 

 

 Anyway, there is still some negative point 
about membrane technology that have to be 
overcome in order to increase its 
performance and enlarge its field of 
application 

 

Objectives and stakes 
 
There is still some negative points about 
membrane technology that have to be overcome 
in order to increase its performance and enlarge its 
field of application, therefore the main objectives 
of the project are: 
 CFD study of a HF contactor  
 The limitation of the concentration 

polarization in HF contactors by the use of 
new geometries. 

 Find the best geometry parameters to 
maximize the energetic performance of the 
contactors 

Methodology/ Experimental approach 
 
Various simulations have been done for hollow 
fiber contactors. First, the already known geometry 
(straight fibers) was simulated in order to validate 
the mass transfer and hydrodynamics with 
experimental data. After, simulations of the helical 
geometries were done to find the configuration of 
parameters that give the best energetic 
performance. 
For both geometries different approaches will be 
followed: 

1. CO2 absorption in H2O ( diffusion only) 
2. Water desalination  ( evaporation, heat 

transfer) 

Main results 
 Dean vortices appear since fibers take a 

helical geometry. 
 These vortices enhance the mass transfer 

through the membrane making the 
process more efficient. 

 Mass transfer is increased in 60% to 70% 
when using helical fiber arrangements. 

 For the geometries simulated neither the 
helix diameter nor the step influence in a 
considerable way the percentage gain in 
mass transfer recovery. 
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Keywords:  Organic solvent nanofiltration (OSN), commerical OSN membranes, surface treatment, transport 
mechanism.  

General context, scientific issues 
Conventional separation processes in chemical 
industries are energy intensive and acounts for 40-70% 
of the total production cost. OSN can be a good 
alternative for a cost effective and environment friendly 
technology to replace conventional separation 
processes such as distilliation, liquid-liquid extraction 
etc. A good example of such transform of technoly is 
Max-Dewax process for lube oil purification where OSN 
is commercially applied and successful.  
 

Objective 
The main objectives are to modify commercially 
available OSN membranes in order to fine tune surface 
properties to obtain better separation characteristics. 
Cross flow nanofiltration with pure and/or mixture of 
solvent, solvent-solute binary and/or multicomponent 
systems will be studied, characterized and optimized in 
terms of flux and retention behaviour. Finally, the 
knowledge obtained will be applied to recover and 
reuse homogeneous catalyst in organic media.    
 

Methodology / Experimental approach 
Step 1 : Post discharge plasma creates active molecular 
species which are able to functionalize membrane 
surface.  
  
 
 
Step 2 : Polyelectrolyte multilayer (PEL) by layer by layer 
(LbL) onto the functionalized surface.  
 
 
 
 
 
Step 3 : Cross flow OSN of pristine, plasma &PE modified 
membranes.   
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Main results 
SEM study gives that Sulzer PDMS membrane has 1-2 
µm of active layer with two support layers. Reactive 
plasma modify this PDMS membrane surface from 
hydrophobic (103°) to hydrophilic (30°). Exposure time 
has been studied to activate the surface. Several plasma 
parameters have been studied for effective 
modification (Table 1).  

Table 1 : Plasma parameters.  
 
 
 
 
After plasma modification, polyelectrolytes (scheme 2) 
modified membrane shows an increase of contact angle 
~30° to ~ 65° which may can occur due to a surface 
dominated effect. In OSN study, it has been found that 
flux of toluene>> flux of EtOH (~10 times) which can be 
explained due to high degree of swelling in toluene. 
Plasma modified membranes (5s to 15 min exposure) 
were tested with pure EtOH flux and found that, only 
plasma modification have no effect on pure EtOH flux 
despite of the fact that the membrane is hydrophilic 
after the modification. Study of solvent mixture and 
effect of PEL on flux and separation are ongoing.  

  

  

  

 

Scheme 1: Plasma 
modification of PDMS 
based membrane. 

 
Scheme2 : PEL multilayer 
deposition by PDDA and 
PSS   

 
Scheme3 : OSN and laboratory 
set-up for experiemnt.    

parameter Description 
Plasma type  Ar based plasma  

Power 20-500 W 
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General context, scientific issues 
Gas permeation technology is an alternative of growing 
interest for replacing standard gas separation 
processes. Membranes become more elaborate so as to 
improve separation performance and equal or even 
overtake actual chemical separation processes. CO2 
capture from large sources attracts considerable 
attention as a key strategy to mitigate greenhouse gas 
emissions. Reducing the energy requirement is the main 
challenge for CO2 capture membrane technologies [1]. 
 

Objectives and stakes 
The first step is the modelling of the mass transfer 
through different kinds of membranes. Then the study 
of the impact of the numerous parameters (material and 
operating parameters) on a one stage membrane 
process simulation has to be done. The potentiality of 
the fixed site carrier membrane is studied in details. 
Finally, the development of a two stages membrane 
process allows us to compare that technology with 
competitive processes in terms of CO2 capture ratio, CO2 
purity and energy requirement. 
 

Methodology / Experimental approach 
On the one hand, temperature influence is studied with 
a time lag set up. Temperature impacts the gas sorption 
and diffusion through a membrane. On the other hand, 
the influence of other parameters is studied by 
simulation with two data bases. The first one is from 
literature. The second one is an experimental data base 
developed by the membrane Work Package of the 
European project HiPerCap (High Performance 
Capture). New transport mechanism model are 
developed [2] (sorption diffusion model and reaction 
diffusion model). The potentiality of the reactive 
membrane in capture in post combustion and their 
optimal operating parameter is under study. The 
different designs of gas permeation process are 
simulated with Aspen Plus software so as to evaluate 
the energy requirement and the surface area. HiPerCap 
is a European project where different processes in CO2 
capture in post combustion are developed (absorption, 
adsorption and membrane process).  
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Illustration: 2 stages gas permeation process 

 
 

Main results 
Time lag experimental study: 
In standard case, the impact of temperature gas 
sorption and diffusion follows an Arrhenius law. When 
the temperature increases, gas permeability increases 
too and selectivity decreases.  
Simulations: 
New transport mechanism models have been 
developed. The notion of permeability is no longer 
suitable. Mass transfer through reactive membrane can 
be represented by the solution diffusion and the 
reaction diffusion mechanisms. My expectations are 
that results from new simulation models and from 
experimental data are similar. The mass transfer 
modelling through three different kinds of membrane 
(Mixed Matrix Membrane, Fixed Site Carrier Membrane 
and Supported Ionic Liquid Membrane) have to match 
with their experimental data base and with the 
literature. After we will be able to evaluate the energy 
requirement and the membrane surface area in order to 
determine the optimal operating conditions. Indeed 
operating parameters influence the membrane 
separation performance greatly, especially the relative 
humidity in the membrane module [3]. 
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General context, scientific issues 
Conventional separation processes in chemical 
industries are energy intensive and acounts for 40-70% 
of the total production cost. OSN can be a good 
alternative for a cost effective and environment friendly 
technology to replace conventional separation 
processes such as distilliation, liquid-liquid extraction 
etc. A good example of such transform of technoly is 
Max-Dewax process for lube oil purification where OSN 
is commercially applied and successful.  
 

Objective 
The main objectives are to modify commercially 
available OSN membranes in order to fine tune surface 
properties to obtain better separation characteristics. 
Cross flow nanofiltration with pure and/or mixture of 
solvent, solvent-solute binary and/or multicomponent 
systems will be studied, characterized and optimized in 
terms of flux and retention behaviour. Finally, the 
knowledge obtained will be applied to recover and 
reuse homogeneous catalyst in organic media.    
 

Methodology / Experimental approach 
Step 1 : Post discharge plasma creates active molecular 
species which are able to functionalize membrane 
surface.  
  
 
 
Step 2 : Polyelectrolyte multilayer (PEL) by layer by layer 
(LbL) onto the functionalized surface.  
 
 
 
 
 
Step 3 : Cross flow OSN of pristine, plasma &PE modified 
membranes.   
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Main results 
SEM study gives that Sulzer PDMS membrane has 1-2 
µm of active layer with two support layers. Reactive 
plasma modify this PDMS membrane surface from 
hydrophobic (103°) to hydrophilic (30°). Exposure time 
has been studied to activate the surface. Several plasma 
parameters have been studied for effective 
modification (Table 1).  

Table 1 : Plasma parameters.  
 
 
 
 
After plasma modification, polyelectrolytes (scheme 2) 
modified membrane shows an increase of contact angle 
~30° to ~ 65° which may can occur due to a surface 
dominated effect. In OSN study, it has been found that 
flux of toluene>> flux of EtOH (~10 times) which can be 
explained due to high degree of swelling in toluene. 
Plasma modified membranes (5s to 15 min exposure) 
were tested with pure EtOH flux and found that, only 
plasma modification have no effect on pure EtOH flux 
despite of the fact that the membrane is hydrophilic 
after the modification. Study of solvent mixture and 
effect of PEL on flux and separation are ongoing.  

  

  

  

 

Scheme 1: Plasma 
modification of PDMS 
based membrane. 

 
Scheme2 : PEL multilayer 
deposition by PDDA and 
PSS   

 
Scheme3 : OSN and laboratory 
set-up for experiemnt.    
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Plasma type  Ar based plasma  
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General context, scientific issues 
Gas permeation technology is an alternative of growing 
interest for replacing standard gas separation 
processes. Membranes become more elaborate so as to 
improve separation performance and equal or even 
overtake actual chemical separation processes. CO2 
capture from large sources attracts considerable 
attention as a key strategy to mitigate greenhouse gas 
emissions. Reducing the energy requirement is the main 
challenge for CO2 capture membrane technologies [1]. 
 

Objectives and stakes 
The first step is the modelling of the mass transfer 
through different kinds of membranes. Then the study 
of the impact of the numerous parameters (material and 
operating parameters) on a one stage membrane 
process simulation has to be done. The potentiality of 
the fixed site carrier membrane is studied in details. 
Finally, the development of a two stages membrane 
process allows us to compare that technology with 
competitive processes in terms of CO2 capture ratio, CO2 
purity and energy requirement. 
 

Methodology / Experimental approach 
On the one hand, temperature influence is studied with 
a time lag set up. Temperature impacts the gas sorption 
and diffusion through a membrane. On the other hand, 
the influence of other parameters is studied by 
simulation with two data bases. The first one is from 
literature. The second one is an experimental data base 
developed by the membrane Work Package of the 
European project HiPerCap (High Performance 
Capture). New transport mechanism model are 
developed [2] (sorption diffusion model and reaction 
diffusion model). The potentiality of the reactive 
membrane in capture in post combustion and their 
optimal operating parameter is under study. The 
different designs of gas permeation process are 
simulated with Aspen Plus software so as to evaluate 
the energy requirement and the surface area. HiPerCap 
is a European project where different processes in CO2 
capture in post combustion are developed (absorption, 
adsorption and membrane process).  
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Main results 
Time lag experimental study: 
In standard case, the impact of temperature gas 
sorption and diffusion follows an Arrhenius law. When 
the temperature increases, gas permeability increases 
too and selectivity decreases.  
Simulations: 
New transport mechanism models have been 
developed. The notion of permeability is no longer 
suitable. Mass transfer through reactive membrane can 
be represented by the solution diffusion and the 
reaction diffusion mechanisms. My expectations are 
that results from new simulation models and from 
experimental data are similar. The mass transfer 
modelling through three different kinds of membrane 
(Mixed Matrix Membrane, Fixed Site Carrier Membrane 
and Supported Ionic Liquid Membrane) have to match 
with their experimental data base and with the 
literature. After we will be able to evaluate the energy 
requirement and the membrane surface area in order to 
determine the optimal operating conditions. Indeed 
operating parameters influence the membrane 
separation performance greatly, especially the relative 
humidity in the membrane module [3]. 
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General context, scientific issues 
In the current context of sustainable development at all 
society levels, the industrial demand concerning bio-
based products grows very strongly. However main 
actual separation processes are focused on products 
from fossil resources and are not already suitable with 
bio-based products. This situation acts as a brake on 
growth of new industrial sectors expected under bio 
economy. Bio-based molecules are also forced to 
present the same purity as molecules provided from 
petrochemicals industries. Even though considerable 
progresses on biotechnologies allowed to reach high 
efficiency conversions, more remains to be done, 
especially for intensifying purification processes 
concerning recovery rates and energy efficiency. 
Membrane separation technologies could be used in 
association with perfectly mastered technologies as 
distillation and liquid extraction in order to lead 
significant process optimizations. 
 

Objectives and stakes 
The aim of this work is to take a particular interest in 
membrane technologies applied to the dehydration of 
bio-based molecules, where a distillation process could 
require too much energy. The purification and recovery 
of solvents used for the separation is also to consider. 
One of the major issues is to choice the most suitable 
membrane separation process (as well pervaporation & 
vapor permeation) from industrial specifications leading 
to establish a predictive model according to the 
industrial context. This includes a scale up of an 
experimental pilot on an industrial site if optimizations 
results are reached. 
 

Methodology / Experimental approach 
Thermodynamic approach of separation 
performances to identify and lead the choice of an 
organic or/and inorganic membrane support. 
Experimental study at laboratory scale and 
performance comparison with reference processes.  
Conception of a pilot plant which could be 
integrated on a “green chemistry” industrial site. 
Model establishment and simulation of results to 
develop a predictive tool for an industrial scale up 
with a comparative energy evaluation. 
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Illustration: Principle of membrane transport 

 
 

Main results 
 
Confidential 
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catalysts based on Pd. 

General context, scientific issues 
The platinum group metals (PGM), including 

platinum, rhodium, and palladium, are notoriously 
used in catalytic processes, especially in the petroleum 
and automobile industries in the areas of 
heterogeneous catalysis. The rise in the use of these 
catalytic processes has led to an increase in the 
demand of palladium over the last decades, so much 
that there is an insufficient supply to meet the high 
demands. The increase in demand for these metals has 
led to the global increase of their costs, and thus these 
processes are considered expensive to employ. 
Nonetheless, these catalytic processes are necessary 
and there are no viable replacements for these 
catalysts to date. In order to increase the supply of 
these metals, spent catalytic converters are recycled in 
order to recover and reuse these precious metals. 
However, the methods used to recover and reuse 
these metals generally involve the destruction of the 
catalytic supports (generally ceramics) and undergo 
pyrometallurgical processes which harm the 
environment as they emit tons of toxic fumes. 
 

Objectives and stakes 
The objective of the SUPERSTRAT project is to 

extract PGM nanoparticles (Pt, Pd, Rh) from porous 
ceramic matrices by using metal-complexing polymers 
in supercritical CO2 medium [1] in soft conditions with 
the vision to recycle PGMs without alteration of the 
ceramic supports. The strategy proposed is shown in 
illustration which is to use either homopolymers or 
copolymers that are soluble in supercritical CO2 and are 
equipped with the appropriate functional groups to 
complex with palladium [2].  
 

Methodology / Experimental approach 
Firstly, fluorinated copolymers (CO2-philes) 

containing complexing groups (phosphine, thiols) are 
synthesized by controlled radical polymerization RAFT. 
The solubility of these copolymers in the CO2 is then 
studied by determining the cloud point curves.  

 
Secondly, model catalytic supports (Pd/Al2O3) 

are placed in an extractor, in the presence of 
copolymers, to assess the ability of the copolymers to 
extract the Pd nanoparticles (Pd°) in supercritical CO2 
medium (mass yield and ICP-AES analysis). 
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Illustration: Envisioned extraction of palladium using 
functional polymers in supercritical CO2 medium. 

 
 

Main results 
In the first part of the project carried out 

within the team Ingénierie et Architecture 
Macromoléculaire (IAM) of the Institut Charles 
Gerhardt (ICG) in Montpellier (6 months), more 
copolymers CO2-philes complexing were synthesized 
and experiences of extraction were carried out on two 
types of commercial model systems (0.5 wt % Pd/Al2O3 
beads and 5 wt % Pd/Al2O3 pellets).  

 
In the second part of the project conducted 

within the team Membranes Séparations et Procédés 
(EMSP) of the LRGP in Nancy (6 months), the goal was 
to continue making extraction experiments with a 
copolymer set to lead to the selection of process 
parameters (temperature, pressure, stirring speed, 
etc.) that achieve the best extraction rates Pd. 
Moreover, it was certainly important to show that the 
Pd can be removed but it was also important to be able 
to recover and get a mass balance of the palladium on 
the entire system including by ICP-AES analysis of the 
samples. 
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and utilization 

General context, scientific issues 
The Iron and steel sector is the second largest industrial 
energy user and the largest industrial source of CO2 
emissions. New research programs seeking to reduce 
GHG emissions in the steel sector are studying 
alternative uses for blast furnace gases in order to 
reduce emissions. One promising alternative is CO2 and 
CO valorization in which emissions are used for the 
production of valuable products. Membrane gas 
separation has been proposed as a potential technology 
for CO2 separation from steelmaking gases previous to 
the biological or thermochemical transformation steps. 
 

Objectives and stakes 
This thesis is carried out within the VALORCO project in 
partnership with Arcelor Mittal and ADEME. The project 
aims to reduce total carbon emissions by at least 30%. 
The objective of this thesis is the conception and design 
of a gas membrane separation process allowing CO2 
valorization by chemical or biotechnological 
transformations. Technical feasibility and economic 
profitability will be evaluated to assess the interest of 
developing an industrial pilot during the following stage 
of the project.  
 

Methodology / Experimental approach 
Pure gas permeabilities for commercially available 
membranes are used for the simulation of the 
membrane separation of the blast furnace gas by means 
of a gas permeation simulation tool developed within 
the laboratory. The effect of operating parameters on 
the separation performance and cost is studied for 
different separation architectures in a process simulator 
software. A laboratory scale gas permeation set-up was 
designed and is currently under use to test the 
performance of commercial dense polymeric 
membranes. Experimental runs to determine gas 
permeabilities of pure and mixed gases will be carried 
out on available commercial membrane modules to 
validate separation predictions and model assumptions.  
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Illustration: CO2 purity, recovery and separation cost 
for permeate enrichment in one stage separation at 10 
bar as a function of membrane surface.  
 

 
 

Main results 
A literature survey was carried out to determine the 
state of the art of membrane separation applied to 
steelmaking gas separation. Membrane permeances for 
the problem gases were retrieved for 2 promising 
commercial membranes: MTR Rubbery membrane and 
UBE Polyimide membranes. A gas permeation unit was 
imported into a process simulation environment (Aspen 
plus) allowing the study of separation performances for 
diverse architectures. An economic model has been 
implemented allowing the calculation of separation cost 
for each architecture considered. Several architectures 
will be evaluated and operation parameters (membrane 
surface, compression ratio, number of stages) will be 
optimized to minimize cost for defined separation 
targets. Preliminary results of the experimental runs 
confirm the effect of mixed gases of gas permeation and 
will allow to correct estimated performances based on 
effective permeabilities measured. 
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Keywords: Cogeneration, Hydrogen production, Proton exchange membrane (PEM), Process design, Household 
application, Steam methane reforming, Process modeling and optimization, Micro-structured reactor, Water gas 
shift reactor (WGSR). 

General context, scientific issues 
In the energy transition approach, main efforts focus on 
industries and large energy consumers; however, an 
important contributor to the energy consumption is 
neglected: the domestic sector. In this project, a study 
about electricity and heat production at household scale 
is carried up.  

 
 

 Objectives and stakes 
 Identify required unit operations in the process and 

their operational conditions. 
 Establish a mathematical model describing the 

entire process. 
 Identify the principal dependent and independent 

variables in this model. 
 Provide some criteria for further optimization. 
 

Methodology / Experimental approach 
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Illustration  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Process flow diagram 
 
* 

Main results 
In order to describe the process, a mathematical 
stationary model was implemented using an Excel 
workbook. It enables the user to evaluate several 
scenarios by modifying unit operation parameters. A 
base case was established by fixing all free variables on 
the basis of literature information. 
A second part in the process modeling was to manage 
the heat excess and fluxes in the flow diagram. To do 
that, a graphic tool was developed; indeed some of the 
fluxes were already evaluated and included in the final 
process diagram. The energetic integration of the 
process will be achieved after fixing definitely the 
process variables. 
The next step in the design approach is to explore the 
limits of the process by varying the independent 
variables. In the same time, useful information for the 
optimization step can be collected. To do so, more 
detailed models of the steam and shift reactors are 
required and will be developed.  
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Keywords: Cogeneration, Hydrogen production, Proton exchange membrane (PEM), Process design, Household 
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shift reactor (WGSR). 

General context, scientific issues 
In the energy transition approach, main efforts focus on 
industries and large energy consumers; however, an 
important contributor to the energy consumption is 
neglected: the domestic sector. In this project, a study 
about electricity and heat production at household scale 
is carried up.  

 
 

 Objectives and stakes 
 Identify required unit operations in the process and 

their operational conditions. 
 Establish a mathematical model describing the 

entire process. 
 Identify the principal dependent and independent 

variables in this model. 
 Provide some criteria for further optimization. 
 

Methodology / Experimental approach 
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Illustration  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Process flow diagram 
 
* 

Main results 
In order to describe the process, a mathematical 
stationary model was implemented using an Excel 
workbook. It enables the user to evaluate several 
scenarios by modifying unit operation parameters. A 
base case was established by fixing all free variables on 
the basis of literature information. 
A second part in the process modeling was to manage 
the heat excess and fluxes in the flow diagram. To do 
that, a graphic tool was developed; indeed some of the 
fluxes were already evaluated and included in the final 
process diagram. The energetic integration of the 
process will be achieved after fixing definitely the 
process variables. 
The next step in the design approach is to explore the 
limits of the process by varying the independent 
variables. In the same time, useful information for the 
optimization step can be collected. To do so, more 
detailed models of the steam and shift reactors are 
required and will be developed.  
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Keywords: Steel mill off-gases, Thermochemical Valorization, Water-Gas Shift Reaction, Methane Reforming, 
Methanol Synthesis, Process Synthesis, Multi-Objective Optimization, Life Cycle Assessment, Green Process, 
Heuristic Design, Simulation, Parameter Sensitivity Analysis.     

General context, scientific issues 
The steel industry is the main generator of CO2 among 
different industrial sectors. In this context, the 
VALORCO (VALOrization and Reduction of CO2 
emissions in the industry) project was launched. The 
VALORCO project considers different pathways of CO2 
valorization through its thermochemical 
transformation into products with high added value. 
This particular study focuses on the conception of a 
valorization pathway of off-gases from integrated 
steelworks. 
 

Objectives and stakes 
 The identification, evaluation and comparison of 

the valorization pathways, 
 The design and optimization of the selected 

process, 
 The evaluation of industrial catalysts and testing a 

reactor at pilot scale. 
 

Methodology  
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Illustration 
General structure of the valorization scenario 

 
COG: Coke Oven Gas, BFG: Blast Furnace Gas, 

BOFG: Basic Oxygen Furnace Gas 
 

Main results 
Several products can be synthesized from the available 
gases: 10 products have been identified as the most 
promising paths. After a multi-criteria analysis just two 
products were kept: methanol and urea. A new more 
elaborate multi-criteria analysis conducted to the 
selection of methanol as the most promising path. 
A review of several alternatives proposed during last 
years to valorize the available gases was accomplished, 
thus allowing the development of a general structure 
using a hierarchical approach. This structure condenses 
different process flowsheets for the thermochemical 
valorization of available gases. A heuristic analysis was 
realized to choose the best recovery and separation 
processes. The studied scenario includes the 
possibilities of hydrogen generation, using Methane 
Reforming (MR) or Water-Gas Shift Reaction (WGSR). A 
review of technologies to carry these processes on an 
industrial scale was achieved. A thermodynamic 
analysis of these reactions was carried-out to find in a 
first approximation the values of operating conditions.  
Future works will aim at optimizing the process flow-
sheet and at defining the most promising process in 
terms of economic and environmental impact. 
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Keywords: Carbon Capture, Membrane contactor, Absorption, Desorption 

General context, scientific issues 
Global warming is among the main issues of our 
century. Post-combustion CO2 capture is an option to 
reduce greenhouse gases emissions. A way to achieve 
this purpose is to develop chemical absorption of CO2 
in absorbing water solutions; within that frame, the use 
of Hollow Fiber Membrane Contactors (HFMC) present 
a promising intensification potential compared to 
conventional gas-liquid packed column. [1] 

 
 

Objectives and stakes 
Composite membrane (i.e. a dense polymeric skin 
coated on a porous support) will be used for chemical 
absorption of carbon dioxide because it increases the 
stability of the capture efficiency over time compare to 
microporous membrane. Indeed, the dense layer on 
the liquid side prevents the membrane from wetting 
[2].  
The absorption step with a CO2/N2 mixture with vapor 
content close to the saturated pressure will be 
investigated to come closer to the industrial 
conditions. Then, desorption with a composite 
membrane contactor will also be studied for the first 
time. 

 
 

Methodology / Experimentalapproach 
An experimental unit was developed to determine 
water vapor mass transfer coefficient for different 
membranes (microporous, dense and composite) and 
several temperatures. These values were obtained by 
measuring water vapor flux through the membrane 
module with a capacitive hygrometer.  
A second pilot is used to study chemical absorption of 
CO2: gas mixture of CO2 and N2, humidified or not, can 
be prepared in order to study the effect of 
humidification on capture efficiency. 
A third device has been developed to study desorption 
of CO2 from the absorbent solution in a composite 
membrane contactor. 
Modelisation of the absorption and desorption steps 
are ongoing on Aspen®. 
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from the absorption to the desorption of CO2 
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Illustration: Rich solution regeneration pilot using 
membrane contactor 

 
 

Main results 
Water vapor mass transfer coefficient (kmH2O) has been 
determined for microporous membrane, composite 
membrane and dense membrane. The values obtained 
are in the same order of magnitude as the ones of the 
literature, validating the method used to calculate 
kmH20.  
Absorption experiments have been performed using 
different temperatures and with or without humidified 
inlet gas. Studying these parameters has never been 
done previously with this type of membrane contactor. 
The impact on capture performance is under 
investigation. 
A reduction of the size of the desorption unit compare 
to conventional stripper is expected when using 
membrane contactors. In addition, the membrane is 
expected to induce a decrease of the solvent loss 
during the overall processes.  
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General context, scientific issues 
Global warming is among the main issues of our 
century. Post-combustion CO2 capture is an option to 
reduce greenhouse gases emissions. A way to achieve 
this purpose is to develop chemical absorption of CO2 
in absorbing water solutions; within that frame, the use 
of Hollow Fiber Membrane Contactors (HFMC) present 
a promising intensification potential compared to 
conventional gas-liquid packed column. [1] 

 
 

Objectives and stakes 
Composite membrane (i.e. a dense polymeric skin 
coated on a porous support) will be used for chemical 
absorption of carbon dioxide because it increases the 
stability of the capture efficiency over time compare to 
microporous membrane. Indeed, the dense layer on 
the liquid side prevents the membrane from wetting 
[2].  
The absorption step with a CO2/N2 mixture with vapor 
content close to the saturated pressure will be 
investigated to come closer to the industrial 
conditions. Then, desorption with a composite 
membrane contactor will also be studied for the first 
time. 

 
 

Methodology / Experimentalapproach 
An experimental unit was developed to determine 
water vapor mass transfer coefficient for different 
membranes (microporous, dense and composite) and 
several temperatures. These values were obtained by 
measuring water vapor flux through the membrane 
module with a capacitive hygrometer.  
A second pilot is used to study chemical absorption of 
CO2: gas mixture of CO2 and N2, humidified or not, can 
be prepared in order to study the effect of 
humidification on capture efficiency. 
A third device has been developed to study desorption 
of CO2 from the absorbent solution in a composite 
membrane contactor. 
Modelisation of the absorption and desorption steps 
are ongoing on Aspen®. 
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Illustration: Rich solution regeneration pilot using 
membrane contactor 

 
 

Main results 
Water vapor mass transfer coefficient (kmH2O) has been 
determined for microporous membrane, composite 
membrane and dense membrane. The values obtained 
are in the same order of magnitude as the ones of the 
literature, validating the method used to calculate 
kmH20.  
Absorption experiments have been performed using 
different temperatures and with or without humidified 
inlet gas. Studying these parameters has never been 
done previously with this type of membrane contactor. 
The impact on capture performance is under 
investigation. 
A reduction of the size of the desorption unit compare 
to conventional stripper is expected when using 
membrane contactors. In addition, the membrane is 
expected to induce a decrease of the solvent loss 
during the overall processes.  
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phenol, quantification, optimization 

General context, scientific issues 

Nowadays, the world’s population constantly 
increases, and, consequently supply of protein in the 
diet. Sunflower is a plant widely grown in Europe for 
edible oil extraction from the seed. After extraction,  
a by-product (cake) rich in protein is released. 
Sunflower cake, used in animal nutrition, can become 
of alternative source of vegetable protein for human 
consumption. For this purpose, optimization and 
valorization of extraction process from sunflower cake 
is required [1-3]. 
 

Objectives and stakes 

The main bottleneck for industrialization of the already 
existing processes lies on the dark color of isolates due 
to phenol complexations during extraction and 
purification steps [1-3].  

The objective of this project is to develop and optimize 
a process that can yield colorless isolate proteins with 
functional and nutritional properties preserved. 
 

Methodology / Experimental approach 

1. A study of sunflower proteins and phenol 
interactions as a function of pH, T and ionic strength 
will be carried out at molecular scale in order to target 
extraction and purification conditions to be avoided. 
2. Extraction process modelization  
Impact of several operating conditions are taken into 
account as pH, ionic strength, solid-liquid ratio on 
extraction yield, color of powder and condition of 
functional, nutritional and structural proprieties of 
isolate.  
3. Purification process modelization 
Subsequently, the study of purification process of 
aqueous extract using membrane ultrafiltration and 
adsorption on different resins will be carried out. 
4. Simulation-extrapolation 
Taking advantage of computer software Matlab to find 
an optimal scenario for production of protein isolate. 
The last stage consists of extrapolation process on an 
industrial scale.   
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Illustration: Sunflower protein extraction process. 

 
 

Main results 

Analytical tools development 
Common and known analytical methods for 
quantification of proteins are burdened with many 
limits. Kjeldahl mineralization even as the official 
method is long, fastidious, dangerous but also 
not adapted for a complex environment of aqueous 
extract. Another technique, densitometric analysis of 
protein on SDS-PAGE like previously is also time 
consuming and ineffective due to low number of 
samples which could be tested at the same time. On 
the other hand, the results of the spectrophotometric 
determination of protein are overestimated because 
of presence of phenols which possess as well 
the redox proprieties. Furthermore, no literature data 
is available to the co-quantification of vegetable 
proteins and phenol compounds.  
Therefore, the first part of thesis consists of method 
development to simultaneous quantitative analysis 
of sunflower proteins and phenol compounds using 
HPLC-SEC technique. This innovative approach allows 
the fast and precise monitoring of the extraction yield 
and level of phenol contamination in aqueous extract 
during process optimisation.   
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General context, scientific issues 
The gushing of beer is an over-generation of foam more 
or less explosive following the opening of a bottle 
without prior agitation. The leading cause of this 
problem which becomes increasingly frequent is the 
fungi contamination of barley and malt. Currently, there 
are few data on the compounds involved but some low 
molecular weight hydrophobic proteins (7 kDa) active at 
a very low concentration have been described to be 
responsible in the gushing phenomenon [1]. 
 

Objectives and stakes 
The thesis objectives are to identify all compounds 
involved and/or at the origin of the beer gushing. Once 
identified, the point is to: 

 determine their origin : from seed, fungi or an 
association between their two sources 

 develop a premature method of detection, 
 study their evolution during the brewing process. 

 
 

Methodology / Experimental approach 

These compounds are currently searched in malt extract 
naturally contaminated and barley artificially 
contaminated by fungus. Their compounds, at the 
surface of barley and malt, are produced by some 
fungus involved in the gushing phenomena [2]. 

Two methodologies of active gushing compounds 
research are developed: (1) a macroscopic analysis of 
raw material to find some difference between gushing 
and non-gushing samples by various methods (HPLC, 
SDS-PAGE, MS), and (2), their fractionation with 
separate techniques (membrane processes and 
chromatography) to concentrate / purify the effective 
gushing compounds and to determine their gushing 
power.  

A finer characterization of these compounds will be 
made to identify them for the development of a 
premature detection technic of the gushing risk. 
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Illustration: Identification of gushing potential of compounds 
isolated from barley artificially contaminated by mold 

 
 

Main results 
At first, no significant differences were seen between 
malt extract gushing or not by HPLC-RP and SDS-PAGE. 
On barley extract, MS and 2D electrophoresis show 
differences between strains but multiplicity of signals 
does not allow us to conclude. 

Malt and barley extracts have been fractionated by 
diafiltration, a soft separation technique, to cleanse 
compounds without distorting or diluting them. After 
separation by a 5 kDa membrane, the gushing potential 
was preserved and the sample complexity was 
decreased by 90 % for malt extract and 99.5 % for barley 
extract. A use of 30 kDa membrane on malt extract 
shows that compounds between 5 and 30 kDa are 
involved in gushing. Unlike the malt, barley extract 
shows also a gushing potential for the compound above 
30 kDa. We assumed that the compounds are 
aggregated and do not pass through the membrane [3]. 
Further analysis will validate this hypothesis. 

The extract from artificially contaminated barley by M. 
nivale was also fractionated by high performance liquid 
chromatography. We verify at first the possibility to 
reduce volume according to preserve a significant 
gushing potential (higher than 30 g in beer) to purify it 
by HPLC. Then we verify that this technique preserves 
the gushing potential. After this verification, we will 
fractionate the profile and analyze the gushing potential 
of each fraction. 
 

References 
[1] Sarlin et al., J. Inst. Brew. 2005 
[2] Askolin et al., Appl. Microbiol. Biotechnol. 2001 
[3] Kallio et al., J. Biol. Chem. 2007 
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Keywords: Protein hydrolysate fractionation; ultrafiltration; process modelling; process optimization  

General context, scientific issues 
Hydrolysates are complex peptide mixtures obtained 
by enzymatic proteolysis of proteins from plants or 
animal resources. They are of great interest for their 
nutritional and functional (e.g. emulsifying) properties. 
Hydrolysates may also contain bioactive peptides and 
are attractive for the nutraceutical market. 
Ultrafiltration (UF) is widely used to obtain peptides 
fractions with enhanced properties or / and to enrich 
mixtures with bioactive peptides. However, a lack of 
prediction and optimization tools due to the 
complexity and variety of hydrolysates leads to an 
empirical implementation of ultrafiltration process. 
 

Objectives and stakes 
The first objective of the thesis is to characterize the 
selectivity of the ultrafiltration process for the 
fractionation of complex peptide mixtures and to 
analyze the impact of operating conditions on these 
selectivities. The second objective is to develop and 
validate a methodology of prediction of UF 
performances (evolution of molar masses distribution 
of fractions, yield and enrichment of targeted peptides) 
in order to rationally choice the best implementation 
of the process (concentration and / or diafiltration 
modes).  
 

Methodology / Experimental approach 
 Several hydrolysates from different protein sources 
were studied. Two membranes were used to 
fractionate mixtures and characterize the UF 
performances. The impact of initial concentration, 
transmembrane pressure, recirculating flowrate and 
pH on the process selectivity was studied. 
 Based on these experimental studies on UF 
selectivities, membranes were calibrated and a global 
methodology was developed to predict UF 
performances [1, 2]. The methodology is based on the 
size-exclusion chromatogram and the aminogram of 
hydrolysate, the mass balances of UF and the 
membrane calibration. 
 This methodology was then used to optimize UF 
performances by minimizing operating costs (water 
volume and / or time). 
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 Prediction and optimization of ultrafiltration process applied to the 
fractionation of complex peptide hydrolysates 

 
 

Alice Bodin (3rd year) 
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Illustration: optimized water volume required to reach 
UF performances of each fraction in permeate 

 
 

Main results 
 It was shown that the transfer of peptides through 
the membrane mainly depends on its molar mass. The 
variation of operating conditions of the process has a 
little influence on the selectivity of UF. Therefore the 
performances of UF to enrich a hydrolysate mainly 
depend on the fraction or the peptide of interest, the 
molar mass distribution of the global mixture, and the 
molecular cut-off of the membrane.  
 Membranes were therefore calibrated by relating the 
retention of a peptide to its molar mass using the size-
exclusion chromatogram of the initial permeate and 
retentate. The global methodology developed based on 
this calibration enables to predict UF performances in 
concentration and diafiltration modes with relative 
errors inferior to 30 %. 
 Then, a multi-criteria optimization highlights that the 
best implementation of the process to maximize 
performances and minimize time or volume of water is 
to combine a step of concentration and a step of 
diafiltration. For a hydrolysate and a membrane, 
cartography can be drawn to show reachable 
performances for different fractions and the required 
water volume or time (see illustration). 
 

References 
[1] R. Kapel, F. Klingenberg, X. Framboisier, P. 
Dhulster, I. Marc, J. Membr. Sci. 383 (2011) 26–34.  
[2] A. Bodin, X. Framboisier, D. Alonso, I. Marc, R. 
Kapel, J. Chromatogr. B. 1006 (2015) 71–79.  
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Biofuels and building blocks production by anaerobic 
fermentation of thermally pretreated cellulose  

BUENDIA, Felipe (Second Year) 
Emmanuel Guedon1, Anthony Dufour2 – Axe 3 

1Bioprocesses-Biomolecules, 2Reactions& Reactors 

 

Main Results 
Batch fermentation kinetics and substrate 
consumption: 

 
The fermentation of cellobiose (DP=2) will 
require an acidic pH around 5.5 during the 
process 
 

 
Microbial growth on cellobiose was higher 
(30%) than growth on glucose 
Glucose was the preferred substrate in all the 
experiences 
Fermentation of glucose/cellobiose mixtures 
showed a diauxic growth [1][2] 
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The global demand of energy and services is 
growing continuously despite the decrease in 
oil reserve availability. In addition, the use of 
fossil carbon sources generates billions of 
tons of CO2 releases into the atmosphere. A 
replacement source is now required. Ligno-
cellulosic biomass presents an interesting 
alternative, as renewable carbon based 
energy sources, which respects to the 
environment. This project seeks the 
valorization of cellulose and derivatives 
through an efficient coupling of cellulose 
thermochemical conversion and fermentation 
processes. 

Objectives and stakes  
 Coupling the thermochemical conversion 

of cellulose with a fermentation process. 
 Cellulose valorisation into profitable 

chemicals and/or biofuels. 
 
 Methodology/ Experimental approach 
This work has two stages: 
 In order to obtain soluble oligosaccharides 

from cellulose, various techniques of 
pyrolysis will be implemented. 

 Biological transformation will be 
performed by fermentation of carbon 
substrates obtained in the previous step. 

 

Twin screw extruder
•Cellulose depolymerisation
•Analysis: 

HPAEC-PAD
SEC-MS-ELSD-RID

Batch Fermentation
•Growth kinetics
•Metabolite analysis: 

HPLC-UV-RID
GC-TCD

References 
 [1] Girbal, L., Croux, C., Vasconcelos, I., & Soucaille, 

P. (1995). FEMS Microbiology Reviews, 17(3), 287-
297. 

 [2] Ounine, K., H. Petitdemange, G. Raval, and R. 
Gay. 1985. Applied and Environmental Microbiology 
49 (4): 874–78 
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Targeted PhotoDynamic Therapy 
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 Illustration: Nanoplatform for VTP against 
GBM  

 
Hydrodynamique diameter ~10nm , 1 peptide for 2.5 nanos 
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General context, scientific issues 
- Recent research in Photodynamic Therapy is focused on 
novel techniques to enhance tumor targeting of 
anticancer drugs and photosensitizers (PS). Coupling a 
vector to PSs or using nanoparticles could allow a better 
targeting of receptors that are overexpressed on the 
surface of tumor cells or on neovessels. 

- Treatment of glioblastoma multiform (GBM) is one of 
the most challenging problems. Despite advances in 
neurosurgery and radiotherapy the prognosis for 
patients with GBM, life expectancy at five years is not 
higher than 10%. PDT offers a localized treatment 
approach in which improvements in local control of 
malignant cerebral gliomas may result in significant 
improved survival. 

 

 

 

 

 

Objectives and stakes  
 Project 1: Photosensitizers coupled to folic acid 

[1]. 
 Project 2: Photomolecular beacon targeting 

LRP-1, activable by the MMPs to handle the 
glioblastoma by photodynamic therapy [2]. 

 Project 3: AGuIX® theranostic nanoparticles for 
vascular-targeted interstitial photodynamic 
therapy of glioblastoma [3]. 

 ..... 
 .... 
 .... 
 ..... 

 

Methodology/ Experimental approach 
Organic synthesis methodology: 
  - Photosensitizers synthesis (LRGP used the 
Lindsey‘s methodology under boron trifluoride 
catalysis), 
  - Peptides synthesis (All the peptides are 
synthesized on an automatic peptide 
synthesizer by fluorenylmethoxycarbonyl (Fmoc) 
chemistry in LCPM), 
  - Coupling reagents (DCC, EDC, HATU, HBTU).  
  - Functionalization of nanoparticles 
Characterization techniques: 
  HPLC / MS / LC-MS/RMN / DLS / Zeta potential… 
Photophysical characterization: 
  UV – visible absorption / fluorescence emisison / 
singlet oxygen formation / steady state and time-
resolved 
Biological studies (in CRAN, UMR 7039 CNRS-UL): 
  Uptake, dark cytotoxicity, selectivity phototoxicity, 
PDT effects 
 
 
 
 

Main results 
 Project 1: Photosensitizers (with different 

chemical structure) have been coupled to 
folic acid, purified, characterized and their 
photophysical properties studied. The 
evaluation of the conjugates’ stability and 
biological studies are in progress.  

 Project 2: Peptides and peptide-
photosensitizer are synthesized and 
characterized. The evaluation of biological 
activity (LRP-1 affinity, competition) is not 
satisfying. News peptides and peptide-
photosensitizer are envisaged. 

 Project 3: nanoplatform targeting NRP-1 
has been synthesized. Its affinity for NRP-1 
will evaluate soon. In a near future, in vivo 
experiments will be performed in rats 
bearing an orthotopic glioblastoma 
multiforme (GBM) tumor. 

 

References 
 [1]Stallivieri et al., Curr. Med. Chem., submitted. 
 [2]Verhille et al., Curr. Med. Chem. ,2012.  
 [3]Bechet et al., Cancer Treat. Rev., 2014, PMID: 22858248. 
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Keywords: Rapeseed meal, protein extraction, purification, chromatography, ultrafiltration, multicriteria 
optimization, modelling 

General context, scientific issues 
Nowadays, a major demographic issue has emerged: to 
feed the increasing world population. More proteins are 
needed and could be provided by plants, as a 
complement to meat. To this day, rapeseed meal has 
been used as a commodity for feed applications. 
However, this agro-resource is rich in proteins (35%). An 
industrial process should allow the extraction of these 
proteins of interest for human nutrition (with a good 
amino acid profile) and for their properties such as 
emulsification and foaming capability [1].  
 

Objectives and stakes 
Two main challenges are to be overcome: 
* The first one is to increase the protein extraction 
yields: (so far, only 25 to 30% of the total proteins are 
recovered). This will be achieved by (i) applying an 
original strategy for optimizing the extraction step and 
(ii) by using innovative enzymatic treatments.  
The remaining part of the extract is composed of anti-
nutritional factors, such as phenolic compounds, 
altering the taste and colour of the final product.  
* The second challenge will be to optimize a membrane 
based purification process in order to reach the protein 
isolate quality (purity over 90 %) at a minimum water 
cost and with the best techno-functional properties. 
 

Methodology / Experimental approach 
* Extraction 
A multicriteria optimization strategy will be applied in 
three steps: (i) modelling the effect of the operating 
conditions on the process performance (protein yield, 
protein structure, phenolic complexation, protein 
functionality, powders colour) and extract composition, 
(ii) define Pareto zones using a diploid evolutionary 
algorithm [2], (iii) apply decision-making strategies to 
select the best trade-off operating conditions. 
* Purification (Ultrafiltration) 
Development of a strategy to predict the purification 
performances (yield, purity, productivity) according to 
the operating conditions and to the composition of the 
extracts used. This model will be based on mass balance 
equations [3]. 
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 Development and optimization of an extrapolable process to produce albumin 
and globulin isolates from rapeseed meals 

 
Claire  Defaix (1st year) 

Romain Kapel, Frantz Fournier 
Axe 3 |  BioProMo | Avril SCA 

 

Illustration: Simplified scheme of protein extraction 
and interest for human nutrition 

 
 

Main results 
* Development of analytical methods  
Proteins and phenols tend to form complexes that are 
not currently well quantified. Analytical methods using 
HPLC (High Performance Liquid Chromatography) 
systems are currently developed in order to allow 
quantification of these compounds in the produced 
extracts.  
* Purification 
The cut-off points of the membranes used in 
ultrafiltration have been determined according to their 
capability to separate the proteins from the phenolic 
compounds.  
Operating conditions were also chosen from preliminary 
tests on the membranes to achieve the purification of 
proteins from extracts: transmembrane pressure of 2 
bars, at room temperature, with a tangential flow of 
0.03 mL/(min.cm2), and NaCl salt at 0.05 mol/L. 
 

References 
[1] Nioi, Extraction et protéolyse de napines de tourteau 
de colza : influence de l’état structural de la protéine sur la 
cinétique de protéolyse, la composition et les 
fonctionnalités des hydrolysats, PhD thesis, 2013, 219p 
[2] Muniglia et.al, Multicriteria optimization of a single-
cell oil production, European Journal of Operational 
Research, 153, (2004), 360–369 
[3] Ghodsvali et.al, Preparation of canola protein 
materials using membrane technology and evaluation of 
meals functional properties, Food Research International 
38 (2005) 223–231 
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Keywords: CFD, stem cell culture, bioreactor, microcarrier suspension 

General context, scientific issues 
Mesenchymal stem cells offer very promising 
perspectives for new medicines such as tissue 
replacement or cellular therapies. To reach sufficient 
amounts of cells that allow clinical trials, it is necessary 
to develop efficient cell multiplication processes. A way 
to increase process performance is to adapt bioreactor 
hydrodynamics to cell culture specificities (oxygen 
transfer, microcarrier suspension, low hydromechanical 
stresses) and to propose innovative bioreactor designs. 
 

Objectives and stakes 
The objective was to characterize the solid-liquid 
hydrodynamics in a bioreactor dedicated to stem cell 
culture. More specifically, the spatial distribution of 
microcarriers, of the particle-particle collision 
frequencies, of the turbulent dissipation rate and of cell 
damage occurrence were determined using 
experimental and numerical approaches. 
 

Methodology / Experimental approach 
 
Experimental approach. 
An innovative approach was developed in collaboration 
with the University of Liege to determine the spatial 
distribution of microcarriers inside the bioreactor. This 
one was based on light transmission properties of the 
microcarrier suspension and which could be correlated 
with local concentration of particles. 
Numerical approach 
In cell culture conditions, the volume fraction of 
particles could be more than 10 %, indicating that a four-
way simulation was necessary to precisely describe 
bioreactor hydrodynamics. Thus, not only liquid-solid 
but also solid-solid interactions had to be solved by the 
CFD simulations. Regarding the high number of 
particles, the best choice consisted in the eulerian-
granular approach which is indeed well adapted for 
dense solid-liquid flows. This approach was applied to 
various concentrations of Cytodex-1 suspensions in a 1 
L bioreactor. The microcarrier distributions were 
compared to the experimental results and the velocity 
and turbulence fields were compared to P.I.V. 
measurements 
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Numerical simulation of liquid-solid flows in stem cell culture bioreactors 
 

Angélique DELAFOSSE Post-doc' 

Eric OLMOS, Annie MARC 
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Illustration: Distribution of microcarrier-microcarrier 
collisions inside a stem cell culture bioreactor, obtained 
by CFD simulation. 

 
 

Main results 
Experimental determination of microcarrier 
concentration distribution. 
 
The results obtained showed that the local microcarrier 
concentration could be precisely determined using light 
transmission theory and Beer-Lambert equation till 
approximately 20 % v/v. For higher particle 
concentrations, a second order model was established. 
These results are very original as previous methods used 
in literature were much more difficult to set-up and 
could not provide the same spatial resolution of 
concentration fields description [1]. 
 
Numerical simulation of liquid-solid suspension. 
 
The use of CFD eulerian granular approach was 
validated using the preceding experimental results. In 
particular, the numerical footprints of three impeller 
designs were obtained in terms of statistical distribution 
of Kolmogorov scales and collision frequencies. This 
allowed the choice of an impeller design a priori adapted 
to stem cell culture (complete suspension of 
microcarriers at a lower power dissipation per unit of 
volume). These results suggest that CFD simulations 
could be used as in-silico screening approaches to 
design optimal impellers and vessels for stem cell 
culture purpose. 
 

References 
[1] Delafosse et al., 10th ECCE congress, Nice, 2015. 
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Keywords: acylation, docking, selectivity 

General context, scientific issues 
Peptides and amino acids can be acylated to produce 
bio surfactants exhibiting many properties with 
potential applications as therapeutic, cosmetic and 
nutraceutical agents. Currently, chemical acylation 
shows limitations concerning the reaction selectivity 
and environmental safety. An alternative to this 
chemical method is the use of enzymes allowing the 
catalysis of such acylation reactions. Several couples of 
enzymes and related solvents have already been 
described. However, the reaction performances of 
these systems remain limited. There is a need for more 
fundamental studies of the factors influencing the 
reaction, based on a more rational approach. 
 

Objectives and stakes 
Develop a strategy of intensification concerning 
process for enzymatic acylation of peptides and amino 
acids by a modeling approach in order to describe 
phenomena at different scales. 
 
Results presented only concern the study at the 
molecular scale. 
 

Methodology / Experimental approach 
Development of strategies for the intensification of 
peptide acylation reaction at different scales: 
 
-molecular scale modeling of reaction mechanisms by 
molecular modeling approach, predict the regio-
selectivity of lipase B of Candida antartica (CALB) and 
enzymatic performances 
 
-reaction scale: study and modeling of reaction kinetics 
which depend on the nature of the biocatalyst and its 
environment (solvent, ionic liquid, aqueous,sCO2...) 
 
-process scale: develop process with improved 
performances (microwaves,..) and immobilize enzymes 
on silica beads in order to recycle them and increase 
their structural stability 
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 Development of an intensified process of enzymatic acylation of peptides by 
multi-scale modeling approach 
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Illustration:  

 
Figure 1: possible lysine orientations within capryloyl-CALB catalytic pocket 
with ε-NH2 a) and α-NH2 b) of lysine within catalytic triad. Distances of 
interest are indicated in green 

 
Table 1: Percentage of favorable complex energetically, geometrically and 
complying with the distances criteria  
 

Main results 
The experimental results obtained during the lysine 
acylation reaction with fatty acids by CALB shows a 
regio-selectivity in favor of the amine group in ε-
position. To better understand this phenomenon of 
regio-selectivity, flexible docking simulations were 
performed. This technique allows the prediction of the 
most probable position of a ligand in the active site of 
an enzyme. The docking simulations were performed 
with lysine as ligand and different acyl-CALB (acyl = 
fatty acid with variable chain lengths). The results 
(Table 1) indicate a possible acylation of the amine 
functions in both position ε and α (figure1) regardless 
of the length of the carbon chain of the acyl donor. 
Moreover, results suggest a regio-selectivity in favor of 
acylation in the amine functions in position ε. Flexible 
docking simulations were also performed with the use 
of mono-acyl-lysine as ligands. The aim was to predict 
the possibility of a double acylation of lysine. The 
results indicated the possibility to obtain di-acylated 
products, whatever the length of the carbon chain. 
In conclusion, docking simulations are in accordance 
with experimental results concerning a regio-selectivity 
in favor of the N-acylation of the ε amine group of 
lysine.  
 

References : Dettori, L., Guiavarc’h, y., Delaunay, S., Framboisier, X., Paris, C., 
Humeau, C., Chevalot, I. (2016). Development of an intensified enzymatic acylation 
process of amino acids and peptides by multi-scale modeling approach. Poster 
presented at the RP2E seminar 
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General context, scientific issues 
Anaerobic digestion process needs further development 
to enhance its economical profitability. Indeed, a biogas 
plant typically products a mixture of CH4 (60%) and CO2 
(40 %), indicating possible increase of CH4 production 
yields. One way of improvement consists in injecting H2 
in the digestor as archaebacterial consume H2 and CO2 
to product CH4. 
 

Objectives and stakes 
 To increase the proportion of CH4 produced. To 

reach this goal, we have to answer to these 
questions: 

 Which design for the bioreactor? 
 Is mixing positive to CH4 production? 
 Which technology for H2 injection? 
 

Methodology / Experimental approach 
The first difficulty is that cattle manure is a priori a 
viscous shear-thinning fluid, raising key issues of 
bioreactor homogenization. Furthermore agitation is 
seldom studied in digestors. As helical ribbon are 
reputed efficient for non-newtonian homogenization, a 
dedicated vessel equipped with a double helical ribbon 
was designed and built. To optimize its operation, a 
rheological characterization of grinded cattle manure 
and also of grinded digestate was first made using a 
viscosimeter. Using the same set-up and a Newtonian 
fluid (glycerol), the power curve of the impeller was also 
established. Secondly, knowing the viscosity law, a CFD-
study has been made to know the hydrodynamic profile 
of the reactor with digestate and with this stirrer. 
 
The second step of this project is to work on the gas 
dispersion. In order to avoid releasing too much H2 in 
atmosphere, a system without bubble has been chosen: 
a permeation system with a silicon membrane. The 
permeation membrane is a closed tube, in which gas is 
injected, the membrane is also under pressure. The 
permeation flowrate depends on the pressure. The 
question is also to know which pressure, which mixing 
rate, which thickness of silicone tube have to be used in 
order to match with the bacterium consumption. 

2016 
 

 
 

 
 

Intensification of anaerobic digestion process of agricultural and 
industrial wastes by injection of industrial H2 
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Illustration: Viscosity profile of grinded digestate 
(Pa.s) 

 
 

Main results 
- Grinded digestate viscosity has been modeled using 
the following power-law: 

µ = 5. �̇�𝛾0.32 
- CFD simulation shows: 
 . Mixing time of the reactor with the helical 
ribbon is 60 time lower than mixing with the Rushton 
turbine. Mixing in the reactor with the Rushton turbine 
is only made with diffusion, a cavity is created around 
the blades, where convection is concentrated. 
 . The mixing with the ribbon provides a better 
homogeneity and higher velocity of the fluid. 
- The used silicone tube with a thickness of 0.3 mm and 
a length of 2 m at 1.2 bars supply a total gas flowrate of 
0.003 mol/h in a 2-L reactor. This flowrate is divided in 
two parts: a part is solubilized is the fluid and the other 
goes to the sky of the reactor. The repartition depends 
on the mixing speed. The theoretical bacterium 
consumption is 0.005 mol/h in a 2-L reactor, so these 
conditions seem to be satisfactory. 
 

References 
 Cheng, Jianya, et Pierre J. Carreau. « Mixing in the transition flow 

regime with helical ribbon agitators ». The Canadian Journal of 
Chemical Engineering 72, no 3 (1994): 418‑30 
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Chemometrics; Process control 

General context, scientific issues 
Bioprocesses of mammalian cell culture have become 
essential in pharmaceutical fields for the production of 
therapeutic recombinant proteins or for cellular 
therapy. Consequently, it is important to control the 
production processes and ensure the quality of end-
products for patients by using the PAT (Process 
Analytical Technology) approach initiated by the FDA 
(Ref 1). In this context, spectroscopic technologies 
combined with chemometric approaches have gained 
great attention over the past decade as in-situ tools to 
monitor and control cellular bioprocesses (Ref 2). 
 

Objectives and stakes 
General objective: In-situ monitoring of functional 
parameters of CHO cells producing monoclonal 
antibody (MAb), during culture processes performed in 
bioreactors equipped with spectroscopic sensors: 
- Study of off-line characterization methodologies of cell 

and Mab for further model calibration; 
- Evaluation of chemometric methods for in-situ data 

processing; 
- Construction of robust predictive models relating in-situ 

spectral information with quantity and quality of target 
compounds, in order to have a better understanding of 
the culture process and eventually a good control of 
product quality.  

 

Methodology / Experimental approach 
Bioreactor cell culture experiments:  
- In-situ experimental data acquisition by conventional 
sensors (pH, temperature, dissolved O2) and spectroscopic 
sensors (di-electric, Near InfraRed, Raman).  
- Off-line characterization of cell populations (viable, dead, 
lysed), medium composition (glucose, lactate, glutamine, 
ammonium, LDH), and MAb (glycosylation), using flow 
cytometry, HPC, LCMS/MS, enzymatic methods… 
Chemometric approach:  
- Implementation and comparison of various methods based 
on classic chemometric models or using artificial intelligence 
tools (neural networks, genetic algorithms...).  
- Evaluation of various methods of spectral pretreatments. 
Model validation: 
- Robustness study by performing environmental 
disruptions. 
- Process control based on in-situ measurements. 
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 Innovative methodological approach for in-situ identification and 
quantification of functional parameters of animal cells cultured in bioreactor  

 
LI Mengyao (1st year) 
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Illustration: CHO cell culture process in a bioreactor 
equipped with 3 types of in situ spectroscopic sensors 

 
 

Main results 
 An experimental protocol has been developed for 

MAb quantification using HPLC  
 The complexity of glycosylation profile of MAb has 

been successfully analyzed by LCMS/MS  
 Dielectric probe was found to allow viable and 

dead cell densities determination in real time with 
respectively permittivity and conductivity analysis 
(Ref 3). 

 A multivariate approach is currently on 
development using in-situ spectral information of 
NIR and Raman spectroscopies to follow cultivation 
variables for bioprocess monitoring.  

 In-situ estimation of CHO cell specific growth rate 
as well as prediction model validation are in 
progress. 

 

References 
Ref 1: U.S. Department of Health and Human Services, Food 
and Drug Administration (2002) 
  
Ref 2: Pomerantsev, A.L., and Rodionova, O.Y. (2012). 
Process analytical technology: a critical view of the 
chemometricians. J. Chemom. 26, 299–310. 

Ref 3: Courtès, F,et al. (2016). A dual near-infrared and 
dielectric spectroscopies strategy to monitor populations of 
Chinese hamster ovary cells in bioreactor. Biotechnol. Lett. 
38, 745–750. 
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General context, scientific issues 
 

Stem cells have a great interest for medical purposes: 
tissue engineering (bone, cartilage, tendon…) and cell 
therapy (hear diseases, cancer…). In order to reach the 
required amount of cells, it is necessary to control the 
expansion process in 3D culture systems. Because these 
cells need a surface to adhere, spherical solid particles, 
called microcarriers, are used and set in suspension in 
stirred tank bioreactors. 
With the aim of improving the process, while 
maintaining the stem cell phenotype and the 
differentiation capacities, the impacts of the 
hydrodynamics are studied.  
 
 

Objectives and stakes 
 

 Improvement of stem cell expansion process and 
preservation of the quality (cells are the final 
therapeutic product, which would be directly 
injected into the patient) 

 Comprehension of the hydrodynamics’ impact on 
the cell growth and cell differentiation : 

                  Shear stress 
                  Turbulent kinetic energy dissipation 
                  Microcarriers collisions 
 Studies on the design of the bioreactor and scale up 

of the process in order to achieve some liters  
 
 

Methodology / Experimental approach 
 

 Variation of a characteristic physical parameter of 
the hydrodynamic constraints (N : stirring speed or 
(P/V) : volume specific power) to study the cell 
growth, the differentiation rate, the cell distribution 
on all microcarriers, the cell average distribution on 
a microcarrier and the microcarrier robustness 

 

 Analysis of the geometric parameters impact on the 
intensity and the distribution of the 
hydromechanical constraints (shear stress, 
turbulent kinetic energy dissipation rate, 
microcarriers collisions) in a stirred bioreactor at Njs 
(minimum/critical impeller speed for the complete 
suspension of particles) by numerical simulation 

2016 
 

 
 

 
 
 

Characterization and physiologic impact of the hydrodynamics on process 
performances of stem cells culture 

 
Céline LOUBIERE (1st year) 

Eric OLMOS, Emmanuel GUEDON 
Axe 3 |  BioProMo  

Illustration:  

 
6 parallel monitored stirred mini-bioreactor (250 mL) 

for MSC expansion in 3D culture system 
 

 
Visualization of particles volume fraction in a stirred 

tank bioreactor during suspension, by using CFD 
 

 

Expected results 
 

 Control and intensification of the stem cell 
expansion process in a stirred tank bioreactor, using 
microcarriers (adhesion, spreading, growth, 
detachment...) 

 Identification of geometric parameters and 
agitation influence and sensitivity on the cell 
expansion process (interactions between cells and 
the hydrodynamics of the system) 

 Process Scale-up to achieve some liters ( ≈ 10L ) 
 
 

References 
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General context, scientific issues 
With regards to find out alternative plant protein sources for 
human consumption, canola protein was of interest due to both 
high protein content (40 wt%) of the meal and valuable amino 
acid composition. However, the raw material contains 
antinutritional factors compounds that may alter the 
physicochemical properties of the proteins. Therefore our 
investigations deal with adequate extraction process to obtain 
fractionated canola proteins – namely albumin (napin) and 
globulin (cruciferin) – with high protein purity level. 
 

Objectives and stakes 
The first aim is to extract and then purify canola protein 
fractions from defatted meal. Once dried, the protein isolates 
should contain more than 85 wt% protein, likewise depleted in 
phenolic compounds. The second aim is to evaluate the 
influence of the extraction procedure onto protein structure. 
Actually, the goal is to determine a low-denaturing process to 
yield albumin and globulin isolates that match with the 
nutritional, functional and organoleptic requirements expected 
for a protein ingredient in tailored foodstuffs. 
 

Methodology / Experimental approach 
To obtain either albumin or globulin protein isolates from 
defatted canola meal, three extraction procedures were 
assessed: 
1- Selective acidic precipitation 
- Mild-alkaline S/L extraction of total protein 
- Acidification of the raw extract 
   Recovery of precipitated globulins 
   Ultrafiltration/diafiltration (UF/DF) of soluble albumins. 
2- Selective separation by membrane process 
- Mild-alkaline S/L extraction of total protein 
- UF/DF of the raw extract using various molecular weight cut-
off (MwCO) membranes 
- The retentate and permeate may contain globulin and 
albumin, respectively 
3- Selective extraction  
- Acidic extraction (pH 2) 
- Ultrafiltration/diafiltration (UF/DF) of soluble albumins. 
4- Soluble/insoluble protein content/composition assessed by 
SEC-HPLC and NR (R)-SDS-PAGE 
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Research project 
 
 

Jean-Luc Mession (Post-doc') 

R. Kapel, X.  Framboisier, A.  Aymes  
Axe 3 |  Bioprocédés et biomolécules  

Procedure 1 : protein composition of the acidified 
extract  (pH >4) 

 
 

Main results 
Two analysis of soluble/insoluble protein composition: 
- By non-reducing SDS-PAGE, densitometric analysis of the 
lane “Ext” showed that globulin (bands at ≈50, 25-30 and 20 
kDa) accounted for 65-70% of the raw, soluble protein extract 
(pH ≥ 7, medium ionic strength). 
By further acidification at pH below 4, albumin (Alb) 
represented almost 80% of total soluble protein in supernatant 
after centrifugation, whereas insoluble protein contained 
solely globulin (Glb, lanes Sol and Insol, respectively). 
- By SEC-HPLC analysis of soluble protein, it was evidenced 
that soluble globulin (5.6 mL elution volume) content 
decreased of about 65-75% of initially in the extract at pH 
values between 3-4, whereas albumin remained fairly soluble 
(85-90% of initially) regardless pH value of acidification. 
Total protein precipitation accounted for 45-65% of initial 
context in “Ext”  in the pH range 3-4. 
 The washed protein precipitate would serve to prepare the 
globulin isolate. 
 Soluble albumin would be recovered by further UF/DF 
procedure using hollow fibers (MwCO <10 kDa), so as to 
remove soluble phenolic compounds tha eluted between ≈10-
15 mL. 
 

References 
[1] Yoshie-Stark, Y., Wada, Y., & Wäsche, A. (2008). Food Chemistry, 107, 
32-39. 
[2] Tan, S. H., Mailer, J. M., Blanchard, C. L., Agboola, S. O. (2001). 
Journal of Food Science, 76, R16-28[3] [3] Nioi, C. (2013). Extraction et 
protéolyse de napines de tourteau de colza : influence de l'état structural de la 
protéine sur la cinétique de protéolyse, la composition et les fonctionnalités 
des hydrolysats. Thesis, University of Lorraine, France par Claudia Nioi 
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 Development of a multi-scale approach to study interactions between 
flavonoids and biopolymers in different media 
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Illustration: A multi-scale approach to study interactions 
between flavonoids and biopolymers in different media 

 
 

Main results 
1. Modeling approach 
From molecular and mesoscale modeling some information 
are deduced: 
- B2 group (similar in the three flavonoids) have favorable 
interactions with MB deduced from small χij values. However, 
B1, B3, B4 and B5 have less interactions with solvents. These 
results suggest that the B2 part is responsible for the high 
solubility of quercetin, isoquercitrin and rutin in MB.  
- Aggregation phenomena were observed in MesoDyn 
simulations only for the quercetin/tert-amyl alcohol system. 
 

       
                      Q – ACN                           Q-MB 
2. Experimental approach  
2.1. Solubility values in g/L 

 
2.2. Microscopic observations 

 
Quercetin dissolution kinetics in tert-amyl alcohol (a) and 

acetonitrile (b) observed by static light scattering and transmission 
electron microscopy [3] 

 

References 
[1] (Malbert et Al, 2014).  
[2] (Gao et Al, 2008). 
[3] (Chebil et Al, 2013). 

General context, scientific issues 
Polyphenols constitute an important class of bioactive 
molecules [1]. Flavonoids, as the most known 
polyphenols, are particularly promising candidates for 
use as functional foods and novel therapeutics due to 
their prominent biological activities. Some flavonoids 
have high antioxidant capacity, which has been shown 
to be higher than those of vitamins E and C in vitro 
studies. But, the major barriers to flavonoid use in 
different formulations are their poor solubility and low 
stability in common solvents, which consequently 
results in poor activity [2].   
 

Objectives and stakes 
The objective of this thesis is to identify the main groups 
implicated in the solubility and the dispersion of 
flavonoids in several media (solvent, biopolymers …). 
In order to achieve this objective a double approach, 
experimental and modeling, was carried out.  
 

Methodology / Experimental approach 
1. Modeling approach: The different systems 

composed by flavonoids (quercetin “Q”, rutin “R” and 
isoquercetrin “I”), solvents (acetonitrile “AC” and tert-amyl 
alcohol “MB”) and poly (lactic-co-glycolic acid “PLGA” were 
represented as a coarse grained models.                
Molecular and mesoscale modeling tools will be used to 
identify processes that control both the solubility and the 
stability of flavonoids in different solvents in presence and in 
absence of polymers.  
 
 
 
 

Fig.1. Coarse grained models representation of quercetin (a), 
isoquercétrin (b) and rutin(c). 

1.1. Molecular modeling: Input parameters: Method 
(Monte-Carlo); Module (Blends in Material studio 7.0); 
Forcefield (CompassII); temperature (50°C)/ Output 
parameters (Flory Huggins parameters χij). 

1.2. Mesoscale modeling: DPD input parameters: 
repulsion parameters (aij); system size (210*210*210 Å); total 
simulation time (25 104 ps); temperature (50 °C). DPD output 
parameter (Radial distribution function analysis RDF).  
Mesodyn input parameters: interaction parameters (λij); grid 
size (32*32*32); total simulation time (5 104 μs); temperature 
(50 °C). Mesodyn output parameters: phase separation; 
order parameter. 

2. Experimental approach: solubility (HPLC); 
agglomeration behavior (Transmission Electron Microscopy 
(TEM) /Scanning Electron Microscopy (SEM)). 

(a) (c) (b) 

B1 

B2 
B2 

B4 
B3 

B3 
B5 

B2 
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TiO2  nanoparticles coupled to photosensitizers for applications 
in photocatalysis and photodynamic therapy  

Zahraa YOUSSEF (2nd year) 
Thibault Roques-Carmes – Céline Frochot 

Axe 3 / Prism – BioProMo 
  General context, scientific issues 

TiO2 nanoparticles (NPs) are semiconductor photo-effecting 
materials exhibiting a high absorption threshold in the UV 
region. TiO2 NPs possess strong oxidizing power that induces 
its good redox ability and high yield of active oxygen species 
generation. Those NPs are employed in applications such as 
photocatalysis which is mainly involved in the degradation of 
pollutants from water and anti-cancerous photodynamic 
therapy (PDT). In those applications, TiO2 suffers from its 
large band gap energy, UV-limited photoresponse and fast 
recombination rate of the photogenerated electron-hole 
pairs. 

The synthesis of functionalized nanoparticles may circumvent 
all these drawbacks 

Objectives and stakes  
Grafting visible light sensitive photosensitizers onto the 
surface of titania: 

Synthesis of functionalized nanoparticles that constitute of 
TiO2 core surrounded by polysiloxane shell with 
photosensitizers and PEG molecules grafted on the NPs. 
Those NPs may circumvent all these drawbacks and would 
produce different types of ROS that would potentially lead to 
an increase of the photodynamic and photocatalytic 
efficiencies 

 

 

Methodology/ Experimental approach 
▪TiO2@4Si-P1-(PEG) Synthesis: 
- PS used: monocarboxylic tetraphenylporphyrin 
 

- Preparation of hybrid TiO2/APTES/TEOS/P1/PEG NP (LRGP 
in collaboration with LCPML-Lyon) [3]: 
1. Dispersion of TiO2 nanoparticles in DEG 
2. Encapsulation of the TiO2 core in polysiloxane shell 

formed from APTES and TEOS 
3. Grafting of the activated P1 onto the surface of TiO2 
4. Grafting of hydrophilic PEG onto the hybrid TiO2 NP 
 
▪TiO2-APTES-P1-(PEG) Synthesis: 
- PS used: monocarboxylic tetraphenylporphyrin 
- Preparation of hybrid TiO2/APTES/P1/PEG 

▪Characterization techniques: 
Zeta potential, DLS, FTIR, TOC, fluorescence measurements, 
TEM, UV spectra, XPS... 
▪ROS measurements in D2O: at each step 
▪Stability experiments TiO2/APTES/TEOS/PS/PEG : 
photostability, dispersion in solution, reusability, etc 
▪Application in PDT and Photocatalysis 

 

Illustration:  

                                                    

 

 

Main results 
TEM

 

UV_Vis absorption spectra, Singlet oxygen measurement and Fluorescence 

 

- Functionalized silica-based nanoparticles with porphyrin 
photosensitizer grafted into the polysiloxane shell are 
synthesized and characterized 

- UV-Visible absorption spectra of the solid NPs prove the 
presence of porphyrin PS grafted onto TiO2 

- Those NPs exhibit fluorescence and singlet oxygen 
production, thus this can be employed in PDT and would 
enhance the photocatalytic process beside the other 
reactive oxygen species (HOᵒ, O2ᵒ−, etc..) 

References 
[1] Zimny et al.,  J. Phy. Chem. C, 2012, p. 6585-6594 
[2] Bechet et al., Trends in biotech., 2008 , p. 612-621 
[3] Couleaud et al., Nanomedicine, 2011, p. 995-1009 
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Keywords: PAHs; benzo(a)pyrene; low-pressure gas carburizing; acetylene pyrolysis; kinetic modeling 

General context, scientific issues 
Low-pressure gas carburizing is a heat treatment 
process used to harden surface of steel by enriching 
the metal with carbon atoms coming from pyrolysis of 
hydrocarbons. At the same time, reactions take place 
in the gas phase and lead to the formation of Polycyclic 
Aromatic Hydrocarbons (PAHs), precursors of soot. 
Released into the atmosphere or adsorbed on soot, 
PAHs are toxic to humans and hazardous to the 
environment. Some of them, such as benzo(a)pyrene 
(C20H12), are known carcinogens. 
 

Objectives and stakes 
The objectives of the study are, on one hand, to 
produce a detailed kinetic model describing reaction 
pathways for PAH formation and, on the other hand, to 
quantify experimentally the sixteen EPA-PAHs (see 
illustration) during acetylene pyrolysis. Modeling and 
experimental results will allow the optimization of low-
pressure gas carburizing process to limit the formation 
of toxic PAHs. 
The aim is to reduce the formation of carcinogen soot 
in pipes at the outlet of carburizing furnaces because 
workers can be exposed to soot during maintenance 
and cleaning operations. 
 

Methodology / Experimental approach 
The construction of the kinetic model is based on a 
model for the combustion of aromatic compounds 
which describes the formation of the PAHs up to 
pyrene (four aromatic rings) [1]. It was modified to 
adapt it to our conditions (pyrolysis, low pressure, 
etc.), and completed to take into account heavier PAHs 
from other models of the literature [2]. 
Experimentally, acetylene is pyrolysed into two 
reactors: a plug-flow and a CSTR, with different 
conditions of temperature, pressure and residence 
time. Light products are analyzed on-line by gas 
chromatography (TCD and FID detectors) and the 
sixteen EPA-PAHs are analyzed off-line by GCMS and 
HPLC. Later, experiments will be realized with an iron 
piece into the reactor to study the PAH formation in 
conditions closer to low-pressure gas carburizing. 
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  Study of a treatment “at the root” for reducing Polycyclic Aromatic 
Hydrocarbons in pyrolysis furnaces 

 
Tsilla Bensabath (3rd year) 

Pierre-Alexandre Glaude (LRGP, Directeur de la thèse), Hubert Monnier (INRS) 
 Axe 4 |  KinCom | INRS 

 

Illustration: Sixteen PAHs considered as priority 
pollutants by the Environmental Protection Agency in 
the United States (EPA-PAHs) 

 
 

Main results 
The model describes PAH formation up to seven 
aromatic rings (coronene). The formation of light 
species and of first aromatic rings is improved 
compared to the starting model. The model was 
validated with experimental data from the literature 
for acetylene, ethylene, propylene and propane 
pyrolysis. It gives good orders of magnitude for PAHs, 
especially for the sixteen EPA-PAHs. 
For the experimental part, the setup and the analytical 
methods were finalized and first experimental points 
were obtained with the plug-flow reactor. 
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General context, scientific issues 
Phenolic compounds are valuable components with 
industrial interest. They are raw material or 
intermediate for the production of resins, food flavor, 
pharmaceutical or perfumery products. Most of the 
phenolic compounds are produced from petroleum, but 
with the increase of greenhouse effect and the reducing 
stocks of fossil fuels, researches lean towards new 
sources of fuel and chemicals such as lignin. The 
liquefaction of lignin produces rich mixtures of phenolic 
compounds, but the extraction of these requires several 
complex steps.1 
 

Objectives and stakes 
The objective of the thesis is to extract valuable 
compounds from a bio-oil. With a better understanding 
of the behavior of phenolic compounds with green 
solvents, it would be possible to improve extraction 
rates. 
 

Methodology / Experimental approach 
This work combines computational study and 
experiments. Focus is made on 8 phenolic compounds: 
phenol, syringol, pyrocatechol, guaiacol, o-, m-, p- 
cresol and vanillin. 
 
Minimum energy structures and transition states of the 
phenolic compounds and molecular clusters of 
phenolic compounds with solvents are studied by ab 
initio calculations using the Gaussian software. 
 
Liquid-liquid equilibria of ternary mixtures containing 
water, phenolic compound and an ionic liquid are 
measured. The goal is to investigate the possible use of 
an ionic liquid as a solvent for the extraction of 
phenolic compounds from aqueous solutions. Solute 
distribution factor and selectivity are calculated in 
order to evaluate the extracting capability of the ionic 
liquid. 
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Purification of bio-oils from lignin liquefaction into valuable compounds 
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Fabrice Mutelet, Laetitia Canabady-Rochelle 
Axe 4 |  ThermE 

 

Illustration: Liquid-liquid equilibrium 

 
 

Main results 
Optimizations of the structure of phenolic compounds 
show that planar conformers have a greater stability 
than nonplanars ones. Hydrogen bounds between water 
and phenolic compound are favored over 
intramolecular hydrogen bonds. 
Study of the liquid-liquid equilibria ternary systems 
shows that our ionic liquid is suitable for the extraction 
of phenolic compounds from aqueous solutions.NRTL2 
and UNIQUAC3 models were used to represent our 
experimental data. 
In a near future, experiments will be made to observe 
the influence of several factors such as temperature, 
time or pH.  
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Illustration: Thermal decomposition of wood 
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General context, scientific issues 
The biomass is now an essential energy resource. But its 
combustion can, when it is poorly controlled, constitute 
a significant source of emissions of fine particles and 
gaseous pollutants. Today, the developments made by 
manufacturers are almost exclusively based on an 
empirical approach focus on the monitoring of the 
content of carbon monoxide (CO). It becomes 
compulsory to develop a predictive tool via a fine 
combustion modeling within the framework of the 
reduction of pollutant emissions and energy 
optimization of heating appliances. 
 

Objectives and stakes 
This thesis aims to understand and model the chemical 
mechanisms of combustion of biomass to reduce 
polluting emissions from domestic heating appliances. It 
includes an experimental part with measurements of 
pollutant emissions at CSTB on domestic wood heating 
equipment, and part modeling in the LRGP with the 
development of a medium detail chemical model to 
reproduce the formation of various pollutants, such as 
gaseous pollutants oxygenated or aromatic, precursor 
of fine and ultra-fine particles, and more specifically of 
Secondary Organic Aerosols (AOS).  

     

Methodology  
Biomass will be characterized by its content of 
cellulose, hemicellulose, and lignin. The model match a 
physical approach describing heat transfer with a semi- 
detailed chemical model to reproduce the formation of 
pollutants in the gaseous phase. Based on the 
approach proposed in 2008 by Ranzi et al., the 
chemical model will include globalized reactions to 
describe the decomposition of cellulose, 
hemicellulose, and lignin in soot, tars and volatile 
compounds, as well as a more detailed secondary 
combustion of the main chemical species present in 
tars and volatile compounds. These detailed 
combustion models built from elementary reactions 
will be based on those developed by the KinCom team 
to better understand the combustion of tar, as well as 
fuels and biofuels. Particular interest will be given to 
the modelling of the formation of pollutants such as 
volatile organic compounds and first HAP. 
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General context, scientific issues 
Global climate change concern has motivated interest to 
renewable energy sources that offer the potential of 
zero net CO2 emissions. Declining worldwide supplies of 
conventional petroleum-based hydrocarbon fuels for 
industrial and transportation applications are also 
leading toward alternative fuel sources.  One promising 
solution of these challenges is the use of fuels produced 
by biological systems that have a zero contribution to 
the CO2 cycle in the atmosphere. Biodiesels are among 
the most viable liquid transportation fuels for the 
foreseeable future. Development of detailed chemical 
kinetic mechanisms for combustion of biodiesel 
components could significantly facilitate the prediction 
of combustion characteristics of such fuels, but the lack 
of experimental data on combustion chemistry of ester-
based fuels in various conditions (pressure, mixing 
conditions etc.) makes the development of such 
mechanisms considerably difficult (if not impossible). 

 

Objectives and stakes 
Premixed stoichiometric and fuel-rich flames 
(fuel/O2/Ar) stabilized on flat burners at low (50 Torr) 
and atmospheric pressure fueled with the following 
compounds are scheduled to be studied: 
•Ethyl acetate and methyl propanoate 
•Ethyl butanoate and methyl pentanoate 
•Ethyl pentanoate and methyl hexanoate 
•n-Heptane/toluene/ethyl butanoate (this mixture 
represents a model of realistic hydrocarbon fuel mixed 
with ethyl ester-based biodiesel) 
 

Experimental approach 
•Gas chromatography (GC) at low-pressure conditions 
(LRGP, Nancy) [1]; this technique permits a precise 
quantification of the stable products and an easy 
separation of the isomers. A thin probe, which induces 
less thermal and flow perturbation in the flame, will be 
used. 
•Molecular-beam mass-spectrometry (MBMS) with soft 
ionization by electron impact at atmospheric pressure 
(ICKC, Novosibirsk) [2]; this technique permits to 
measure mole fraction profiles of unstable products due 
to a sonic probe. 
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Illustration: Mole fraction profiles of main components 
in stoichiometric and rich flames of methyl pentanoate  

 
 

Main results 
Spatial distribution of reagents, main products and 
intermediates in stoichiometric and fuel-rich flames of 
ethyl acetate, methyl propanoate, ethyl butanoate and 
methyl pentanoate were measured at atmospheric 
pressure. Temperature profiles in each flame were 
measured too. For the methyl esters a comparison 
between experimental results and modeling data (using 
mechanisms [3] and [4]) was performed.  
Future works aim to measure mole fraction profiles of 
main components and intermediates in the above-
mentioned flames at 50 Torr using GC. 
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Greener 

 
Illustration (result, methodology or context) 

 
PI-MS with various light sources combined with MFBR 

 

General context, scientific issues 

 On-line investigation by PI-MS is more likely 
to get real information on processes and 
mechanism of biomass pyrolysis 

 There is still the need of further works to 
investigate the accurate chemical mechanism 
of biomass thermal conversion. 

 The accurate and on-line analysis of very 
primary tars is still in progress due to their 
fragile chemical structures and short lifetimes. 

 The advanced analytic technology for biomass 
pyrolysis should be constantly developed. 

Objectives and stakes  

 To understand the effect of  particle size and 
shape on the products composition during 
biomass pyrolysis and their processes by the 
on-line PI-MS analysis 

 To understand the effect of various light 
sources on the results of products analysis 

 The major difficulty is that the optimum 
experimental conditions should be defined to 
ensure the stability and reproducibility. 

Methodology/ Experimental approach 

 Combination of PI-MS and fixed-bed reactor 
to investigate the slow pyrolysis of different 
biomass powders (have done) 

 Combination of PI-MS and fluidized-bed 
reactor to investigate the fast pyrolysis of 
different types of particles (have done) 

 Combination of PI-MS, IR-imaging and laser-
heating device to investigate the formation of 
primary products and bio-char (next step) 

 Combination of new designed reactor and 
REMPI-MS to investigate the primary tars and 
their kinetic behaviors (next step) 

Main results 

 The combination of SPI-MS, GC-MS and 
fixed-bed reactor has unravelled some of the 
different steps of biomass pyrolysis according 
to the different macromolecules [1]. 

 The combination of SPI-MS, GC-MS and 
microfluidized-bed reactor unraveled the effect 
of biomass composition, particle shape and 
size, bed temperature, and fluidizing gas flow-
rate on primary tar composition. Meanwhile 
three pyrolysis regimes have been defined [2]. 

 Experimental results are currently compared 
with detailed models from literature. The fit 
between experimental and simulated data is 
satisfactory for most of particles pyrolysis [4].  

 The fundamentals of soft PI on the basis of 
various light sources and the advantages of PI-
MS in the application of the biomass pyrolysis 
have been reviewed [3]. 

References 
1) Le-Brech et al. J. Anal. Appl. Pyrolysis 2016, 117, 

334-346 
2) Jia et al. Energy Fuels 2015, 29 (11), 7364-7374 
3) Jia et al. Energy Fuels 2016, 30 (3), 1555-1563 
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Keywords:  
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General context  

Technologies for the separation of components of the 
air are currently well established. However, the always 
more restrictive limitations on the impurity content of 
separated N2, O2 and Ar have remarkable impacts on the 
design of purification processes. To reduce the 
uncertainties related to the sizing of these processes, 
the accurate and reliable calculation of thermodynamic 
properties is mandatory. 

The evaluation of thermodynamic properties of 
mixtures which contain N2, O2 and Ar is performed, by 
industries, by means of multi-parameter equations of 
state and more empirical correlations; the selection 
between the former and the latter depends on the 
pressure of the considered system. 

For example, currently, Air Liquide applies two models: 

● the multi-parameter equation of state proposed by 
Bender [1], which consists of the sum of a 6th-degree 
equation, in molar density, with a correction 
exponential-term;  

● the KIWI correlation, developed by Air Liquide [2]. 

In particular, depending on the pressure of the system, 
partition coefficients are calculated either with one of 
the two models or by means of a combination of the 
two. However, it was observed, by Air Liquide, that the 
application of these models to calculate phase 
equilibrium properties of N2/O2/Ar mixtures closed to 
the critical point leads to unreliable results. 

Such an issue may mainly arise from the implementation 
of not-robust flash algorithms, from the discontinuous 
use of different thermodynamic models or/and from the 
incorrect resolution of high-degree multi-parameter 
equations of state. 

With the aim of investigating and solving such 
encountered problematics, Air Liquide has decided to 
fund my post-doctoral study. 
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Illustration : 

 
 

Main objectives and methodology 

The main targets of my work have been defined in order 
to meet the expectations of Air Liquide, in the context 
of the research activity carried out within the team 
ThermE of LRGP. In particular, middle-term objectives 
consist of: 

● the identification of the causes that bring to the 
detected incorrect outputs of thermodynamic 
calculations; 

● the mathematical study of the thermodynamic model 
used by Air Liquide, the Bender-Kiwi model; 

● the development of a complete set of robust flash 
algorithms (PT, PH, PS, Pz, Tz, TH, TS, UV, SV, PV) and 
their coding in Fortran, following the Cape-Open 
standard. 
 

Further developments 

This research activity is part of a more comprehensive 
long-term work undertaken by the team ThermE, aimed 
at developing a computer program being able to 
perform any thermodynamic calculation by means of a 
flexible code that implements the most robust 
algorithms and accurate thermodynamic models. 
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Keywords: Phase equilibrium, thermodynamic models, complex mixing rules, α-function, volume translation  

General context, scientific issues 
Accurate prediction of phase equilibrium of mixtures is 
necessary in order to (i) improve the efficiency of the 
already existing processes, (ii) overcome a lack of 
experimental data and (iii) evaluate the feasibility of 
new separation methods.   
 

Objectives and stakes 
Over the years, cubic equations of state (CEoS) were 
widely used to predict the PVT and VLE properties of 
multi-component mixtures. To estimate the properties 
of mixtures, these CEoS need at least (i) the input of 
physical properties of each pure compound (Tc, Pc, ω) 
and (ii) a proper mixing rule which combines properties 
of the pure compounds to estimate properties of the 
mixture. The first part of this thesis aims at improving 
the prediction of the properties of the pure compounds 
and the second part at developing a new mixing rule 
applicable to polar and associating molecules. 
 

Methodology / Experimental approach 
Complementary solution are considered to improve the 
prediction of pure compounds properties as each of it 
lead to an amelioration of different properties: 

(i) the regression of parameters L, M and N for the Twu 
91, component-dependent α-function, on experimental 
data to improve the prediction of  Psat, ΔvapH and cp,L

sat  

     N M 1 MN
r r rT T exp L 1 T           [1] 

(ii) the development of a new volume translation 
method to improve the prediction of vL

sat through the 
addition of a c parameter in the following CEoS. Indeed, 
molar volumes are over predicted by CEoS at given T and 
P and parameter c will translate the isotherm in the P-v 
plan of a quantity –c as illustrated in the next section 

   
  


 

     
c

1 2

TaRT
P T,v

v b v r b vc c rc b
   [2] 

Experimental data used for these two works were 
generated with the DIPPR correlations for more than 
1000 compounds. 

2016 
 

 
 

 
 

Development of cubic equations of state adapted to the representation of 
blends made of polar molecules (water, alcohol, amines…) and hydrocarbons 
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Illustration: volume translation concept 

 
 

Main results 
To be thermodynamically consistent, any α-function 
should respect the criterions defined by Eq.1 on the 
whole temperature range (and so the Twu 91 α-
function). It was possible to develop predictive 
correlations (solely depending on ω) for parameters L 
and M (Eq.2) 
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From the analysis of our database results, it can be 
stated that our CEoS is among the most accurate to 
predict the properties of pure compounds.  

 

Volumic translation parameter c was correlated to the 
so-called Rackett factor zRA which was regressed for 
more than 1000 molecules as values are very scarce in 
the literature. Obtained results are 
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EoS err vL
sat (c=0) err vL

sat (c optimized)
Redlich-Kwong 17.29% 4.02%
Peng-Robinson 7.44% 2.26%
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Illustration 
 

 
Previous reactivity studies: Alkanes (n-octane) with H2S [2] 

 
Flow of oil after steam injection in a reservoir 

 

General context, scientific issues 
 
To supply the growing energy demand associated to the 
increase in population and technological development, oil 
exploration has moved to unconventional sources like 
heavy oils found into high temperature and high pressure 
reservoirs, most of them associated with H2S and sulphur 
compounds.  

In order to become these kind of oils environmental and 
economically profitable it is necessary to improve the 
current exploration tools based on the understanding of 
hydrocarbons geochemistry to guarantee the quality, 
phase and amount of the resources that are going to be 
extracted.   

After extraction and refining, Oil & Gas companies face the 
challenging treatment of H2S and other acid gases. The re-
injection into depleted oil and gas reservoirs has been 
proposed as a proper solution to this problem. The long 
term validation of this by-product management 
alternative requires a better knowledge of sulphured 
hydrocarbons geochemistry and kinetics to predict 
geological and chemical stability of the acid-gas-refilled 
reservoirs. 

 
Objectives and stakes  
 
 Understanding the chemistry of sulphur in mixture 

with hydrocarbons in geological conditions and its 
effect on crude oil composition. 

 Modelling hydrocarbons reactivity in sulphured oil 
reservoirs. 

 Linking the reactivity prediction with the fluid 
migration into the reservoir formation. 

 Completing and extrapolating the previous studies 
about oil pyrolysis under geological conditions 
including the H2S role. 

 Integrating reduced kinetic models into COMSOL 
Multiphysics to improve accuracy of oil reservoir 
simulations. 

 Considering the reinjection of H2S into depleted oil 
reservoir as a strategy of environmental treatment of 
acid gases produced during extraction and refining of 
hydrocarbons. 

 

 

Methodology/ Experimental approach 
 
Confined pyrolysis under high pressure (700 bar) and 
temperature (300°C - 400°C): The sample mixture 
(aromatic, H2S) is introduced and sealed into a gold tube 
which is heated into an autoclave. The reaction time is set 
from 24 hours to 13 days and varies with the temperature 
to simulate the geological maturation age of the 
reservoir. The products will be analyzed using coupled 
Gas chromatography mass spectrometry (GC-MS), Gas 
chromatography – Flame photometry detector (GC-FPD), 
gas chromatography - Flame ionization Detector (GC-FID) 
[1, 2]. 
Kinetic modelling: a detailed kinetic model will be 
constructed based on free-radical chemistry.  
 
 
 
References 
[1] Thermal reactions between alkanes and H2S or thiols at 
high pressure. V. P. Nguyen, V. Burklé-Vitzthum, P.M. 
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Pyrolysis. Vol 103, P 307-319. 2013.  
[2] Pyrolysis mechanism of the n-octane/H2S mixture at 
70 MPa and 603–623 K.  V. P. Nguyen, V. Burklé-Vitzthum, 
P.M. Marquaire, R. Michels.  Journal of Analytical and 
Applied Pyrolysis. 2014. 
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Illustration 
 

 
Previous reactivity studies: Alkanes (n-octane) with H2S [2] 

 
Flow of oil after steam injection in a reservoir 

 

General context, scientific issues 
 
To supply the growing energy demand associated to the 
increase in population and technological development, oil 
exploration has moved to unconventional sources like 
heavy oils found into high temperature and high pressure 
reservoirs, most of them associated with H2S and sulphur 
compounds.  

In order to become these kind of oils environmental and 
economically profitable it is necessary to improve the 
current exploration tools based on the understanding of 
hydrocarbons geochemistry to guarantee the quality, 
phase and amount of the resources that are going to be 
extracted.   

After extraction and refining, Oil & Gas companies face the 
challenging treatment of H2S and other acid gases. The re-
injection into depleted oil and gas reservoirs has been 
proposed as a proper solution to this problem. The long 
term validation of this by-product management 
alternative requires a better knowledge of sulphured 
hydrocarbons geochemistry and kinetics to predict 
geological and chemical stability of the acid-gas-refilled 
reservoirs. 

 
Objectives and stakes  
 
 Understanding the chemistry of sulphur in mixture 

with hydrocarbons in geological conditions and its 
effect on crude oil composition. 

 Modelling hydrocarbons reactivity in sulphured oil 
reservoirs. 

 Linking the reactivity prediction with the fluid 
migration into the reservoir formation. 

 Completing and extrapolating the previous studies 
about oil pyrolysis under geological conditions 
including the H2S role. 

 Integrating reduced kinetic models into COMSOL 
Multiphysics to improve accuracy of oil reservoir 
simulations. 

 Considering the reinjection of H2S into depleted oil 
reservoir as a strategy of environmental treatment of 
acid gases produced during extraction and refining of 
hydrocarbons. 

 

 

Methodology/ Experimental approach 
 
Confined pyrolysis under high pressure (700 bar) and 
temperature (300°C - 400°C): The sample mixture 
(aromatic, H2S) is introduced and sealed into a gold tube 
which is heated into an autoclave. The reaction time is set 
from 24 hours to 13 days and varies with the temperature 
to simulate the geological maturation age of the 
reservoir. The products will be analyzed using coupled 
Gas chromatography mass spectrometry (GC-MS), Gas 
chromatography – Flame photometry detector (GC-FPD), 
gas chromatography - Flame ionization Detector (GC-FID) 
[1, 2]. 
Kinetic modelling: a detailed kinetic model will be 
constructed based on free-radical chemistry.  
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General context, scientific issues 
The destruction of stockpiles [1] or unexploded 
chemical toxics by thermal treatments requires the 
development of highly safe processes. The high-level of 
toxicity of these compounds induces a high level of 
complexity for any experiments. Consequently, there is 
a considerable lack of knowledge on the behavior of 
these chemicals under high-temperature conditions 
(with or without oxygen).  
In partnership with the Centre d’Etude du Bouchet of 
the Délégation Générale de l’Armement (DGA), we 
conduct exploratory research in the field of 
thermodynamic, kinetic, and mechanistic studies. The 
project consists in the development of detailed kinetic 
models of the thermal degradation and of the 
combustion of various toxic agents, including 
organophosphorus nerve agents, or molecules 
containing nitrogen, chlorine or sulfur. 
 

Objectives and stakes 
 Evaluate the physical and chemical properties. 
 Provide mechanistic details of the thermal 

degradation of toxic chemical agents. 
 Simulate the behavior of toxic products under 

different conditions of temperature and pressure. 
 

Methodology 
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Thermal degradation of toxics 
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B. Sirjean, R. Fournet and P.A. Glaude 
Axe 4|KinCom 

 

Illustration: Degradation mechanism of HN-3 

 
 

Main results 
A kinetic model for the thermal decomposition and the 
combustion of a chemical toxic, the tris(2-
chloroethyl)amine (HN-3), was performed. The results 
of this work (see figure above) show that the 
decomposition of HN-3 under combustion conditions 
leads to high amounts of hydrochloric acid, H2O and 
CO2. At moderate temperature (< 1400 K), pyrrole is 
the main nitrogen-containing intermediate, while at 
high temperature (> 1400 K), radical decompositions 
lead quickly to the formation of hydrogen cyanide 
(HCN), which oxidizes into small nitrogen oxides (NO, 
NO2). 
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Illustration  

Comparison of the residence time for different 
geometry of the reactor. It shows that steel 
and wood particles have not the same 
behavior. A reduction of residence time is 
observed without baffles. 
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General context, scientific issues 
 

Electricity production and sustainable heat 
from thermochemical biomass conversion are 
at the center of scientific and industrial 
interest due to lower availability of fossil fuels 
and pollution produced by their combustion. 
Process modeling can come to aid reducing 
costs and time spent for research. In this PhD 
a rotating tumbler wood pyrolysis kiln is 
modeled. The peculiarity of this reactor is to 
use hot steel spheres inserted together with 
the wood. 

Methodology/ Experimental approach 
 
The modeling of the reactors will be done by 
coupling different codes that perform specific 
functions. The main codes are: 
 LIGGGHTS: this DEM code resolve the 

equation of motion of the solid phase 
through rigorous model of the contact 

 OpenFOAM: an open source CFD code 
used for the hydrodynamic of the gas 
phase 

 CFDEM coupling: a code that can model 
all the exchange between a solid and a 
gas phase and administrate their coupling. 

 
 
 
 
 
 

Main results 
 
 The DEM parameters were calibrated 

through different experiences 
 The DEM model was after compared with 

the results obtained in a smaller scale 
rotating tumbler and then with the 
industrial scale pyrolyzer showing good 
agreement. 

 Different geometries of the pyrolyzer 
have been tested to increase productivity 
showing that the configuration without 
baffles achieves the best results 

 References  
 
 P. A. Cundall and O. D. L. Strack. “A 

discrete numerical model for granular 
assemblies.” Géotechnique 29-1 (1979): 
47-65.  

 Oevermann, Michael, Stephan Gerber, 
and Frank Behrendt. "Euler–
Lagrange/DEM simulation of wood 
gasification in a bubbling fluidized bed 
reactor." Particuology 7-4 (2009): 307-
316. 
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Objectives and stakes  
 
 Build a representative model of the 

pyrolysis process  
 Optimize the SEA Marconi process 
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General context, scientific issues 
Liquid-phase oxidation of hydrocarbons is an essential 
reaction for a large number of petrochemical processes. 
The simulation of this kind of reaction requires the use 
of detailed chemical kinetic models that contain 
thousands of species and reactions in liquid-phase. The 
estimation of accurate thermokinetic parameters in 
liquid-phase is the main difficulty linked to the 
development of these chemical kinetic models and 
requires new computational approaches. 
 

Objectives and stakes 
As these thermokinetic parameters are easily estimated 
in gas-phase using Group Contribution Method, the 
studied way is to correct them by using the GIBBS 
energy of solvation of any component to reckon these 
parameters in liquid-phase. The main target of this 
thesis is to develop a robust PC-SAFT (Perturbed-Chain 
Statistical Associating Fluid Theory) equation of state 
(EoS) used for the estimation of GIBBS energies of 
solvation integrated in a reaction mechanism generator 
(RMG) of liquid-phase oxidation.  
 

Methodology / Experimental approach 
This thesis can be divided in four different steps: 
 
(i) Accurately define the GIBBS energy of solvation of a 
solute in a solvent. (ii) Establish relations between gas-
phase properties, the GIBBS energy of solvation and the 
liquid-phase properties. (iii) Develop a PC-SAFT Equation 
of State to estimate GIBBS energies of solvation and 
other quantities of interest. (iv) Use these GIBBS 
energies of solvation to create a RMG able to perform 
kinetic rates estimations of liquid-phase oxidation.      
 
The used PC-SAFT equation is based on a model 
conceiving molecules as chains of spherical segments 
(hard spheres). As a consequence, each pure 
component is described using three parameters (m,σ,ε) 
which are respectively the average number of segments 
in a hard chain, the segment diameter and the depth of 
pair potential (dispersion forces). 
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equation of state based on the Statistical Associating Fluid Theory 
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Illustration: Solvation process according to BEN-NAIM 

 
 

Main results 
 the bibliographic analysis about solvation 
phenomenon leads to the definition described in the 
illustration above (BEN-NAIM definition): 

The solvation process of a molecule i in a fluid is the process of 
transferring this molecule from a fixed position R1 in an perfect gas 

into a fixed position R2 in the real fluid without variation of 
temperature, pressure and composition. 

 this GIBBS energy of solvation can be estimated from 
an equation of state according to: 

, ln lni liqi solvationg RT RT z     

With i and liqz , the fugacity coefficient and the 

compressibility factor of i. 
 the expression of the kinetic constant in the liquid-

phase liqk  requires the estimation of ,i solvationg and the 

activity coefficient of each component i ,i liq  in the 

liquid-phase to describe non-ideal behaviors. These two 
quantities can be obtained from an EoS. 
Perspectives 
 development of an extended databank of Gibbs 
energies of solvation 
 development of a SAFT-based equation of state 
capable of guesstimating Gibbs energies of solvation 
and activity coefficients as well. 
 prediction of constant rates of complex systems in 
which liquid oxidation reactions take place. 
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Illustration (result, methodology or context) 
 

 
 
Characterization of biochar as function of 
pyrolysis conditions of Ni-hyperaccumulator 
plants (Alyssum murale)  

General context, scientific issues 
In the short term, the development of 
"biomass / energy" sector will help generate 
new carbon-rich materials (biochar) where the 
different possible uses remain relatively 
unexplored.  

In this work, we principally evaluate the 
influence of pyrolysis conditions and biomass 
characteristics on biochar properties, to 
increase knowledge about the quality of 
biochar materials. 

Objectives and stakes  
Understanding parameters that drive (i) the 
mechanical strength of biochar, (ii) the 
adsorption and the water mobility in biochar 
porosity, (iii) test these materials in 
bioengineering, and (iv) characterize biochar 
from Ni-hyperaccumulator plants. 

 Methodology/ Experimental approach 
 
The mechanical strength of biochar was 
assessed by compression tests of biochar 
specimens produced between 500 and 1000°C 
from three different woods (Poplar, Oak, and 
Douglas) by slow or fast pyrolysis. 
 
The interaction between biochar and water 
(adsorption and water mobility in porosity) was 
determined by Fast Field Cycling NMR 
relaxometry of two series of biochars produced 
from Douglas in slow and fast pyrolysis 
between 500 and 1000°C. 
 
Characterization of biochar from Ni-
hyperaccumulator plant was assessed by 
observation by transmission electron 
microscope (TEM) and X-Ray diffraction of 
biochar produced from Alyssum murale 
between 500 and 800°C in slow and fast 
pyrolysis. 

Main results 
Mechanical strength of biochar is mainly linked 
to pyrolysis conditions. The increase of 
mechanical stability with final temperature in 
slow pyrolysis conditions is mainly due to the 
increase of carbon organization. The decrease 
of mechanical stability with final temperature 
in fast pyrolysis conditions is due both to the 
reduction of wall thickness and localized 
swellings along wood fibers. 

Water mobility in biochar porosity increases 
with pyrolysis temperature, mainly by the 
reduction of functional groups 

A slow heating at 500 °C of Ni-
hyperaccumulator plant induces small Ni 
particles between 3 and 4 nm well-dispersed in 
the carbon matrix, while a fast heating at 800 
°C allows the formation of onion-like carbon 
materials. 

 

References  
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Characterization of biochar as function of 
pyrolysis conditions of Ni-hyperaccumulator 
plants (Alyssum murale)  

General context, scientific issues 
In the short term, the development of 
"biomass / energy" sector will help generate 
new carbon-rich materials (biochar) where the 
different possible uses remain relatively 
unexplored.  

In this work, we principally evaluate the 
influence of pyrolysis conditions and biomass 
characteristics on biochar properties, to 
increase knowledge about the quality of 
biochar materials. 

Objectives and stakes  
Understanding parameters that drive (i) the 
mechanical strength of biochar, (ii) the 
adsorption and the water mobility in biochar 
porosity, (iii) test these materials in 
bioengineering, and (iv) characterize biochar 
from Ni-hyperaccumulator plants. 

 Methodology/ Experimental approach 
 
The mechanical strength of biochar was 
assessed by compression tests of biochar 
specimens produced between 500 and 1000°C 
from three different woods (Poplar, Oak, and 
Douglas) by slow or fast pyrolysis. 
 
The interaction between biochar and water 
(adsorption and water mobility in porosity) was 
determined by Fast Field Cycling NMR 
relaxometry of two series of biochars produced 
from Douglas in slow and fast pyrolysis 
between 500 and 1000°C. 
 
Characterization of biochar from Ni-
hyperaccumulator plant was assessed by 
observation by transmission electron 
microscope (TEM) and X-Ray diffraction of 
biochar produced from Alyssum murale 
between 500 and 800°C in slow and fast 
pyrolysis. 

Main results 
Mechanical strength of biochar is mainly linked 
to pyrolysis conditions. The increase of 
mechanical stability with final temperature in 
slow pyrolysis conditions is mainly due to the 
increase of carbon organization. The decrease 
of mechanical stability with final temperature 
in fast pyrolysis conditions is due both to the 
reduction of wall thickness and localized 
swellings along wood fibers. 

Water mobility in biochar porosity increases 
with pyrolysis temperature, mainly by the 
reduction of functional groups 

A slow heating at 500 °C of Ni-
hyperaccumulator plant induces small Ni 
particles between 3 and 4 nm well-dispersed in 
the carbon matrix, while a fast heating at 800 
°C allows the formation of onion-like carbon 
materials. 
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General context, scientific issues 
 
       In order to achieve the European and French 
objectives for greenhouse gas (GHG) reduction and 
renewable energy increase, the share of energy 
produced from biomass is expected to rise greatly. 
France has large forests which are currently under-
utilized and could be valorized energetically. However, 
wood can be converted using a number of different 
technologies. What are the environmental and 
economic advantages and drawbacks of each, on global 
as well as local scales? 
 
 

Objectives and stakes 
 
• Establish the Carbon, Oxygen, Hydrogen balance of 
the different production chains 
• Do a Life Cycle Analysis and an economic analysis to 
compare the different scenarios 
 
 

Methodology / Experimental approach 
 
       My thesis is part of the FORêVER project in which 
four laboratories collaborate.  
       The GO+ model, an ecophysiological growth model 
for forests, developed by INRA in Bordeaux, is coupled 
with CAT, a tool from LERFOB in Nancy that calculates 
the GHG emissions from the primary transformation of 
wood. This setup allows us to quantify the input and 
output from biomass growth and supply chain, over 50 
to 100years, and under various climate change 
projections.  
       The resulting data feed process models for the 
different conversion scenarios (combustion and 
gasification). These models are developed under Aspen 
Plus© with Fortran subroutines for the more complex 
reactions. The combination of models and literature 
gives a complete Life Cycle Inventory, which is used for 
the environmental and economic analyses.  
        On the global scale, the competitiveness of wood 
with other sources of bioenergy is studied via the 
IMACLIM economic model (CIRED).  
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 Environmental and socio-economic analysis of bioenergy production chains  
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Illustration: Modelling the environmental and 
economic performance of the wood-to-energy chain 

 
 

Main results 
 
• In the Landes region, climate change projections result 
in a decrease in annual wood production as water stress 
episodes intensify. 
• A first series of runs for combustion scenarios has 
shown that, for the production of heat, wood generally 
emits less GHG than natural gas or electricity, but is not 
always cheaper. 
• We have also seen that the quality of combustion 
matters greatly, because some minor pollutants have a 
high Global Warming Potential impact, much higher 
than CO2. There is also more uncertainty on these 
species’ GWP according to the LCIA method. 
• On the global scale, projections show that the 
competitiveness of wood for the production of energy 
depends strongly on the existence and level of carbon 
taxes. In the absence of such regulatory devices, wood 
is just too expensive compared to energy crops for 
example. 
 

References 
 
[1] François, J., M. Fortin, F. Patisson, & A. Dufour. 
2014. Enviro. Sc. & Techno. 48 (23): 14007‑15. 
doi:10.1021/es5032823. 
[2] C. Pelletier, J. François, L. Dieckhoff, M. Fortin, Y. 
Rogaume, M.-N. Pons, A. Dufour. 2015. Presented at 
the ECOS2015 conference. 
[3] C. Pelletier, Y. Rogaume, L. Dieckhoff, G. Bardeau, 
M. Fortin, M.-N. Pons, A. Dufour. 2016. Submitted. 

Livre recueil thèses complet 2016.indd   107 6/21/2016   2:53:56 PM



91
 

2015 

 

Thermal evolution of HP/HT fluids in reservoirs 
Pyrolysis of alkylcycloalkanes 

Darwin A. Rakotoalimanana (Defense 18th May 2016) 
1Paul-Marie Marquaire, 1Roda Bounaceur, 2Françoise Béhar 

1LRPG, CRT – 2TOTAL E&P – Axe 4 
 

Illustration 
Gold sealed tube reactor is placed in an HP 
autoclave oven and heated at a temperature and a 
pressure (both kept constant) for a given time. 
 

 

Objectives and stakes  
 
The objective of this work is to understand the 
thermal cracking of naphtenes at geological 
conditions (100-1000 bars, 150-220°C). In the 
meantime, this study contributes to the 
development of a global model [3] which enables 
to predict the composition and the thermal 
evolution of oils in reservoirs and by extent their 
economic interest in current oil exploration. 

Methodology/ Experimental approach 
 
Three chemical systems were chosen: n-
butylcyclohexane C10H20 (BCH), 1-n-butyldecalin 
(BD) and mixture n-octane/BCH. The pyrolysis of 
these compounds was studied in sealed gold 
tube reactor at 100 bar and 300-425°C during 9-
672. A kinetic model based on free-radical 
mechanism [5] was built to represent the 
pyrolysis of firstly BCH and then n-octane/BCH. 
Both models were then extrapolated to the 
geological temperature i.e. 200°C. 

Main results 
The pyrolysis of BCH [4] mainly leads to the 
formation of three main chemical classes: n-
alkanes (mainly C1-C3), naphtenes (mainly 
cyclohexane and methylcyclohexane) and aromatic 
compounds (benzene, toluene and butylbenzene). 
Our detailed kinetic model shows that both 
alkanes and naphthenes come from breaking of 
side alkyl chain reaction. The direct aromatization 
of BCH to n-butylbenzene also appears as major 
primary reaction pathway. Alkylbenzenes are more 
likely to come from breaking of side alkyl chain 
reactions of n-butylbenzene.  
Results of the pyrolysis of BD do not show 
significant difference in comparison with BCH in 
terms of thermal reactivity and products.  
Our model of the pyrolysis of the binary mixture 
reveals the inhibiting effect of BCH on the thermal 
cracking of n-octane, which is not function of the 
initial concentration of BCH and get greater over a 
lower temperature (200°C). 

References 
 [1] Lannuzel et al., JAAP., 2010, p 236-247 
 [2] Fusetti et al., Org.Geochem., 2010, p 146-167 
 [3] Dominé et al, Org. Geochem., 2002, p 1487-1499 
 [4] Rakotoalimanana et al., JAAP, 2016 part 1  
 [5] Rakotoalimanana et al., JAAP, 2016 part 2 
 

General context, scientific issues 
 
The thermal evolution of petroleum in reservoirs 
over the last geologic periods is controlled by the 
kinetics of thermal cracking. High 
temperature/High pressure (HP/HT) fluids, which 
have become new assets in our resources, 
correspond to the petroleum contained in Deeply 
Buried Reservoirs (5000-6000 m depth) such as 
Elgin reservoir in North Sea where temperature 
and pressure are greater than 170°C and 700 bar 
respectively. They show a higher content of 
alkylcycloalkanes, also known as naphtenes 
(usually more than 30 wt %). Yet until now, very 
few studies on naphtenes at high pressure and 
low temperature have been done unlike the case 
of alkanes or more recently aromatic compounds 
[1-2]. 
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MS Experimental setup  

 

General context, scientific issues 
Due to the current issue concerning the 
growing primary energy demand, not to 
mention a general interest in sustainable 
development, biofuels became very 
fashionable in recent years. They are subject to 
a lot of research on combustion with the 
characterization of the reactivity and pollutant 
emissions. 

Objectives and stakes  
 Establish an experimental database to 

identify reaction products and 
intermediates 

 Develop and validate detailed kinetic 
models in order to reproduce the 
combustion of the fuel 

Methodology/ Experimental approach 
Oxidation experiments were performed using a 
jet-stirred reactor. Thanks to its both 
homogeneity in temperature and 
concentration, it can be considered as an ideal 
reactor for kinetic studies. 

The products obtained have been analyzed 
using three complementary methods: gas 
chromatography (GC), cavity ring-down 
spectroscopy (CRDS) and mass spectrometry 
(MS) in collaboration with Greener. The GC 
method is efficient in separating compounds 
and allows us to analyze a wide range of 
products. The CRDS method is an absorption 
spectroscopic technique that allows us to 
analyze specific species such as H2O2. Finally 
MS coupled with a soft ionization technique 
allows us to analyze hydroperoxides products 
(R-OOH) which are important reaction 
intermediates in combustion. Due to their 
week O-O bond, H2O2 and hydroperoxydes are 
thermolabile and undetectable using GC. 

 

Main results 

 

Mole fractions of C5H11-OOH during n-pentane 
oxidation (xfuel = 0.005, P = 106.7 kPa, τ = 2 s, 
φ = 0.5, 1 & 2) [A. Rodriguez et al., Int. Symp. 

Combust. (2016), accepted]  
Symbols represent experiments and lines 
represent simulations with a mechanism 

developed in Galway. 
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Illustration : pyrolysis setup 

 
 
 
 
 
 

1 : Reservoir of liquid hydrocarbon
2 : Mass flow regulators
3 : Evaporation chamber
4 : Perfectly stirrer reactor perfectly in quartz 
5 : Sensor of pressure
6 : Trap it pyrex with headland of vigreux
7 : Gates all or nothing
8 : Gate of regulation of pressure
9 : Trap it pyrex

General context, scientific issues 
Hypersonic researches are focusing on the thermal 
management of the vehicle and more especially of the 
engine because of the large heat load due to the high 
velocity and the combustion of the fuel. One method, 
called active cooling or regenerative cooling, consists in 
using the fuel heat sink capability due to the 
endothermicity of its thermal decomposition. Especially 
at high Mach numbers (5-10), fuel is an attractive heat 
sink. Jetfuels used in aeronautic are mainly petroleum 
based kerosenes containing several classes of 
hydrocarbons. Other jetfuels are pure hydrocarbons or 
mixtures containing molecules such as n-dodecane or 
tricyclodecane. In the literature, there is a significant lack 
of experimental data about cyclane pyrolysis. In order to 
better understand the thermal decomposition of jetfuels, 
different model molecules are studied. 

 

 

Objectives and stakes  
 Study of the thermal decomposition of a jetfuel 
 Study of the pyrolysis of model molecules :            

n-dodecane, iso-dodecane, methylcyclohexane 
 Improving a detailed kinetic mechanism based on 

elementary steps and validated with experimental 
data 

  

Methodology/ Experimental approach 
Pyrolysis is studied in a continuous perfectly stirred 
reactor, for an initial mole fraction of 3 % diluted in 
helium, at atmospheric pressure. The residence time is 1s, 
whereas the temperature ranges from 500°C to 800°C. 
Several intermediate species are formed during pyrolysis 
and have been identified by GC/MS and quantified by 
GC/FID. 
The quantification of light (i.e. < C5) products of pyrolysis 
is performed on line with gas phase chromatograph using 
FID and TCD detectors. 
Heavy (i.e. > C5) products of pyrolysis are condensed at 
the outlet of the reactor in a cooled trap with liquid 
nitrogen during ten minutes. They are then dissolved in 
acetone to be analyzed on a gas phase chromatograph 
using FID detector. 
 

Main results 
 The pyrolysis of a jetfuel and n-dodecane, iso-

dodecane, methylcyclohexane are studied between 
500 to 800°C.   

 
 For the same range of temperature, the conversion is 

more important in the case of iso-dodecane (10% to 
100%) than n-dodecane (2% to 70%) and  
methylcyclohexane (0% to 55%).  

 
 The main products of the pyrolysis reaction are the 

same for the three compounds and the jetfuel. They 
are hydrogen, methane, ethylene, propylene, 
benzene, toluene and cyclohexene, but the 
distributions of products are different. 

 
 The pyrolysis of a surrogate mixture of 3 model 

molecules is equivalent to the jet-fuel pyrolysis. 
 
 All these new experimental data are used to improve 

this detailed kinetic mechanism of pyrolysis based on 
elementary steps. 

 
 The kinetic model of pyrolysis allows to quantify the 

heat transfer and the composition of the mixture 
entering into the combustion chamber. 
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General context, scientific issues 
 
Soil remediation becomes more and more important for the 
preservation of the environment and human health and the 
reuse of polluted areas. Several strategies can be used 
according to the nature of organic pollutants. Thermal 
desorption followed by thermal decomposition can be used 
for the treatment of pollutants such as hydrocarbon fuels, 
poly-aromatic hydrocarbons, or species containing 
heteroatoms (e.g. chorine, sulphur).  

 
 

Objectives and stakes 
 
The objective is to study the pyrolysis of molecules with 
similar structure to pollutants. It is crucial to understand the 
chemistry of thermal decomposition of these pollutants to 
predict the influence of operating conditions on the nature 
and concentration of reaction products.  

 
 

Methodology / Experimental approach 
 
The pyrolysis of organic molecules is studied using a fused 
silica jet stirred reactor under dilute atmosphere. Operating 
conditions are the temperature of the reaction, the residence 
time of the gas in the reactor, the composition of the inlet 
feed of the reactor, and the pressure. 
The outlet gas is analysed using gas chromatography.  
 
Two gas chromatograph are used to detect a wide range of 
reaction products. Gas chromatograph are directly 
connected to the outlet of the reactor thanks a heated 
transfer line and injection valve (online analysis). 
Pollutants to be treated are generally molecules which are 
harmful for the environment and human health. The strategy 
consists in selecting model molecules which owns the same 
functional group as pollutants, but which present no danger 
for a study at the laboratory scale. 
 
Experimental data will be helpful for the choice of the 
operating conditions of the future process. In parallel to the 
experimental work, detailed kinetic models will be developed 
and used to explore operating conditions which are no easily 
accessible at the laboratory scale.  
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Illustration:  

 
Diagram of the apparatus used for the pyrolysis study 

 

Main results 
 
During the first year, the pyrolysis of diethyl ether has been 
comprehensively studied. First results on the pyrolysis of 
chlorobenzene (PCBs model compound) has also been 
obtained. 

A maximum DEE conversion of 99.92 % was observed for 
an experiment at 800 torr, a residence time of 2 seconds, an 
inlet mole fraction of DEE of 0.01 and a temperature of 
1100 K. The following species were detected: ethylene, 
acetaldehyde, ethanol, carbon monoxide, methane, ethane, 
acetylene, benzene, propane, propene, 1,3-butadiene and 
propyne. The first 5 species in the list were the major 
products of the pyrolysis of DEE. Experimental data 
showed almost no influence of the pressure and inlet 
composition on the reactivity and product selectivity. 
However, the DEE conversion is strongly influenced by the 
residence time. 

Pyrolysis of the chlorobenzene has also been investigated, a 
maximum conversion of 35.3 % was observed for an 
experiment at 800 torr, a residence time of 2 seconds, an 
inlet mole fraction of 0.01 and a temperature of 1150 K. 
Benzene, biphenyl, biphenyelene and PCBs are  the mostly 
detected products. These first results shows that aromatic 
compounds are rather not reactive and that they tend to 
form larger species at low conversions. 
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General context, scientific issues 
Carbon dioxide Capture and Storage (CCS) is one 
potential option for reducing atmospheric emissions of 
CO2 from human activities. During the processes of CCS, 
CO2 is often accompanied by many gas impurities, such 
as N2, Ar, H2, CO, SO2, O2 and NO. To understand the role 
played by these impurities, it is essential to know the 
thermodynamic properties of such gas mixtures under 
the conditions of CO2 capture, transport and storage. 
Considering the variety of composition of these gas 
mixtures, it is necessary to have at one’s disposal 
suitable models to predict their thermodynamic 
properties. It is indeed almost impossible to get all 
thermodynamic properties from experimental 
measurements. 
 

Objectives and stakes 
The purpose of this work is to investigate the 
performance of E-PPR78 and PC-SAFT models for 
describing phase equilibrium properties of binary 
mixtures containing CO2, gas impurities (SO2, O2 and 
NO), water and hydrocarbons. 
 

Methodology / Experimental approach 
(1) The E-PPR78 model 
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(2) The PC-SAFT model 
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 Modeling Phase Equilibrium of CCS Mixtures with the E-PPR78 Model and the 
PC-SAFT Model 
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Illustration: isothermal phase diagrams predicted with 
the E-PPR78 model and the PC-SAFT model for binary 
gas mixtures: (a) CO2 + SO2; (b) O2 + CO2; (c) NO + CO2; 
(d) O2 + SO2; (e) NO + SO2. 

 
 

Main results 
The phase equilibrium properties of binary CCS mixtures 
were modeled by three ways: (1) using the PC-SAFT 
model with “zero” binary interaction parameters (i.e. 
kij,PC-SAFT = 0); (2) using the PC-SAFT model with adjusted 
kij,PC-SAFT; and (3) using the E-PPR78 model. 
Our research results indicate that, both models are able 
to accurately predict the phase behavior of binary CCS 
mixtures. It was however necessary to adjust the binary 
interaction parameters (kij,PC-SAFT) within the PC-SAFT 
model to improve the prediction accuracy. Compared to 
the PC-SAFT model with one temperature-independent 
binary interaction parameter, the E-PPR78 model 
normally shows better prediction accuracy for the 
investigated systems. 
An empirical equation is proposed in this work to 
roughly estimate the kij,PC-SAFT of CO2 + hydrocarbon 
systems. 
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Illustration: (a) Thermal capacity isobaric around the 
critical point of CO2  

 
(b) Recompression configuration of S-CO2 Brayton cycle 

 
 

General context, scientific issues 
 
Nowadays, the world’s consumption of energy is 
increasing continuously and the coal demand will 
reach 9 billion tonnes per year by 2019 [1]. The 
public awareness of thermal pollution and 
emission of greenhouse gases is rising yet coal-
fired plant is still a key source of energy. Two main 
technical means intending to solve the issue are 
being widely studied in coal-fired plants: carbon 
capture and storage (CCS) and/or improvement of 
energy efficiency with given power output in 
thermodynamic power cycle.  
 
 

 

Objectives and stakes 
This study focus on the enhancement of a coal-
fired plant with supercritical CO2(S-CO2) Brayton 
cycle as power cycle. The main purpose of this 
project is to propose an optimal/improved design 
of such cycle as well as such plant. Indeed, a 10%-
LHV efficiency improvement is announced 
compared to a traditional Rankine cycle in coal-
fired plant [2]. The idea of optimization 
incorporates the design and operating 
parameters. Moreover, the key components 
(turbine, compressor and boiler) are to be 
analysed and detailed with 1.5 dimension design. 
 

 
Methodology/ Experimental approach 
For the validation step, a process simulator 
ProSimPlus version 3 is chosen in order to 
evaluate different thermodynamic models. Since 
fluid properties have strong influences on turbo-
machinery, it is important to have a model which 
is capable of predicting performances of 
supercritical fluid. 
Then a calibration is to be done with steam cycle 
in order to test the limits of the software. 
Moreover, modeling, simulation and optimization 
of entire S-CO2 Brayton power cycle will be carried 
out through this software.  
 

Main results 
The current bibliography research shows that the S-
CO2 Brayton cycle has been widely investigated in 
solar thermal plant and nuclear reactor 
applications. Results indicate that conception of 
this cycle could improve energy efficiency and that 
a more compact turbo-machinery can be achieved.  
 
 

Future works aim to (i) verify Span&Wagner 
equation with DECHEMA data around critical zone 
of CO2 ;(ii) study on the calibration of Rankine steam 
cycle and optimize through process simulator and 
finally (iii) carry out modeling and optimization of 
process in terms of efficiency. 
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General context, scientific issues 
Today, water pollution is among the major problems of 
the world. Indeed, the main causes of this pollution 
originate from the population growth and from heavy 
industrial, urban and agricultural activities. Several 
methods have been developed for water pollution 
control like chlorination, ozonation, ...The 
photocatalytic degradation of organic pollutants like 
dyes or pesticides from water using semiconducting 
materials has recently attracted a lot of attention [1-2]. 
Among photocatalysts, zinc oxide ZnO is a promising 
material either for the generation of hydrogen or for 
the decomposition of organics owing to its large 
exciton binding energy (60 meV) at room temperature, 
high photosensitivity, low cost, high chemical stability 
and weak toxicity [3.4]. Photocatalysis is applied in 
many areas including the elimination of contaminants 
from water and air, odor control, and inactivation of 
microorganisms. 
 

Objectives and stakes 
- Synthesis and characterization of ZnO nanoparticles 
with various morphologies (spheres, nanorods, 
nanotubes,…). 

- Influence of the particles morphology on the 
photocatalytic activity.  

- Doping of ZnO nanoparticles to increase the visible 
light activity of photocatalysts for pollutants 
degradation. 
 

Methodology / Experimental Approach 
 
•Development of new solvothermal and hydrothermal 
methods to produce ZnO or doped-ZnO nanoparticles 
with controlled morphology. Characterization of the 
materials by SEM, TEM, XRD, BET, UV-visible 
spectroscopy, … 
•Evaluation of the photocatalytic activity of the new 
materials using the Orange II dye as a model pollutant. 
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Enhancement of the photocatalytic degradation of the Orange II dye by  
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1.a)Degradation of the Orange II dye using ZnO:Mnparticles under 
solar light irradiation ; b) TEM micrograph of ZnO:Mn nanospheres. 
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2. Influence of the Mn-doping of ZnO nanoparticles for the 

photodegradation of Orange II. 
 

 

Main results 
 
 ZnO nanospheres undoped and doped with Mn2+ 

have been successfully synthesized. 
 Mn-doped ZnO nanospheres prepared via a 

solvothermal method generate more reactive 
oxygen species (•OH and O2

•-radicals) than ZnO 
particles and exhibit a higher photocatalytic 
activity. 

 Degradation of Orange II is highly efficient using 
the ZnO:Mn photocatalyst. 
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General context, scientific issues 
Today, water pollution is among the major problems of 
the world. Indeed, the main causes of this pollution 
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General context, scientific issues 
In the past decade, the growing use of numerous novel 
technologies as controlled-delivery systems has 
prompted a costly trial-and-error development of new 
and effective systems. In order to facilitate a more 
rational design and optimization, facing the set of 
existing possibilities, any reverse engineering solution 
that could semiautomate the product development 
would bring precious help to the users (formulation 
scientists and educators), This would facilitate the 
essential importance of choosing the right materials for 
the correct application. 
 

Objectives and stakes 
Starting from a final use property (for example: a 
constant flow release) the final objective is to develop 
a product design methodology which allow to 
determine the optimal features for a formulation to 
prepare: phases in presence, composition, interface 
type, size and distribution of current objects, phase 
equilibrium, diffusion within phases and evolutionary 
character of the material. 
 

Methodology / Experimental approach 
The methodology of this PhD consists of three 
interdependent parts: modelling, simulation and 
experimental validations. A development of 
physicochemical models is fundamentally  
required to quantify mass transfer as function of 
product composition and structural parameters. 
Expressed as a reverse design problem, appropriate 
simulation tools (including thermodynamics, mass 
transfer and formulation) will be developed to rank 
generated systems versus an optimal target 
function (zero order release for example). From 
numerous materials providing interesting 
possibilities, emulsions have been all along 
identified as complex systems very flexible 
regarding composition, size distribution, phase 
equilibrium, morphology and viscosity. Therefore, 
emulsions are presented as a relevant model 
system for the experimental validation of this work.  
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Mass transfer within complex media.  
Reverse Engineering: from final target property to material 
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Illustration: General sketch of reverse engineering tool 

 
 

Main results 
-A study of a semi batch two-step emulsification 
process for obtaining highly concentrated emulsions 
was performed and deeper insight about formulation 
and structural parameters was gained. 
-A programming code using the modified UNIFAC 
group-contribution method (Dortmund, 1993) was 
written in order to estimate activity coefficients of 
liquid-liquid mixtures. An additional algorithm was 
prepared for calculating distribution coefficients of a 
certain active ingredients within the emulsion phases. 
-The above thermodynamic descriptors were validated 
experimentally, and a mechanistic model has been 
developed to consistently predict the diffusion of an 
active ingredient from the emulsion to a release 
medium in perfect sink conditions.  
-A full factorial design of virtual experiments has 
allowed to obtain a quantitative description of the 
release depending on different variables. Real 
controlled release experiments are being carried out to 
check accuracy of predictions. This methodology is 
showing to be of very high interest in the domain of 
formulation by allowing fast and robust screening 
preliminary studies on a broad range of components as 
well as precise and rigorous prediction tools to 
optimize controlled release from an identified system. 
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Illustration: 
Calcite crystal forms after 72h on a reference 
material 

 

General context, scientific issues 
Fouling is the deposition of substances on the 
walls of pipes and other structure conveying 
water. It causes the pressure drop as well as the 
thermic resistance to increase and can cause 
blocking, heavily impacting any process 
concerned. 
Tap water distribution is done through 
underground coated pipes, which are installed 
for decades making them subject to mineral and 
biological fouling. The consequences are the 
cleaning or replacement of the impacted 
sections. These operations boast heavy costs and 
are to be reduced as much as possible. 

Objectives and stakes  
A work group has been created to study different 
polymer coatings for pipes to select the one best 
suited in regard to decreasing the mineral and 
biological fouling. We focus on the former. 
This work is also the opportunity to study CaCO3 
formation at low supersaturation level (CaCO3 

being the main component of mineral fouling) 
and the influence of the surface of deposition on 
the mechanisms involved. 

 Methodology/ Experimental approach 
The first part of the thesis was the creation of a 
pilot process for the deposition of CaCO3 under 
low supersaturation using tap water. This meant 
using mild enrichment techniques, excluding 
heavy chemical influence or physical treatment. 
Once the pilot was created, a methodology has 
been formulated to test the materials provided: 
The materials are tested for 72h as batches of 
five samples in the presence of reference 
samples. Those samples of deposits are observed 
(MEB) and then dissolved and dosed through ICP-
OES. The data are then statistically compared 
across the studied and reference materials. 
An ultrasound study is conducted to test the 
adherence of the deposit. 

Main results 
The first result is the assembly of an entirely new 
process of low supersaturation deposition of 
CaCO3 able to work under 83mg/l. 
The methodology developed for the testing and 
analysis of the material samples allows for the 
accurate measure of the mineral formed on its 
surface. 
The kinetic study of deposition showed a steady 
increase in calcite deposit, excluding a surface 
formation and growth mechanism alone and 
pointing to a combined deposition and growth 
mechanism. 
The statistical comparison of the deposits showed 
little difference for the first or second generation 
of materials, yet we were able to orient the choice 
for later generation, until the third generation of 
materials which showed statistically lower 
deposits than the reference. 
A study of ultrasound cleaning showed a disparity 
in the adherence of the deposit depending on the 
material of the support. 
 
 

 

References 
 Lédion et al., L’eau, 1993, p. 355–360 
 Raviv Segev et al., AIChE Journal, April 2012, p. 

1222-1229. 
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General context, scientific issues 
The ASTM F42 Technical Committee defines Additive 
Manufacturing (AM) as a process of joining materials to 
make objects from 3D model data, usually layer upon layer, 
as opposed to subtractive manufacturing methodologies like 
machining. 
This thesis is inscribed within the polymer recycling field in 
the open source additive manufacturing (called 3D printing 
process). The overall goal is to have a better understanding 
on the conditions and scale of the recycling process, and the 
implications on the diffusion of this growing technology. 
 

Objectives and stakes 
 Establish the operating conditions for the recycling of 

PolylacticAcid (PLA) for open source additive 
manufacturing. 

 Characterize the physical properties of the PLA and the 
corresponding operating conditions. 

 Evaluate the structures coupling structural optimization 
(with 3D printer) and material optimization (with the 
composite materials created).   

 Explore different candidate reinforcing compounds to 
create composite materials based on the polylactic acid 
(PLA). 

 Propose an open source user environment under which 
this technology will be adopted 

 

Methodology / Experimental approach 
Feasibility study: The goal of study of feasibility is to 
understand the stages and parameters to consider for 
recycling polymer materials.  
 
Development of the orientations:  The second phase will be 
about the developing of experimental tests in order to 
evaluate the influence of parameters on the quality of 
products made by recycled materials. This will allow us to 
optimize the operating conditions for obtaining suitable 
materials for open source AM, and at the same time, to 
establish minimal requirements to ensure technical quality 
of the materials. 
 
New structure and material development: The goal is to 
explore the feasibility of composite structures with materials 
issue of PLA, topological optimization will be achieved with 
the 3D printing process and material properties optimization 
with the developed composite material. 
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Illustration: Operation recycling methodology 

 
 

Main results 
 The literature review about the AM technology has been 

done in order to understand operating principles, 
materials, advantages and disadvantages of each AM 
process. 

 Exploratory experiments have been done in LRGP’s 
laboratory in order to determine the parameters, 
conditions, and the first results about the recycling 
polymer. The polymer used for these first experiments 
has been recycled Polylactic Acid (PLA) from Lorraine 
Fab Living Lab. 

 Mechanical tests of the PLA using the 3D printing and 
the injection process have been develop in order to 
characterize the initial properties.  

 Progressive diminution of mechanical properties of the 
polymer in function of the number of recycling cycles 
have been found. These results allow to evaluate the 
degradation of the process in the material 
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Illustration 
Devulcanization of GTR  
Ground Tyre Rubber (GTR) was devulcanized 
in a system composed of a conventional 
microwave oven adapted to a motorized 
stirring system with speed control.  

 
Microwave oven for devulcanization of GTR 

 

Preparation of blends 
Blends of (HDPE/ devulcanized GTR/ 
organically modified clay Cloisite) were 
prepared in a twin-screw extruder 

 
Screw profile for the extrusion of HDPE and GTR 

 

General context 
These last years, the search for solutions to the 
problem of the elimination of waste polymers, 
notably waste from tyres, which raise grave 
environmental problems, knows an increasing 
development. In this context, this research 
project has for objective to contribute to the 
development and the promotion of innovative 
solutions which appeal to the knowledge 
developed in the domains of nanotechnologies, 
as well as the science and engineering of the 
new materials. More particularly, this study 
deals with the possibility of valuing waste from 
tyres by using them as raw material (as agents 
of reinforcement) for the elaboration of 
thermoplastic elastomers. 

Objectives and stakes  
 Increase adhesion between polymer matrix 

and devulcanized Ground Tyre Rubber 
(GTR) into the thermoplastic elastomers 

 Optimize the operating process conditions 
of extrusion to obtain efficient dispersion 
of elastomeric phase into the thermoplastic 
matrix.  

Methodology/ Experimental approach 
The work has been carried out following four 
steps :  
 Stage 1: Preparation of nanocomposites, 

study of the efficiency of GTR 
devulcanization process adopted and 
characterization of the phases of the blends 

 Stage 2: Analysis of the best processing 
 Stage 3: Preparation of polymer blends 

(using the best processing conditions 
obtained in the Stage 2) and study of the 
evolution of the morphology in twin screw 

 Stage 4: Characterization of the final 
properties of the blends. 

 

Main results 
 

 Viscoelastic properties of blends were 
analyzed by Dynamic Mechanical Thermal 
Analysis (DMTA V Rheometric Scientific.) 
in conditions of dynamically vulcanized 
blends 

 Extrusion operating conditions were 
optimized to obtain a fine dispersion of 
GRT inside polyethylene matrix. 
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General context, scientific issues 
 
Medicinal drugs constitute a new type of pollution in 
hospital effluents. Ifosfamide, one of these medicinal 
drugs, is a highly toxic anticancer agent with alkylating 
properties. This drug is mutagenic, carcinogenic and 
teratogenic.  
Photocatalytic[1] degradation has been investigated over 
the last years to solve environmental problems. ZnO, 
one of the most used semiconductors as photocatalyst, 
has a modest catalytic efficiency due to the fast 
recombination of photo-induced charge carriers. 
Moreover, this material can only be activated only 
under UV light irradiation. 
Using CuInS2

 [2] quantum dots (QDs) as sensitizers is an 
efficient method to increase the efficiency of wide 
bandgap semiconductors like ZnO and allows this 
photocatalyst to be activated using solar or visible light. 
 
 

Objectives and stakes 
 
- Development of a new solar or visible light 

photocatalyst associating ZnO and CuInS2 QDs. 
- Improve the efficiency of the photocatalyst by a 

judicious choice of experimental conditions. 
- Study the photodegradation of Ifosfamide using 

either dispersed photocatalysts or photocatalysts 
immobilized in microreactors. 

 
 

Methodology / Experimental approach 
To improve the efficiency of photocatalysts, various 
experimental parameters have been studied : 
- Cu:In ratio in QDs 
- ZnO/QDs mass ratio 
- heat treatment to built the heterojunction between 
the QDs and ZnO 
- amount of photocatalyst … 

Photocatalytic results obtained with Orange II, used as a 
model, and Ifosfamide were monitored by UV-visible 
spectroscopy and HPLC, respectively. 

2016 
 

 
 

 
 

Photocatalytic degradation of persistent pollutants using zinc oxide metal-
oxide sensitized with CuInS2 quantum dots 

 
 

Florian Donat (3rd year) 

Raphaël Schneider, Serge Corbel, Didier Robert 
Axe 5 |  EMMAD   

Schematic description of the photocatalysis 
mechanism 

 
Under visible irradiation, electrons of CuInS2 QDs are 
excited from the valence band (VB) to the conduction 
band (CB). The photo-generated electrons in CuInS2 (CB) 
moves to ZnO CB and thus increase charge separation 
efficiency. 

 
 

Main results 
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Using Orange II as model pollutant, the ZnO-CuInS2 
photocatalyst is more active under visible light or under 
solar light irradiation. Experiments with Ifosfamide are 
in progress. 
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General context, scientific issues 
In situ monitoring of emulsion polymerization in 
reactors covers several challenges such as getting 
further insight into involved chemical and 
physico-chemical phenomena, characterizing the 
reaction medium at various scales 
(macromolecules, particles…), improving process 
control. Recently, we proved that Raman 
spectroscopy could be a good technique to 
answer these demand [1], [2]. 

Objectives and stakes  
 

The aim of that work is to demonstrate the 
capacity of the Raman spectroscopy to control 
the polymerization of styrene via macro-
emulsion process. 
 

Methodology/ Experimental approach 
 
 The synthesis is carried out in a double-

jacketed glass reactor under constant 
temperature and nitrogen atmosphere. The 
reaction medium is stirred thanks to a 
magnetic stirrer for spectroscopic 
measurements.  

 Spectroscopic measurements are realized in 
situ with a RXN2-785 nm Raman 
spectrometer (Kaiser Optical Systems) 
equipped with remote and immersion 
probes. 

 The synthesized polystyrene is characterized 
by thermogravimetry, gas chromatography, 
diffusion light scattering and absorption 
measurements. 

 Chemical parameters are varied to 
synthesized polystyrene in different kinetics 
and with different particle sizes. 

 Optical parameters (lens, wavelength…) are 
varied to understand optical phenomena. 

 

Main results 
 Reproducible synthesis and stable 

emulsion were obtained despite the use of 
a magnetic stirrer.  

 Impacts of the chemical parameters on the 
polymerization kinetic were checked. 

 Sensitivity of Raman spectroscopy to 
variation of polymerization kinetic was 
proved. 

 Good correlation between 
thermogravimetric and spectroscopic 
conversion measurements was 
demonstrated. 

 Optic parameters influencing 
spectroscopic results were detected. 
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General context, scientific issues 
In situ monitoring of emulsion polymerization in 
reactors covers several challenges such as getting 
further insight into involved chemical and 
physico-chemical phenomena, characterizing the 
reaction medium at various scales 
(macromolecules, particles…), improving process 
control. Recently, we proved that Raman 
spectroscopy could be a good technique to 
answer these demand [1], [2]. 

Objectives and stakes  
 

The aim of that work is to demonstrate the 
capacity of the Raman spectroscopy to control 
the polymerization of styrene via macro-
emulsion process. 
 

Methodology/ Experimental approach 
 
 The synthesis is carried out in a double-

jacketed glass reactor under constant 
temperature and nitrogen atmosphere. The 
reaction medium is stirred thanks to a 
magnetic stirrer for spectroscopic 
measurements.  

 Spectroscopic measurements are realized in 
situ with a RXN2-785 nm Raman 
spectrometer (Kaiser Optical Systems) 
equipped with remote and immersion 
probes. 

 The synthesized polystyrene is characterized 
by thermogravimetry, gas chromatography, 
diffusion light scattering and absorption 
measurements. 

 Chemical parameters are varied to 
synthesized polystyrene in different kinetics 
and with different particle sizes. 

 Optical parameters (lens, wavelength…) are 
varied to understand optical phenomena. 

 

Main results 
 Reproducible synthesis and stable 

emulsion were obtained despite the use of 
a magnetic stirrer.  

 Impacts of the chemical parameters on the 
polymerization kinetic were checked. 

 Sensitivity of Raman spectroscopy to 
variation of polymerization kinetic was 
proved. 

 Good correlation between 
thermogravimetric and spectroscopic 
conversion measurements was 
demonstrated. 

 Optic parameters influencing 
spectroscopic results were detected. 
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General context, scientific issues 
It is becoming increasingly difficult to ignore the 
dramatic accumulation of waste tires worldwide. 
Nevertheless, because of its composition and 
properties, the vulcanized rubber from car and trucks 
used tires is being widely reclaimed [1]. 

Nowadays, tire rubber granulates and powders, often 
called “ground tire rubber” (GTR), are used as good 
mechanical properties modifiers in rigid polymeric 
matrices. In addition, this usage provides an 
economical and environmentally friendly method for 
recycling tires [1].     

Polystyrene (PS) is a thermoplastic, amorphous, brittle 
and colorless polymer, commonly used for general 
purposes [1]. However, the mechanical properties of 
GTR/PS blends are deficient because of low 
compatibility and poor adhesion between the phases. 
Thus, in order to enhance their interaction and 
miscibility, the surface of the GTR can be modified by 
grafting of polystyrene via free radical polymerization 
[2, 3].  

 
 

Objectives and stakes 
Part of the aim of this research project is to set up a 
process stage for treatment of GTR/PS blends, in order 
to increase their interfacial adhesion and mechanical 
properties.   
 
 

Methodology / Experimental approach 
 Free radical polymerization for grafting styrene onto 

GTR particles in the presence of two chemical 
initiators (i.e. BPO and DCP) in a batch reactor.  

 Chemical, thermal and mechanical treatment of the 
composite material obtained, having a crucial effect 
on its final properties.  

 Quantification of the monomer conversion and 
grafting efficiency, and analysis of the impact and 
tensile strength, particle size and morphology by 
Izod Impact, laser diffraction and SEM, respectively. 
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Illustration: 
 

 
 

Grafting polymerization of styrene onto GTR particles 
 

 

Main results 
 Grafting polymerization of polystyrene onto GTR 

particles increases the compatibility between their 
interphases. Nevertheless, the conversion can be 
affected by the presence of impurities or additives 
in the GTR.   

 Mechanical properties of GTR/PS blends as the 
impact strength and elongation at break can be 
strongly improved by the incorporation of 
compatibilizer agents or by surface modification 
methods.  
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SEM micrographs of reactive compatibilized 
polymer blend. A: Mixing 2min; B: Mixing 
4min;C: Mixing 5min; D: Mixing 10min. 

General context 
Polymer blending has been an efficient route to 
create new materials that combines the 
desirable properties of each blend composition. 
However, most polymer pairs are 
thermodynamically immiscible leading to the 
phase separation and yield a material with poor 
properties. Therefore, reactive polymer blend 
involves in situ generation of the compatibilizers 
such as block or graft copolymers provides a 
convenient method to improve the adhesion of 
the interfaces and control the morphology of 
the resulting blends. 

It is very challenging to investigate a reactive 
compatibilization process because both mixing 
and interfacial reactions between reactive 
polymers are highly coupled. Most importantly, 
the amount of the in-situ formed copolymer is 
often so low that it is very difficult to determine 
it in a relatively accurate manner, especially for 
an industrial scale process. 

Objectives and stakes  

To probe the interfacial reaction and 
morphology development during the reactive 
polymer blending by using the reactive 
compatibilizer-tracer. 

Methodology/ Experimental approach 
The mixing of blend components (PS, PA6 and 
PS-TMI-MAMA) was carried out in a Brabender 
torque rheometer at different time. 

The morphologies of the blends were 
characterized by a scanning electron microscopy 
(SEM) of ZEISS ULTRA55. 

The reacted PS-TMI-MAMA was measured by via 
GPC with UV detector. 

 

 

Main results 
 The dispersed phase domain size first 

decreases and then increases with mixing 
time. 

 The reacted PS-TMI-MAMA increases with 
mixing time. 

 In the initial period of mixing, PS-TMI-
MAMA react with PA6 to form the graft 
copolymer which could decreases the 
particle size. As mixing time increases, the 
graft copolymer with large PA6 grafts is 
unstable at the interface and could be 
pulled out of the interface and move to the 
PA6. The dispersed phase coalescence and 
domain size increases. 
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General context, scientific issues 
It is becoming increasingly difficult to ignore the 
dramatic accumulation of waste tires worldwide. 
Nevertheless, because of its composition and 
properties, the vulcanized rubber from car and trucks 
used tires is being widely reclaimed [1]. 

Nowadays, tire rubber granulates and powders, often 
called “ground tire rubber” (GTR), are used as good 
mechanical properties modifiers in rigid polymeric 
matrices. In addition, this usage provides an 
economical and environmentally friendly method for 
recycling tires [1].     

Polystyrene (PS) is a thermoplastic, amorphous, brittle 
and colorless polymer, commonly used for general 
purposes [1]. However, the mechanical properties of 
GTR/PS blends are deficient because of low 
compatibility and poor adhesion between the phases. 
Thus, in order to enhance their interaction and 
miscibility, the surface of the GTR can be modified by 
grafting of polystyrene via free radical polymerization 
[2, 3].  

 
 

Objectives and stakes 
Part of the aim of this research project is to set up a 
process stage for treatment of GTR/PS blends, in order 
to increase their interfacial adhesion and mechanical 
properties.   
 
 

Methodology / Experimental approach 
 Free radical polymerization for grafting styrene onto 

GTR particles in the presence of two chemical 
initiators (i.e. BPO and DCP) in a batch reactor.  

 Chemical, thermal and mechanical treatment of the 
composite material obtained, having a crucial effect 
on its final properties.  

 Quantification of the monomer conversion and 
grafting efficiency, and analysis of the impact and 
tensile strength, particle size and morphology by 
Izod Impact, laser diffraction and SEM, respectively. 
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Main results 
 Grafting polymerization of polystyrene onto GTR 

particles increases the compatibility between their 
interphases. Nevertheless, the conversion can be 
affected by the presence of impurities or additives 
in the GTR.   

 Mechanical properties of GTR/PS blends as the 
impact strength and elongation at break can be 
strongly improved by the incorporation of 
compatibilizer agents or by surface modification 
methods.  
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General context 
Polymer blending has been an efficient route to 
create new materials that combines the 
desirable properties of each blend composition. 
However, most polymer pairs are 
thermodynamically immiscible leading to the 
phase separation and yield a material with poor 
properties. Therefore, reactive polymer blend 
involves in situ generation of the compatibilizers 
such as block or graft copolymers provides a 
convenient method to improve the adhesion of 
the interfaces and control the morphology of 
the resulting blends. 

It is very challenging to investigate a reactive 
compatibilization process because both mixing 
and interfacial reactions between reactive 
polymers are highly coupled. Most importantly, 
the amount of the in-situ formed copolymer is 
often so low that it is very difficult to determine 
it in a relatively accurate manner, especially for 
an industrial scale process. 

Objectives and stakes  

To probe the interfacial reaction and 
morphology development during the reactive 
polymer blending by using the reactive 
compatibilizer-tracer. 

Methodology/ Experimental approach 
The mixing of blend components (PS, PA6 and 
PS-TMI-MAMA) was carried out in a Brabender 
torque rheometer at different time. 

The morphologies of the blends were 
characterized by a scanning electron microscopy 
(SEM) of ZEISS ULTRA55. 

The reacted PS-TMI-MAMA was measured by via 
GPC with UV detector. 

 

 

Main results 
 The dispersed phase domain size first 

decreases and then increases with mixing 
time. 

 The reacted PS-TMI-MAMA increases with 
mixing time. 

 In the initial period of mixing, PS-TMI-
MAMA react with PA6 to form the graft 
copolymer which could decreases the 
particle size. As mixing time increases, the 
graft copolymer with large PA6 grafts is 
unstable at the interface and could be 
pulled out of the interface and move to the 
PA6. The dispersed phase coalescence and 
domain size increases. 
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General context, scientific issues 
Since ten years, it has been demonstrated that 
microreactors may offer a great variety of advantages 
over batch systems for the synthesis of nanoparticles. 
Among them, efficient mixing, precise temperature and 
reaction times control allow the preparation of 
monodispersed nanoparticles possessing well defined 
properties. Moreover, microfluidic devices provide 
potential for automating multi-step processes (analysis, 
surface functionalization and purification in a single 
microchip) and for the preparation of large quantities of 
nanocrystals through a continuous process. 
 

Objectives and stakes 
•  Develop new aqueous-based microfluidic continuous 
syntheses of highly luminescent quantum dots (QDs) 
using either single phase flow or two-liquid segmented-
flow devices [1]. 
•  Adapt the segmented-flow reactors to the production 
of metal-organic frameworks (MOFs) like zeolitic 
imidazolate frameworks (ZIF-8) [2]. 
 

Methodology / Experimental approach 
Segmented flows are composed of two non-miscible 
phases: a dispersed phase (reactant(s) in an aqueous 
stream) and a continuous phase (oil stream) (see 
figures). The droplet consists of the dispersed phase and 
the continuous phase encapsulates the droplets and 
preferentially wets or coats the surface of the 
microchannel. The particles nucleation and growth 
occurs in the aqueous droplets surrounded by the oil 
phase and thus narrow residence time distributions can 
be achieved. The continuous-flow reactor is composed 
of a T-type mixer followed by a Teflon channel (generally 
1.6 mm inside diameter) maintained at a constant 
temperature (25, 50, 75 or 100°C). Nanoparticles 
precursors dispersed in water were delivered in two 
separate flows and combined in a T-mixer. Water 
droplets in oil were generated using a second T-mixer 
before reaching the heated section.  Nanoparticles 
produced were characterized by TEM, SEM, XRD, BET, 
XPS, UV-visible absorption, Raman and fluorescence 
spectroscopies. 
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Illustration: Schematic of the synthesis of QDs and ZIF-
8 nanoparticles 

 
 

Main results 
• Highly luminescent 3-mercaptopropionic acid (MPA)-
capped Mn-doped ZnS and Mn-doped CdS QDs can be 
synthesized using a single phase flow or two-liquid 
segmented-flow microreactor. 
•  Large quantities and size-controlled ZIF-8 nanocrystals 
can be produced either via a two-step integrated 
microfluidic synthesis in a continuous-flow mode.  
• Flow rate, reaction time, temperature and the oil used 
influence the quality of the nanoparticles produced 
(size, size distribution, optical properties, specific 
surface, and pore volume). 
• The catalytic activity of the ZIF-8 nanocrystals 
prepared in microreactors was demonstrated for the 
preparation of coumarines using 2-
hydroxybenzaldehydes and reactive methylene 
compounds as starting materials. 
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Illustration 

 
 

Figure 1 (gauche) - Figure 2 (droite) : SEM photos of the uranium 
peroxide formed in the FBR - Variation of the mean particle size with time for 

the Experiments 1, 2 and 3 at the bottom of the reactor 
 

 

Main results 
The uranium peroxide solid particles obtained by 
precipitation in the fluidized bed reactor are compact 
agglomerates characterized by a relatively narrow size 
distribution (Fig. 1).  
Figure 2 shows the variation of the mean particle size of 
the precipitate from the beginning of the experiments 
until the establishment of the stationary regime. First, 
during the non-stationary regime, the variation of the 
mean particle size is almost the same due to the initial 
solid charge used to start-up the experiments. Further, 
after the discharge of the initial solid charge, the 
stationary regime is gradually established showing the 
real mean particle size which can be obtained in the 
fluidized bed reactor under prefixed operational 
conditions. Here, it is very interesting to note that when 
the rotating speed is increased two times (Experiment 2), 
the mean particle size sharply decreases. This cannot be 
explained by the phenomena of attrition or breakage of 
the agglomerates [3]. 
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General context, scientific issues 
In the processing of uranium ores, the uranium is 
recovered from mill leach solutions by 
precipitation as yellow cake concentrates. The 
fluidized bed reactor (FBR) is widely used in 
industrial precipitation processes. Particularly, a 
continuous precipitation of uranium by hydrogen 
peroxide in FBR is developed by AREVA [1]. The 
benefit of these processes is to lead a high-quality 
of solid particles of uranium peroxide in terms of 
granulometry, morphology, purity and density, 
which is an advantage in filtering operations as 
well as downstream handling of the powder. 

 
 

 
Objectives and stakes  
The aim of the present study is to give the 
experimental requirements that combined with 
the process modelling will provide the support for 
the optimization and design of the process to any 
operating conditions of the uranium peroxide 
precipitation. 

 Methodology / Experimental approach 
The uranium peroxide precipitation is produced at 
room temperature by mixing an uranyl sulfate 
solution with hydrogen peroxide according to the 
following precipitation reaction (1). The hydrogen 
peroxide (35%) is added to get a hydrogen 
peroxide-to-uranium ratio of 1.5:1. The flow rates 
are adjusted so that to create a fluidization of the 
particles with a fluid velocity of about 2 mm.s-1.  
𝑈𝑈𝑂𝑂2𝑆𝑆𝑂𝑂4 +𝐻𝐻2𝑂𝑂2 + 4𝐻𝐻2𝑂𝑂 ↔ 𝑈𝑈𝑂𝑂4 ∙ 4𝐻𝐻2𝑂𝑂 +𝐻𝐻2𝑆𝑆𝑂𝑂4        (1) 
The reaction must be performed at pH = 3. Due to 
the influence of the pH on the precipitation 
kinetics [2], the follow up and control of the pH is 
a determinant key. Thus, the pH is adjusted using 
a sodium hydroxide solution with a concentration 
of 200 g/L. A pH probe is situated at the top of the 
settler, allowing continuous monitoring of the pH 
which must be varied between 2.8 and 3.5. 
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General context, scientific issues 
Semiconductor mediated photocatalysis is an efficient 
method for environmental detoxification [1]. Zinc oxide 
ZnO is one of the most promising photocatalyst both for 
solar energy conversion and for the treatment organic 
pollutants due to its weak toxicity, high abundance, 
chemical and optical stabilities and photocatalytic 
efficiency. The photocatalytic activity of ZnO originates 
from the photo-generated electrons and holes which 
are strong reducing and oxidizing agents, respectively. 
The design of ZnO particles with controlled morphology 
at the nanometer scale is an important parameter 
governing the photocatalytic activity. Indeed, the 
optical and electrical properties depend highly on the 
structure, size, shape, defect concentration. . . 
In recent years, various ZnO nanostructures have been 
prepared via wet chemical synthesis routes. Among 
these nanostructures, ZnO rods have attracted a lot of 
attention for photocatalytic applications due to their 
high stability and large specific surface area. Graphene, 
graphene oxide or rGO were successfully associated to 
ZnO nanostructures with spherical or pseudo-spherical, 
morphologies to develop new photocatalysts, 
adsorbants, photodetectors, …[2]. Composite materials 
associating graphene or rGO to ZnO rods have also been 
developed. However, due to the synthesis methods 
used, the rods produced were of huge size (up to 5 µm 
length and 200 nm in diameter).  
 

Objectives and stakes 
  To developed a new solvothermal method for 

associating small ZnO rods to rGO. 
 Characterization of the ZnO/rGO composites.  
 Evaluation of the photocatalytic performances of 

the ZnO/rGO materials in the degradation of the 
Orange II dye under solar or visible light. 

 

Methodology / Experimental approach 

The work is divided into 2 parts: 

- Synthesis and characterization (UV-visible and 
fluorescence spectroscopies, TEM, XRD, DLS,…) of ZnO 
rods and ZnO/rGO. 
- Evaluation of the photocatalytic performances of the 
ZnO/rGO materials. 
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Illustration: Possible mechanism for the degradation of 
Orange II with the ZnO/rGO composite under solar light 
irradiation. 

  
 

Main results 
ZnO nanorods with an average length of ca. 180 nm and 
a diameter of ca. 16 nm and associated to rGO were 
synthesized using solvothermal method. The 
photocatalytic performances were found to depend on 
the amount of rGO associated to ZnO. The ZnO/rGO 
composite with 10 wt% rGO was found to achieve the 
highest removal of Orange II (99% of degradation under 
solar light irradiation after 150 min). Moreover, the 
ZnO/rGO photocatalyst was found to be weakly 
sensitive to salts commonly present in wastewater and 
to pH changes and could be reused up to 15 times 
without significant loss of catalytic activity. The 
increased light absorption intensity and range and the 
reduced charge recombination generated by the 
association of ZnO rods with rGO are responsible for the 
highest catalytic activity of the ZnO/rGO composite 
compared to ZnO rods. We hope that the solvothermal 
synthetic method developed in this work for the 
production of high quality ZnO rods associated to rGO is 
a promising technique for the preparation of efficient 
photocatalysts for the removal of pollutants. 
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General context, scientific issues 
 
In many industrial pharmaceutical sectors, food and cosmetic 
industries, products are manufactured in powder form. Handling, 
storage, packaging ... require great control of flowability. 
Poor flowability is drastically linked to products’ losses on an 
industrial scale, thus its control by the study of powder properties 
is essential. The flowability of powders is related to both intrinsic 
parameters such as shapes, particles’ sizes and extrinsic parameters 
like humidity and temperature. In this thesis, our study focuses on 
the overall understanding of technological tools to propose an 
experimental methodology and a predictive mathematical model of 
the flow of bulk materials.   
 

Objectives and stakes 
 
 Understand the interactions between particles and between 

particles and equipment. 
 Achieve a multi-scale characterization of flowability and 

rheological behavior powders. 
  Measure the interactions between powder/powders or 

powders/tip by AFM technology. 
  Explain, the change in flowability classification according to 

the different techniques.  
 Access to packing properties by various techniques available 

in the laboratory. 
 Transpose to industrial scale.   
 Develop a predictive model of powder flowability. 
 

Methodology / Experimental approach 
 
To study the effects of shapes and sizes, a wide range of 
pharmaceutical, cosmetic and food powders was selected. Powder 
characterization is carried out from the analysis of the particle size 
distribution using laser granulometer Mastersizer 2000 and of the 
powders morphology by imaging with a scanning electron 
microscope. 
The characterization and classification of flowability of powders 
are usually based on angle measurements or packing properties. 
One aim of the project is to obtain powder flow properties are using 
powders rheometers. 
Promising technologies such as AFM (atomic force microscopy), 
allow to visualize powders surfaces, estimate their roughness, 
obtain 3 D images but also to access interaction forces 
measurements necessary to understand their large impact on 
flowability. These measurements will fulfill the study. 
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Illustration: Powder rheometer, FT4 

 
 

Main results 
The transition from one technique to another significantly 
changes the ranking of the flowability since each technique 
subjects the powders to very different mechanical stresses. 
Therefore, each technique should be used in consistency with 
the mechanical conditions encountered in a particular 
application. 

 

One of our techniques, allowing the control of mechanical 
vibrations, clearly shows that, depending on the working 
parameters (amplitude and frequency), the classification of the 
flowability may be reversed.  Current work shows an 
interdependence between the initial state of powders and their 
physicochemical characteristics, however, the flowability of 
powders in our work is closely related to work settings. 

 

HR: Hausner ratio  
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General context, scientific issues 
 
In many industrial pharmaceutical sectors, food and cosmetic 
industries, products are manufactured in powder form. Handling, 
storage, packaging ... require great control of flowability. 
Poor flowability is drastically linked to products’ losses on an 
industrial scale, thus its control by the study of powder properties 
is essential. The flowability of powders is related to both intrinsic 
parameters such as shapes, particles’ sizes and extrinsic parameters 
like humidity and temperature. In this thesis, our study focuses on 
the overall understanding of technological tools to propose an 
experimental methodology and a predictive mathematical model of 
the flow of bulk materials.   
 

Objectives and stakes 
 
 Understand the interactions between particles and between 

particles and equipment. 
 Achieve a multi-scale characterization of flowability and 

rheological behavior powders. 
  Measure the interactions between powder/powders or 

powders/tip by AFM technology. 
  Explain, the change in flowability classification according to 

the different techniques.  
 Access to packing properties by various techniques available 

in the laboratory. 
 Transpose to industrial scale.   
 Develop a predictive model of powder flowability. 
 

Methodology / Experimental approach 
 
To study the effects of shapes and sizes, a wide range of 
pharmaceutical, cosmetic and food powders was selected. Powder 
characterization is carried out from the analysis of the particle size 
distribution using laser granulometer Mastersizer 2000 and of the 
powders morphology by imaging with a scanning electron 
microscope. 
The characterization and classification of flowability of powders 
are usually based on angle measurements or packing properties. 
One aim of the project is to obtain powder flow properties are using 
powders rheometers. 
Promising technologies such as AFM (atomic force microscopy), 
allow to visualize powders surfaces, estimate their roughness, 
obtain 3 D images but also to access interaction forces 
measurements necessary to understand their large impact on 
flowability. These measurements will fulfill the study. 
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Illustration: Powder rheometer, FT4 

 
 

Main results 
The transition from one technique to another significantly 
changes the ranking of the flowability since each technique 
subjects the powders to very different mechanical stresses. 
Therefore, each technique should be used in consistency with 
the mechanical conditions encountered in a particular 
application. 

 

One of our techniques, allowing the control of mechanical 
vibrations, clearly shows that, depending on the working 
parameters (amplitude and frequency), the classification of the 
flowability may be reversed.  Current work shows an 
interdependence between the initial state of powders and their 
physicochemical characteristics, however, the flowability of 
powders in our work is closely related to work settings. 

 

HR: Hausner ratio  
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Illustration  

The preliminary results on the characterization of 

rapeseed meal include FTIR, TGA, DSC, elemental 

analysis, etc.  

FTIR Spectra of rapeseed meal 

 
Ultimate analysis (dry, wt %) 

C: 42.50%; H: 6.04%; N: 6.25%; S: 0.55%; O: 44.66% 

H/C molar ratio: 1.69; O/C molar ratio: 0.78 

Thermo-gravimetric analysis 

 
Significant mass loss occurs from 200-500°C, with 

Tmax.(305°C). Refer ref4 for similar study. 

The DSC curve of the rapeseed meal shows the 

cross-linked exothermic peak of the bio-polymer 

units of the meal (not shown). These data obtained 

on the characterization of rapeseed meal will be 

used for the design and optimization of the pre-

treatment processes and reactors. 
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General context, scientific issues 

Oilseeds are harvested in all continents of the world 

from a variety of plants of diverse origins: in 2011, 

57% of all oilseeds originated in the American 

continent, 23% in Asia, and about 9% in Europe. For 

European Agriculture, the rapeseed is the major 

oilseed crop, with a 2012 production of 19.5 Mt for a 

total production of 27 Mt1. Besides the use of 

rapeseed cake in poultry diets2, the potential value-

added application of rapeseed meal includes protein 

extraction and bio-gas production.  

Objectives and stakes  

The objective of the work is to optimize the pre-

treatment processes to increase the protein 

extraction and bio-gas yield. 

Methodology/ Experimental approaches 

Techniques of protein extraction and their analyses 

are known3. Different approaches of the pre-

treatments of the rapeseed meal will be carried out in 

the respective laboratories.  

1. steam explosion (LERMAB),  

2. twin screw extrusion (LRGP-ENSIC) and  

3. enzymatic pre-treatment (LRGP-SVS) 

Bio-gas production of the rapeseed residues obtained 

at different stages of oleo-biorefinery will be carried 

out at LBE, Narbonne. The protein extraction and 

their analyses will be carried out at LRGP-SVS. 
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General context, scientific issues 
Nexter Munitions is the European leader in the fields of 
the melt-cast process [1]. This process consists in 
obtaining a homogenous biphasic concentrated 
suspension by mixing a melted energetic binder with 
granular materials. The obtained formulation is then 
poured by gravity into shells. In order to develop new 
products with a limited number of experimentations, 
Nexter Munitions wishes to deepen its knowledge of the 
concentrated suspensions’ rheology, and particularly 
the one of fusible explosives. Indeed the rheology of 
concentrated suspensions is still accurately studied in 
various industries, because of the rheological 
complexity of this type of mixture [2] [3]. 
 

Objectives and stakes 
In this context, this work aims at relating the 
physicochemical properties of the solid phase to the 
rheological behavior of the main explosive charge. More 
generally, the objective is to link the structural 
properties of the suspension, at a microscopic scale, to 
its thermo-mechanical behavior, at a macroscopic scale. 
This goal will be reached by adopting an experimental 
approach, followed by numerical modelisations. 
 

Methodology / Experimental approach 
The first step of the study was to establish a rheometer 
methodology to study the suspensions, to characterize 
their rheological behavior and to acquire relevant 
rheological informations. As all the previous studies on 
the mixture seemed to show a time dependant 
behavior, the dedicated methodology was designed to 
take into account both the measurement time and the 
imposed shear rate. Moreover, those tests were 
coupled with a Design of experiments. The goal is to 
highlight which component(s) is(are) the most 
discriminating considering the casting time of the 
studied formulations. The final step of this work is to 
characterize both the liquid and granular part of the 
studied mixtures. Once this step accomplished, the 
rheology of the concentrated suspensions will be 
correlated to the physicochemical properties of their 
components. The final outcome is to be able to model 
and predict the flowability of those formulations. 
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Illustration: Concentrated suspension (left) and 
rheometer (right) 

 
 

Main results 
As stated previously, the suspensions were firstly 
characterized. This first step highlighted the fact that the 
studied mixtures present a rheology which is 
rheofluidifying and time dependant. The Design of 
experiments, for its part, demonstrates the 
predominance of the influence of the granular part on 
the rheology of the studied fluids. Those results were 
confirmed by deformulation trials. This experimental 
design was also an opportunity to study the 
experimental variance of the rheometer rheology. This 
DOE follows a screening design: fourteen formulations 
are studied, each being measured ten times to test the 
repeatability of the method. To quantify this variance, 
and repeatability, the Relative Standard Deviation is 
calculated. Even if the rheology of the suspensions is 
ruled by its solid part’s physical chemistry, the liquid 
part which consists in an emulsion was also studied. 
Upon humbly participating to the structural network of 
the suspension (through its droplets), its viscosity has to 
be known in order to fully determine the fluid’s one. 
Indeed, Quemada’s model was chosen to model this 
rheology. As the liquid part was fully studied, work will 
focus on the granular part. 
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General context, scientific issues 
Nexter Munitions is the European leader in the fields of 
the melt-cast process [1]. This process consists in 
obtaining a homogenous biphasic concentrated 
suspension by mixing a melted energetic binder with 
granular materials. The obtained formulation is then 
poured by gravity into shells. In order to develop new 
products with a limited number of experimentations, 
Nexter Munitions wishes to deepen its knowledge of the 
concentrated suspensions’ rheology, and particularly 
the one of fusible explosives. Indeed the rheology of 
concentrated suspensions is still accurately studied in 
various industries, because of the rheological 
complexity of this type of mixture [2] [3]. 
 

Objectives and stakes 
In this context, this work aims at relating the 
physicochemical properties of the solid phase to the 
rheological behavior of the main explosive charge. More 
generally, the objective is to link the structural 
properties of the suspension, at a microscopic scale, to 
its thermo-mechanical behavior, at a macroscopic scale. 
This goal will be reached by adopting an experimental 
approach, followed by numerical modelisations. 
 

Methodology / Experimental approach 
The first step of the study was to establish a rheometer 
methodology to study the suspensions, to characterize 
their rheological behavior and to acquire relevant 
rheological informations. As all the previous studies on 
the mixture seemed to show a time dependant 
behavior, the dedicated methodology was designed to 
take into account both the measurement time and the 
imposed shear rate. Moreover, those tests were 
coupled with a Design of experiments. The goal is to 
highlight which component(s) is(are) the most 
discriminating considering the casting time of the 
studied formulations. The final step of this work is to 
characterize both the liquid and granular part of the 
studied mixtures. Once this step accomplished, the 
rheology of the concentrated suspensions will be 
correlated to the physicochemical properties of their 
components. The final outcome is to be able to model 
and predict the flowability of those formulations. 
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Main results 
As stated previously, the suspensions were firstly 
characterized. This first step highlighted the fact that the 
studied mixtures present a rheology which is 
rheofluidifying and time dependant. The Design of 
experiments, for its part, demonstrates the 
predominance of the influence of the granular part on 
the rheology of the studied fluids. Those results were 
confirmed by deformulation trials. This experimental 
design was also an opportunity to study the 
experimental variance of the rheometer rheology. This 
DOE follows a screening design: fourteen formulations 
are studied, each being measured ten times to test the 
repeatability of the method. To quantify this variance, 
and repeatability, the Relative Standard Deviation is 
calculated. Even if the rheology of the suspensions is 
ruled by its solid part’s physical chemistry, the liquid 
part which consists in an emulsion was also studied. 
Upon humbly participating to the structural network of 
the suspension (through its droplets), its viscosity has to 
be known in order to fully determine the fluid’s one. 
Indeed, Quemada’s model was chosen to model this 
rheology. As the liquid part was fully studied, work will 
focus on the granular part. 
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General context, scientific issues 
Today, we produce a huge amount of polymers. At the 
same time, we generate too many plastic and rubber 
wastes. Most of these wastes are thrown away in the 
nature and may need centuries to degrade. Therefore it 
is very important and significant to recycle plastic and 
rubber wastes. While it is already not always easy to 
recycle used and waste plastics, it is even much more 
challenging to recycle used and waste rubber because 
of their crosslinked topological structures.  
The ground tire rubber (GTR), which is a chemically 
crosslinked network structure and retains excellent 
elasticity, can be used to develop new materials.  
Nevertheless, the performance of the materials 
resulting from used rubber is always worse than cases 
where the corresponding virgin rubbers are used. One 
of the reasons is that in practice a mixer such as a twin-
screw extruder is used to provide strong thermo-
mechanical energies in the devulcanization. It is not as 
selective as one would expect to break up only C-S and 
S-S bonds while retaining C-C and C-H ones. The flow 
field in an industrial twin-screw extruder is often ill-
defined and can be a complex combination of shear 
and elongational flows. 
The question of the devulcanization efficiency of these 
two types of flows is open. For example, which type of 
flow is more efficient at breaking up C-S and S-S bonds 
while retaining C-H and C-C ones? This question is 
scientifically and technologically crucial. However, till 
now none of the studies has addressed these 
fundamental issues. Here, we will design and 
synthesize a model rubber to address them. 
 

Objectives and stakes 
This project aims at addressing the following three 
scientifically and technologically relevant questions: (1) 
How do shear, elongational flows and a combination of 
them beak up intermolecular bonds of a vulcanized 
rubber? (2) Which flow mode is most efficient at 
breaking up intermolecular bonds while retaining other 
ones? (3) How to design a mixer or optimize an existing 
one to maximize the efficiency  of intermolecular bond 
break-up while minimizing its impact on cleavage of 
other bonds. 
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Illustration: Schematic representation and molecular 
basis of the mechanically induced decomposition of the 
model rubber. 

 
 

Methodology/ Experimental approach 
We propose to use a model rubber to probe 
fundamental mechanisms of devulcanization of used 
rubber under flow. This model rubber will incorporate 
functional groups which can form sacrificial bonds and 
emit visible light when these bonds are broken. This 
model rubber has two unique features which will allow 
overcoming inherent shortcoming of a commercial 
rubber: (1) The sacrificial bond is much weaker than C-
C or C-H bond. Thus it is possible to break it up without 
damaging other bonds. (2) The functional group can 
form intermolecular sacrificial bond as a 
chemiluminescent crosslinker, which is able to emit 
light when it breaks.  Therefore it is possible to quantify 
the amount of broken functional group by measuring 
the amount of emitted photos.  
The model rubber will be subjected to deformation at 
room temperature under shear, elongation, a 
combination of both, and other types of deformation, 
respectively. 
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