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WƌĞƐĞŶƚĂƟŽŶŽĨWŚĂŶĚƉŽƐƚͲĚŽĐƚŽƌĂů
ǁŽƌŬƐĂƚ>Z'W

This document presents the work of doctoral and post-doctoral students carried out during
ϮϬϭϵĂƚƚŚĞZĞĂĐƟŽŶƐĂŶĚŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ>ĂďŽƌĂƚŽƌǇ;>Z'Wͺ>ĂďŽƌĂƚŽŝƌĞZĠĂĐƟŽŶƐĞƚ
'ĠŶŝĞĚĞƐWƌŽĐĠĚĠƐͿ
dŚĞĚŽĐƵŵĞŶƚǁĂƐĐŽŶĐŝƐĞůǇǁƌŝƩĞŶŝŶŽƌĚĞƌƚŽŵĂŬĞŝƚĞĂƐŝĞƌĨŽƌƚŚĞƌĞĂĚĞƌƚŽƋƵŝĐŬůǇĮŶĚ
ŽƵƚǁŚĂƚŝƐĚŽŶĞĂƚ>Z'W͘&ŽƌĞĂĐŚƐƚƵĚǇ͕ĂƐƵŵŵĂƌǇƉĂŐĞƉƌĞƐĞŶƚƐ;ϭͿƚŚĞŐĞŶĞƌĂůĐŽŶƚĞǆƚŽĨ
ƚŚĞǁŽƌŬ͕;ϮͿƚŚĞŽďũĞĐƟǀĞƐĂŶĚĐŚĂůůĞŶŐĞƐ͕;ϯͿƚŚĞŵĞƚŚŽĚŽůŽŐǇďĞŝŶŐĚĞǀĞůŽƉĞĚ͕;ϰͿĂƐĐŚĞŵĂƟĐŝůůƵƐƚƌĂƟŽŶ͕;ϱͿƚŚĞŵĂŝŶƌĞƐƵůƚƐĂŶĚ;ϲͿƐŽŵĞƌĞĨĞƌĞŶĐĞƐ͘
ůůWŚĂŶĚƉŽƐƚĚŽĐƐƌĞƐĞĂƌĐŚƉƌŽũĞĐƚƐĐƵƌƌĞŶƚůǇĐĂƌƌŝĞĚŽƵƚŝŶƚŚĞůĂďŽƌĂƚŽƌǇƌĞŐĂƌĚůĞƐƐŽĨ
ƚŚĞŝƌĐƵƌƌĞŶƚƉƌŽŐƌĞƐƐĂƌĞŝŶƚƌŽĚƵĐĞĚŝŶƚŚŝƐĚŽĐƵŵĞŶƚ͘^ƚƵĚŝĞƐ͕ǁŚŝĐŚǁĞƌĞƌĞĐĞŶƚůǇƐƚĂƌƚĞĚ͕
ĂƌĞĚĞƐĐƌŝďĞĚďǇƚŚĞŝƌĞǆƉĞĐƚĞĚƌĞƐƵůƚƐŽŶůǇǁŚŝůĞƚŚĞĮŶĚŝŶŐƐŽĨŵŽƌĞŵĂƚƵƌĞƉƌŽũĞĐƚƐĂƌĞ
ŝůůƵƐƚƌĂƚĞĚǁŝƚŚƚŚĞŵŽƐƚƐŝŐŶŝĮĐĂŶƚƌĞƐƵůƚƐ
dŚĞƐĞƐĐŝĞŶƟĮĐǁŽƌŬƐĂƌĞŽƌŐĂŶŝǌĞĚŝŶƚŽϱƐĞĐƟŽŶƐĂĐĐŽƌĚŝŶŐƚŽƚŚĞĚŝīĞƌĞŶƚZĞƐĞĂƌĐŚĞƉĂƌƚŵĞŶƚƐĂƚ>Z'W͕ĂƐĨŽůůŽǁŝŶŐ͗






ͻWƌŽĐĞƐƐĞƐĨŽƌŶǀŝƌŽŶŵĞŶƚ͕^ĂĨĞƚǇĂŶĚZĞƐŽƵƌĐĞsĂůŽƌŝǌĂƟŽŶ
ͻ/ŶƚĞŶƐŝĮĐĂƟŽŶ͕KƉƟŵŝǌĂƟŽŶĂŶĚƌĐŚŝƚĞĐƚƵƌĞŽĨWƌŽĐĞƐƐĞƐ
ͻŝŽWƌŽĐĞƐƐĞƐͲŝŽDŽůĞĐƵůĞƐ
ͻ<ŝŶĞƟĐƐĂŶĚdŚĞƌŵŽĚǇŶĂŵŝĐƐĨŽƌŶĞƌŐǇ
ͻWƌŽĚƵĐƚŶŐŝŶĞĞƌŝŶŐ

tŝƚŚŝŶĞĂĐŚĞƉĂƌƚŵĞŶƚƐĞĐƟŽŶ͕ƚŚĞƌĞƐĞĂƌĐŚƉƌŽũĞĐƚƐǁĞƌĞĨƵƌƚŚĞƌƐŽƌƚĞĚďǇĂůƉŚĂďĞƟĐŽƌĚĞƌĂĐĐŽƌĚŝŶŐƚŽƚŚĞƌĞƐĞĂƌĐŚĞƌ͛ƐƐƵƌŶĂŵĞƐŝŶƐƚĞĂĚŽĨǇĞĂƌďĞĐĂƵƐĞĚŝīĞƌĞŶƚŶĞǁƐƚƵĚŝĞƐďĞŐŝŶƚŚƌŽƵŐŚŽƵƚƚŚĞǇĞĂƌ͘DŽƌĞŽǀĞƌƐŽŵĞƉƌŽũĞĐƚƐŵĂǇƉƌŽŐƌĞƐƐĨĂƐƚĞƌŽƌƐůŽǁĞƌĚĞƉĞŶĚŝŶŐŽŶ
ǁŚĞƚŚĞƌƚŚĞǇĂƌĞŝŶƚŚĞĐŽŶƟŶƵŝƚǇŽĨƉƌĞǀŝŽƵƐƐƚƵĚŝĞƐŽƌƚŚĞǇŝŶŝƟĂƚĞĂŶĞǁƚŽƉŝĐ͘
/ǁŝƐŚǇŽƵĂƉůĞĂƐĂŶƚƌĞĂĚŝŶŐ͊
>ĂƵƌĞŶƚ&><
ŝƌĞĐƚŽƌŽĨZĞĂĐƟŽŶƐĂŶĚŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ>ĂďŽƌĂƚŽƌǇ͕EĂŶĐǇ͕&ƌĂŶĐĞ

WƌĞƐĞŶƚĂƟŽŶŽĨƚŚĞůĂďŽƌĂƚŽƌǇ
dŚĞZĞĂĐƟŽŶƐĂŶĚŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ>ĂďŽƌĂƚŽƌǇ;>Z'WͿŝƐĂũŽŝŶƚƵŶŝƚŽĨEZ^;EĂƟŽŶĂů
ĞŶƚĞƌĨŽƌ^ĐŝĞŶƟĮĐZĞƐĞĂƌĐŚͿĂŶĚhŶŝǀĞƌƐŝƚĠĚĞ>ŽƌƌĂŝŶĞ͘
KŶϭ:ĂŶƵĂƌǇϮϬϭϵƚŚĞůĂďŽƌĂƚŽƌǇŚĂĚĂϯϬϬͲƉůƵƐǁŽƌŬĨŽƌĐĞ͕ŝŶĐůƵĚŝŶŐϭϴEZ^ƌĞƐĞĂƌĐŚĞƌƐ͕ϴϮ
ƌĞƐĞĂƌĐŚƉƌŽĨĞƐƐŽƌƐĂŶĚůĞĐƚƵƌĞƌƐ͕ϰϯƚĞĐŚŶŝĐĂůĂŶĚĂĚŵŝŶŝƐƚƌĂƟǀĞĞŵƉůŽǇĞĞƐĂƐǁĞůůĂƐϭϴϬ
ŶŽŶͲƉĞƌŵĂŶĞŶƚ ƐƚĂī ;ĐŽŶƚƌĂĐƚ ƌĞƐĞĂƌĐŚĞƌƐ͕ ϴϮ ĚŽĐƚŽƌĂů ƐƚƵĚĞŶƚƐ͕ ƉŽƐƚͲĚŽĐƚŽƌĂů ĨĞůůŽǁƐ ĂŶĚ
DĂƐƚĞƌ͛ƐƐƚƵĚĞŶƚƐͿ͘
dŚĞ WƌŽĐĞƐƐ ŶŐŝŶĞĞƌŝŶŐ ĂŶĚ ZĞĂĐƟŽŶƐ >ĂďŽƌĂƚŽƌǇ ;>Z'WͿ ĚĞǀĞůŽƉƐ ƚŚĞ ŶĞĐĞƐƐĂƌǇ ƐĐŝĞŶƟĮĐ
ĂŶĚƚĞĐŚŶŽůŽŐŝĐĂůŬŶŽǁůĞĚŐĞĨŽƌĚĞƐŝŐŶŝŶŐ͕ƐƚƵĚǇŝŶŐ͕ƌƵŶŶŝŶŐĂŶĚŽƉƟŵŝƐŝŶŐƚŚĞĐŽŵƉůĞǆƉƌŽĐĞƐƐĞƐŽĨƉŚǇƐŝĐŽĐŚĞŵŝĐĂůĂŶĚďŝŽůŽŐŝĐĂůĐŽŶǀĞƌƐŝŽŶƐŽĨŵĂƐƐĂŶĚĞŶĞƌŐǇ͘/ƚƐƚŚĞŵĞƐƚŚĞƌĞĨŽƌĞ
ŝŶĐŽƌƉŽƌĂƚĞƚŚĞĐŽŶǀĞŶƟŽŶĂůƐĐŽƉĞŽĨĐŚĞŵŝĐĂůĞŶŐŝŶĞĞƌŝŶŐǀŝĂƐƚƵĚǇŽĨƚŚĞĐŽƵƉůĞĚƉƌŽĐĞƐƐĞƐ
ŽĨƚƌĂŶƐĨĞƌŽĨŵĂƐƐ͕ŚĞĂƚĂŶĚŇŽǁƐ͕ƉŚǇƐŝĐĂůĐŚĞŵŝƐƚƌǇ͕ƐƵĐŚĂƐŬŝŶĞƟĐƐĂŶĚƚŚĞƌŵŽĚǇŶĂŵŝĐƐ͕
ĂŶĚďŝŽůŽŐǇ͕ǁŝƚŚĐŽŶƐŝĚĞƌĂƟŽŶŽĨƚŚĞĐŽŵƉůĞǆŝŶƚĞƌͲĚĞƉĞŶĚĞŶĐŝĞƐĂŶĚŝŶƚĞƌĂĐƟŽŶƐďĞƚǁĞĞŶ
ƉƌŽĐĞƐƐĞƐĂƚĚŝīĞƌĞŶƚƐƉĂƟĂůĂŶĚƚĞŵƉŽƌĂůƐĐĂůĞƐ͘dŚŝƐŝŶƚĞŐƌĂƟǀĞĂƉƉƌŽĂĐŚĞŶĐŽŵƉĂƐƐĞƐĂ
ŐƌŽǁŝŶŐĚŝŵĞŶƐŝŽŶĂůƐƉĞĐƚƌƵŵƌĂŶŐŝŶŐ͕ŽŶƚŚĞŽŶĞŚĂŶĚ͕ĨƌŽŵŶĂŶŽĂŶĚŵŝĐƌŽͲƐĐĂůĞƐĨŽƌŝŵƉƌŽǀŝŶŐƚŚĞĐŽŶƐŝĚĞƌĂƟŽŶŽĨůŽĐĂůƉŚĞŶŽŵĞŶĂ͕ŝŶĐůƵĚŝŶŐďǇŝŶƚĞŐƌĂƟŶŐŽƌĚĞǀĞůŽƉŝŶŐƚŚĞǀĞƌǇ
ĨƵŶĚĂŵĞŶƚĂů ĂƉƉƌŽĂĐŚĞƐ ŽĨ ƉŚǇƐŝĐƐ͕ ƋƵĂŶƚƵŵ ĐŚĞŵŝƐƚƌǇ Žƌ ďŝŽůŽŐǇ ƚŽ͕ ŽŶ ƚŚĞ ŽƚŚĞƌ ŚĂŶĚ͕
ůĂƌŐĞƐǇƐƚĞŵƐ͕ĂƚƚŚĞƐĐĂůĞŽĨƚŚĞƌĞĂĐƚŽƌ͕ƉƌŽĐĞƐƐ͕ƉůĂŶƚŽƌĞǀĞŶƚĞƌƌŝƚŽƌǇ͘
ƌŽĂĚůǇƐƉĞĂŬŝŶŐ͕ƚŚĞďĂĐŬďŽŶĞƐƚƌƵĐƚƵƌŝŶŐƚŚĞĂƉƉƌŽĂĐŚĞƐĞǆƉůŽƌĞĚĂƚƚŚĞ>Z'WŝŶĐůƵĚĞƐ͗
ͻĚĞƚĂŝůĞĚŬŶŽǁůĞĚŐĞŽĨƉƌŽĐĞƐƐĞƐĂƚŵŝĐƌŽͲĂŶĚĞǀĞŶƐƵďŵŝĐƌŽƐĐŽƉŝĐůĞǀĞů;ĚĞƚĂŝůĞĚ
ĐŚĞŵŝĐĂůŽƌďŝŽĐŚĞŵŝĐĂůŬŝŶĞƟĐƐ͕ƐƚĂƟƐƟĐĂůƉŚǇƐŝĐƐ͕ĞƚĐ͘Ϳ͖
ͻƚŚĞŵƵůƟͲƐĐĂůĞĂƉƉƌŽĂĐŚƚŽƉƌŽŐƌĞƐƐĨƌŽŵƚŚŝƐůŽĐĂůŬŶŽǁůĞĚŐĞƚŽŬŶŽǁůĞĚŐĞĂŶĚĐŽŶƚƌŽů
ŽĨƚŚĞƉƌŽĐĞƐƐ͕ĂŶĚŽĨƚŚĞƉůĂŶƚĞǀĞŶ͖
ͻƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƌŽďƵƐƚŵĞƚƌŽůŽŐǇĂƚĂŶŝŶĐƌĞĂƐŝŶŐůǇůŽĐĂůƐĐĂůĞ͕ŝŵƉůĞŵĞŶƚĞĚƚŽŵĞĞƚ
ƚŚĞŽďũĞĐƟǀĞƐŽĨƚŚĞĮƌƐƚƚǁŽĂƉƉƌŽĂĐŚĞƐĂŶĚƚŽďĞĂďůĞƚŽĐŽŶƚƌŽůƚŚĞƉƌŽĐĞƐƐĞƐ͘
dŚĞ ĂƉƉůŝĐĂƟŽŶƐ ƐƚƵĚŝĞĚ ĂƌĞ ŵƵůƟƉůĞ ĂŶĚ ĂƌĞ ŐĞĂƌĞĚ ƚŽǁĂƌĚƐ ƚŚĞ ƐŽĐŝĞƚĂů ŝŵƉůŝĐĂƟŽŶƐ ŽĨ
ĐŽŶǀĞƌƐŝŽŶ ƉƌŽĐĞƐƐĞƐ͕ ĂŶĚ ŵŽƌĞ ŐĞŶĞƌĂůůǇ ŽĨ Ă ĐůĞĂŶĞƌ͕ ƐĂĨĞƌ ƉůĂŶƚ ŽĨ ƚŚĞ ĨƵƚƵƌĞ͕ ǁŚŝĐŚ ŝƐ
ƌĞƐŽƵƌĐĞͲĞĸĐŝĞŶƚ ;ĞŶĞƌŐǇ͕ ĨŽƐƐŝů ĨƵĞůƐ ĂŶĚ ŵŝŶĞƌĂů ƌĞƐŽƵƌĐĞƐͿ ĂŶĚ ƉƌĂĐƟƐĞƐ ǁĂƐƚĞ ƌĞĐŽǀĞƌǇ͕
ĐŽŶǀĞƌƐŝŽŶŽĨďŝŽͲďĂƐĞĚƉƌŽĚƵĐƚƐĂŶĚƐǇŶƚŚĞƐŝƐŽĨƌĞĐǇĐůĂďůĞŵĂƚĞƌŝĂůƐĂŶĚƉƌŽĚƵĐƚƐ͘dŚĞůĂďŽƌĂƚŽƌǇ͛ƐƌĞƐĞĂƌĐŚĂĐƟǀŝƟĞƐƚŚƵƐďĞĂƌŽŶ͕ĨŽƌĞǆĂŵƉůĞ͗
ͲŝŵƉƌŽǀŝŶŐƚŚĞĞīĞĐƟǀĞŶĞƐƐŽĨĐŽŶǀĞƌƐŝŽŶĂŶĚƚƌĞĂƚŵĞŶƚƉƌŽĐĞƐƐĞƐǀŝĂƚŚĞŝŶƚĞŐƌĂƚĞĚŵĂŶĂgement of mass anĚĞŶĞƌŐǇŇŽǁƐĞŶĂďůŝŶŐƚŚĞƌĞĐǇĐůŝŶŐĂŶĚƌĞĐŽǀĞƌǇ;ĞĐŽͲĚĞƐŝŐŶͿŽĨďǇͲƉƌŽĚƵĐƚƐ;ůŽǁͲůĞǀĞůĞŶĞƌŐǇĂŶĚǁĂƐƚĞͿ͖
Ͳ ƌĞĚƵĐŝŶŐ ƚŚĞ ĐĂƌďŽŶ ĨŽŽƚƉƌŝŶƚ ŽĨ ĐŽŶǀĞƌƐŝŽŶ ƉƌŽĐĞƐƐĞƐ ďǇ ƵƐŝŶŐ ďŝŽͲďĂƐĞĚ ĂŶĚ ƉĞƚƌŽůĞƵŵͲďĂƐĞĚ ƌĞƐŽƵƌĐĞƐ͕ ĐƵƫŶŐ ďĂĐŬ ŽŶ ƉƌŽĐĞƐƐ ǁĂƚĞƌ ĐŽŶƐƵŵƉƟŽŶ͕ ƌĞĐǇĐůŝŶŐ ĂŶĚ ƌĞĚƵĐŝŶŐ
ƉŽůůƵƟŽŶ͕ĐĂƉƚƵƌŝŶŐ͕ƐƚŽƌŝŶŐĂŶĚƌĞĐŽǀĞƌŝŶŐKϮĂŶĚƌĞĚƵĐŝŶŐŝŶĚƵƐƚƌŝĂůƌŝƐŬƐ;ĐůĞĂŶ͕ƐĂĨĞƉƌŽĐĞƐƐĞƐͿ͖

WƌĞƐĞŶƚĂƟŽŶŽĨƚŚĞůĂďŽƌĂƚŽƌǇ
ͲƚŚĞƐǇŶƚŚĞƐŝƐŽĨĞĐŽͲĐŽŵƉĂƟďůĞĂŶĚƌĞĐǇĐůĂďůĞŵĂƚĞƌŝĂůƐĂŶĚƉƌŽĚƵĐƚƐƚŚĂƚĂƌĞŵŽƌĞƌĞƐƉĞĐƞƵů ŽĨ ŚƵŵĂŶƐ ĂŶĚ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ĂƐ ǁĞůů ĂƐ ĚĞƐŝŐŶŝŶŐ ĂŶĚ ĚĞǀĞůŽƉŝŶŐ ŚŝŐŚͲƉĞƌĨŽƌŵĂŶĐĞ
ĐŽŵƉůĞǆƉƌŽĚƵĐƚƐ;ĐŚĞŵŝĐĂůŽƌďŝŽĐŚĞŵŝĐĂůͿǀŝĂĂŶŽƌŐĂŶŝƐĂƟŽŶĂƚƚŚĞŵŽůĞĐƵůĂƌ͕ŵĂĐƌŽŵŽůĞĐƵůĂƌĂŶĚĐŽůůŽŝĚĂůůĞǀĞů͘
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨďŽƚŚƚŚĞĞĐŽŶŽŵŝĐĂƐƉĞĐƚƐŽĨƐƵƐƚĂŝŶĂďůĞƉƌŽĐĞƐƐĞƐǀŝĂĂůŝĨĞͲĐǇĐůĞĐŽƐƚĂŶĂůǇƐŝƐ͕ĂŶĚƚŚĞƐŽĐŝĞƚĂůĂƐƉĞĐƚƐǀŝĂĂƐŽĐŝĂůůŝĨĞͲĐǇĐůĞĂƐƐĞƐƐŵĞŶƚŝƐĂůƐŽĨĂĐƚŽƌĞĚŝŶ͘

Research departments
dŚĞWƌŽĐĞƐƐŶŐŝŶĞĞƌŝŶŐĂŶĚZĞĂĐƟŽŶƐ>ĂďŽƌĂƚŽƌǇ;>Z'WͿŝƐŽƌŐĂŶŝƐĞĚĂƌŽƵŶĚϱŵĂŝŶƚŚĞŵĂƟĐĚĞƉĂƌƚŵĞŶƚ͗
• PErSeVAL͗WƌŽĐĞƐƐĞƐĨŽƌƚŚĞŶǀŝƌŽŶŵĞŶƚ͕^ĂĨĞƚǇĂŶĚƚŚĞZĞĐŽǀĞƌǇŽĨZĞƐŽƵƌĐĞƐ
• PRIMO͗WƌŽĐĞƐƐĞƐ͕ZĞĂĐƚŽƌƐ͕/ŶƚĞŶƐŝĮĐĂƟŽŶ͕DĞŵďƌĂŶĞƐ͕KƉƟŵŝƐĂƟŽŶ
• ŝŽWƌŽDŽ͗ŝŽWƌŽĐĞƐƐĞƐʹŝŽDŽůĞĐƵůĞƐ
• CITHERE͗<ŝŶĞƟĐƐ͕dŚĞƌŵŽĚǇŶĂŵŝĐƐ͕ŶĞƌŐǇ
• WƌŽĚƵĐƚŶŐŝŶĞĞƌŝŶŐ͗WƌŽĐĞƐƐŶŐŝŶĞĞƌŝŶŐĨŽƌWƌŽĚƵĐƚƐĂŶĚDĂƚĞƌŝĂůƐ
Wƌ^Ğs>ʹWƌŽĐĞƐƐĞƐĨŽƌƚŚĞŶǀŝƌŽŶŵĞŶƚ͕^ĂĨĞƚǇĂŶĚƚŚĞZĞĐŽǀĞƌǇŽĨZĞƐŽƵƌĐĞƐ
/ŵƉƌŽǀŝŶŐƚŚĞƋƵĂůŝƚǇŽĨĞŶǀŝƌŽŶŵĞŶƚƐ;Ăŝƌ͕ǁĂƚĞƌ͕ƐŽŝůƐͿ͕ƵƐŝŶŐƌĞƐŽƵƌĐĞƐǁŝƐĞůǇĂŶĚĐŽŶƚƌŽůůŝŶŐ
ŝŶĚƵƐƚƌŝĂůƌŝƐŬƐŚĂǀĞďĞĐŽŵĞĨƵŶĚĂŵĞŶƚĂůƐƚĂŬĞƐŝŶĂƐƵƐƚĂŝŶĂďůĞĚĞǀĞůŽƉŵĞŶƚĂŶĚĞĐŽŶŽŵǇ
ĐŽŶƚĞǆƚ͘ƐĂŶŝŶƚĞŐƌĂƟǀĞƐĐŝĞŶĐĞ͕ƉƌŽĐĞƐƐĞŶŐŝŶĞĞƌŝŶŐĐĂŶŚĞůƉŝŶƚĂĐŬůŝŶŐƚŚĞƐĞĐŚĂůůĞŶŐĞƐ͘
dŚĞƚŚĞŵĞƐŽĨƚŚŝƐƐƚƌĂŶĚƚŚĞƌĞĨŽƌĞƉƌŝŵĂƌŝůǇĐŽŶĐĞƌŶƌĞĚƵĐŝŶŐƚŚĞŶĞŐĂƟǀĞŝŵƉĂĐƚƐŽĨŝŶĚƵƐƚƌŝĂůĐŽŶǀĞƌƐŝŽŶƉƌŽĐĞƐƐĞƐŽŶƚŚĞƐǇƐƚĞŵŝƚƐĞůĨ͕ŝƚƐĞŶǀŝƌŽŶŵĞŶƚ;ŶĂƚƵƌĂůĞŶǀŝƌŽŶŵĞŶƚ͕ƌƵƌĂůŽƌ
ƵƌďĂŶĂƌĞĂƐͿĂŶĚƉĞŽƉůĞ;ĞǆƉŽƐƵƌĞŽĨŽƉĞƌĂƚŽƌƐĂŶĚĐŽŶƐƵŵĞƌƐƚŽƌŝƐŬƐĂŶĚƉŽůůƵƟŽŶͿ͘
dŚĞWƌ^ĞsĂůƐƚƌĂŶĚĂĚĚƌĞƐƐĞƐƚŚĞƐĞƐĐŝĞŶƟĮĐĐŚĂůůĞŶŐĞƐďǇĚĞǀĞůŽƉŝŶŐƉƌŽĐĞƐƐĞƐƚŚĂƚĂƌĞŝŶŚĞƌĞŶƚůǇĐůĞĂŶĞƌĂŶĚƐĂĨĞƌ͕ƚŚƌŽƵŐŚŵƵůƟͲƐĐĂůĞĂƉƉƌŽĂĐŚĞƐŝŶƉĂƌƟĐƵůĂƌ͕ĂŶĚďǇĚĞƐŝŐŶŝŶŐŝŶŶŽǀĂƟǀĞƉƌŽĐĞƐƐĞƐĨŽƌĞŋƵĞŶƚƚƌĞĂƚŵĞŶƚ;ǁĂƐƚĞŐĂƐ͕ĂĞƌŽƐŽůƐĂŶĚůŝƋƵŝĚͿĂŶĚƉŽůůƵƟŽŶ;Ğ͘Ő͘ƐŽŝů
ĐŽŶƚĂŵŝŶĂƚĞĚďǇŝŶĚƵƐƚƌŝĂůĂĐƟǀŝƟĞƐͿ͘dŚĞƉƌŽĚƵĐƚƐďĞŝŶŐƚƌĞĂƚĞĚŐĞŶĞƌĂůůǇĚĞƌŝǀĞƚŚĞŝƌƐƉĞĐŝĮĐ
ŶĂƚƵƌĞ ĨƌŽŵ ƚŚĞŝƌ ƐŝŐŶŝĮĐĂŶƚ ĚŝůƵƟŽŶ ;Ğ͘Ő͘ ŵŝĐƌŽƉŽůůƵƚĂŶƚƐͿ͕ ƐŵĂůů ƐŝǌĞ ;Ğǆ͘ ŶĂŶŽƉĂƌƟĐůĞƐͿ Žƌ
ĐŽŵƉůĞǆƐƚĂƚĞ;ĐŽůůŽŝĚĂů͕ĐŚĞŵŝĐĂůĐŽŵƉůĞǆĞƐ͕ĨƌĂĐƚĂůƐƚĂƚĞͿŝŶĐůŽƐĞŝŶƚĞƌĂĐƟŽŶǁŝƚŚƚŚĞŝƌĞŶǀŝƌŽŶŵĞŶƚ͘dŚĞƐǇƐƚĞŵƐĚĞǀĞůŽƉĞĚĂƌĞŽŌĞŶďĂƐĞĚŽŶŵƵůƟƉŚĂƐĞƚƌĞĂƚŵĞŶƚƉƌŽĐĞƐƐĞƐǁŚŝĐŚ
ƌĞƋƵŝƌĞĂĚĞƚĂŝůĞĚƐƚƵĚǇŽĨƚŚĞƉŚǇƐŝĐĂůŽƌƌĞĂĐƟŽŶĂůƉŚĞŶŽŵĞŶĂ͕ĐŽŵďŝŶĞĚǁŝƚŚĂŶĞŶǀŝƌŽŶŵĞŶƚĂů ĂŶĂůǇƐŝƐ ŽĨ ƚŚĞ ƉƌŽĐĞƐƐĞƐ ;ůŝĨĞͲĐǇĐůĞ ĂŶĂůǇƐŝƐͿ͘ ŵŽŶŐ ƚŚĞƐĞ ƚƌĞĂƚŵĞŶƚ Žƌ ƉƵƌŝĮĐĂƟŽŶ
ƉƌŽĐĞƐƐĞƐ͕ƉĂƌƟĐƵůĂƌĂƩĞŶƟŽŶŝƐďĞŝŶŐĚĞǀŽƚĞĚƚŽƚŚŽƐĞĐŽŶĐĞƌŶŝŶŐĂĚƐŽƌƉƟŽŶƉŚĞŶŽŵĞŶĂ͕
ŝŽŶĞǆĐŚĂŶŐĞĂŶĚĂĞƌŽƐŽůƐĞƉĂƌĂƟŽŶďǇĮůƚĞƌŵĞĚŝĂ͕ŐƌĂŶƵůĂƌďĞĚĮůƚĞƌƐĂŶĚďƵďďůĞĐŽůƵŵŶƐ͘
ƵŝůĚŝŶŐŽŶƚŚĞƐƚƵĚǇŽĨŐĂƐͬƐŽůŝĚƉĂƌƟĐůĞŇŽǁƐ͕ƚŚĞWƌ^ĞsĂůƐƚƌĂŶĚĂůƐŽĚĞůǀĞƐŝŶƚŽŚǇďƌŝĚŵŝǆƚƵƌĞ͕ŵŝƐƚĂŶĚĚƵƐƚĞǆƉůŽƐŝŽŶƉŚĞŶŽŵĞŶĂ͘>ĂƐƚůǇ͕ǁŝƚŚǁŝƐĞĞŶĞƌŐǇĂŶĚƌĞƐŽƵƌĐĞƐŵĂŶĂŐĞŵĞŶƚ
ŝŶŵŝŶĚ͕Wƌ^ĞsĂůŚĞůƉƐƚŽƉƌŽŵŽƚĞƚŚĞƌĞĐŽǀĞƌǇŽĨƐĞĐŽŶĚĂƌǇƌĞƐŽƵƌĐĞƐƚŚĂƚĂƌĞĐƵƌƌĞŶƚůǇŶŽƚ
ŽƌŽŶůǇǀĞƌǇůŝƩůĞŚĂƌŶĞƐƐĞĚ;ŚǇĚƌŽŵĞƚĂůůƵƌŐǇĨŽƌŵĞƚĂůƌĞĐŽǀĞƌǇ͕ďŝŽŐĂƐƉůĂŶƚƐ͕ǁĂƐƚĞƌĞĐŽǀĞƌǇ͕
ĞƚĐ͘Ϳ ĂŶĚ ƚŽ ĚĞǀĞůŽƉ ƉƌŽĐĞƐƐĞƐ ĨŽƌ ƵƐŝŶŐ ĂŶĚ ŐĞŶĞƌĂƟŶŐ ƌĞŶĞǁĂďůĞ ĞŶĞƌŐǇ ;ĞůĞĐƚƌŽĐŚĞŵŝĐĂů
ƉƌŽĐĞƐƐĞƐĨŽƌĞŶĞƌŐǇĐŽŶǀĞƌƐŝŽŶͿ͘
WZ/DKʹWƌŽĐĞƐƐĞƐ͕ZĞĂĐƚŽƌƐ͕/ŶƚĞŶƐŝĮĐĂƟŽŶ͕DĞŵďƌĂŶĞƐ͕KƉƟŵŝƐĂƟŽŶ
dŚĞƌĞƐĞĂƌĐŚƉĞƌĨŽƌŵĞĚƵŶĚĞƌƚŚŝƐĚĞƉĂƌƚŵĞŶƚŝƐĂŝŵĞĚĂƚĚĞƐŝŐŶŝŶŐ͕ƐƚƵĚǇŝŶŐĂŶĚŽƉƟŵĂůůǇ ĐĂƌƌǇŝŶŐ ŽƵƚ ŶĞǁ ƉƌŽĐĞƐƐĞƐ ŝŶǀŽůǀŝŶŐ ŝŶƚĞŶƐŝĮĞĚ ƌĞĂĐƚŽƌƐ ĂŶĚ ŵŝĐƌŽƐƚƌƵĐƚƵƌĞĚ ƐǇƐƚĞŵƐ͕
ŵĞŵďƌĂŶĞƚĞĐŚŶŽůŽŐǇ͕ŝŶŶŽǀĂƟǀĞŐĂƐͲůŝƋƵŝĚĐŽŶƚĂĐƚŽƌƐĂŶĚƐƵƉĞƌĐƌŝƟĐĂůƉƌŽĐĞƐƐĞƐ͘dŚĞƐƚƵĚǇ
ĂŶĚĚĞǀĞůŽƉŵĞŶƚŽĨŵƵůƟĨƵŶĐƟŽŶĂůŚǇďƌŝĚŽƌĐŽƵƉůĞĚƉƌŽĐĞƐƐĞƐĂƌĞƚŚƵƐĐŽŶƐŝĚĞƌĞĚĨƵŶĚĂŵĞŶƚĂůŝŶĂďŝĚƚŽĂĐŚŝĞǀĞƚĞĐŚŶŝĐĂůĂŶĚĞŶĞƌŐǇĞĸĐŝĞŶĐǇ͘/ŶƚĞŶƐŝĮĐĂƟŽŶ͕ĚĞĮŶĞĚĂƐĂůůƚĞĐŚŶŽůŽŐŝĞƐĂŶĚŵĞƚŚŽĚƐƚŚĂƚĞŶĂďůĞǇŝĞůĚƐƚŽďĞŝŶĐƌĞĂƐĞĚ͕ĂŶĚƚŚĞĂƌĐŚŝƚĞĐƚƵƌĞŽĨƉƌŽĐĞƐƐĞƐ

Research departments
;WƌŽĐĞƐƐ^ǇƐƚĞŵƐŶŐŝŶĞĞƌŝŶŐͿ͕ƉĞƌĐĞŝǀĞĚĂƐƚŚĞƐƉĂƟĂůĂŶĚƚĞŵƉŽƌĂůŽƌŐĂŶŝƐĂƟŽŶŽĨƵŶŝƚŽƉĞƌĂƟŽŶƐ͕ĨŽƌŵƚŚĞďƵŝůĚŝŶŐďůŽĐŬƐŽĨƚŚĞĚĞƉĂƌƚŵĞŶƚƐĐŝĞŶƟĮĐĂƉƉƌŽĂĐŚŽĨWZ/DK͘
dŚĞ ƌĞƐĞĂƌĐŚ ĐŽŵďŝŶĞƐ ĞǆƉĞƌŝŵĞŶƚĂů ƐƚƵĚŝĞƐ ŽŶ ƉŝůŽƚƐ Ăƚ ĚŝīĞƌĞŶƚ ƐĐĂůĞƐ ;ŝŶƚĞŶƐŝĮĞĚ ŵŝĐƌŽͲ
ĂŶĚ ŵŝŶŝͲƌĞĂĐƚŽƌƐ ĂŶĚ ŵŝĐƌŽƐƚƌƵĐƚƵƌĞĚ ƐǇƐƚĞŵƐ͕ ĐĂƚĂůǇƟĐ ƌĞĂĐƚŽƌƐ͕ ƉŽůǇŵĞƌŝƐĂƟŽŶ ƌĞĂĐƚŽƌƐ͕
ŐĂƐͲůŝƋƵŝĚĂŶĚůŝƋƵŝĚͲůŝƋƵŝĚĐŽŶƚĂĐƚŽƌƐ͕ŵĞŵďƌĂŶĞŵŽĚƵůĞƐ͕ƐƵƉĞƌĐƌŝƟĐĂůĞǆƚƌĂĐƟŽŶƉƌŽĐĞƐƐĞƐͿ͕
ƐƉĞĐŝĮĐƉĂƌĂŵĞƚƌŝĐĚĞƚĞƌŵŝŶĂƟŽŶƐĂŶĚĐŽŵƉƵƚĂƟŽŶĂůƐŝŵƵůĂƟŽŶƐƚƵĚŝĞƐŽŌĞŶŝŶĐůƵĚŝŶŐĐŽŵƉƵƚĂƟŽŶĂůŇƵŝĚĚǇŶĂŵŝĐƐ;ƌĞĂĐƟǀĞŇŽǁƐŝŶŵŝŶŝͲƌĞĂĐƚŽƌƐ͕ƉĞƌŵĂŶĞŶƚŽƌĐǇĐůŝĐŵĞŵďƌĂŶĞŐĂƐ
ƐĞƉĂƌĂƟŽŶƉƌŽĐĞƐƐĞƐ͕ŵĂƐƐĂŶĚŚĞĂƚƚƌĂŶƐĨĞƌŝŶĐůŽƚŚĞƐ͕ĞǀĂƉŽƌĂƚŽƌƐͿ͘ĞǇŽŶĚƚŚĞƐŝŵƵůĂƟŽŶ
ŽĨƉƌŽĐĞƐƐĞƐ͕ƉĞƌĨŽƌŵĞĚĨŽƌŝƚƐƐƉĞĐŝĮĐƉƵƌƉŽƐĞĂŶĚĨŽƌĐŽŶĮƌŵŝŶŐƚŚĞĞǆƉĞƌŝŵĞŶƚĂůĮŶĚŝŶŐƐ
ĐŽŵŝŶŐĨƌŽŵĚŝīĞƌĞŶƚƉŝůŽƚƐ͕ƚŚĞǀĂůŝĚĂƚĞĚŵŽĚĞůƐĞŶĂďůĞŝĚĞŶƟĮĐĂƟŽŶŽĨƉƌŽĐĞƐƐĞƐ͛ŽƉƟŵƵŵ
ǁŽƌŬŝŶŐĐŽŶĚŝƟŽŶƐĂŶĚƚŚĞŝƌĐŽŶƚƌŽůƚŽďĞƐƚƵĚŝĞĚ͘ZĞŐĂƌĚŝŶŐŽƉƟŵŝƐĂƟŽŶĂŶĚĐŽŶƚƌŽů͕ƚŚĞƌĞƐĞĂƌĐŚƟĞƐŝŶǁŝƚŚƚŚĞŐĞŶĞƌĂůƚŽƉŝĐŽĨƉƌŽĐĞƐƐƐǇƐƚĞŵƐĞŶŐŝŶĞĞƌŝŶŐ;W^Ϳ͕ďĞĂƌŝŶŐďŽƚŚŽŶŵĞƚŚŽĚŽůŽŐŝĞƐ;ŚǇďƌŝĚŽƌŐůŽďĂůĚǇŶĂŵŝĐŽƉƟŵŝƐĂƟŽŶ͕ŶŽŶůŝŶĞĂƌĂŶĚƉƌĞĚŝĐƟǀĞĐŽŶƚƌŽů͕ĐŽŶƚƌŽů
ŽĨĚŝƐƚƌŝďƵƚĞĚƉĂƌĂŵĞƚĞƌƐǇƐƚĞŵƐͿĂŶĚƚŚĞŝƌĂƉƉůŝĐĂƟŽŶƐ;ƐŝŵƵůĂƟŽŶŽĨĂŶĂĚƐŽƌƉƟŽŶƉƌŽĐĞƐƐ
ƐŝŵƵůĂƚĞĚƵŶĚĞƌƉƌĞƐƐƵƌĞǀŝĂĚǇŶĂŵŝĐŽƉƟŵŝƐĂƟŽŶ͕ĐŽŶƚƌŽůŽĨƌĞĂĐƚŽƌƐ͕ĞǆĐŚĂŶŐĞƌƐͿ͘
ŝŽWƌŽDŽʹŝŽƉƌŽĐĞƐƐĞƐͲŝŽŵŽůĞĐƵůĞƐ
dŚĞ ĂĐƟǀŝƟĞƐ ŽĨ ƚŚĞ ŝŽWƌŽĐĞƐƐĞƐͲŝŽŵŽůĞĐƵůĞƐ ;ŝŽWƌŽDŽͿ ĚĞƉĂƌƚŵĞŶƚ ŝŶǀŽůǀĞ ĂĐƋƵŝƌŝŶŐ
ŬŶŽǁůĞĚŐĞĂďŽƵƚ͕ĚĞǀĞůŽƉŝŶŐĂŶĚĐŽŶƚƌŽůůŝŶŐďŝŽƉƌŽĐĞƐƐĞƐĨŽƌƉƌŽĚƵĐŝŶŐĚŝǀĞƌƐĞĨƵŶĐƟŽŶĂůďŝŽŵŽůĞĐƵůĞƐ͘dŚĞǇĂƌĞŐƌŽƵŶĚĞĚŝŶƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨĂŵƵůƟĚŝƐĐŝƉůŝŶĂƌǇ͕ŵƵůƟͲƐĐĂůĞĂƉƉƌŽĂĐŚ͗
ŝͿͲƚŚĞŵŝĐƌŽͲƐĐĂůĞĂƚǁŚŝĐŚĞŶǌǇŵĞĂĐƟǀŝƚǇŽƌĐĞůůŵĞƚĂďŽůŝƐŵĂƌĞĐŚĂƌĂĐƚĞƌŝƐĞĚĂŶĚŵĞĂƐƵƌĞĚ
;ŵĞƚĂďŽůŝĐĞŶŐŝŶĞĞƌŝŶŐ͕ƐƚƌƵĐƚƵƌĂůĂŶĚĨƵŶĐƟŽŶĂůƋƵĂůŝƚǇŽĨŵŽůĞĐƵůĞƐƉƌŽĚƵĐĞĚ͕ƉŚŽƚŽĚǇŶĂŵŝĐƚŚĞƌĂƉǇͿ͖ŝŝͿͲƚŚĞŵĞƐŽͲƐĐĂůĞĂƚǁŚŝĐŚǁĞƉĂƌƟĐƵůĂƌůǇĂƐƐĞƐƐƚŚĞƌĞůĂƟŽŶƐďĞƚǁĞĞŶƚŚĞůŽĐĂů͕ŚǇĚƌŽĚǇŶĂŵŝĐĂŶĚďŝŽĐŚĞŵŝĐĂůĞŶǀŝƌŽŶŵĞŶƚŽĨĂŶŝŵĂůĐĞůůƐĂŶĚĮůĂŵĞŶƚŽƵƐďĂĐƚĞƌŝĂĨŽƌ
ƋƵĂŶƟĨǇŝŶŐŵĂĐƌŽƐĐŽƉŝĐƉƌŽĚƵĐƟŽŶŬŝŶĞƟĐƐ͖ŝŝŝͿͲƚŚĞŵĂĐƌŽͲƐĐĂůĞŽĨƚŚĞƌĞĂĐƚŽƌĂŶĚƐĞƉĂƌĂƚŽƌ͕ǁŚĞƚŚĞƌŵĞŵďƌĂŶĞŽƌĐŚƌŽŵĂƚŽŐƌĂƉŚŝĐ͕ĂƚǁŚŝĐŚƚŚĞŽƉƟŵƵŵǁŽƌŬŝŶŐĂŶĚƉĞƌĨŽƌŵĂŶĐĞ
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ŝŽWƌŽDŽ ƐĐŝĞŶƟĮĐ ŝŶƋƵŝƌŝĞƐ ĂƌĞ ƉƌŝŵĂƌŝůǇ ŐĞĂƌĞĚ ƚŽǁĂƌĚƐ ƚŚĞ ƐŽĐŝĞƚĂů ĐŚĂůůĞŶŐĞƐ ŵĂŝŶůǇ
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ĨŽƌƚŚĞƌĂƉĞƵƟĐƉƵƌƉŽƐĞƐ;ĂŶŝŵĂůĐĞůůĐƵůƚƵƌĞƉƌŽĐĞƐƐĞƐͿ͕ĐĞůůĂŶĚƟƐƐƵĞĞŶŐŝŶĞĞƌŝŶŐ;ƐƚĞŵĐĞůů
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Experimental study of the chemical effects on the clogging of a filter in buffered
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General context, scientific issues
During a LOCA involving a breach on the primary
circuit, emergency systems (RIS and EAS) are supposed
to ensure the coolability of the reactor and pressure
reduction in the reactor containment. These systems
are initially supplied by a dedicated water tank. When
the lower threshold level in the tank is reached, a
« recirculation » mode becomes operational and water
collected at sumps levels located in the bottom of the
containment, is reintroduced into the reactor core.
However, in LOCA situation, debris are generated and
can be partially transported to the sumps filters. These
debris can contribute to « physical » clogging. Other
effects called « chemical effects » correspond to the
presence of ions in solution resulting from the debris
corrosion and the possible corrosion of the different
metal surfaces present in the reactor containment.
Clogging can lead to emergency systems failure (RIS
and EAS) and potentially lead to a severe accident.
Objectives and stakes
To ensure the long-term liquid recirculation
functionality, the chemical effects have to be
understood: the nature of these chemical effects,
conditioning parameters and potential effect on
clogging. The thesis aims at studying the chemical
effects in a dedicated experimental loop through a
parametric approach, coupled with several chemical
and pressure drop measurements. Chemical speciation
in solution and precipitates characterization can be
respectively performed by ICP-AES and MEB-EDX, DRX
and XPS. The work is mainly done at IRSN Cadarache.
Methodology / Experimental approach
A first part is dedicated to static tests to study the
potential formation of precipitates in conditions
representative of a LOCA. Subsequently, dynamic tests
will be carried out in the recirculation loop, in which an
inventory of debris will be injected respecting a scale
factor representative of a nuclear power plant. Finally,
the results of the static and dynamic tests will be
coupled to a thermodynamic approach thanks to
geochemical calculation tools (CHESS), to ensure
consistency between the precipitates obtained and
those predicted.

22

Figure: Main auxiliary and safety circuits in a
pressurized water reactor.

Main results
Three parameters are taken into account in this study:
temperature (130 to 50°C); sumps water chemistry
composed of boron and sodium hydroxide; debris
source term composed of mineral fibers, concrete and
other debris. A literature review was conducted on
precipitate formation in presence of calcium and silicon
ions (main compounds in debris) as well as boron and
sodium hydroxide (present in sump water). Several
precipitates can be formed, in particular calcium borate
precipitates (nobleite, inyoite and hexahydroborite),
calcium and sodium borate precipitates (ulexite) [1] as
well as calcium silicate [2–4], even if the presence of
boron delays their formation [5].
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General context
There is a growing interest for the regeneration of the cofactor
NAD(P)H due to its large-scale biosynthetic applications and its high
price. Different methods including: chemical, electrochemical,
photochemical, microbial, and enzymatic reactions have been
developed for this aim. Among all the cited cofactor’s regeneration
methods, the electrochemical regeneration is a continuous electrontransfer process, where the regeneration of NAD(P)H is loaded only
with an electrode1.
The regeneration of NADH through electrochemical techniques is one
of the most promising and controllable used for the reduction of
NAD °2. It offers an easy separation of products of the reaction and it
allows as well the control of the potential and the progress of the
reaction. The direct regeneration of NADH occurs at a very negative
potential leading to the inactive dimerized form of NADH formed
through one electron transfer instead of two electrons exchanged
through the indirected regeneration of the NADH cofactor. The usage
of a mediator leads to the active form NADH with a potential lower
than the potential needed in the direct regeneration. [Cp*Rh(bpy)Cl]+
(Chloro(2,2′-bipyridyl) (pentamethylcyclopentadienyl)-rhodium
(III)) acting as a redox mediator has been shown to be the best nonenzymatic catalyst for the regeneration of NADH.

Figure 1: Functi onal scheme of the flow bioreactor

Objectives
Our objective is to combine the electrochemical regeneration of
NADH mediated by a rhodium complex added in solution and using
a carbon felt electrode at the cathodic compartment as a first
approach1, the application of continuous flow reaction, and the
hydrogen oxidation using a GDE at the anodic compartment in a
single system.
Methodology / Experimental approach
This approach has been feasible using a bioreactor that couples the
reduction of NAD + to the catalytic oxidation of hydrogen. A nafion
membrane has been placed between the anodic and the cathodic
compartments allowing the passage of H + from the anodic to the
cathodic compartment. To optimize the proposed process, various
factors have been varied e.g. rhodium complex concentration, NAD+
concentration, pH, the activation procedure for the carbon-based
electrode, as well as the cell operating conditions such as the
hydrogen and the solution flow rates.
After identifying these different parameters, the work will be focused
on the covalent immobilization of the rhodium complex, that is
economically desired on the laboratory and industrial scales, on the
surface of a carbon felt electrode was achieved by following a two
steps protocol described by us recently using a bucky paper
electrode2. In addition, the rhodium complex covalent immobilization
allows us to involve two reactions in the cathodic compartment: the
regeneration of NADH simultaneously followed by an enzymatic
reaction such as the bioconversion of D-sorbitol into D-fructose while
immobilizing D-sorbitol dehydrogenase on another carbon felt.

Results

At -0.4 V vs ref and with an initial concentration of NAD + of 2.5 mM,
the NADH is totally regenerated within 30 min for a rhodium complex
concentration of 125 µM and 250 µM . However, while decreasing the
concentration of the rhodium to 62.5 µM , the conversion was limited
to 0.62 after this lapse of time. At this potential, the faradaic efficiency
is higher while using the lowest concentration of the rhodium
complex (92 % with 62.5 µM of rhodium complex and 80 % with 250
µM of rhodium complex) (Figure 1D). In order to increase the
conversion with a rhodium complex concentration of 62.5 µM (with
2.5 mM NAD+), tests were made at -0.5 V/ref where a total
conversion was observed after within 20 min, with a faradaic
efficiency of 96 % indicating the high selectivity and production rate
of the process. Working at -0.5 V seems to be very promising based
on the total conversion within an optimal time and the high faradaic
efficiency.
As consequence of our first step in this PhD project, The efficient
regeneration of NADH featured with a complete conversion and with
a high faradaic yield can be reached by fixing different parameters for
the used reactor: hydrogen and solution flow rates (20 mL/min), Ratio
of [NAD + ] and [Cp*Rh(bpy)Cl]+ (40), neutral pH (to avoid NADH
and NAD + degradation).
References :
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General context, scientific issues
Incidents involving the explosion of hydrocarbon mists
have occurred throughout the years as shown in a
survey written in 2009 [1]. In fact, European ATEX
regulations require assessing the risk of formation and
ignition of explosive atmosphere (ATEX) associated with
the production of a flammable mists. Nevertheless, due
to the lack of tools which correlate the dispersion of a
mist cloud, risk analysis and area classification prove
difficult. This lack of knowledge is clearly highlighted in
some guides such as the EI15 [2].
Objectives and stakes
The aim of this thesis is to define objective criteria to
assess the risks linked to the explosion of hydrocarbon
mists within the framework of the classification of
dangerous zones. Moreover, it should provide decision
support tools for the classification of ATEX hazardous
areas and provide simple models for the generation of
mists and its ignition as a function of the droplet size
distribution and the properties of the fluids.
Methodology / Experimental approach
First, a dimensional analysis of the phenomena of
generation, ignition, and explosion will be carried out in
order to define all of the influencing parameters and the
dimensionless numbers to be taken into consideration
for each step. Second, on the basis of this preliminary
analysis and a review of the literature on existing
models, a set of situations of industrial interest will be
selected and studied by numerical simulation.
Efforts will focus on simulating the generation of
aerosols based on the dimensions of the leaks (1 mm or
less), temperature, pressure and properties of the fluid.
The fluids will be selected according to their industrial
interest and their physico-chemical characteristics. In
the light of the results obtained, the existing
experimental arrangements will be used to improve and
validate the simulations. A sensitivity study will be
carried
out
according
to
the
influencing
parameters selected. In the light of the results obtained,
experimental arrangements will be used to improve and
validate the simulations.

Illustration: Flame propagation in an ethanol mist

Main results
According to their industrial interest and their physical
properties, also based on the fluid classification system
developed by the Health and Safety Executive [3],
several fluids were chosen to be tested in this thesis.
These fluids will be generated preliminarily using a
siphon/gravity-fed spray set-up comprising a Venturi
junction. The droplet size distribution (DSD) of each fluid
was measured as a function of the type of nozzle, air
cap, and air pressure (from 1 to 5 bars). Using in situ
laser diffraction (Helos/KR-Vario - Sympatec GmbH) the
time evolution of DSDs was measured. Preliminary tests
showed unimodal distributions for Kerosene, Ethanol,
and Mobil DTE hydraulic oil Sauter Mean Diameters
(SMDs) of 4.2μm, 3.1μm, and 2.8μm respectively. In
addition to DSD, the flammability and explosion severity
of each fluid will be tested in both an opened-vessel (the
flame propagation tube) and a closed vessel (the 20L
explosion sphere). Preliminary tests were performed on
Ethanol mists in order to calibrate the procedure of
laminar flame velocity determination. Using a highspeed video camera, recordings were taken of the flame
propagation of Ethanol in the tube, demonstrating
spatial flame speeds up to 5 m.s-1. As for the explosions
severity in the 20L bar was reached explosion sphere, a
maximum pressure of 7.1 bar was reached with a
maximum rate of pressure of 78 bar.s-1.
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General context, scientific issues
Metal-Organic Frameworks (MOFs) are microporous
materials interesting for purification and separation
processes by adsorption. They differ from common
adsorbents by their mixed organic/inorganic (metallic)
structure which gives them suitable properties for various
applications (adsorption, catalysis, etc.) [1, 2]. In addition,
volatile organic compounds (VOCs) are natural or
anthropogenic compounds emitted in- and outdoor from
several sources (manufacturing industries, cleaning products,
etc.) which can involve health or environmental problems
when they are present in too high concentration (the
concentration threshold is specific to the VOC) [3, 4].
Therefore, VOCs researches tend toward the elimination of
these compounds. This study focuses more specifically on the
treatment of indoor air by an adsorption process involving
MOFs.
Objectives and stakes
The goal of this work is to use a MOF known for its good
mechanical, thermal and chemical stability, as well as for its
large surface area, which can lead to better adsorption
capacities than with common adsorbents. This MOF belongs
to the UiO series, a MOF based on Zr as metallic node and is
called UiO-66 [5, 6]. Thanks to its interesting properties, the
adsorption of VOCs is therefore of real interest for air
purification. Consequently, the adsorption of pollutants,
single and in a mixture, is experimented to observe the
adsorption mechanisms as well as the potential competition
between VOCs. The influence of the relative humidity and
MOF shaping (powder, pellets) is also taken into account in
the adsorption process, just as the regeneration of the MOF
which is an important factor to consider for air purification.
Methodology / Experimental approach
As a first step, the adsorbent needs to be characterized to
understand the structure and hence the porosity to
potentially anticipate the interactions between the MOF and
the studied VOCs. The textural characterisation is obtained by
static measurements of N2 adsorption at 77K and provide
adsorption isotherms. In addition, adsorption isotherms with
water and single pollutants are performed to observe the
behaviour of the MOF with these molecules. The second step
of the work is the study of dynamic adsorption of the VOCs on
the MOF. The dynamic measurements are conducted on a labscale pilot to obtain breakthrough curves (concentration as a
function of the time). A parametric study is made by changing
the relative humidity, the shape of the MOF, but also by
experimenting VOCs mixtures and regeneration of the MOF
by adsorption/desorption cycles.

Illustration: Experimental lab-scale pilot

Dynamic measurements of VOCs adsorption on the MOF UiO66 are performed with this pilot. Succinctly, air is used as
carrier gas and allows the transport of the VOC gases diluted
at the required concentration. A syringe pump (SP) is used to
inject liquid VOC in a vaporisation chamber (VC). Two or three
syringe pumps can be used in parallel during the experiment,
in this case the VC is also acting as a mixture chamber of the
VOCs with air. Then, the gas mixture goes through the
adsorption column (AC) where the adsorbent is placed, and
the purified stream is finally analysed by a gas chromatograph
(GC) coupled with a flame ionisation detector (FID). The
GC/FID is used to quantify the concentration of VOCs at the
column outlet and deduce the quantity adsorbed by the MOF,
thus the adsorption capacity of the MOF.
Expectations
The main expected result is to prove the interest of using UiO66 as adsorbent for the adsorption of VOCs present in indoor
air at too high concentrations. The final pilot-scale process
should lead to high adsorption capacities with UiO-66 and also
guarantee the VOCs performance in humid conditions.
Moreover, an optimised shape of the adsorbent is expected
to improve the VOC adsorption kinetics. The possibility to
regenerate the MOF in order to perform several
adsorption/desorption cycles is another objective to make
the process competitive with common adsorbents.
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Illustration : Implementation of appropriate architectures of ED

Lithium, cobalt , nickel and manganese are widely used for many
industrial application, including more especially lithium ion
batteries (LiBs) [1;2], ceramics and glasses, greases and other
applications such as metallurgy, pharmaceutical industry, stainless
steel manufacture, pure nickel products. Lithium is mainly
extracted for primary resources such as ores (spodumene,
lepidolite, petalite and amblyogonite) and brines [3] while cobalt,
nickel and manganese are mainly extracted from laterites and
sulphide ores. The Demand will strongly increase in next few
decades due to the emergence of electric vehicles since LiBs are
considered to be the best choice for high energy density. In order
to meet the world demand of value metals used in lithium-ion
batteries, secondary resources appear to be a good alternative,
especially for countries without lithium resources. For instance,
lithium, cobalt, nickel and manganese could be advantageously
recovered from spent cathodes of lithium-ion batteries such as
NMC while lithium could be also extracted from the electrolyte.
Hydrometallurgy is the most relevant technology to recover these
metals from spent lithium-ion batteries. Many technologies have
been developed for this goal based on the use of conventional
operations such as leaching, precipitation, ion-exchange resins,
solvent extraction, etc. Electrodialysis (ED) is another interesting
operation that could be used for this purpose. Today, only few
papers concern the use of this technology in LiBs recycling
processes as ED is utilized mainly in water treatment.
In the present research program, we will perform a prefeasibility
study in order to assay the relevance of this technology for
processing cathode materials and electrolyte from spent LiBs. This
work will permit to figure out the potentiality of this technology in
a more global flowsheet that will implement other unit operations
such as leaching, precipitation, ion-exchange resins, solvent
extraction, etc.

Objectives and stakes
Selective recovery of lithium, cobalt, nickel and manganese from
leaching solution of cathode materials in acidic chloride and acidic
sulfate media by means of conventional membranes and new
membranes recently patented by one of our collaborators

cells to improve extraction

Main results
The membrane selectivity towards lithium will be determined by
the transport number of lithium (𝑇𝑇𝐿𝐿𝐿𝐿 + ) across the cation exchange
membrane, calculated as follows:
𝑇𝑇𝐿𝐿𝐿𝐿 + =

𝐼𝐼. 𝑡𝑡
Where ZLi+ is the ion valence, F is Faraday constant, V is volume of
cathodic compartment, I is the applied current, t is the operation
i
f
time, CLi+ CLi+ are the initial and the final lithium concentrations in
cathodic compartment.
The ED efficiency will be evaluated in terms of recovery rate (R),
current efficiency (, energy consumption (SEC), Separation
coefficient (SC) between lithium and other metal ions (cobalt,
nickel and manganese), permselectivity index (P), concentration
factor (CF) and separation efficiency (S) defined as follows :
𝑅𝑅(𝐿𝐿𝐿𝐿 + ) =

SC (M-Li) =

Methodology / Experimental approach
Transport number will be measured by Hittorf cell.
Lithium, cobalt, nickel and manganese concentrations will be
determined by induced coupled plasma optical emission
spectrometry (ICP-OES).
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General context, scientific issues
Rare earth elements (REEs) are the 15 lanthanides
(lanthanum to lutetium) in addition with scandium and
yttrium. They are more and more required by today’s
industry for a wide variety of applications. Because of
the high demand for these strategic elements, in the
frame of circular economy, there is a growing research
effort on their recovery from secondary resources.
Hyperaccumulating plants (e.g. Dicranopteris linearis)
growing on former mines and mine tailings in South
China are able to accumulate up to 2.8 g kg-1 of REEs
and 4.6 g kg-1 of aluminum (Al) in their aerial parts.
The very first pathways for the processing of these
plants and the recovery of these valuable elements
have been developed [1] and will be further
investigated in this work. This thesis is done under the
co-supervision of LRGP and LEPCRT (Sun Yat-sen Univ.,
Guangzhou).
Objectives and stakes
One objective is to acquire general knowledge on the
recovery
and
purification
of
REEs
from
hyperaccumulating plants using hydrometallurgical
processes. The understanding of reaction mechanisms,
equilibria and kinetics measuring will enable to achieve
efficient separations and purifications.
Methodology / Experimental approach

Several pathways were explored for the processing of the
tropical
fern
Dicranopteris
linearis
[1].
One promising way is the extraction from the ashes of the
plant after combustion at 550 °C. Advantages include
possible heat valorization, organic matter destruction,
concentration of the valuable elements ([REEs]ashes = 30 g kg1
). Ashes can then be considerate as a mineral bio-ore. A
solution of sodium hydroxide (NaOH) is used to remove
silicon (Si), aluminum (Al) and phosphorus (P) from the bioore. Optimal set of experimental conditions are obtained via
the methodology of design of experiments (composite
factorial design, n=20 experiments). A rinsing step was
designed to use minimum amounts of water and improve
aluminum removal. The remaining solid cake is then leached
with dilute HNO3 to selectively leach REEs from other
impurities.

Illustration: Contour representation of aluminum
extraction rate from the ashes of Dicranopteris linearis.

Main results
For the alkaline leaching of the ashes, the analysis of
the composition of the remaining solid revealed that a
fitting model has been successfully obtained.
Extraction rate of aluminum can be modelled by:
XAl = 93.4 + 0.63 T* + 1.39 [NaOH]*+ 0.673 [NaOH]*T*
With T* the normalized temperature of extraction for T
varying from 75 to 95°C, and [NaOH]* the normalized
concentration of caustic soda for [NaOH] varying from
4 to 8 mol L-1. While Si mean extraction rate was 90%.
No detectable levels of REEs were found in solution.
Kinetics study also showed that the step could be
performed in less than 7 minutes for maximal Al
extraction. Rinsing the solid residue using 16 bed
volumes improved the concentrate grade by a factor of
2.5. Mineral phases investigations were performed to
explain the slow mechanism. Finally, selective
dissolution at constant pH 4.6 enabled the recovery of
90% of the REEs while no Al was dissolved.
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General context, scientific issues
The use of natural raw water in industrial cooling
systems of electrical plants causes fouling phenomena
that reduce heat transfer efficiency. Water heating and
evaporation in the cooling cycle induces precipitation of
calcium carbonate, particles deposition and biofilm
development, hence the use of additives to inhibit these
fouling phenomena. The control of these treatments
requires a strong knowledge of physical and chemical
phenomena in the systemǤ
Objectives and stakes
The objectives of this study are to provide an accurate
description of the hydrodynamic conditions in each
circuit unit operation, and to model all the parameters
influencing the fouling phenomena.
Methodology / Experimental approach
The work methodology can be divided in three main
steps:
The first step is a characterization of the hydrodynamics
conditions in each part of the circuit. To obtain local
information on the flow characteristics along the cooling
tower packing, a small scale cooling tower pilot-plant
was designed and built. In the same time, CFD
simulations were performed on simplified geometry of
the packing and on the cooling tower basin.
The second step consists in the model construction. The
choice of compartmental modelling is justified by the
bibliography study. This part of the work has been
concluded by the redaction of a review article:
“Compartmental Modelling in Chemical Engineering: A
Critical Review” [1] and a unified definition for
compartmental approaches has been proposed.
The third step gathers theoretical, simulated and
experimental data to develop a global construction
method for the compartment modelling of the cooling
circuit. Each part of the cooling circuit is divided into
compartments depending on its hydrodynamic
behavior. In each compartment, a specific biofouling
model developed for cooling circuits is solved to predict
biomass in the whole circuit.
Finally, the model must be validated using different
information and different sets of data.

Illustration: Experimental data [2] and proposed
biofilm model for condenser tube

Main results
The experimental setup have been used to
characterize hydrodynamics in packings: water film
thickness and wetting distributions have been obtained.
In the same time, CFD simulations (VOF with contact
angle model) of the same packing have been performed
to obtain complementary information: wetting
depending on solid-liquid contact angle, water velocity,
interfacial area and liquid load.
The complete geometry of the water basin have been
simulated by CFD to obtain velocity fields. A virtual
tracing experiment was simulate to obtain the
numerical RTD and a systemic model of the basin zones.
The different parts of the cooling circuits have been
divided into compartments: tank in series (TIS) for
condenser tubes and concrete ducts, different TIS in
parallel for packing (based on air velocity and heat
transfer) and TIS with backmixing for the basin zones.
A biofilm model based on experimental data from
literature [2] has been developed taking into account
the different biological, physical and chemical
phenomena influencing biofilm growth and removal:
internal and external mass transfer, temperature,
substrate concentration in water and shear stress (Fig.).
Finally the biofilm model have been added to the
compartmental model to predict the biomass
development in the whole cooling circuit.
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General context, scientific issues
Metallurgical processes such as thermal spraying,
metal cutting and arc welding emit high concentrations
of metallic nanoparticles. These particles pose a real
threat to workers in work places and to the
environment due to their toxicity. Dust collectors,
namely fibrous media, used for the filtration of such
particles are currently challenged with a rapid increase
of the pressure drop and an inefficient cleaning. This
means that filters need to be replaced more
frequently, inducing higher operational costs. Industrial
feedbacks have also reported that aged deposits can
sometimes be more difficult to remove. Precoating is
recommended when dealing with adhesive dusts. The
precoat layer, composed of micron particles, is meant
to protect the filter medium and would be easily
discharged upon cleaning [1, 2].
Objectives and stakes
This study aims to identify the parameters that affect
the cleaning efficiency of a filter cake composed of
metallic nanoparticles and to investigate the use of
precoating for improving the regeneration of filters.
Methodology / Experimental approach
Experiences are conducted using a pilot thermal metal
spraying process by electric arc that allows reproducing
the real conditions encountered at an industrial scale.
The electric gun is fed by Zn/Al alloy wires and the
melted metal is sprayed on a rotating metallic cylinder.
The number concentration produced by this process is
close to 2.10^8 particles/cm^3 with a mean mobility
equivalent diameter of 70 nm. Experiments are
conducted using flat filters of 14 cm diamter. A cyclone
is placed upstream of the flat filters to eliminate the
micronic particles. The air is sucked by a pump and the
flow is controlled by sonic nozzles. The precoating is
applied using a brush powder dispersion generator.
Different precoating materials are used to investigate
the influence of the powder density. The cleaning of
filters is accomplished using compressed air pulse-jet.

Illustration: Evolution of the filter cake resistance
during aging under different conditions at 15±2°C

Main results
The findings of this work revealed that exposing filter
cakes composed of metallic nanostructured particles to
different humidity conditions over time led to a
decrease of the cake resistance. The characterization
results, using XRD, showed that a chemical reaction
took place at high humidity leading to an increase of
the filter cake adhesion force. A decrease of the
regeneration efficiency was noted, that went from 30%
for a fresh cake to 10% after aging for 15 days under
80% humidity at 15 °C.
The use of precoating allowed to significantly improve
the cleaning efficiency to 90% and to fully regenerate
the filter surface. Results showed that the precoat layer
must be thick enough to prevent the sticky ultrafine
particles from penetrating to the surface. Furthermore,
increasing the collected mass of the nanoparticles was
found to be beneficial for the cleaning efficiency, as an
increase of the filter cake cohesion forces makes its
removal easier. The application of precoating also
allowed enhancing the filtration performances. Indeed,
an increase of both the dust holding capacity and the
initial collection efficiency was registered. Optimizing
the operating condition is underway.
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General context, scientific issues
Some accidental scenarios, in industrial plants dealing with
hazardous materials, can lead to the formation of liquid
aerosols (ruptured overheated pipe, vapor condensation,
etc.). This release of unexpected pollutant could affect the
performances of HEPA filters used to contain airborne
contamination, by significantly reducing their mechanical
resistance and their ability to retain airborne
contaminants. To protect these filters (constituting the last
level of filtration of ventilation networks), the use of filters
made of a metallic media is considered. When filters are
exposed a liquid aerosol, the pressure drop increases,
while the efficiency decreases, until equilibrium is reached
[1]. Droplets coalesce upstream of the filter, before
migrating downstream through liquid channels [2], can
lead to a contaminant release. The behaviour of a filter
depends on the physico-chemical properties of the liquid
(density, viscosity, surface tension, etc.) but also on the
physical characteristics of the filter (fibre diameter,
compactness, thickness, etc.). The reliability of the
technical solution retained should be confirmed and the
behaviour of filters exposed to liquid particles needs to be
understood and modelled.
Objectives and stakes
The objective will therefore be to relate the physicochemical properties of the liquid and the structure of the
media, to the pressure elevation, the filtration efficiency,
and to the amount of liquid accumulated at saturation. To
do this, we will carry out analytical experiments with
different liquid aerosols and different filters with
controlled properties.
Methodology /Experimental approach
First, we will characterize the structure of metallic filters
(using an image processing program to analyse images
obtained by electron microscopy), as well as the properties
of the liquid. Secondly, we will characterize the interaction
between a fiber and the liquid. Finally, in a last part, we will
characterize the liquid / fibrous media interaction
(Pressure drop, liquid transfer, fluid accumulation in the
fibrous structure), in order to make correlations modeling
the evolution of the performance of metal filters.

Illustration: Electron microscopy image of a section
through the thickness of a metal filter (thickness =
120µm, packing density = 0,3, average fiber diameter =
13µm)

Main results
An exhaustive bibliographical review has been done to
identify the relevant research directions in terms of
experiments and modelling approach. Currently, metallic
filter media have been characterized, to do so, an image
processing algorithm has been developed and applied on
electron microscopy images. Characterisation has been
performed in terms of fiber size distribution, packing
density and thickness.
Liquid resin have been identified and will be characterized
in terms of density, viscosity and surface tension to select
relevant species.
A filter holder has been designed on the basis of CFD
computations to perform controlled tests by sampling
both aerosol and draining liquid fractions.
Parallelly, preliminary tests have been performed to
validate the measuring strategy and the test bench design.
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General context, scientific issues
Multiphase flows are commonly encountered in both
nature and many industrial sectors [1,2]. Former
important works in process engineering are often
empirical results such as gas retention rate, distribution
of sizes, therefore in the sense of the black box and in
the form of empirical correlations. The phenomena of
formation, interactions and coalescence between
bubbles or drops in liquids of different nature are still
poorly understood [3,4].
Objectives and stakes
This research project aims at experimental
investigations in transparent fluids to better
understand fundamental mechanisms governing the
formation, spreading and coalescence of bubbles or
drops whether in a liquid or at the solid-liquid
interfaces. Questions concerning the behaviors and
mechanisms of such bubbles and droplets composed
in/with various fluids, such as their
formations/coalescence in various phases/thinning
behavior/spreading on interfaces, etc, will be studied.
Methodology / Experimental approach
The flow velocity fields will be measured around/in a
single bubble or drop using micro-PIV technique based
on revised laser-fluorescent visualization and
developed by our team. By deriving these velocity
fields, it is then possible to obtain the shear stress
distribution in the surrounding liquid on bubble/drop
and to compare with more conventional forces such as
inertia and interfacial tension. Analysis of the shape of
the bubble or drop, particularly the temporal evolution
of the neck, makes it possible to refine the theoretical
modeling through a possibly self-similar law. It is also
envisaged too add a lateral velocity field in the
continuous liquid phase using a rotating disc above of
the orifice to study the influence of liquid flow on the
behavior of a bubble or drop. The coalescence
between two bubbles or drops will be studied under
various configurations, in particular with a focus on
drainage dynamics of films. The study will lead to the
quantification of the mechanisms and thus to a
physical modeling of the complex phenomena.

Illustration: Rheology results of GrapheneOxide (GO),
PAAm and laponite fluids

Main results
Rheology results have shown for the experimental
fluids: Grapheneoxide (GO) suspension, PAAm fluids
with
different
concentrations
and
laponite
suspensions. Compared with GO fluid, only PAAm with
1% concentration qualifies for a comparison reference
as a transparent model fluid for the opaque GO
suspension as both of them display similar nonNewtonian properties. Currently, the experiments are
carrying out as the first steps of this PhD program: the
ultra-fast electric conductivity acquisition to follow the
spatio-temporary coalescence at microscale between a
liquid drop and a flat interface of the same liquid, or
the spreading on a solid surface; the visualization at
mesoscale by a high-speed camera in the both GO and
PAAm fluids. Additionally, the micro-PIV is applying to
the transparent PAAm fluid to gain original flow fields
never obtained up to now.
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General context, scientific issues
Olive oil extraction could be performed by using either
traditional or modern processes. There are two waste
fractions that are produced in both extraction methods
[1]: a liquid effluent and a solid waste, known as olive
mill wastewater (OMWW) and olive pomace (OP),
respectively [2]. These fractions are discharged directly
in the environment without any prior treatment
causing a serious environmental problem [3]. These
effluents are very toxic and have a high organic load,
i.e. high chemical oxygen demand (COD) (around 110 gO2 L-1) [4]. They are especially saturated by phenolic
and aromatic compounds that are difficult to degrade.
It is therefore necessary to treat these polluants before
discharge
into
the
aquatic
environment.
Electrosorption technology is based on the electric
double-layer capacitance theory and has the
advantages of selectivity, desorption control and low
energy consumption [5].
Objectives and stakes
The present study aims to explore a complete cycle of
olive mill wastes treatment in which OP is first
transformed into a highly porous activated carbon. This
carbon is then used to manufacture an electrode that
can be used for the separation and recovery of
phenolic compounds from OMWW by electrosorption.
Methodology / Experimental approach
The activation process of granular olive pomace GOP
was performed by using impregnation process. 10 g of
precursor GOP was physically mixed with sodium
hydroxide, at (activator/precursor) weight ratio (1:1).
The temperature of carbonization was 700 °C. After
carbonization the obtained granular activated carbon
GAC was washed several times with ultrapure water in
order to neutralize pH. The obtained GAC was tested as
adsorbents for phenolic compounds. After the
validation of the adsorption capacity of the GAC, the
electrosorption tests were performed on fixed-bed
reactor reactor. Graphite rod was used as current
collector between the power supply and the GAC,
considering a monopolar connection mode.

Illustration: Fixed-bed reactor
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Main results
A new kind of GAC was prepared based on OP. The
electrochemical fixed-bed reactor has been
characterized by evaluating its main characteristics
such as the electro-active surface, the electrical
conductivity, the mass transfer coefficient and the
current exchange. The electrosorption performance in
terms of kinetics and adsorption capacity was also
assessed.
The results of electrosorption indicate that the removal
efficiency of phenol could be maintained above 58%
(C0 = 4000 mg L-1) after 360 min. Further studies are
being performed to evaluate the adsorption capacity
and selectivity of electrosorption in synthetic and real
effluents compared to adsorption.
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Illustration: PASS normalized REE patterns of WWTP of

General context, scientific issues
Rare Earth Elements (REE) have wide and growing
applications in high efficiency electronics, energy
technologies and/or medical applications. These
anthropogenic uses already disrupted the biological
cycle of REEs, and lead to enrichments of La, Ce, Sm,
and Gd in waters. One of the main pathways for the
anthropic REEs to enter in the aquatic systems is
effluent from urban wastewater treatment plants
(WWTPs)1.
Objectives and stakes
- Identify and quantify the REE in influents and effluents
of two WWTPs (WWTP of Grand Nancy, France, and
WWTP of Schifflange, Luxembourg) and of the artificial
wetland of Reims, France.
- Determine the REE origins (hospitals, industries, etc.)
- Know the REE variations and fluxes over time (days,
weeks, season) and during treatment steps.
- Study the REE fractionation between the different
phases (particular, colloidal and dissolved) inside
wastewater.
Methodology / Experimental approach
Different campaigns were conducted:
- Campaigns on Moselle River (France) to determine the
quantity of REE and to detect potential anomalies. In
fact, Moselle River is used by Grand Nancy metropole to
produce drinking water which ends up in wastewater
after use. Drinking water were investigated too.
- Campaigns into the WWTP of Grand Nancy using
automatic samplers for influents, effluents and some
other points during treatment phases. These campaigns
were 24 hours campaign and conducted for each day of
week, to determine a “typical” pattern of REE.
After the campaigns, samples are filtered at 0.45µm,
acidified at 1% with ultrapure HNO3 and then analyzed
for REE by ICP-MS. All filtration and washing protocols
were tested before sampling campaigns and analyses.

Grand Nancy

Main results
Bibliographic researches show that first REEs anomalies
in natural water were found in the 90’s, for Gd2; and that
this anomaly has an anthropogenic source (complexed
organic Gd used in MRI images). Since, Gd positive
anomaly has been reported widely, and other positives
anomalies has been discovered, like Sm or La
anomalies3.
Four campaigns on Moselle watershed were realized,
with 70 sampling stations correlated with geology,
population and land uses. Drinking water of Nancy was
also analyzed. REEs normalized patterns point out
different results:
- Negative Ce anomalies due to the redox behavior of Ce
- Small positive Gd anomalies (from 1.5 to 2.7).
REE patterns from influents and effluents of WWTP of
Grand Nancy display a strong positive Gd anomaly (from
200 to 780), what indicate no effect of water treatment
on Gd.
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General context, scientific issues
The production of metals from minerals produces huge
amounts of residues. These residues occupy large
storage spaces and very often contain recoverable
metals. The recovery of these residues would not only
reduce their volumes and their ecological footprint, but
also and above all to produce metals with high added
value for the needs of new technologies. It is in this
context that this thesis project takes place. The main
components of these red mud are Fe, Al, Si, Ti, Na and
Ca, as well as a large number of miners such as V, Cr, Zr
or Nb [1]. In all cases, the chemical composition of red
mud can vary depending on their origin. The idea, here,
is to develop a new process for the production of
electrolytic iron from red mud. Currently, it is estimated
that around 70 million tons of red mud are produced
each year worldwide. Unfortunately, today only 15% of
red mud is reused/recycled worldwide [2].
Objectives and stakes
The first objective of this study is to examine the
possibility of transferring the knowledge gathered in
the quoted studies on electrolytic reduction of hematite
to the more complex case of red mud beneficiation. The
expected advantages of this approach are mainly (i) to
reduce the volume of final waste to be disposed, (ii) to
produce electrolytic iron, and (iii) to have access to
other metals, e.g., the titanium contained in these
residues. The feasibility of electrolytic iron production
has been studied on samples of red mud from an
European alumina producer. These samples as well as
electrolytic iron samples have been characterized by
cross-linked techniques, e.g., XRD, SEM, and ICP-AES.
Methodology / Experimental approach
The experimental approach implemented is presented
in figure 1. First, the red mud sample is mixed with
NaOH solution. Subsequently, this suspension is
introduced into the electrochemical cell. The
electrodeposition of iron was carried out by setting a
current density (figure 2) and a temperature of 110 ° C.
It is well known that hematite has a very low solubility
in an alkaline medium (of the order of 10 -3 mol / L).
Consequently, the electrolysis takes place directly via
the hematite particle reduction to electrolytic iron on a
graphite cathode.

Illustration: Figure 1: Experimental approach
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Main results
The electrodeposition experiments were carried out by
chronopotentiometry, a method which consists of
imposing a current intensity and following the evolution
of the cell potential as a function of time. As can be seen
in the figure 2, the best faradic yields (72%) were
obtained for a solid/liquid ratio of 1/3 (g/mL), a NaOH
concentration of 12.5 mol/L, a current density of 41 A/m²
and a temperature of 110°C. The electrolytic iron
deposits, analyzed by ICP-AES, DRX, SEM/EDX, have a
purity of more than 97% iron by mass.

Figure 2: Faradic yields as a function of current density at
110 ° C
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General context, scientific issues
Constructed at the output of wastewater treatment
plants, artificial wetlands are used as a complementary
way of protecting natural environments from
pollutants, in addition to the abatement achieved by
wastewater treatment plants. Furthermore, these
wetlands could be a solution for treating urban
wastewater bypassed during rainy events.

Illustration: Constructed wetland configuration and
sampling points

Objectives and stakes
The construction of wetlands to polish the treatment of
treated waters is already used in France, but it concerns
small wastewater treatment plants. The purpose of
AZHUREV project is to build a large-scale demonstration
wetland downstream of the Grand Reims wastewater
treatment plant to provide an improved treatment
during dry weather and a treatment of bypassed
stormwater. At the same time, this project aims to
create habitats for wetland biodiversity. The first part of
my thesis is to monitor the system and its performance,
via sampling campaigns, in terms of abatement of
primary
pollution,
organic
and
inorganic
micropollutants, antibiotic resistant bacteria and faecal
coliforms for dry and rainy weather conditions and to
understand the abatement mechanisms. The second
part is to model the constructed wetland with ordinary
differential equations using MATLAB software and to
verify the predicted results by comparison with
recorded data.

In 2019, a camera has been installed at the entrance to
the wetland to monitor the development of vegetation.
A sampling campaign of surface water is conducted
monthly (see illustration). With an aquatic drone, water
samples are collected in the ponds and dissolved oxygen
and temperature are measured. For each season,
sediments and aquatic plants are also sampled.

Methodology / Experimental approach
The wetland is composed of three ponds (2 hectares),
each with different types of macrophytes and
vegetation in various amounts. By dry weather, a
percentage of the water treated by the treatment plant
is diverted and supplies equally each pond. During rainy
events, the ponds are supplied by bypassed urban
rainwater. Flow meters and temperature/conductivity
sensors are installed at the entrance and exit of each
pond on a hourly and 15-min basis, respectively. In each
pond, two PAR sensors are set up in and measure a data
every hour. A weather station measures air
temperature, wind speed and direction, precipitations
and PAR.

Parameters measured in water samples are : organic
and inorganic carbon, total nitrogen and its most
common forms, o-phosphates, chlorides, sulphates, Ca,
K, Mg, Na, Si, trace elements, optical characteristics of
organic matter, antibiotic resistant gene (class 1
integron), faecal coliforms and some organic
micropollutants (pharmaceuticals, phthalates, AMPA,
etc.)
Parameters to measure in plant and sediment samples
are : Ca, K, Mg, Na, Si, trace elements and some organic
micropollutants.
Main results
Removal of nitrogen (average efficiency = 50 %) by
nitrification/denitrification, plants uptake and sediment
adsorption.
Enrichment in dissolved organic carbon (average
efficiency = -33%) and in phosphorus (average efficiency
= -35%) by plant decomposition.
Removal of biodegradable and photodegradable
pharmaceuticals.
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General context, scientific issues
Water stress in some countries, occurrence of
pharmaceutic micropollutants and emergence of antibio-resistant microorganisms have appealed for further
treatment of effluent of wastewater treatment plants
(WWTPs) [1]. This complementary treatment has the
objective to totally degrade the persistent
micropollutants and in the same time to reuse the
wastewater. Electrochemical advanced oxidation
processes (EAOP) have been reported to be very
efficient to degrade organic pollutants in which strong
hydroxyl radical oxidants (OH) are continuously electrogenerated in-situ [2]. The application of microfluidic thin
film reactor within the framework of EAOPs allows
mineralization of micropollutants without an addition of
chemical reagents whilst concurrently enhances mass
transport of pollutants within the reactor [3].
Objectives and stakes
Prior to application of thin film reactor to treat
micropollutants, occurrence of mineral precipitation
during electrolysis of hard water (whose characteristics
correspond to effluent of WWTPs) is investigated. The
formation of deposits on the surface of electrode can
dramatically reduce the EAOPs performance. Influence
of matrix of electrolyte and applied current density on
the behavior of mineral precipitation occurring inside
microfluidic reactor are investigated.
Methodology / Experimental approach
Precipitate investigated: Mg(OH)2 and CaCO3
Electrolyte matrix (mimicking properties of effluent of
WWTPs):
Presents ionic characteristic of [Ca2+] 150 ppm, [Mg2+] 5
ppm and/or CO32- 6 mg-C L-1.
Matrix of (i) Ca2+ and Mg2+ alone without CO32-, (ii) Ca2+
and CO32- without Mg2+ and (iii) Ca2+, Mg2+ and CO32All eventual electrolytes exhibit approximate values of
pH of 7.5, ionic conductivity of 1 mS cm-1 and ionic
strength of 0.02 mol L-1
Current density: 0.4 (low) and 4 mA cm-2 (high)
Analysis:
ICP-OES, TOC-TN, UV-vis spectrometry
LSV, chrono-potentio/ampero-metry using potentiostat

Illustration: Concentration variations of Mg2+, Ca2+ and
CO32- for different electrolyte matrices at 4 mA cm-2

Main results
Ca(OH)2 is not produced under applied operating
conditions. Mg(OH)2 does not yet precipitate at 0.4 mA
cm-2 and it precipitates regardless of CO32- at 4 mA cm-2.
Ca2+ only precipitates in presence of CO32- to yield
CaCO3. CaCO3 precipitates as early as 0.4 mA cm-2 unlike
Mg(OH)2. More precipitation of CaCO3 is observed at
low current density due to higher evolution of gas at
higher current density [4]. Mg2+ acts as inhibitor to
CaCO3 [5] and this effect is very obvious at 4 mA cm-2.
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General context, scientific issues
Proton exchange membrane fuel cells (PEMFC) have
attracted worldwide research because of their
advantages including zero emission of greenhouse gas
and high energy efficiency. At the current technological
stage, platinum-based nanoparticles supported by
microporous carbon materials are the most efficient
catalysts. However, they induce a high cost and are
very sensitive to the supply gas pollution.
Objectives and stakes
Nitrogen-doped graphenic materials have been shown
to be electroactive materials thanks to the difference
of electronegativity between carbon and nitrogen
atoms, inducing a redistribution of the electric charges
of the atoms. Moreover, molecular dynamic
simulations [1] have shown that addition of nitrogen
atoms inside the graphene network could catalyze the
sluggish oxygen reduction reaction (ORR). The use of
this material could be a real asset for the
democratization of the PEMFC.
Methodology / Experimental approach
This PhD work focuses on the preparation of N-doped
graphenic foams, an innovative material combining the
properties of graphene with those exhibited by a 3D
microporous structure with a specific surface greater
than 2000 m²/g [2]. The elaboration of a nitrogendoped graphenic foam has been developed from the
previous studies on N-free graphenic foam, using an
original solvothermal-based process involving organic
solvents and metallic sodium, followed by a pyrolysis
treatment
under
N2
flow
.
Elaborated materials have been studied using
numerous multi-scale characterization techniques to
provide detailed information about their purity,
homogeneity, chemical composition, crystallinity and
surface texture. Galvanostatic electrochemical
impedance spectroscopy (GEIS) measurements have
been carried out to determine the catalytic activity of
these materials for the ORR within a complete H2-air
PEMFC setup.

Illustration: TEM micrography of N-doped graphenic
foam (left), exploitation of GEIS data (right)

Main results
Due to the good understanding of the solvothermal
reaction as well as the pyrolysis treatment, N-doped
graphenic materials have been successfully synthesized
and possess good crystallinity, high purity and
homogeneity.
The nitrogen insertion inside the graphenic network
reaches around 1-3 at.%. The N-doping can be tailored
by changing the experimental parameters. Thus,
compromises should be found between the
adjustments in the N-doping and the structural
properties.
Electrochemical measurements confirmed the catalytic
activity of N-doped graphenic materials towards the
ORR. The performances going with this type of
materials remain quite low, as they reached up to 3.2
mW.cm-². However, the activity has been measured 60
times greater than the one of N-free graphenic foams,
showing a real interest in this metal-free alternative
material.
Further characterizations should be carried out to
better understand the link between the structural,
textural, and chemical properties of the materials and
their catalytic activity.
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General context

Proton exchange membrane fuel cells (PEMFCs) also called,
polymer electrolyte membrane fuel cells are emerging energy
devices for the future, which leverages its technology from the
fundamentals of energy conversion and electrochemical systems
[1-2]. The gas diffusion layer (GDL) is an integral part of PEMFC,
which is an electrically and thermally conductive porous layer
placed between the catalyst layer and the bipolar plates. GDL
facilitates access to the reacting gases in diffusing from the bipolar
plate channels to the catalytic site [1-2]. Gas transport through the
GDL is a combination of in-plane and through-plane transport.
Effective gas transport depends on several factors like type and
properties of GDL, compression in the cell, design of bipolar plates
to name a few. However, for cell operation, the challenge of
reaching greater working efficiency persists and needs to be
meticulously addressed by optimizing the transport factors [1,2].
Objectives
The transport phenomena in PEMFC are usually characterized by
gas diffusion and permeability within the GDL porous layers. The
present investigation as a part of PhD deals with validating an
experimental technique for which gas transport measurements in
the presence of liquid water on GDLs 24 AA (No PTFE, No MPL), 24
BA (PTFE 5%, NO MPL) and 24 BC (PTFE 5% & MPL) are to be carried
out in a dedicated cell.
Methodology / Experimental approach
In pursuit of validating the experimental approach, dry gas is used
for measuring through-plane gas permeability. The conditions;
temperature ranging between 20-26°C and nitrogen as dry gas
with, additional measuring instruments including pressure sensor
and indicator, mass flow controller, and gas flow calibrator[1].
Firstly, (i) The GDLs samples were cut from in the form of a 40 mm
diameter disc weighed under dry state and was placed in a
commercial filtration system at the lab. This system has 2 chambers
and a sample holder in the centre with a perforated disc allows
water to pass through. The top chamber was filled with water up to
200 ml and was further sucked onto the bottom chamber with the
use of a vacuum pump till the water passes through completely for
around 15 secs, to ensure significant wetting of the GDL sample.
Weight of the wet samples were taken, as the difference was noted
for
water
uptake capacities for the GDLs, Then,
(ii) The wetted sample is then placed inside the measurement
device, and dry nitrogen gas was fed ranging from 10 NmL/min to
150 NmL/min. The pressure gradient versus the average flow
velocity of the permeating gas were noted. The obtained data were
then treated for the calculation of the viscous permeability (Kv) by
using the Darcy’s law as linear trends were obtained. Finally,
(iii) A comparison is made between the complete dry state
to the wet state water uptake capacity values and the throughplane permeability values. In general, for fuel cells under operation,
there is a substantial influence of the water formation, in particular
on the cathode side, which affects the overall gas transport [1].

Figure 1: Through-plane pressure gradient (Pa/m) vs average flow
velocity (m/s) observed for dry and wet conditions

Results

In the 3 GDLs tested; it was commonly seen that the overall
through-plane permeability of gas decreases when passing through
the wetted GDL. For instance, in 24 AA, the dry permeability was
-12
2
previously obtained at 5.1 x 10 m [1], whereas under wetted
-12 2
conditions the value obtained was 3.6 x 10 m , with almost a 30%
-12
2
decrease Fig 1(a). For 24 BA the dry value was 5.7 x 10 m [1],
-12
2
whereas in the presence of water was 5.1 x 10 m , with around
11% decline Fig 1(b). Lastly, for the 24 BC, the dry value was
- 14 2
obtained at 6.0 x 10 m [1], while in the presence of liquid water
- 14 2
gave 4.9 x 10 m with approximately 18% decline Fig 1(c). It must
be mentioned here that 24 AA with no MPL and no PTFE shows the
highest difference between wet and dry when compared to 24 BA,
because (i) It is fragile being more prone to compression and (ii)
higher water uptake up to 50% when compared to the same the
substrate with PTFE (24 BA) at 22% Fig 1(d).
Additionally, in the 24 BC which has a MPL, the overall throughplane permeability values are almost 2 orders of magnitude lower
than its counterparts 24 BA (No MPL). The reasons are (i) MPL has
lower pore sizes 2-200 nm and imposes higher resistance leading to
higher pressure drop compared to substrate with pore sizes 10-30
µm, and (ii) The presence of MPL-MPS intersection region offering
variable pore size orientation adding complexity to gas/fluid
transport. Now, this point also serves as a reason as to why 24 BC
water has a high water uptake of 72% despite the presence of MPL
and PTFE.
Conclusion ; While the non-MPL and non-PTFE grades (-AA) soak up
greater water, compared to PTFE grades (-BA), gas transport is
significantly affected, and the importance of PTFE loading is
recognized. For the MPL grade GDLs, it is essential to find the right
balance between its overall permeability and water uptake balance.
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Objectives and stakes
During the filtration process, the porosity of the
particle deposit (i.e. "soot cake") formed on the surface
of the medium depends on the filtration conditions and
particle morphological properties. The objective of this
study is, therefore, to confirm the porosity results of
nanometric particle deposits obtained by the previous
simulations and to correlate the porosity with one or
more relevant dimensionless numbers Porosity values
have been presented for different filtration velocities
(including velocity decrease), particle size, ambient
pressure and the characteristics of the particles
(morphology, density) are carried on.
Methodology / Experimental approach
In order to study the surface deposit in term of
pressure drop and microstructure, PTFE membranes
have been used as filtration media since the particles
penetration inside this media is limited. To measure
the cake growth rate and deduce its porosity, an
original device, based on a laser trigonometric
method[2] has been developed. Tests were conducted
on various types of nanometric particles and under
various operating conditions in order to investigate
effects of operating parameters selected.
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General context, scientific issues
High Efficiency Particulate Air (HEPA) filtration is
essential for the safety of workers and environment.
For this reason, the French Institute for Radiological
Protection and Nuclear Safety (Institut de
Radioprotection et de Sûreté Nucléaire) and the
Reactions and Chemical Engineering Laboratory
(Laboratoire Réactions et Génie des Procédés) conduct
research programs on those containment devices in
order to anticipate their behavior especially in case of
fire, one of the most probable incident. The recent
works lead to a phenomenological model of clogging [1]
in which one of the most sensitive input parameters is
the deposit porosity. They proposed an empirical
correlation between aggregate’s Peclet number, which
characterizes the transport of particles, and cake
porosity. The porosity’s prediction for soot particles is a
key point to make this model fully predictive.
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Main results
The contributions of particle mass and diameter,
filtration velocity and diffusion coefficient to the
porosity of the deposit were studied allowing the
contribution of diffusion and particle inertia to be
isolated. More specifically, the different parameters
studied, associated with their ranges of variation are i)
density (1,000 < ρp < 4,000 kg/m3), ii) particle diameter
(60 < dp < 110 nm), iii) filtration velocity (0.04 < Uf <
70 cm/s) and iv) mean free path of the aerosol (66 and
135 nm). The metric used (Porosity vs. Peclet number)
shows a certain dispersion of the points essentially in
the transition zone because the inertial effects of the
particles are not taken into account through the Peclet
number. The representation, according to the Stokes
number, allows this dispersion to be reduced and
seems to be a better indicator for estimating the
porosity of a deposit of pseudo-spherical nanoparticles.
A correlation based on the Stokes number could be
established with all the experimental results.
References
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Objectives and stakes
In order to model a dust explosion phenomenon, a
gasification or a pyrolysis process, it is compulsory to
determine the rate-limiting mechanisms occurring
during the rapid heating of a dust cloud, followed by a
flash pyrolysis and an oxidation step. Among the
essential bricks of this model, the chemical reaction
kinetics is probably the most central input.
Unfortunately, at present, the proposed reaction
mechanisms do not allow to represent the complexity
of these phenomena, as they are almost always based
on slow heating tests. The main goal of this work is to
identify 5-10 lumped reactions able to coherently
describe the kinetics of these phenomena.
Developing such a model is far from being easy as
various steps have to be considered: the dust
dispersion and its potential variation of particle size
distribution, the dust ignition, which is by nature a
discontinuous process, the flame propagation and the
turbulence/combustion interactions.
Methodology / Experimental approach

Cellulose was chosen as first dust sample, as it may be used
in the future to represent a fundamental brick of many
complex matrix, such as wood. Its pyrolysis mechanism was
studied using a Godbert-Greenwald furnace to simulate the
flash pyrolysis step (dust residence time around 230 ms). The
flue gases were then analyzed, and the tests were
performed at three different temperatures (700, 800 and
900°C). Flame propagation tests were also performed in
order to study sample’s flame propagation characteristics.
Finally, experiments were also carried out in a 20 L vessel.
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Illustration: Permanent gas composition from a flash
pyrolysis test.
Molar fraction

General context, scientific issues
The importance of merging process safety and
engineering design together is well known. However,
for dust explosion as for other risks, the industrial
conditions are multiple, changing and can hardly be
reproduced in a laboratory by a series of experiments.
Supporting the tests with a numerical model able to
extrapolate their results to operating conditions other
than those defined by the international standards,
would increase the relevance of a normative approach.
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Flame propagation test images, from the ignition
moment to the flame development

Main results
The results of the flash pyrolysis test showed a clear
abundance in permanent gases (CH4, H2, CO and CO2),
with not negligible traces of heavier compounds
(aromatics, C2-3 and C2-3=). The general reactions that
likely take place are:
Cellulose  Permanent gases
Cellulose  Heavier molecules  Permanent gases
Cellulose  Char
A model was realized with the aid of MATLAB and is
currently being perfectionated. As for the flame speed,
data are being introduced in an already existent model
(realized by D. Torrado and A. Santandrea) in order to
modify it for cellulose dust flame propagation tests.
Results showed an unstretched flame speed of 21.5
cm/s, which is in good agreement with other work.
Explosion parameters were determined as well: Pmax
reaches 6.8 bar, whereas (dP/dt)max is 287 bar.s-1, which
corresponds to a Kst parameter of 78 bar.m.s-1
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General context, scientific issues
By definition, nanoparticles exhibit at least one
dimension below 100 nm. This small size implies a high
specific surface area, which induces original properties
when compared to micropowders, such as chemical,
mechanical, optical or biological properties. Among
these new specificities, nanoparticles are subjected to
strong cohesion forces, such as van der Waals,
electrostatic or capillary forces, which cause them to
agglomerate in a reversible way. However, dust
explosions require the dispersion of the dust in the air,
which can lead to a breakage of these agglomerates.
Objectives and stakes
The aim of this work is then to study the influence of
nanoparticles specificities, notably the agglomeration,
on their ignition sensitivity and explosion severity, and
evaluate the adequacy of the international standard
methods to determine these parameters when it comes
to nanoparticles.
Methodology / Experimental approach
Four powders were chosen to highlight the specific
behavior of each type of combustible powder, i.e.
carbonaceous, organic or metallic: carbon black,
nanocellulose, aluminum and carbon-coated silicon. The
powders were characterized by Scanning Electron
Microscopy (SEM), specific surface measurement and
helium pycnometer, and their particle size distribution
(PSD) was measured before and after dispersion using
different methods. The mean surface diameter, used to
consider the high surface area of nanoparticles,
considerably decreases after the injection in the 20L
sphere, which is the standard equipment to measure
the explosion severity of a dust. This observation
highlighted the necessity to characterize the dust not
only before dispersion, but also after injection in the 20L
sphere, to accurately evaluate the explosion risk.
Ignition and explosion tests were conducted in standard
conditions, but also by varying the powder preparation
(aging, drying, sieving, agglomeration), and the
operating conditions (dispersion procedure, ignition
energy, initial turbulence).

Illustration: nanocellulose explosion in a new 20l vessel

Main results
Specific behaviors related to the powder nature
(carbonaceous, organic or metallic) were observed,
discussed, and alternative measurement methods were
proposed. For instance, alternative dispersion nozzles
were tested to provide a better cloud homogeneity or
to reproduce industrial release conditions[1]. Dispersion
procedure and ignition source should be adapted to the
minimum ignition energy of the powders to avoid both
pre-ignition and overdriving. Variation of the ignition
time is helpful to obtain the most conservative results.
One of the main proposals consists in the consideration
of the laminar burning velocity as a standard
characteristic of the explosion severity [2]. Experiments
were conducted in a flame propagation tube and a
vented 20L sphere to evaluate the unstretched burning
velocity of nanocellulose. The results were then
compared to an existing correlation based on the
pressure-time evolution during standard experiments.
Furthermore, a flame propagation model, initially
designed for hybrid mixtures, was adapted to the flame
propagation in a cloud of organic nanoparticles,
showing consistent results with the experiments.
References
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General context, scientific issues
A crucial element for a Proton exchange Membrane Fuel
Cell (PEMFC) is its gas diffusion layer (GDL), and its
working is governed by transport phenomena such as
mass and charge transport [1]. It is important to know
the extent of transport phenomena inside the fuel cell
to comment on the efficiency of the fuel cell [2,3]. There
are some conventional techniques, with particularly
electrochemical impedance spectroscopy (EIS),
transport phenomena are difficult to be distinguished
from each other and their signal may be masked by
charge-transfer processes [4]. But, electrochemical
pressure impedance spectroscopy (EPIS) performs
better in low frequency range (typically f < 1Hz) where
transport processes in fuel cells occur due to high time
constant, as illustrated in the figure. For PEMFC, EPIS is
expected to allow the observation of flow and mass
transport phenomena with high accuracy [2].

Illustration: Compa rison of EPIS spectra (a) i mpedance modulus

Objectives and stakes
The primary goal of the study is the development and
evaluation of EPIS for PEMFC diagnosis in day to day
laboratory working. In addition to that, the investigation
is expected to bring a significant contribution on
understanding, characterization and quantification of
the different transport phenomena involving gases and
liquid water in GDL. And lastly, for cost optimization by
using low cost pressure excitor/sensor will be tested.

Main results
The modulus decreases strongly with increasing oxygen
mole fraction and is at its lowest (and is constant) with
pure oxygen. It can be deduced that the smaller the
mole fraction of oxygen in a mixture typically below 0.4,
the greater the modulus variation, which is in
accordance with the results found by Rho et al. [5].
Moreover, the most significant differences in the
impedance modulus are observed above 50 to 80 mHz
which reveals the significant control of gas diffusion in
low O2-containing gas mixtures. These observations
might suggest the detection of convective and diffusive
mass transfer of oxygen to and through the gas diffusion
electrode and the high contribution of nitrogen in mass
transport losses. In addition, occurrence of oxygen
diffusion in inert nitrogen appears to be the major cause
of the phase shift [5].

Methodology / Experimental approach
The working of the technique is based on analyzing the
dynamic behavior of voltage/pressure at constant
current by pressure excitation-voltage detection with
frequency range of 1 Hz to 1 mHz [1][2]. The mass and
momentum transfer are slow processes with large time
constant (typically > 1 s), so the investigation put it in
low frequency range. For the moment, the approach is
progressive, simple cases like transport phenomena
with dry gases in real fuel cells are being considered. By
comparing the system response with air in terms of
phase shift with system response with pure oxygen,
mass transport control can be characterized [5]. Hence,
experiments with varying mole fraction of oxygen (from
air to pure oxygen) were carried out.
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a nd phase s hift (b) at different oxygen mole fraction with the same
opera ting conditions; j=0.2 A/cm2, RH=20%
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General context, scientific issues
Drop coalescence is of both academic and industrial
interest and plays a major role in numerous applications
[1-2]. The short dynamics for the drop coalescence in
the first few microseconds has never been fully
understood. In recent decades, many researchers have
concentrated on this scientific issue. Drop coalescence
could be observed at a planar liquid/liquid or air-liquid
interface. In addition, coalescence of two separate
drops was also extensively investigated, either between
spreading drops on a substrate or pendant drops.
Previous studies on drop coalescence were mainly
conducted experimentally by a visualized high-speed
camera with a minimum interval of about 0.01 ms,
which is far from sufficient to study the dynamics of very
initial contact within typical length of 100 µm. The
present PhD thesis aims at significantly descending the
spatio-temporary scales investigated for these complex
interfacial phenomena.
Objectives and stakes
Multiphase flows are commonly encountered in nature
as well as in numerous industrial processes. The
interfacial phenomena such as coalescence, spreading
and wetting have been widely applied in a variety of
domains including physics, biology and engineering. The
research project aims at a systematic study to better
understand the multiphase flows and interfacial
phenomena at different scales. The emphasis is given to
the fundamental mechanisms governing the formation,
interaction, coalescence and spreading of drops and
coalescence of droplets.
Methodology / Experimental approach
Three advanced techniques were employed in this
thesis to reduce drastically the investigation scales for
both time and length: 1). an innovative approach of an
ultra-high-speed DC electrical device was introduced to
have a deep insight about the dynamics for initial
coalescence and spreading of a Newtonian or nonNewtonian pendant drop at liquid and solid surface; 2).
An high-speed camera was employed to visualize the
shape evolution of the pendant drop during the
coalescence or spreading; 3). A new µ-PTV technique
was firstly developed to measure the velocity fields
inside the drop during the coalescence and spreading.

Illustration: Velocity fields obtained by the high-speed
µ-PTV in the drop and liquid surface during the initial
coalescence.

Main results
The initial coalescence of a drop with its own bulk liquid
surface was jointly investigated with a wide range of
viscosity extended to highly viscous non-Newtonian
liquids by means of three different techniques. With a
resolution of 0.8 µs, the ultra-high-speed DC electrical
device allowed to monitoring the evolution of the
coalescing width down to 7.4 µm within 10 µs.
Afterwards, the high-speed camera took the relay to
extend the investigation. The relationship between the
rescaled coalescing width  by the drop’s maximum
diameter and the normalized time  by the inertial time
confirms the distinct regimes previously reported for
drop-drop configuration: linear in the ILV regime  
( 4.23  105    6.30  104 ); square root in the inertial
regime   1/2 (   1.89  103 ); possibly a transient
viscous regime in between with a logarithmic correction
  ln  . The flow fields measured by the micro-PIV
reveal the transformation of surface energy during the
fast coalescence to kinetic energy, so that the inertia
located at the coalescing area of small width, down to
7.4 µm in this work, could be dominant with respect to
the viscous force in both the ILV and inertial regimes.
Few data were acquired for the viscous regime due to
the overlay between the DC approach and camera, and
further investigation is required to verify a possible
viscosity effect. For the drop spreading on a solid
surface, the same approach was employed with a time
scale of 0.8 µs and a space scale of 8 µm.
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Optimal shape design of Hollow membrane modules
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General context, scientific issues
 Membrane separation is widely used for the
separation of homogeneous liquid or gaseous
mixtures, and is one of the most promising
intensification technologies for gas-liquid
absorption processes.

Illustration:

 The design and operation of membrane modules
have been a great interest for many scientific
researches aiming to improve the separation
efficiency.


In this context, CFD (Computational Fluid
Dynamics) proved to be a powerful tool to assist
and support engineers in order to determine the
optimal shape of membrane modules.

Objectives and stakes
The goal is to determine the effects of helical pipe
geometry (pitch, helical radius and pipe diameter) and
modified helical shapes on:
• The achieved mass transfer efficiency (generally
expressed by the Sherwood number 𝑆𝑆ℎ𝐻𝐻∞).
• The involved pressure drop (generally characterized
∞
via a friction factor 𝐶𝐶𝑓𝑓,𝐻𝐻
) provided by a pump, which
constitutes a major operating cost.
• The packing density or compactness 𝜙𝜙𝐻𝐻,𝑚𝑚𝑚𝑚𝑚𝑚 , which
represents the highest membrane surface that can be
packed within a unit volume.
Methodology / Experimental approach
Each geometry was designed with CAD software
Autodesk,in which the maximum compacity was also
evaluated. The geometry was meshed with ANSYS
Workbench Meshing. The conservation equations were
then solved numerically with CFD software ANSYS
Fluent, assuming a uniform concentration at the pipe
wall. As a result, the velocity, concentration and
temperature fields, the mass transfer coefficient and
the friction factor (accounting for pumping cost) were
obtained. A mesh independence study was performed.
Hundreds of simulations were carried out exploring
a large range of helical radius and pitch.

Main results
* It appeared that the particular type of helical
geometries, of low helical radius and low pitch,
referred to as Highly Curves Helical Pipes (HCHPs),
provided the highest transfer rates per unit volume,
showing a huge potential of HCHPs for process
intensification, Figure 1.
* From the numerical results, 3 correlations were
established for helical pipes: the first one providing the
maximum packing density as a function of the helix
dimensions; the second expresses the friction factor
and the third the Sherwood number as a function of
the dimensions, the Reynolds and Schmidt numbers.
* The results were then analyzed in terms of different
performance criteria involving the Sherwood number,
the friction factor and the maximal packing density. For
each criterion, the most performant helical pipe
(optimal helical pipe) was identified and compared to
different former designs from the literature. HCHPs
revealed to be very efficient to minimize the volume of
mass exchangers and reactors, but they induce
significant friction losses. On the other hand, elongated
helical pipes of low helical radius simultaneously
enable to decrease the required pumping power and to
considerably reduce the volume of reactors and mass
exchangers.
* Finally, modified helical shapes were investigated
with wavy helical pipes and double helical pipes.
Several of these designs were found to perform even
better than the optimal helical pipes.
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General context, scientific issues

In the near future, the increase in the worldwide energy
consumption is expected due to socio-economic
development as well as the increase in the world population.
Due to the progressive accumulation of CO2 in the
atmosphere, we must restrict this amount of CO2 within
tolerable limits in order to better meet the European
commission’s standards. In this context, the development of
techniques to convert CO2 into useful chemicals is
recommended.
Taking into account the order of magnitude of word fuel
consumption, it would be preferable to produce fuels from
CO2 to reduce greenhouse gas emissions and create
economic wealth, although some products play the role of
1
both a fuel and a chemical (methanol, DME…) .

Objectives and stakes

The context of energy transition brings all chemical
industries to question a number of their processes and
design habits. To carry out this work, the study will focus on
balanced exothermic reactions for which heat exchange is
required and which benefit from coupling to separation to
shift the thermodynamic equilibrium. In this context, the
syntheses of methanol, DME and olefins have in common
that they are exothermic and balanced. Therefore, we will
study their characteristics to intensify them by improving the
coupling between reaction, heat transfer and membrane
separation.
To begin, we will work on DME because its industrial
synthesis has attracted attention in recent years due to its
potential in different markets: as a fuel for diesel vehicles
with little modification in the engine due to its high cetane
number and low emission of polluting gases ; as a fuel
additive by favoring the fuel/air mixture ; as fuel in industrial
and domestic uses (mixture of DME and LPG) because it has
chemical and physical properties similar to those of the main
constituents of LPG ; as a petrochemical filler and in the
generation of electricity.2

Methodology / Modeling approach

In this study, we will detail the design approach of either an optimal
arrangement of reactor, separator, and heat-exchanger within a
process, or the implementation of multifunctional reactors.
Coupling several elementary functions is not a commonly-used
approach due to the lack of practical design methodology,
however, we will propose criteria and heuristics allowing to choose
or reject the opportunity of a multifunctional reactor from the early
stages of the process development. Hence, a reactor model will be

developed, to evaluate the temperature and composition profiles
for different kinetic models proposed in the literature. The transfer
phenomena and chemical reactions will be analyzed on the basis of
specific criteria and methods in order to understand the coupling
between them.
Illustration1: Schematic view of proposed multi-functional reactor
configuration

Main results

Illustration2: Impact of coupling reaction and separation on
attainable equilibrium

As our chemical transformation is exothermic, the process can be
limited by thermodynamic equilibrium, so, the thermal control is
important: the design aims to bring the temperature of the catalyst
bed into a range where the reaction rate is not too much slowed
down by thermodynamics. The adjustment of the temperature can
be done by heat exchange or by injecting the fresh reagents into
the reaction medium.
The coupling to a heat exchanger enables to minimize the reactor
volume by maximizing the reaction rates, and allows to keep the
catalyst temperature within the limits set by kinetics and/or
thermodynamics. For a reactor length of 100 meters and a
-7
permeance of 1.2*10 mol /m² s Pa, Coupling to a separation shifts
the thermodynamic equilibrium (see illustration 2) in the direction
of increasing the conversion at a given temperature.

References

(1) Centi, G.; Perathoner, S. Opportunities and Prospects in the
Chemical Recycling of Carbon Dioxide to Fuels. Catalysis Today
2009, 148 (3), 191–205.
(2) Azizi, Z.; Rezaeimanesh, M.; Tohidian, T.; Rahimpour, M. R.
Dimethyl Ether: A Review of Technologies and Production
Challenges. Chemical Engineering and Processing: Process
Intensification 2014, 82, 150–172.

49

2020

Membrane contactors for physical absorption of carbon dioxide from high
pressure syngas stream
Ridha BEN AMMAR (2nd year)
Bouchra BELAISSAOUI , Sabine RODE
Axe PRIMO | EMSP

Keywords: Membrane Contactors, Absorption, Intensification, Hydrogen, CO2
General context, scientific issues
The gasification of carbon based fuels leads to a syngas
at a pressure of tens of bars, containing mainly
hydrogen and acid gases (CO2, H2S). The acid gases can
be separated from the hydrogen by physical absorption
in non-aqueous solvents. The purified hydrogen is then
used as a “clean” fuel. The reference gas-liquid
contactor technology in acid gas absorption is the
packed column. The solvent regeneration is performed
by stripping after depressurization. The solvent
recycling requires its recompression that alone uses 2030% of the overall energy of the process. The liquidside mass-transfer resistance is important and thus the
absorption step requires a high interfacial area leading
in the conventional technology to an important
contactor volume and thus big columns [1].

Illustration: Existing lab installation for physical
absorption using H2O as absorbent

Objectives and stakes
- Selection of compatible and suitable membrane
materials and absorbents for physical absorption.
Evaluation of the intensification potential by
reduction of both, contactor volume and process
energy requirement.
- Modelling of the process and experimental validation
applying industrial relevant operating conditions.

Main results
The model is under development. It has already been
applied successfully for CO2/H2 using Methanol as
absorbent.

Methodology / Experimental approach
The choice of membrane/absorbent combination is
based on compatibility and performance data found in
literature and/or tested in the lab.
The absorption will be modeled with the selected pairs
using a 1D approach[2]. It will then be integrated in the
architecture of Aspen where the whole process,
including the absorption and the solvent regeneration
step will be investigated and optimized.
Cost analysis including CAPEX and OPEX evaluation will
be achieved. The performances will be compared to
those of conventional technologies.
A lab scale installation will be constructed in order to
validate the simulation results in industrial conditions,
e.g. high pressure operation and non-aqueous solvents.

Perspectives
Modelling of the corresponding absorption processes
using various promising commercial physical
absorbents in targeted optimal operational conditions.
Building a lab installation for physical absorption using
other exotic solvents.
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General context, scientific issues
 Untreated biogas is not suitable for direct usage.
 Biogas should be purified to high concentration of
CH4 and minimum impurities, comparable to the
quality of treated natural gas.
 Inverse permeability-selectivity performance in
polymeric dense membrane hinders the
improvement of pristine material as bounded by the
2008 Roberson’s plot [1].
 Penetrant’s mobility across the dense selective layer
can be increased by reducing its thickness, hence
increasing its permeance.
 Introduction of gutter layer is thus vital to connect
the thin dense surface layer with the porous
substrate to minimize lateral diffusion and facilitate
thin dense layer formation.
 Choosing the correct material is thus important for
the fabrication of the multilayered hollow fiber
membrane to enhance the layer’s compatibility.
Objectives
This research aims to develop a high-performance
dense skin thin film composite hollow fiber membrane
for biogas upgrading. Hence, three objectives are to be
achieved:
 To review possible materials for multilayer hollow
fiber
membranes
and
elucidate
their
compatibilities.
 To elucidate the importance of gutter layer in
mitigating lateral diffusion and facilitate selective
layer formation.
 To fabricate, test, and simulate the performance of
the hollow fiber membranes.

Illustration: Conceptual design of the membrane
CO2
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Main results
 Commercial Oxyplus hollow fiber membrane made
up of polymethylpentene (PMP) with dense skin and
porous substructure has been chosen as the
combined support and gutter layer.

 P84 polyimide (PI) has been chosen as the selective
layer with reported CO2/CH4 of 48.93 [2].
 Thin film P84 PI is compatible with PMP, forming a
composite layer.

Flat sheet layers formed (a) PMP, (b) PMP-P84 composite, (c) P84

 Oxyplus structure is affected by the NMP solvent
(used for P84 PI dissolution) but the performance is
stable.

Methodology / Experimental approach

 Suitable polymer materials will be identified and justified
for each layers of the membrane:
- Support layer with good mechanical strength and able to
be molded into self-supporting hollow fiber
- Dense highly permeable gutter interlayer
- Thin selective skin layer with high selectivity values
 Compatibility of the layers will be elucidated.
 Performance of the hollow fiber membrane will be
tested.
 Synthetic biogas will be used as the feed of interest for
the separation process.

 Low Tg of PMP may reduce the mechanical strength
of the hollow fiber at higher permeation
temperature (35 °C).
References
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General context, scientific issues
In the phosphate industry, phosphoric acid is a major
component in the manufacture of fertilizers. It is mainly produced by the attack of phosphate ore with sulfuric acid. In the wet process, after its mining and beneficiation, the ore is fed to the digestion tank where it
reacts with a mixture of sulfuric acid and phosphoric
acid solutions. The phosphoric acid process has been,
and continues to be the subject of many industrial and
academic studies, at laboratory and pilot scale, and
even at industrial scale [1]. However, although the
phosphoric manufacturing process is widely studied in
the literature, its design and mastering of its operation
still pose several problems due in particular to the lack
of thermodynamic, kinetic, hydrodynamic data ..., and
to the lack of knowledge on many complex phenomena
involved in the process. The understanding of these
phenomena as well as accurate experimental measurements of the relevant variables are some of the key
issues of the project that should be addressed in order
to optimally design and operate the phosphoric acid
processes.
Objectives and stakes
The current works focus on the development of a database of physical and chemical properties of major
subsystems involved in phosphoric acid process. This is
achieved by carrying out experimental measurements
concerning solid/liquid/vapor equilibria and using the
Pitzer model [2] for the thermodynamic modeling.
Methodology / Experimental approach
Experiments concerning sulfuric and phosphoric acid
solutions were carried out at the laboratory scale for
different temperatures and molality conditions. In order to define the set of the most estimable Pitzer unknown parameters, an estimability approach [3] was
developed based on the use of global sensitivities [4].
Once defined, theses parameters are identified using a
branch-and-bound algorithm and the accuracy of their
identification is assessed by means of confidence intervals calculation and by carrying out cross validation
technics.

Illustration : Speciation prediction

Main results
The developed models make it possible to predict important information such as the physical and chemical
properties of the involved reagents. further development of these models will allow to predict important
information about the industrial phosphoric acid processes. In particular, we are interested to the free sulfates level which impacts directly the yield of the attacks, the gypsum saturation and also the phosphate
losses. The developed models can be also use to carry
out multiobjective optimization issues in order to improve the current conditions of production.
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General context
Gaseous ammonia emission is one of the major concerns in organic waste composting or methanization facilities. The French labour authorities [1] have set an occupational exposure limit for ammonia at 10 ppm. Mechanic machines used in composting and methanization
plants often operate in an atmosphere where the ambient ammonia concentration is above this limit value. The
cabins of these machines are then equipped with purification boxes to limit the exposure of the driver. The
boxes are made up of two separation compartments in
series. A filter that separates solid particles and/or aerosols and a doped activated carbon bed that removes
ammonia by adsorption
Objectives
The objective of the present work is to analyze, model
and optimize the performances of the adsorption process of ammonia. Furthermore, the validated model will
be exploited to optimally design the industrial air purification boxes.

Illustration: Comparison of predicted ammonia breakthrough curves with experimental data

Main results
The adsorption model was implemented and solved
within COMSOL Multiphysics. The identified values of
kLDF and Dax for different gas flowrates are presented in
Table 1.
Table 1. Identified values of the parameters of the ammonia adsorption process
Q, (L.min-1)
13.8
8.7
4.4

Methodology / Experimental approach
The model developed is a one-dimensional first principles model. It consists of momentum and mass balance
equations, along with relations of the prediction of adsorption isotherms and kinetics. The model is summarized below. The mass balance for ammonia can be written as:
1 −  b q
 2 c  ( vc )
c
=
−
− Dax 2 +
(1)
t
z
z
 b t
where c and q are the gas phase and the adsorbed phase
concentrations of the adsorbate respectively (mol.m-3),
v is the interstitial velocity (m.s-1) and Dax is the axial dispersion coefficient (m2.s-1), εb is the bed void fraction.
The kinetics of mass transfer is approximated by the LDF
equation as: q
= kLDF ( qe − q )
(2)

t

where kLDF is the overall mass transfer coefficient (s-1)
and qe is the amount of adsorbed component at equilibrium (mol.m-3) [2]. On the other hand, adsorption isotherms of the doped activated carbon as well as ammonia breakthrough curves are measured.

kLDF, (s-1)
4.81E-04
4.68E-04
1.64E-03

Dax, (m2.s-1)
0.0037
0.0081
0.0311

Their magnitudes are consistent with the values determined in similar operating conditions in the literature
[3]. The predicted model results using the fitted parameters exhibit a good agreement with the experimental
data. This agreement points out the accuracy of the
model predictions. The resulting identified model will be
further used in optimal design and operation of the ammonia adsorption process.
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General context/scientific issues
To improve its competitiveness, chemical industries must
constantly innovate and evolve towards more
intensified, efficient and compact processes. The shape
of the units that make up the process represents a
fundamental scientific, technical and technological
challenge. Shape optimization is a technology that is
quite appropriate to meet this challenge. It consists of a
set of mathematical methods that allow to find the best
shape of an object which minimizes a cost function while
satisfying given constraints. First, shape optimization in
the context of fluid dynamics has been developed for
aerodynamic industry and particularly for aircrafts. More
recently, it has been used in chemical engineering to find
the optimal shape of a pipe for example [1] and [2].
Objectives and stakes
The aim of the thesis is to design and manufacture
topologically optimized fixed bed contactors. The
optimization consists in moving, creating or removing the
contactor inner or external boundaries. It relies on the
shape derivative concept and does not require any
parametrization of the involved geometries. However,
the optimal shape is subject to manufacturing
constraints. The resulting optimal shape of the contactor
will be manufactured using additive manufacturing
technology and a campaign of experiences will be carried
out to validate the simulation.
Methodology / Experimental approach
The objective of this work is to determine the shape of
the fixed bed that minimizes the average outlet
concentration of reactive. The optimization problem is
subjected to an iso-volume constraint, another on the
energy dissipated by the fluid due to the work of viscous
forces and two others linked to the manufacturing
process (minimal width of obstacles and channels).
The solution of Navier-Stokes equations in (U,p), of the
mass balance (C) and of their 2 associated adjoint
problems (Ua,pa) and (Ca), will allow to compute the
displacement vector V(x) which will define the border of
the new iteration’s domain (like on the illustration) [3].
OpenFOAM is an open access CFD software. A solver of
this software has been modified to code the algorithm
which find the best shape of the obstacle.

Illustration: Example of an iteration of the shape
optimization’s method

Main results
Starting from a structured fixed bed, where the only
borders which can move are the obstacles of the packed
bed, the optimal shape can be obtained and it is
presented in Fig.2. This final shape allows to avoid a
dead zone at the reactor inlet. The optimization allows
the fixed bed to look like a plug flow reactor, the isoconcentration lines are perpendicular to the flow
direction. The reactor performances are improved and
the conversion is increased by 2.7%.

Figure 1 : Initial shape

Figure 2 : Optimized shape considering manufacturing constraints
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General context, scientific issues
Highly polluted waters have put critical stress on the
existing conventional treatment techniques, whereby
membrane treatments have emerged as a promising
alternative. Among several membrane processes,
Reverse osmosis (RO) has become one of the most
widely utilised technologies for its performance of salt
rejection and water permeation [1].
Osmosis, can be defined as a natural process in which
water molecules spontaneously move from a solution of
low solute concentration (low osmotic pressure) to a
solution of high solute concentration (high osmotic
pressure) across a semi permeable membrane. In case
the applied pressure difference is greater in magnitude
than the osmotic pressure difference across the
membrane, water molecules are forced to flow in a
direction opposite to that of the natural osmosis
phenomenon. In such a case, the process occurring is
known as RO.
The efficiency of RO depends on a number of factors
including the operational parameters, the employed
membrane, the feed water characteristics, in addition to
the concentration polarization. This phenomenon is due
to an accumulation of rejected solutes near the RO
membrane surface. In fact, during RO process, the
convective flow solutes from the bulk feed towards the
membrane, maximizes the solute concentration on the
membrane surface. Consequently, this creates a
boundary layer within which the solute concentration is
higher than the bulk solute concentration [2].
Objectives and stakes
This research aims to evaluate the performance of an
industrial unit module by acquiring experimental data
(flow, composition, temperature, pressure) in order to
verify the extrapolation of a specific model taking into
account the polarization phenomenon and all the
process characteristics.

Illustration: reverse osmosis unit

Methodology / Experimental approach
A reverse osmosis pilot has been designed by LRGP in
order to carry out experiments. For different feed solute
concentrations, retentate and permeate characteristics
are measured and liquid fractions were collected for
solute analysis. The experimental results will serve for
the simulation using a model based on permeability
laws [3].
For the operation of RO, the model was developed to
link the module's separation performances (i.e. the
characteristics of water coming out of the module in
terms of efficiency, chemical composition, temperature
and pressure) from module sizing data (geometric data)
and operating conditions such as characteristics of
water entering and circulating on either side of the
membranes.
References
[1] Asarayreh et al. Performance evaluation of reverse
osmosis brackish water desalination plant with different
recycled ratios of retentate (2020).

[2] Qasim et al. Reverse Osmosis desalination : a state of the
art review (2019).
[3] MELUSINE. Projet : Procédés membranaires pour le
traitement d'effluents liquides dans le domaine de l'énergie.

55

2020
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General context, scientific issues

Phosphoric acid is a key product in many industrial
applications, e.g. production of fertilizers, food and
even pharmaceutical industry. Its manufacturing
process is one of the most important processes in
phosphate industry [1]. The design and operation of
these processes still pose several problems due to the
lack of thermodynamic, kinetic, hydrodynamic data ...,
and to the lack of knowledge on many complex
phenomena involved in the process. It is therefore of
utmost importance to understand these phenomena in
order to accurately model and optimize the process
performances in general, and the digestion tank in
particular which constitutes the heart of the process.

Objectives and stakes

The objective of this work is to determine the optimal
operating conditions that maximize the yield and purity
of the phosphoric acid produced in the existing
processes, and to design new compact, intensified,
efficient and sustainable processes. The ultimate goal is
to further value the phosphoric acid by broadening its
fields of application and using it in the synthesis of
products with very high added value.

Methodology / Experimental approach

The methodology adopted consists in developing accurate
first principle models in strong and permanent interactions
with experimental measurements. The identified and
validated models will then be used in optimal design and
operation of processes. This work deals more specifically
with the phenomena involved in the digestion tank, and
more particularly with the dissolution of phosphate ore in a
mixture of sulfuric and phosphoric acid. The dissolution of
phosphates is considered as a non-catalytic liquid-solid with
elimination of products [2]. The different steps involved in
the dissolution process are given below.

Illustration 1: Steps of the dissolution mechanism

Illustration 2: Comparison of simulated and measured values of
solid conversion

However, the rate limiting step is not easy to determine. For
this reason, an experimental approach to study the kinetics
of the dissolution mechanism, including the identification of
the limiting step is carried out.

Main results
Simulations are carried out using gPROMS software. The
developed model predicted the concentration profiles in
liquid film surrounding the phosphate particles and in the
solution bulk within the digestion tank, and the simulated
conversion rate is in good agreement with available data in
the literature [3] (illustration2).
Statistical methods, static and dynamic data reconciliation,
optimal experimental design, global estimability analysis are
developed to identify the unknown parameters of the model
from the available measurements.
In order to validate the model, its outputs will be compared
to additional experimental measurements. Once the final
developed model is obtained, it will then be used to
determine the optimal operating conditions that improve
the performances of the existing phosphoric acid
manufacturing processes.
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General context, scientific issues
C2FUEL project aims to develop energy-efficient,
economically and environmentally viable CO2
conversion technologies for the displacement of fossils
fuels emission. This concept will be demonstrated at
Dunkirk between DK6 combined cycle power plant,
Arcelor Mittal steel factory and one of the major
European harbor.
C2FUEL main goal is to develop, integrate and validate
processes at industrial-relevant scale, for the conversion
of captured CO2 from carbon-intensive industries offgases, in formic acid and dimethylether. The produced
fuel will be tested locally, for transport through
maritime/truck shuttle and green electricity transport
and storage. C2FUEL circular approach could contribute
to mitigate up to 2,4 Mt CO2 per year.
Objectives and stakes
In C2FUEL project, the CO2 present in the blast furnace
gas will be selectively removed and sent either in
catalytic reactors or in a solid oxide electrolyser. In both
cases, purity requirement for CO2 is very high, and will
be achieve by implementing a membrane based
absorption process using membrane contactors as
gas/liquid contactor.
Membrane contactors have been validated for years for
CO2 capture, and consist in a gas/liquid contactor where
a hollow fiber act as an interface between the two
phases. The LRGP has been involved in numerous
projects in this field: the CICADI[1] and AMELIE[2]
validated the concept of membrane contactor for CO 2
absorption at the lab scale on key chemical solvents; the
EnergiCapt[3] and C2B[4] projects involved the upscaling
and its validation on real flue gas. Results shown in each
case high intensification potential compared to
conventional contactor.
Thanks to its expertise, the LRGP will contribute to the
selection, design, testing, modelling and simulation of a
CO2 capture process based on membrane contactors
able to deliver up to 1 Nm3/hr purified carbon dioxide.

Illustration: Process simulation layout on AspenPlus

Methodology / Experimental approach
LRGP contribution consist of two steps : (i) A bench unit,
making use of lab scale membrane contactors, will be
designed in order to carry out experiments on model
and real flue gases, with a emphasis on trace
compounds removal; (ii) The experimental results will
used to evaluate a tailor-made modelling and simulation
tool, which will serve for the design of the
demonstration gas conditioning unit.
On-going activities
LRGP activities are focused on several tasks:
• Operate a solvent selection and a review of
equilibrium characteristics • Select composite and
microporous PTFE hollow fiber membrane contactors •
Building
a
lab-scale
absorption/regeneration
experimental setup to test both contactors resistance
and solvents capacity • Selection of pre-treatment
technology based on real flue gases impurities and dust
content • Evaluation of the impact of dust exposure on
contactors • Design of the demonstration unit •
Simulations and parametric studies on Aspen software
to assess production of 1 Nm3/hr of pure CO2 and define
the best operating conditions on the demonstrator unit
• Implementation of a one-dimensional isothermal
model of chemical absorption of CO2 by means of
membrane contactor.
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Among energy carriers, hydrogen has emerged as a
friendly solution for climate change, air pollution and
energy security. Hydrogen has a wide range of
properties to be used as fuel, raw material or as
interface between electricity and chemical energy
forms through the power-to-gas process. Its great
content of energy per mass, that is around of three
times bigger than common fossil-derived fuels, and its
capability to enable the decarbonization of some
chemical processes and transport sector, made
hydrogen a key energy carrier to face the current
energy and environmental challenges 3,4.
Objectives and stakes
Build a mathematical model to represent the operation
of an energy system including different conversion
technologies
Determine the optimal energy system configuration
and its operational regime according to sustainability
criteria.
Methodology / Experimental approach

From the technical point of view, a set of potential technological
alternatives must be evaluated in order to establish their
complementarities and build the most adequate configuration.
Moreover, this set of possible configurations, under economic,
environmental and socio/political dimensions also need to be
studied, and fitted to conditions (climate, resources availability) of
the specific context where it would be implemented.

Illustration: Energy System flowsheet
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General context, scientific issues
The emergence of distributed energy systems (DES)
and the growing share of renewable energies are
changing the way in which power systems are planned,
designed and operated 1. DES are based on the idea to
replace or complement the big and conventional
centralized generation plants, with smaller units
located close to energy consumers2. In addition to
offering more flexibility in generation, reducing
inefficiencies in delivering and vulnerability of the
system, DES enable to take advantage of the synergies
among different sources and energy carriers. It
provides a reliable pathway for energy transition from
technological, economic, environmental and social
point of view.
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The obtained Pareto front reflect the contradictory
character for a pair of objectives (TAC and CO2
emissions), as well as the trade-offs between them. In
general, it seems that the optimal energy system
flowsheet is strongly dependent of the selected
objective, and hence of the preferences of decisionmaker.
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General context, scientific issues
The manufacturing of methionine, an animal feed
additive, requires the catalytic oxidation of propylene
to acrolein. This highly exothermic reaction has been
the subject of numerous studies [1][2]. The results
show that the secondary reactions are thermally
activated and that any deviation from an optimal
temperature profile induces the formation of hot spots
that negatively affect acrolein yield and selectivity.
Furthermore, these hot spots promote the formation
of by-products, some of which have a bad effect on
catalyst activity. The parasitic reactions lead to more
than 40 lights or fouling side products causing frequent
shutdowns of the industrial reactor which, added to
low propylene yields, increase operating costs.

Illustration 1: TGA analysis in air atmosphere results of a
used catalyst sample.

Objectives and stakes
The aim of this thesis is to develop a global model of
the industrial acrolein production reactor taking into
account catalyst deactivation, with a view to
integrating it into the factory-level guidelines. The
ultimate goal will be to optimize the operating
conditions to maximize acrolein production as a
function of the catalyst life.

Main results
The experimental results using IR spectroscopy,
Thermo-gravimetric analysis (TGA) and CHONS
techniques did not show any difference between the
samples of used and new catalysts. This means that
there is no coke formed on the samples provided from
the industrial pilot (available in Adisséo research lab).
TPO technique will provide more information about the
capacity of oxidation of the used catalyst and the use
of XPS will allow the investigation of changes in the
elemental composition on the surface of the catalyst
by comparing it with the fresh
catalyst.
A new kinetic model is developed using the
experimental data of RealCat (a screening platform
broadband catalytic activities based in UCCS - Lille) by
comparing the calculated and the experimental flow
rate values and will be completed using data from the
industrial
pilot.
This will be the base for a more accurate model, which
will take into account the catalyst deactivation effect.

Methodology / Experimental approach

In order to quantify the catalyst deactivation effect on the
acrolein production, the cause of the deactivation has to be
determined. In addition to the coking effect that was
suspected, the bibliographic research showed a possible link
between the loss of molybdenum on the surface of the
catalyst (mainly composed of Bismuth and Molybdenum.)
and its deactivation. This loss could be promoted by water.
A study, on recent kinetic models [2] [3] of propylene
oxidation into acrolein, include the adsorption of certain
species on the surface of the catalyst.
A new kinetic model, including the adsorption of water and
allyl intermediate, is being developed in order to link the
Molybdenum loss with the water adsorbed in the surface.
Experimental investigation is also required to identify the
cause of deactivation using advanced techniques such as
(TPO) and X-Ray photoelectron spectrometry (XPS). The data
collected during the structural analysis will help completing
the kinetic model.
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General context, scientific issues
Dissolution processes, present in a great variety of
industries, imposes the use of downstream processes
equipment, needed to be efficient and performant as
possible.
Dissolution of spent nuclear fuel represents the first
chemical step in the reprocessing of the nuclear fuel
cycle. The presence of plutonium rich zones in the pellet
fuel constitutes nowadays a challenge during its
treatment which inflicts the need of a technological leap
forward for the plutonium multi-recycling scenario.
Modeling emerges as a useful tool allowing the
dimensioning and development of new dissolution
technologies that must include the most relevant
features describing the system.
Objectives and stakes
- Development of a descriptive and predictive model of
the different mechanisms that take place during the
dissolution of MOX ((𝑈𝑈, 𝑃𝑃𝑃𝑃)𝑂𝑂2 ) powders in nitric acid
solution at microscopic scale.
- Dimensioning of a new design/process for the
dissolution of MOX powder at the macroscopic scale
Methodology
This work will be divided in two main parts:
experimentation and modelling. The experimental part
involves the dissolution of MOX powder by following the
evolution of the perimeter and area of a grain through
time using optical microscopy and image processing.
𝑡𝑡−∆𝑡𝑡

𝐴𝐴(𝑡𝑡) ≈ 𝐴𝐴(0) − 𝑟𝑟 ∆𝑡𝑡 ∑ 𝑃𝑃(𝑡𝑡)
𝑡𝑡=𝑜𝑜

Where 𝐴𝐴 is the projected area of the dissolving particle
at different moments of time, 𝑡𝑡; 𝑟𝑟, corresponds to the
dissolution rate in 𝑚𝑚. 𝑠𝑠 −1 ; and 𝑃𝑃, is the perimeter of the
projected area. Optical microscopy offers the advantage
of discerning diffusion-controlled reactions from
chemically controlled reactions and thus, making
possible to obtain the “true” chemical kinetics.
The modelling part corresponds to the development of
an upgraded model based on models already built in the
laboratory for the dissolution of 𝑈𝑈𝑂𝑂2 [1], [2].
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Illustration: Evolution of the projected area and
associated perimeter of a uniformly dissolving particle
[1].

Prospect
Firstly, dissolution rates for uranium and plutonium
mixed oxides with variable content of plutonium are to
be determined experimentally by optical microscopy
and image processing.
The aim of technological research and analysis should
tend toward the intensification of the process using a
mathematical model [3]. Thus, the following step
consists in the development of a microscopic dissolution
model including chemical kinetics, catalytic reactions
and mass transport in the boundary layer surrounding
the solid particles.
Finally, the design of different types of multiphase
reactors is going to be performed, bearing in mind that
they must be safe, regarding criticality risk, more
compact and efficient than existing dissolution reactors
used in nuclear industry and with a broad capacity to
treat the fuel with different plutonium contents.
References
[1] P. Marc, Étude de réactions hétérogènes
autocatalytiques. Application à la dissolution du
dioxyde d’uranium. Thèse doctorale de l’Université de
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Experimental characterization and design of a millichannel vaporiser
Guillaume HENRY (4th year)
Jean-Marc COMMENGE, Alexandra PERE-GIGANTE
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Keywords: Milli-channel, Vaporiser, Sizing, Design, Experimental study
General context, scientific issues
Hydrogen is probably the fuel of the future. There is an
ever-growing interest on its production and its new
applications. Some of these require an on-site
production; the storage of H2 is a well-known issue.
One of the goals of the FAIR project is to design an
intensified SMR (Steam methane reformer).
Two elements of the SMR are intensified: the heatexchanger reactor and the vaporiser. The vaporiser will
be designed to valorise waste heat provided by hot
fumes leaving the heat-exchanger reactor.
Objectives and stakes
The objective of this project is to design a milli-channel
vaporiser providing the high-pressure steam required
by the chemical reaction.
Different milli-structured plates are tested in order to
evaluate the influence of the geometry of channels and
the influence of the surface condition on the vapour
quality produced in the vaporizer.
Methodology / Experimental approach
The main issue of the study of vaporization is to
determine the vapour quality. It has been chosen that
it will be calculated by heat balance on the LowPressure Vaporizer (LPV).
To assess properly this quality, a campaign is
performed to characterize the heat losses of the
vaporizer. The vaporizer is heated up to a certain
temperature by the convection of hot oil. When the
steady state is reached, the oil flow is stopped and the
temperatures of the block are recorded in order to
study the kinetics of the cooling process. The heat flux
density lost by the vaporizer is then estimated.
New campaigns are done to understand the
phenomena of the vaporization in milli-channels. The
influences of temperature and the flowrate of both
fluids, the channel rugosity and the cross-section are
considered. An additional study is performed using a
high frequency camera in order to highlight the
nucleation and the growth of bubbles in the channels.
High-speed videos are recorded and exploited to create
spatio-temporal diagrams. These diagrams, which
represent the evolution of interfaces in a channel over
time, enable the identification of flow regime in
channels.

Illustration: Spatio-temporal diagram of a unique
channel

Main results
In this vaporizer, a total vaporization is possible with
low water mass flowrate. Only the difference between
the oil temperature and the water temperature has a
significant impact on the power exchanged between
both sides, consequently on the quality. Indeed, the
experimental results show that the pressure, the oil
flowrate and the rugosity have little effects on the
quality produced by the vaporizer.
The study of spatio-temporal diagram reveals many
interesting data. First of all, two main events occur in
channel: a periodic oscillating event with a chain
nucleation and a spontaneous nucleation in the liquid.
Bubbles created in both of these events grow until
their cross-sections meet the cross-section of the
channel. At this point, bubbles grow quickly upwards
and downwards: a reverse flow is observed and a liquid
slug is ejected in the top chamber (quasi-vertical
filaments in the illustration above). Various geometries
of channels are also tested to reduce the ejection of
slugs.
Diagrams coming from other set of experimental
conditions enable the identification of various flow
regimes described in the literature [1], such as: the
bubbly flow, the slug flow, the churn flow and the
annular flow.
References

[1] S.M. Kim, I. Mudawar, Review of databases and
predictive methods for heat transfer in condensing and
boiling mini/micro-channel flows, Int. J. Heat Mass
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Transmembrane distillation for recovery of industrial aqueous effluent
Andres MARTINEZ TRIANA (1st year)
Christophe CASTEL, Thibaut NEVEUX
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Keywords: Membrane distillation, Industrial effluents, process system engineering.

General context, scientific issues
Chemical products used on industrial process generate
liquid and gas effluent. Those effluents are subject to
environmental impact analysis and regulations in
constant evolution.
In particular, thermal power plant generate
wastewater mainly from withdrawal of the water
circuits, containing key chemical substances for each
stage of the process. Nowadays, those effluents are
treated with high energy demanding technologies to
accomplish the actual environmental regulation.

Illustration: General schema of transfer phenomena
through porous membrane and dense membrane [3]

Objectives and stakes
This research study aims to provide alternatives
process to the wastewater treatments for those used
in today’s plants. It will propose a generalized solution
to achieve a reduction on the process cost, decreasing
water effluents and increasing key chemical recycling.
This solution will be based on transmembrane
distillation for a selective recovery of chemical
substances from industrial effluents.

Main results
Since the study is in an early stage, and the
methodologies have to be detailed; then, a study of the
art is done with the following topics:
- Membrane technologies already used on industrial
scale for treatment of water.
- Prospective materials to be tested on the laboratory
scale, based on their thermal resistance and their
permeability.
- Physical principle of the mass and thermal transfer
applied to multicomponent systems for membrane
processes.
- Chemical and physical properties of the components
and the thermodynamics behavior on mixtures with
water. Defining a representative model for Vapor-liquid
equilibriums (VLE). In the case of the ammoniac,
experimental points from different sources were used
for the validation of the thermodynamic model.
- Cases of references, leading to understand the actual
process used for the wastewater’s treatment in the
power plants.

Methodology / Experimental approach
For this project, two binary systems of interest for the
power plants will be studied. Those systems
correspond to water with a component A or B, where A
is more volatile than water (e.g Ammoniac) and B is
less volatile than water. Those binary systems will be
studied
on
three
different
stages:
- Material Scale: Laboratory experiments of the
separation phenomena using different materials. The
attendant result is the performance of the material on
different temperature and concentrations condition.
- Pilot Scale: Experimental approach leading to
evaluate the performance for the binary separation in
an industrial simulated skid. In this scale, the operation
mode (direct contact membrane distillation and
vacuum membrane distillation) and the energy
performance
will
be
tested.
- Process scale: Modeling the separation process
representing the industrial scale. Thus, this will lead
optimization, hybrid technologies and proposition of a
process to be tested with a real effluent.

a) Porous membrane

References

b) Dense membrane
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General context, scientific issues
Low pressure carburizing is a thermochemical process
that aims to strengthen the surface of metals by
increasing the carbon concentration at their surface.
These metals are then used by the automotive or
aerospace industry. A major drawback of the
carburizing process is that it produces toxic compounds
(mainly Polycyclic Aromatic Hydrocarbons (PAH)) to
which workers are exposed during the maintenance of
carburizing furnaces.
Objectives and stakes
The objective of this PhD is to develop a first principle
process model involving the three stages of
carburizing, i.e. gas phase reactions (acetylene
pyrolysis and formation of PAH), a heterogeneous
surface reaction that produces solid carbon and the
diffusion of the latter into the bulk of a metal. The
resulting model will then be used to determine the
operating conditions that minimize PAH production
while guaranteeing the specifications of the metal
(surface carbon concentration, case-depth…)
Methodology / Experimental approach
A literature survey was carried out on the different
stages of carburizing and a model of the whole process
was
established.
A reduced mechanism of the pyrolysis of acetylene [1]
was coupled to a soot model based on the method of
moments [2]. A Langmuir-Hinshelwood approach was
adopted to describe the dissociation of acetylene on
steel and the diffusion of carbon was modeled using
Fick’s second law. However, there are some unknown
parameters in the model pertaining to the surface
reaction.
Experimental studies will be carried out this year to
determine the surface reaction kinetics. The resulting
model will be validated and used in the optimization
procedure. Further experiments will be conducted to
validate the optimized operating conditions (e.g.
temperature, boost and diffusion times…)

Illustration: Results from the simulation at T= 920 °C
after 6 cycles

Main results
The process model was implemented and solved within
MATLAB environment. Fick’s second law and the
boundary conditions were discretized using a finite
volume method. As the necessary experiments have
yet to be conducted, unknown parameters remain in
the model. To carry out the simulations, these
parameters were selected in order to obtain the same
orders of magnitude as in the studies by Zajusz et al
[3].
The outputs of the simulations consist of the
composition of the gas phase, and more importantly of
PAH, as well as the amount of soot produced and the
carbon profile in the steel. The results of carbon
profiles presented in the figures above show that the
predictions of the model developed are consistent with
the experimental observations.
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General context, scientific issues
Conceiving processes issued from renewable sources of
energy as alternatives to conventional fossil-based
systems is a trending reality. Thus, this work is focused
on developing an optimal process for ammonia
synthesis for chemical storage of energy, using H2 and
N2, recovered through means of wind-based energy.
As a strategy to build the optimal process, in terms of
operational conditions and the structure by itself, the
superstructure methodology is used. A superstructure
can be defined as the representation including several
alternatives to perform a process, composed of
switches that can deviate material flows towards a
specific path of the architecture (see Illustration) 1. Its
resolution requires an optimization algorithm, capable
of solving MINLP problems.
The main advantage of this method is the possibility of
evaluating several alternatives within the same
structure, using the same criteria for its comparison.
However, it can get very complex for its mathematical
resolution, thus, stochastic algorithms are favoured
over classical mathematical optimization methods.
Objectives and stakes
Main objective is to produce ammonia to store energy
obtained from wind turbines, as a temporary solution
to renewables intermittency. To evaluate the relevance
of the conceived process structure, two objective
functions are defined for its optimization:
1. Levelized cost of ammonia production.
2. Exergetic efficiency of the process.
The process will be judged feasible if sufficiently low
values of ammonia cost, as well as high exergetic
efficiencies are obtained. As a comparison, ammonia
produced from natural gas costs around 500 €/t.
The flowsheet architecture must include three stages:
compression, reaction, and separation for ammonia
recovery. Each stage is prone to have multiple
processing paths and its choice will be the result of the
optimization. Furthermore, operational conditions of
compressors, heat exchangers and reactors will also be
optimized.

Illustration: Switch for path selection

Methodology
Using ProSimPlus®, a process simulation software, and
MIDACO Solver, an evolutionary algorithm for MINLP
resolution, a superstructure is proposed. For the
moment, it includes 2 objective functions, 17 inequality
constraints and 37 action variables. Among the
constraints, one is related to reaction conversion
(>25%) and the rest concerns a minimal temperature
difference (Pinch) in each heat exchanger (>15 K).
Action variables include: 3 discontinuous as switches
for selecting the number of compression stages (2, 3 or
4), the number of catalytic beds (1 to 4) and the
number of reactor configurations (1 to 3) with different
methods of cooling (exothermic reaction); and 34
continuous, related to pressure, temperatures, molar
flowrates of utilities, splitting ratios and catalytic bed
lengths.
Main results
Solutions reported by the algorithm allowed to find 9
optimal points from a total number of solutions of
about 20.000, which include only 300 feasible (full
respect of constraints). For the system in study, only a
separation by condensation was tested without using a
recycle for unreacted gases, to guarantee the stability
of the optimization procedure. Strategies such as
variable bounding from first results analysis will allow
reducing the search space and, therefore, calculation
time. Additionally, other separation methods, such as
membranes and PSA will be implemented.
References
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General context, scientific issues
Corrosion-erosion of a ductile and subject material is
the result of a combination of different degradation
phenomena
(chemical
and
electrochemical,
mechanical) which make it difficult to understand. In
order to estimate the contribution of each
phenomenon, different approaches have already been
proposed in the literature [1-2]. It is well recognized
that, in addition to the contribution of “only” corrosion
and erosion, there is a contribution of a synergistic
term between these two phenomena which
contributes to the loss of material observed
experimentally.
Objectives and stakes
In the 1st year, we were particularly interested in the
corrosion behavior of Zr and in the determination of its
repassivation kinetics. The various tests carried out
made it possible to establish a panel of knowledge on
the “only” corrosion behavior and the influence of
erosion on the corrosion of Zr in HNO3 4 mol L-1
medium at room temperature.
During the 2nd year, the objective is to study the
performance of Zr when it is subjected to the action of
a jet enriched (or not) with abrasive particles and to
determine the contribution of the “only” erosion and
the possible influence of corrosion on erosion. We
want to know the influence of the variation of the
different experimental parameters on the loss of mass
of Zr over time.
As an illustration, the results obtained in water under
the experimental conditions presented in the next
section will be presented.
Methodology / Experimental approach

The test (carried out in a submerged jet device) decomposed
into 4 periods of 24 h, with the renewal of the solution
(water + abrasive particles in 316L steel) between each
period, in order to study the behavior of the material over
time. After each period, analyzes with an interferometric
confocal microscope (determination of the depth of the
crater formed after the impacts) and gravimetric
measurements (estimation of the loss of mass of the sample)
were carried out.

Illustration: Above, evolution of the volume loss
kinetics (mm3) as a function of time (h) of a Zr sample
subjected to an erosion test in water with abrasive
particles (jet speed: 4.3 m s-1, abrasive concentration:
22.4 kg m-3 and mean diameter of the powders: 3.5∙104
m). Below, images of the crater formed on the sample
after the different periods.

Main results
The result presented in the Figure shows that the
cumulative mass loss increases during the different
periods. This indicates that the crater formed in the
sample – by the action of the fluid loaded with particles
– becomes deeper with the test time (as observed in
the images obtained by interferometric microscopy at
the bottom of the Figure). The kinetics of loss of
volume have a cumulative and linear character, which
results from the degradation of material entrained by
the abrasive jet. By transposing the loss of volume into
loss of thickness, it is possible to determine an
approximate erosion rate (mm year-1). Under these
conditions, it is of the order of 8.5 mm year-1. For
comparison, in HNO3 without abrasive particles, the
corrosion rate of Zr is less than 10 µm year-1. This
shows the effect that the presence of abrasives can
have on its behavior in a given medium.
References
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General context, scientific issues
The research developed by Dr. Daniel Torres is part of
the TALISMAN2 project: «Tannin and cArbon materiaLS
and Metamaterials for Advanced applicatioNs 2», a
project supported by CRNS and with the participation of
3 laboratories (UL management): the l’IJL, the LCMPE
and the LRGP.
Objectives and stakes
TALiSMAN2 consists of the development of new
materials and metamaterials for advanced and strategic
applications aimed at increasing the capacity for
innovation in future sectors.
The objective of the project to be developed at the LRGP
will comprise the synthesis and measurement of the
separation performance of carbon membranes for gas
separation.
Methodology / Experimental approach
Carbon membranes will be obtained from the
carbonization of phenolic resins previously supported
on alumina discs by spin-coating. Conventional phenolformaldehyde resins will be produced as a reference and
phenolic resins with substituents of biomass origin will
be developed. Tannins, the bio soul of this project, is the
bio-based precuror will act as a polyphenolic substituent
for phenol in order to obtain green phenolic resins [1].
Regarding gas separation tests, these will be carried out
by measuring the permeation of pure gases (CO2, H2,
N2, CH4, O2, etc.) using a time-lag device.

Illustration: An example of a tannin, known be derived
from the skins, stems, and seeds of the grapes used to
produce the wine.

Main results
Research is at an early stage of development.
References
[1] Celzard, A. dnd Fierro V. «“Green”, innovative,
versatile and efficient carbon materials from
polyphenolic plant extracts». Carbon. 2020.
https://doi.org/10.1016/j.carbon.2020.05.053

66

2020

Study and optimization of a micro-CHP process with integration of intensified
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General context, scientific issues
This research project is located at the intersection of
two current trends, the rapid development of the
market for micro-cogeneration systems ("market pull")
and the development of intensified reactor-exchangers
that have reached their technological maturity
("technology push") and aims to unify them with a view
to new industrial applications.
Objectives and stakes
The technical and scientific objectives of this work are
declined in the perspective of the development of
commercial micro-CHP equipment by AUER. The
industrial objective is aimed at the market for new
individual houses in France: it is a device running on
natural gas (gas network) and capable of supplying 1
kW of electricity and 1 kW of heat. The overall
efficiency of the targeted device must be greater than
90% on PCI, and electrical efficiency greater than 40%
on PCI.
The heat production ratio can be adapted in terms of
market developments. The criteria of industrial
competitiveness of such equipment are performance,
cost, compactness, reliability, and ease of
maintenance.
Methodology / Experimental approach

A test bench integrated in AUER is used to carry out the
experimental campaigns and identify the influence of
operating parameters. Process optimization includes the
operating conditions as well as the design of the elementary
bricks based on technical and economic criteria. A catalytic
heat-exchanger/reactor installed and operated at LRGP, will
also be used. It will widen the operating ranges tested (flow
rates, temperatures, supply ratios, etc.). These data will be
compared to identify the degrees of freedom for the system
optimization. A simulation of the complete process,
including phenomenological models of certain elementary
bricks, is available. The experimental results will be
compared with these models, to test their validity, refine
their representativeness and optimize the entire system.
Certain technical constraints related to the dynamics of
elementary bricks will also be considered in this approach.

Illustration: Schematic representation of a microCombined Heat and Power process including a HT-PEM
fuel cell [1].

Main results
Preliminary experiments have been carried out on the
test bench at AUER, on the heat-exchanger/reactor
system, and on the HT-PEMFC system: a 95% methane
conversion after an additional Shift step for a methane
flow of 4 Nl/min was obtained with an S/C ratio of 4.8.
According to these results, the WGS reactor exhibits
significant heat losses. At so low flow rates, the heat
losses in the exhaust gases and the product are difficult
to estimate.
First test has also been carried out on HT-PEMFC with
pure hydrogen: the performance of the HT-PEMFC
obtained from the experiments is represented by the
polarization curve and the electric power curve.
The results of these experiments have been to update
the plant-wide simulation of the micro-CHP process
including the model of the HT-PEMFC.
References
[1] Weh, R. “Simulation optimization and design of a
compact micro-cogeneration process”, rapport de
master recherche, Université de Lorraine, LRGP, 2017.
[2] G. Gwak et al., « Performance and Efficiency
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Chiller for Tri-Generation Applications », Energies, vol.
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Development of an optimal process for the production
of sunflower albumin isolates
Sara ALBE SLABI (Researcher)
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General context, scientific issues
Global demand for production of protein isolates from
alternative plant sources is expected to rise at a fast
pace in the coming years.
The solid residue remaining after extraction process
of sunflower oil (meal) is a valuable source of proteins
(30–50% on dry matter basis). Among them, sunflower
albumins (SFA) presenting excellent nutritional and
functional properties have great potential to be used as
protein isolates for various food applications [1].
The production of plant protein isolates is classically
composed of solid/liquid extraction followed by
protein purification. However, the precise impact of
applied experimental conditions on SFA extraction
performance is not known. Furthermore, a
conventional method for protein purification based on
acidic precipitation cannot be applied for SFA that are
soluble in wide pH range [2].
Objectives and stakes
The main objective of this work was to identify optimal
conditions for SFA extraction and to propose an
alternative
protein
purification
strategy
by
ultrafiltration process yielding a high quality SFA isolate
suitable for human nutrition.
Methodology / Experimental approach
SOLID/LIQUID EXTRACTION
The effect of pH and NaCl concentration on the
selective extraction of SFA from sunflower meal will be
investigated by design of experiments (DoE). Albumin
extraction yield, albumin content and amount of
phenolic compounds covalently bound to albumin in
extract will be considered as performance criteria.
Then, a multicriteria optimization strategy will be
applied to find the best trade-off between all
considered criteria.
PURIFICATION BY ULTRAFILTRATION

First, the membrane cut-off allowing maximization of protein
retention while effective elimination of microsolutes will be
determined. Next, suitable conditions for diafiltration (pH,
NaCl concentration) will be identified. Based on mass
balance equations, an optimal scenario for SFA purification
will be selected and experimentally validated. Finally, the
structure and functional properties of obtained SFA isolate
will be characterized.

Illustration: Strategy and methodology of research
project.

Main results
As a result, the significant influence (p-value<0.05) of
both pH and NaCl concentration on investigated
responses was demonstrated. The analysis of
regression and variance confirmed a high accuracy of
developed models for process prediction. The best
trade-off for SFA extraction was found at pH 4.1 and
0.25 mol.L−1 of NaCl concentration. Under this
condition, good albumin recovery was achieved (>
70%), whereas extract was enriched in sunflower
albumin fraction (> 90% of total proteins) and phenolic
contamination of albumins was considerably reduced
(< 1.6 mg of covalently bound phenolic compounds per
gram of proteins) [3].
The work in progress is conducted to develop a suitable
scenario for purification of extracted under optimal
conditions SFA by membrane process.
References
[1] Gonzalez-Perez, S., et al. (2005). Physicochemical
properties of 2S albumins and the corresponding
protein isolate from sunflower (Helianthus annuus).
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rapeseed albumin isolate by enzymatic proteolysis: identification of
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General context, scientific issues
Rapeseed albumins (RA), which represent about 35% of the
total protein fraction of rapeseed meal have a particularly
well-balanced aminogram and are rich in sulfur-containing
amino acids, which is rare for plant proteins. Studies also
show particularly interesting functionalities. In this way, RA
have a great potential for use as an isolate for human
nutrition. However, these proteins are poorly digestible
because of its gastro-intestinal proteolysis resistance [1].
Controlled enzymatic proteolysis may improve both
digestibility and functionalities. Nevertheless, functional
enhancement is observed at low degree of hydrolysis (large
peptides) while improvement of digestibility may require
higher degree of hydrolysis (DH).
Objectives and stakes
The main goal of this work is to highlight the optimal
conditions for enzymatic proteolysis process of RA to
improve their digestibility whilst maintaining (even
improving) their techno-functional properties (foaming and
emulsifying) to allow an application in food formulations.
However, many operating conditions (protease, pH,
temperature, ratio Enzyme/Substrate E/S and reaction time)
are to be considered. The experimental approaches are not
satisfying to search the most appropriate conditions or to
optimize them. Hence, a generic methodology for simulating
proteolysis kinetics and optimizing the process to minimize
both enzymatic cost and reaction time was developed as a
second goal.
Methodology / Experimental approach
First, an alternative method for simultaneous monitoring of the DH,
the protein conversion rate and the molar mass of produced
peptides using size-exclusion chromatography (SEC) was developed
[2].
Secondly, this method was used for the kinetics monitoring of RA
proteolysis and to identify the different types of enzymatic
mechanisms with the studied proteases. Then, a screening of the
properties (in vitro digestibility, foaming and emulsifying) of these
hydrolysates was performed. Hydrolysis conditions to obtain the
hydrolysates of the best trade-off between digestibility and
functionalities could thus be easily identified.
Finally, an original method for modeling the hydrolysis kinetics as a
function of the 3 operating conditions (pH, temperature,
Enzyme/Substrate ratio) has been validated and associated with a
multiobjective optimization tool [3] to minimize both enzymatic
cost and reaction time of targeted hydrolysate (DH or Xp value).
The optimal conditions of production of the highlighted
hydrolysates were found towards industrial production constraints.

Illustration: Identification of Pareto’s fronts and domains
for the hydrolysis of RA using genetic-evolutionary algorithm

Main results

Study of the hydrolysis conditions of RA was achieved with 6
different proteases with the developed and published tool
[1]. Results showed that both enzymatic mechanisms (oneby-one and zipper type) were identified according the
applied protease. Only the pH had an influence on the
hydrolysate composition (proportion of residual intact
proteins and peptide size) which is linked to their
functionalities.
16 hydrolysates with target DH values and different
compositions were then experimentally produced and their
properties (in vitro digestibility, foaming and emulsifying)
were directly screened. Digestibility was analyzed with a
static in vitro model adapted for protein isolate and SEC was
used to quantify the fractions considered as digestible.
Enzymatic proteolysis has significantly improved digestibility
of RA and its poor initial emulsifying capacity. 3 hydrolysates
of interest have been identified as the best digestible and
functional hydrolysates of RA.
A reliable approach for the modeling and the optimization of
enzymatic hydrolysis of protein has also been developed. It
has been experimentally validated with the RA hydrolysis
with different protases, operating conditions and
mechanisms. The kinetics of hydrolysis can be simulated
from a given set values of pH, temperature, and E/S with a
good predictability. Additionally, it also allows rational
identification of the optimal operating conditions allowing
the best trade-off between reaction time and enzymatic cost
to produce hydrolysate which can thus be used in food
formulations.
Finally, these optimal operating conditions of RA hydrolysis
could be implemented in an enzymatic membrane reactor to
further reduce the implementation process costs.
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General context, scientific issues
Acylation reaction consists in grafting an acyl donor (i.e.
fatty acid) onto the nucleophilic group of an acyl
acceptor (i.e. amino or carboxylic group). It is currently
carried out at an industrial scale via the reaction of
Schotten-Baumann. Lipoaminoacids (LAA), produced by
this way, are largely used as biosurfactants in cosmetics
and pharmaceuticals products. Despite the good
performances of this chemical reaction, it unfortunately
requires the use of acyl chloride and a high pH with salts
generation presenting an environmental issue. The
development of soft biological processes using enzymes
is considered as a potential alternative. Lipases, in
anhydrous medium, and acylases, in aqueous medium,
are able to perform this kind of reaction. Nowadays,
laboratories and industries with the help of
governmental institution work hand in hand to develop
such green process to improve the eco-compatibility of
the production way.
Objectives and stakes
The goal of this study is to select the most appropriate
couple enzyme/reactional solvent allowing to realize
the N-acylation reaction of amino acids and to try to
stabilize the enzyme by performing an immobilization
step. The selected method was used to produce a
biobased surfactant with industrial interest and the
biological activity of this later was evaluated and
compared to the one produced by chemical way.
Methodology / Experimental approach
Candida antarctica lipase B (CALB) was used in different
solvents but no N-acylation was observed except for
lysine. In order to study the interaction at molecular
level, to explain the results, molecular docking
simulation was realized. The crude extract from
Streptomyces ambofaciens culture containing four
acylases and another one coming from a mutant
expressing only the aminoacylase (Sam AA) were
evaluated for the N-acylation reaction of amino acids in
aqueous medium. The crude extract from the nonmutant
stain
were
then
immobilized
on
macro/mesoporous siliceous supports and the activity
of the immobilized enzymes were evaluated.

Illustration: Immobilization principle

Main results
Docking simulation of amino acids / undecanoyl-CALB
interaction:

The results showed the presence of hydrophobic and
hydrogen interaction of the acyl-acceptor (amino acids)
with the amino acids residues at the entrance of the
CALB active site cavity preventing the interaction of the
nucleophilic group (amino group) with the catalytic
serine (Ser105) except for the radical amino residue of
the lysine.
Amino acids acylation with undecenoic acid:

The enzymes showed a wide substrates specificity with
a major N-acylation activity due to the presence of Sam
AA in the crude extract of S. ambofaciens [1].
Aminoacylases immobilization:

Increasing the pore diameter conducted to better
enzymes immobilization. No relation between the pore
size and the enzymatic activity
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General context, scientific issues
Succinic acid is a diacid used nowadays as a building
block in the synthesis of various molecules of interest.
It can be produced by chemical or biological synthesis.
For a few years, a part of succinate is industrially
produces
using
a
microbiological
process.
Corynebacterium glutamicum is industrially used for
decades for the production of amino acids such as
glutamate and lysine. Previous studies proved its ability
to also produce several organic acids including
succinate. While bacteria growth is related to an
aerobic process, the succinate production depends on
both a low level oxygen supply and the glucose
consumption currently described by the ratio Oxygen
Uptake Rate/Glucose Uptake Rate (OUR/GUR, 1).
However, the influence of this ratio remains to
elucidate at both metabolic and process levels.
Objectives and stakes
The goal of this study is first, to understand the impact
of such extracellular environment on the metabolic
regulations. The first step of the work requires a
metabolic model describing the intracellular fluxes
using a Flux Balance Analysis (FBA) approach. Then, this
metabolic model should be coupled with a macrokinetic model to allow the simulation of the timevariations in the intracellular fluxes during the
succinate production process. This coupling will give
clues for the dynamic multicriteria optimization of the
succinate production using C. glutamicum.
Methodology / Experimental approach
Different approaches were used in this study:
Metabolic modelling: simulating the intracellular fluxes
and predicting the specific rate of growth and organic
acid production at various ratio OUR/GUR using a
simplified metabolic model.
Kinetic modelling: developing kinetic model for batch
production of organic acids and growth in oxygenlimited conditions, based on experimental hypotheses.
Experimental approach: (to validate models)
Batch cultures (with wild type (WT) of C. glutamicum)
in shake flasks were performed at different kLa value.
Continuous culture (with WT strain) were performed at
different OUR and GUR conditions.

Illustration: Simplified scheme of general approach

Main results
In this study, both experimental and numerical
(metabolic and kinetic modelling) tools have been
implemented, in order to understand the physiological
response of C. glutamicum to change of environmental
conditions
(oxygenation
level
and
glucose
concentration). At first, a simplified metabolic model
was reconstructed and used to simulate metabolic flux
profiles at varying OUR and GUR. The predicted
production yields of biomass and organic acids agreed
with the experimental (batch (2-3) and continuous
culture) and simulated data from literature (1),
whereas some differences were observed in the case of
succinate production. On the other hand, based on
experimental hypotheses, a kinetic model was
developed for batch culture. The results of the model
simulation, at different kLa value, showed excellent
agreement with the experimental data (2-3), which
reinforces the hypotheses proposed.
The kinetic model should be useful to predict not only
succinate production but also its consumption,
according to oxygenation level and glucose
concentration. The production of this organic acid was
arrested at a threshold glucose concentration (50 mM)
and a threshold ratio OUR/GUR (0.8 with WT strain).
However, the metabolic model required an adjustment
before coupling with the proposed kinetic model.
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General context, scientific issues
Bioleaching is an extraction method of metals
contained in ores using microorganisms. Stirred tank
bioreactor represents a robust process for extraction of
high value-added materials and targets metals such as
gold, cobalt or nickel. In order to improve the control
of its parameters (physicochemical, biological, reactor
design) and thus, to increase the process productivity,
it is important to develop a robust hydrokinetic model.
Objectives and stakes
The guideline of this work is to develop a hydrokinetic
model of a bioleaching stirred tank bioreactor, which
will be adapted as a toolbox for global simulation of
the process. To this end, this work is separated into
three steps:
- Kinetics modeling of a bioleaching stirred tank
reactor by representing the chemical and biological
kinetics as a set of differential equations and simulating
them under MatLab,
- CFD (Computational Fluid Dynamics) modeling of the
three-phase hydrodynamics using Fluent software.
- Coupling of the above-mentioned models in a
hydrokinetic simulation and degradation into a
toolbox.
Methodology / Experimental approach

Bioleaching kinetics can be represented by two
complementary phenomena: leaching (chemical oxidation of
the ore) and biological oxidations [1] (ferrous iron and
elemental sulfur oxidations). Those phenomena can be
described using rate equations, which are used to define the
consumption and production rates of the components of the
system [2]. Material balance for each component is carried
out to determine a system of differential equations
representing the variation of the components of the system.
CSTR model alone fails to determine distribution of biomass,
substrates and dissolved gases concentrations within the
system [3]. Hydrodynamics modelling allows the
representation of local heterogeneities, which consists in the
solving of gas-liquid-solid mass and momentum transport
equations in the bioreactor. The hydrokinetic model is used
to represent the local concentrations of the various
components implied in the bioleaching process.

Illustration: Modeling bioleaching through equations

Main results
The purpose of the kinetic model is to determine the
system variation for a specific time step
(experimentation time) and with particular conditions
(initial conditions). To this end, the model was
validated using BRGM experimental data, using the KCC
F substrate and the KCC-E consortia:

Bioleaching kinetics are well represented by the model
(Figure 1.), especially for biological kinetics (r² > 0.95
for Fe2+ and Fe3+). When adjusted, the kinetic model
could be used for optimization purposes, to improve
process efficiency.
Hydrodynamics was modeled using a steady state
Euler-Euler granular multiphase model using the k- ε
equations for the turbulence. The impeller rotation was
represented with the multiple reference frame (MRF)
approach. The numerical results (Figure 2.) were
validated with literature data, using for example the
impeller power number (NP). This model will be used to
optimize impeller and tank geometry.
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General context, scientific issues
Today bacteria caused illnesses are one of the big
health issues 1. Conventional antibiotics are no more
efficient due to bacteria ability to develop antibiotic
resistance. New methods are required to combat
against bacteria. Photodynamic inactivation (PDI) is
one of this method which is effective against bacteria
and viruses 2. PDI is combination of photosensitizer (PS)
and light to generate cytotoxic reactive oxygen species
(ROS) that kill bacteria and viruses. Advantage of PDI
over conventional antibiotic treatment is that no
resistance to this method has been reported so far.
Porphyrinoids (porphyrins, chlorins, phtalocyanines)
are considered to be promising photosensitizers for
photodynamic inactivation (PDI). For the moment our
research to develop new anti-microbial materials is
mainly based on porphyrin photosensitizers.
Mechanism of PDI involves several steps for generation
of ROS. After excitation by any kind of light source, PS
is going to excited singlet state. From here it can go
back to ground state (fluorescence or non radiative
desactivation) or undergo to intersystem-crossing (ISC)
converting PS to triplet excited state (T1). From this
state PS can relax radiatively by phosphorescence or
non-radiatively by transferring its energy to molecular
oxygen and generates cytotoxic species via either type
I or type II mechanism.
Objectives and stakes
Our goal is to develop new antimicrobial films 3 for PDI
for application in hygiene and food safety. These films
can be introduced to any kind of surface in purpose to
kill bacteria and prevent its growth on the surface. This
objective involves:
- Synthesis of PS
- Incorporation of PS into film
- Photophysical studies
- Antimicrobial studies

Formation of ROS via Type I and Type II mechanism.

First Results
PS

PS Solution

Film+PS

Antimicrobial film fabrication process
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General context, scientific issues
Monoclonal Antibodies (mAbs) and more specifically
Immunoglobulins G (IgG) are the most commonly utilized
antibodies for therapeutic use. They are produced by Chinese
Hamster Ovary (CHO) cells in animal cell culture process. One
if the main challenges in such process is to guarantee the
quality of the product at large scales. In recent years,
industries focused on Process Analytical Technology (PAT) in
order to achieve real-time monitoring of cell culture and to
make possible control of bioprocesses using performant
technologies such as near infrared, dielectric or Raman
spectroscopies. Raman spectroscopy is commonly used in
industry [1] because it is non-destructive and easy to use
through chemometric approaches.
Objectives and stakes
Cell cultures are operated in 2L bioreactors. Seven batch and
seven fed-batch cultures were realised in order to calibrate
models using Raman and dielectric spectrometers. Spectral
data need to be preprocessed before making operational
models. That is why an optimizing/improving program were
developped. Three types of preprocessing were studied:
Savitzky Golay (SG) filter, Standard Normal Variate (SNV)
scaling and Multiplicative Scatter Correction (MSC). More
than three thousand combinations/preprocessing were
tested for each studied parameter (Viable Cell Density (VCD),
glucose, glutamine and IgG concentrations). The model
performances were evaluated by various statistic parameters
including Root Mean Square Errors (RMSE) and regression
coefficients. Finally, these models will be used to calculate
kinetic parameters such as cell specific growth rate (µ),
specific product formation rates and/or substrate
consumption rates.
Methodology / Experimental approach
2L scale bioreactor cultures: Fourteen bioreactors were
performed implemented with on-line analysers such as
Raman, dielectric, pH, O2 and temperature probes. Three
types of process mode were studied: batch, fed-batch with
manual adding and fed-batch with a pump.

Illustration: Methodology of CHO cell culture process

Main results
Fed-batch cultures: Various parameters such as feed
composition can affect the fed-batch process. In fact, it has
an impact on pH and osmolarity. The pH of the culture is
controlled but this is not the case for osmolarity, for which
an increase is observed throughout the culture. The optimal
growth value of osmolarity is 320 mmol/kg [2]. Cell death
appears exceeding this value. However, it is possible to keep
this increase low by reducing the pH target during the culture
(and then decreasing the addition of base).
Chemometrics and modelisation: VCD, glucose, glutamine
and IgG concentration models were created using Partial
Least Squares (PLS) regression. The preprocessing method
implemented on spectral data for each model was identified
using a Matlab program trying all the preprocess
combinations and ranking it according to statistic parameter
values. Other type of preprocessing will be studied soon.

Batch cultures: 2L scale bioreactor with 1.5 working volume.
Only concentrated glucose and glutamine solutions were
added at the end of the culture in order to extend it.
Manual fed-batch cultures: Industrial concentrated solutions
(feeds) were added from the third day of culture. Required
volumes were calculated thanks to concentration balances.
Fed-batch culture with pump: Concentrated initial culture
medium were added. The working speed of the pump were
calculated for each sample and adjusted calculating the feed
flow rate.

Glucose concentration and VCD using models: prediction VS. offline
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Each year more than 8 millions people around the world
die from cancer. Surgery, chemotherapy and
radiotherapy remain the best treatments. Nevertheless,
nowoday Photodynamic Therapy (PDT) is booming in
the scientific and medical field and especially in the
treatment of cancer. PDT is the combination of the three
elements: a photoactivable molecule called the
Photosensitizer (PS), light and Oxygen. The PS,
following its excitation by light in the presence of
oxygen generates reactive oxygen species (ROS). These
are cytotoxic elements that kill the tumor, the most
effective of which is singlet oxygen.
The excitation wavelengths of PS are normally in the
visible ray region. A visible laser beam has the limitation
of low penetration into tumor tissue. To overcome this
problem, we seek to excite at shorter wavelengths in the
UV and X-ray area. X-rays are more energetic than the
laser rays of ordinary PDT, therefore pass through tissue
more deeply. The complexation of PS in nanoparticles
serves this purpose. The advantages of using
nanoparticles is that they are payloads carrying
hydrophobic species in the blood, their surface can be
modified, and they are absorbed efficiently by the cells.
The effectiveness of these nanoparticles is influenced by
their internal volume (quantity of encapsulated agents),
the surface on which a targeting vector can be
complexed, the pores of the nanoparticles and their
influence on their activities [1].
Nanoparticles (NPs) are the antennas that receive light
rays. After their excitation, the relaxation of the electrons
towards the ground state takes place in several ways. Of
these
pathways
is
either
fluorescence
or
phosphorescence. The photons they emit during
relaxation excite the PS which in turn in the presence of
oxygene create a ROS. We are targeting a non-radiative
energy transfer. This energy transfer between the
nanoparticles (donors) and the PS (acceptors) is a FRET
transfer [2].

Objectives and stakes:
Our goal is to develop new pairs of NP/PS coupled
with a peptide to target receptors over-expressed
onto tumoral cells. This objective is achieved in three
stages:
1 - Synthesis of new NPs coupled to a PS and a peptide
(Coll. LCPM)
2 - Chemical and photophysical characterization of
these couples
3 - In vitro and in vivo application on cancer cells
(Coll. CRAN).
Primary results:
One of the conditions for the proof of this concept is
the overlap between the absorption of the acceptor
and the emission of the donor. Different NP/PS have
been studied.

The blue represents the luminescence spectrum of NP, and the red
represents the absorption spectrum of PS in solution.
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General context, scientific issues
The decrease in petrochemical resources, easily
accessible, has generated, over the past decade, a
growing interest in the use of raw materials of
renewable origin. Bio-sourced chemistry first developed
strongly around annual agro-resources. The project fits
in that context of valorization of wood by-products,
through the use of wood secondary metabolites. Many
medicinal plants contain large amounts of antioxidants
such as polyphenols, where the interest in valorising
those compounds.
Objectives and stakes
The main objective is the valorization of phenolic
extractable. These compounds are indeed of interest
because of their antioxidant and anti-radical properties.
In order to valorize these compounds, their structure
will be selectively modified by chemical and enzymatic
way in order to exacerbate their antioxidant properties,
their anti-inflammatory and / or anti-proliferative
activity by the modulation of their hydrophilic /
hydrophobic balance, in particular to facilitate their
passage through the biological barriers and, secondly,to
facilitate their formulation by providing them with selfassembly properties. Since the properties and biological
activities of the products are directly related to their
structure, particular attention will be paid to understand
and control the regio- and chemo-selectivity of the
reactions by molecular modelling. The antioxidant and
self-assembly properties of the derivatives obtained will
be characterized and the biological properties such as
anti-free radicals or anti-proliferative can be evaluated.
Methodology / Experimental approach
Flavonoids’ acylation will be done with different fatty
acids, amino acids and vinyl esters by chemical and
enzymatic ways in order to obtain bi- and tri-modular
amphiphilic compounds. Chemical acylation will be
done directly on the flavonoids with different fatty acid
to target the phenolic OHs, and with
protection/deprotection reactions with amino and fatty
acids to target the aliphatic one. Enzymatic acylation will
cover glycosylated and aglycone flavonoids using lipases
from different origins. The obtained products will be
characterized by NMR, IR and mass spectroscopy.

Illustration: Tri-modular compound

Main results
Chemical direct acylation of catechin with different fatty
acids, allowed us to obtain mono-esters and di-esters,
with a higher yield for the mono-esters.
Fatty acid
n= 8, 12, 14,
16, 18, 18:1

In order to understand the regioselectivity of the direct
acylation, the reactivity of each hydroxyl group was
studied by DFT. The difference in energy levels between
HOMO and LUMO can serve as a measure of the
excitability of the molecule, and it shows that the OHs
of the catechol group are the most reactive.
EHOMO
ELUMO
ΔE (Ha)
(Ha)
(Ha)
ELUMO– EHOMO
Catechin
Catechin 3’
Catechin 4’
Catechin 3
Catechin 5
Catechin 7

-0.188
-0.193
-0.191
-0.192
-0.196
-0.194

-0.036
-0.175
-0.177
-0.173
-0.166
-0.163

0.0152
0.018
0.014
0.019
0.03
0.031

Enzymatic acylation of rutine and naringin with an
excess of lauric acid in a very dry media using lipase B of
Candida antarctica allowed us to obtain products with a
very high yield and acylation with di-acids using the
same enzyme, allowed us to obtain products as well.
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General context, scientific issues
In vivo, transient metals are powerful pro-oxidants
provoking the formation of Reactive Oxygen Species via
the Haber-Weiss and Fenton reactions. Peptides are
interesting antioxidant tools, some of them being
endowed with metal chelating ability. Indeed, the
metal-chelation power is an indirect antioxidant
mechanism, that in turn inhibit radical chain reactions.

Illustration: Schematic principles of switchSENSE® (A)
and SPR (B) technologies for the screening of metalchelating peptides.

Objectives and stakes
The present cross-disciplinary project aims at
discovering new metal-chelating peptides (MCPs)
produced by proteolysis (soy proteins) and evaluating
their biological properties such as antioxidant power.
Our goal was to set up metal chelating-based methods
for MCPs screening using switchSENSE®, an emerging
time-resolved molecular dynamic technology, and
Surface Plasmon Resonance (SPR).
Methodology / Experimental approach
Soy protein hydrolysates (SPH) were produced under
various hydrolysis conditions. Three enzymes were
used individually (Alcalase, Flavourzyme, and
Protamex) and sequentially (Alcalase followed by
Flavourzyme, and Protamex followed by Flavourzyme).
Hydrolysis with each enzyme lasted for 1 and 3 hours.
The switchSENSE® experiments were carried out using
an electro-switchable DNA chip containing trisnitrilotriacetic acid (NTA3)-tagged DNA nanolevers
functionalized with nickel ions. The chip was composed
of 2 reference electrodes and 4 sample electrodes
carrying the functionalized nanolevers. Dynamic
measurements were performed with SPHs produced by
individual enzyme treatment to determine the
specificity of the interaction via association rate
determination.
Besides, metal-chelating peptides were also screened
using SPR in the various SPHs after a-1 kDa membraneultrafiltration. Affinity constants (KD) were determined
with SPR, in order to determine best hydrolysis
conditions to produce metal-chelating peptides.

Main results
For the first time, the switchSENSE® technology has
revealed high sensitivity to screen nickel-chelating
peptides in SPHs. Accurate kon values were determined
at a minimal concentration of 1 mM eq. NH2 of each
SPH. In addition, the molecular dynamics mode proved
the specific binding of MCPs onto nickel ions without
aspecific binding onto DNA nucleotides.
Screening by SPR has revealed the association and
dissociation phases for MCPs binding to Ni2+ in a
concentration dependent manner. However, there was
no remarkable difference in the KA and Rmaxdetermined from the binding response at equilibriumamong the various SPHs, probably because they are
produced from the same raw material. As perspective,
two other hydrolysate sources will be tested to
determine if we can screen variations among various
peptide sources in terms of MCPs. AO power are
actually under validation in cellulo.
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General context, scientific issues
Stem cells are at the heart of the recent development in
cell therapy and tissue engineering (Carrion and
Figueroa, 2011). Human mesenchymal stem cells
(hMSC) are among the most widely studied stem cells.
However, these cells are present in a very limited amount
in the body. Consequently, the development of a highperformance process for the expansion of hMSC is
essential to meet therapeutic needs (Martin, 2016).
Objectives and stakes
The main objective is to develop original approaches
combining multi-scale modeling and experimentation to
improve the performance of the hMSC expansion
process. This will involve: i) improving the
understanding of the phenomena that govern the
adhesion and stalling of cells on controlled surface
(microcarriers) by molecular / mesoscopic modeling; ii)
streamline the choice and formulation of microcarriers;
iii) provide the necessary data (adhesion forces, shear
forces) to refine CFD simulations at the macroscopic
scale of the bioreactor.
Methodology / Experimental approach
1. Identification of membrane phospholipids: to find out
the main phospholipids present in the membrane of
mesenchymal stem cells, we performed a lysate analysis
of membranes by liquid chromatography coupled with
mass spectrometry (LCMS)
.
2. Study of cell / microcarrier systems at the molecular
level: First, the membrane is considered as a simple
bilayer of phospholipids with different proportions of
PC, PG and PE. Two types of microcarriers surfaces are
studied (Cytodex1, Plastic +). Molecular dynamics
applied to these systems provides adhesion work (eq 1),
van der Waals interactions, electrostatic forces and
hydrogen bonds. The results obtained are compared to
adhesion forces measured by atomic force microscopy
(AFM).
𝑊𝑊𝑎𝑎𝑎𝑎 =

1
(𝐸𝐸
+ 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇+𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ) (1)
𝐴𝐴 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇

3. AFM measurement condition: contact time of 5 s, 10 s

and 15 s, used microcarrier material of plastic, cells 48
hours after trypsination.

Illustration: adhesion and modeling study

Polystyrene/membrane
Figure 1. study of work adhesion by AFM and by molecular
dynamics

Main results
LCMS analysis shows that the phospholipids
predominantly present in the membrane of MSCs are PC,
PG and PE with a different distribution.

Figure 2. result of the adhesion work between MSC membrane and
microcarriers by modeling and average of experimental
measurements

Figure 2 showed that the work of adhesion values,
obtained by molecular modelling, between the
membrane and the two types of support are 1,99 10-16 J
and 1,41 10-16 J for with DEAE and polystyrene,
respectively. The measured work of adhesion increases
within the time of measurements, with an average value
of 7,99 10-15J.
Next simulations are conducted in order to refine the
used force field in molecular dynamics.
Refere nces

References

Carrion, F.A., Figueroa, F.E., 2011. Mesenchymal stem cells for the
treatment of systemic lupus erythematosus: is the cure for connective
tissue diseases within connective tissue? Stem Cell Res. Ther. 2, 23.
https://doi.org/10.1186/scrt64
Martin, C., 2016. Étude des procédés d’amplification de cellules souches
mésenchymateuses hu

80

2020

Development of a bioprotection process by solid state fermentation applicable
in the barley-malt sector (BioProMalt)
Kpeho Eusèbe GNONLONFOUN (1st year)
Michel FICK, Emmanuel RONDAGS
Axe Bioprocesses, Biomolecules | BioProMo

Keywords: Solid state fermentation ; Bioprotection ; Malting ; Mycotoxins ; Moulds

General context, scientific issues
Moulds represent a major problem for cereals as they can
produce a number of toxic metabolites that contaminate
plants and food products, thus leading to the loss of 10%
of the global food production. Among the metabolites
produced by moulds, mycotoxins represent a significant
health risk for malting and brewing industries. This
situation is worsening due to the highly variable climatic
conditions that enhance the fungal development and its
consequences and to the societal will to reduce the use of
phytosanitary products, including fungicides. In this
complex environmental, legal and economic context for
agriculture in general and more specifically for the barleymalt-beer chain, the use of technological microorganisms
to reduce the development of spoilage fungi and the
production of mycotoxins, is considered to be a
potentially interesting and natural solution for protection
against these fungi, given that several studies have shown
their effectiveness for this purpose [1, 2, 3].
Objectives and stakes
The main goal of this project is to develop an antifungal
biocontrol process applicable in malting in order to
maintain and improve the sanitary and technological
quality of French malts. This will be done by using
commercial and environmental microorganisms generally
regarded as safe (GRAS) that will make it possible to
reduce the development of spoilage moulds and the
eventual production of mycotoxins.
Methodology / Experimental approach

The work will first of all consist of i) kinetic study under controlled
conditions of solid state fermentations of healthy, naturally and
artificially contaminated barleys, in the presence (or absence) of
potential biocontrol agents, including both defined commercial
strains and environmental strains coming from infection-resistant
barley cultures. These studies will allow to select high performing
strains and to ii) develop kinetic and matter transfer models
describing critical phenomena such as growth, flora competition,
secondary metabolite production. iii) The operation conditions of
this biocontrol agents will then be optimised, followed by an
experimental validation taking place at both laboratory and pilot
scales. iv) The technological and sanitary properties of the
generated malts will finally be evaluated in order to validate the
biocontrol process developed.

Illustration: The malting process

Expected outcomes
The process to be developed is expected to make it
possible to guarantee, with controlled costs, an
irreproachable hygienic and technological quality of
the malt, despite the increasingly complex and variable
conditions for obtaining barley. Thus, the results will
not only make it possible to maintain the dominant
world position of the French barley-malt chain, but will
also allow it to conquer emerging markets mainly in
Africa and Asia. The use of this process should also
make it possible to reduce the use of phytosanitary
products in the field for barley production, while
reducing the level of contamination of malting plant
effluents. Its environmental impact would therefore be
significant, especially considering that barley is the
fourth most produced cereal in the world.
Preliminary results obtained from the initial
experiments carried out so far are promising, showing
that we are on the right path.
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General context, scientific issues
The main source of human required proteins is meat,
but this production reaches its limit, whereas the need
is growing. Therefore, the technical developing of
vegetable proteins provide and use become an
important societal issue [1]. However, vegetable
proteins are less digestible, less functional and more
allergen than animal proteins. In that case the
enzymatic proteolysis process coupled to membrane
separation (Enzymatic Membrane Reactor) is employed
to enhance these properties at affordable cost.
Objectives and stakes
An EMR allows to roughly decrease production cost by
enzyme recycling and continuous process. Nevertheless,
the production of one hydrolysate is hardly manageable,
because the mixture could be made up of more than 200
various peptides [2]. To overcome these limitations and
enable ingredients development from vegetable
proteins, the project aims to elaborate a methodology
to simulate the hydrolysate composition in EMR process
for a duo enzyme/protein: by preliminary enzymatic
activity and material balance equations, suitable
proteolysis conditions could be known to have a stable
hydrolysate production [3]. Finally, the developed
approach makes it possible to have a high value
functional hydrolysate at reasonable cost with a
possibility to scale up with standardization.
Methodology / Experimental approach
The information about stability of the hydrolysate is
given by the mixture molar weight distribution,
measured by a Size-Exclusion Chromatography, in the
retentate and the permeate compartment. Each point
of chromatogram is supposed to be the average molar
weight of all peptides being there (identical or similar by
size and/or feature). The whole mixture composition
can thus be accessible, the kinetic of 200 peptides and
their material balance can be computed.
So, prior the EMR process, a batch process of proteolysis
couple reaction Alcalase/Albumin was studied with a full
factorial design of experiments with 3 factors
(temperature, pH and Enzyme/Protein ratio) and a
quadratic model. The enzyme reaction is considered to
be of order 2 and the kinetic constant was the response.

Illustration: Simple hydrolysate to antimicrobial
function

Main results
The first task is to simulate the consumption of protein
and production of peptides. The protein model is in
good agreement with experimental results (R²=0,78 and
LoF=0,16). The response surface shows that an efficient
protein digestion is performed at 55 °C, pH = 10 and E/P
= 1/27, which is normal because the temperature allows
protein unfolding and the enzyme is alkaline. For the
peptides part, twenty points were taken from the
chromatogram, which represent a step of 1,16 Da. Each
peptide has its own kinetic constant and preferred
operating conditions. The model validity seems to be
good for medium (1200 -640 Da) and small (470-230 Da)
peptides. For large peptides, the model deviation can be
explained by: (i) their signal can be overlapped by the
protein signal; (ii) the enzymatic digestion is increased
by a natural protein degradation; (iii) molecules are not
correctly separated, due to their close molecular weight.
So, the model couldn’t be accurate. More resolutive
chromatography could be needed if this kind of peptides
are attractive. However, the comparison between
simulated data and experimental data shows an error
lower than 20 %. This is encouraging and the next goal
is the comparison between simulation with other
conditions and their experimental validation.
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General context, scientific issues
In France, spent nuclear fuel is recycled. For this
purpose, a liquid-liquid extraction device is used. It
brings two fluids into contact. The first contains the
dissolved spent fuel and the second the extracting
molecule. This device has two major functions: to pump
the liquids to ensure their circulation and to produce an
emulsion to increase the contact surface area between
the two liquids.

Illustration: Comparison of the numerical model with
the experimental and numerical results of a scientific
paper

Objectives and stakes
The devices used in the laboratory are generally on a
smaller scale than the industrial models, particularly in
order to limit the volumes of materials used. This
reduction in scale is accompanied by an increase in wall
effects that impact the performance of the equipment.
The objective of this thesis concerns the optimization of
the geometry of mixer-settlers (impeller and mixing
chamber) using a method combining numerical
simulations and experiments.

Illustration of
the geometry
used during this
study D=0.1m

Methodology / Experimental approach
The method of approach in the optimization of the system
used in the laboratory consists of several steps. The first
step is to study the system on a large scale (V*100)
developed to validate our numerical results through PIV
(particle image velocimetry). This will facilitate the study
since the existing work is generally carried out at a scale of
the order of ten cm, so points of comparison and
understanding of the system will be easier. Also, the
implementation of PIV measurements at this scale is more
accessible. Numerical simulations are performed using
OpenFoam and the Euler-Euler method integrating a
population balance equation will allow us to obtain the
drop size distribution in the system. For this purpose, the
numerical model was validated on the basis of literature
data. A study describing a basic system but with similar
hydrodynamic operation to ours was selected as reference
data. Once this step over, the study of the miniaturized
system will be carried-out by applying the preceding
methods. The last step will be a phase of optimization of
the system to validate the improvements proposed
throughout the study.

Main results
Till now, the numerical model offers good predictions of
the experimental results. The use of a sliding mesh model
seems to be validated since it avoids the discontinuity of
the speed profile at the turbine blades (z=0.1m and 0.3m).
The remaining discrepancies probably come from the
temporal resolution of the measurements. Compared to
the MRF model, the turbine turns physically in a sliding
mesh. The numerical model still needs to be improved by
using a more complex turbulence equation that is closer to
reality. The next step in the process is the implementation
of the population balance equation in the numerical model
to model the droplet size distribution.
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General context, scientific issues

Glioblastoma is a grade IV tumor, recognized as the most
malignant and aggressive brain tumor. The standard therapy
is most often composed of three treatment modalities:
surgery, chemotherapy and radiotherapy but it remains
insufficient to remove the cancer cells. Photodynamic
therapy (PDT) is a technique for the treatment of some
diseases including various malignant tumors. [1] A clinical
trial for the treatment of glioblastoma by PDT is in progress
in France (ClinicalTrials.gov Identifier: NCT03048240).
However, PDT suffers from two major drawbacks: the lack of
photosensitizer (PS) selectivity and the need of oxygen (O2)
[2] to be efficient. The targeting of tumor neovessels via
NRP-1 receptor is a promising approach to create damages
by PDT. Our team has already proved the good affinity of
KDKPPR peptide for neuropilin-1 receptor over-expressed
onto endothelial cells. [3] The team of Audran and al. [4] has
developed the alkoxyamines as theranostic agents. These
molecules are able to release, after chemical activation, alkyl
radicals that are toxic for cancer cells. Scaiano et al. [5]
described the possibility of the release of these radicals by
photo-activation.

Objectives and stakes

Our goal is to elaborate a multifunctional platform
composed of a targeting peptide for neovessels selectivity, a
PS for PDT treatment and a photolabile alkoxyamine for the
release of radicals even without O2. As far as we know, the
use of alkoxyamine to increase the PDT effect has never
been studied as well as the combination of an alkoxyamine
with a PS. The objective is divided in three parts:
- Synthesis of the new targeted platforms,
- Investigation of photophysical properties of the PS and
photolability of alkoxyamine,
- Biological investigation of platforms in vitro and in vivo.

Methodology / Experimental approach

- Organic synthesis methodology (solid phase peptide
synthesis by using the Fmoc strategy) and purification by
HPLC.
- Characterization of compounds by HPLC, MS, RMN 1H and
13
C.
- Photophysical characterization: UV-visible absorption,
fluorescence emission, singlet oxygen and other ROS
production.
- Photolability: kinetic study of the homolysis of the C-ON
bond of alkoxyamine by EPR
- Affinity test: Elisa test

Illustration: Strategy of the project

Main results

Proof of concept:
To established this proof, we have considered combining a
photolabile alkoxyamine (O2-independent compound), a PS
(O2-dependent compound, pyropheophorbide a) and a NRP1 targeting peptide (KDKPPR) to obtain a targeted PDT effect
in the presence or absence of O2.
- Synthesis, purification and characterization of the first
serie of compound: PS-Peptide-Alkoxyamine, PS-Peptide and
Peptide-Alkoxyamine. The last two molecules were
synthesized as references to compare with the first one if
there is an enhancement of the PDT effect.
- Photophysical properties (quantum yields and lifetimes of
fluorescence and singlet oxygen) of each compound were
investigated in three solvents (water, ethanol and DMSO). A
high decrease of each value was shown in water due to a
lack of solubility of our compounds.
- Photolability of Alkoxyamine was followed by EPR
spectroscopy and done in methanol with or without the PS
and the peptide with the complete homolysis after few
minutes of illumination. (Excitation wavelength = 254 and
365 nm).
- Affinity of compounds was performed and no significant
difference were observed with/without PS and alkoxyamine.
The publication of the results are under progress.
Study of a new series of compounds
We are investigated a new tumor-homing peptide, for a
more effective targeting. We will also synthesize compounds
with an alkoxyamine homolysable at a higher wavelength
coupled with the PS and the peptide KDKPPR or the tumorhoming peptide.
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General context, scientific issues

The demographic growth is required the production of
proteins products from plant resource. That is a reason why
searching for proteins coming from natural products is highly
recommended nowadays. Notably, the extraction/
purification of plant proteins for food applications yeilds a
large volume of liquid effluent. Recently, we developed a
process for production of rapeseed protein isolation. The
purification process is made by ultrafiltration with a
diafiltration step using NaCl solution. This effluent is
composed of various small molecules such as amino acids,
phenolic compounds, salts, sugars, etc. It also contains
sinapine (SP) which is main rapeseed phenolic compound,
small amount of sinapic acis (SA) and sinapic derivates such as
esters and glycosides forms. Previous reports showed the
great biological activities of the phenolic compounds, for
instance anti-inflammatory property [1, 2] . The literature also
indicates that SA is promising compound and it can be easily
obtained from hydrolyzing sinapic derivates. The capture of
the phenolic compounds from ethanol or methanol extract is
well-documented [3]. However, the capture its capture from
an aqueous media charged in hydro-soluble molecules and
salts has never been performed to our knowledge.

Objectives and stakes

This study presents static adsorption/ desorption of phenolic
compounds in the effluent to macroporous resins. This
allowed to choose the most appropriate resin for phenolics
capture. Then, we implemented a multi-objective optimization
strategy to establish the best adsorption/ desorption
conditions. Finally, we investigated the biological activities
such as anti-oxidant and anti-inflammation of the obtained
fraction compared to commercial SP and SA.

Methodology / Experimental approach

Batch study of total phenolic contents (TPCs), SP and SA were
studied with five macroporous resins by monitoring TPCs, SP
and SA in the liquid phase (HPLC). For the dynamic study, the
effect of pH (2-5) and adsorption flow rate (5-15BV/h) on
dynamic binding capacity (DBC10%), productivity and recovery
were modeled by nonlinear regression (Response Surface
Methodology, RSM). By RSM, the optimized set of conditions
was scaled up with success to produce enough fractions for
bioactivity studies, such as anti-oxidant and antiinflammation. For the desorption step, the effect of the
ethanol concentration (30-90%, v/v) on phenolic compounds’
purity was also considered. The effects on antioxidant (DPPH
and ABTS assays), cytotoxicity and anti-inflammation of THP-1
derived macrophages were also evaluated.

Illustration: In vitro antioxidant activity

Main results

Five resins (XAD4, XAD7, XAD16, XAD1180 and HP20) were
used for screening adsorption/desorption capacities of
phenolic compounds. Among them, XAD 16 showed the
highest total phenolic contents (TPCs), SP and SA adsorption
and desorption capacities at equilibrium. We observed that
the pseudo-second-order and Langmuir models are the most
suitable for describing the whole adsorption behavior. Thus,
XAD16 has been selected resin for column purification
process. These results revealed that pH did not effect on
productivity and recovery of phenolic compound on resin. In
addition, the best adsorption flow rate for phenolic
compounds in rapeseed permeate is 11.50 BV/h. Therefore,
these conditions were used to capture phenolic fractions with
or without hydrolysis (H fraction and N fraction) for further
study. We found that obtained phenolic fractions after
hydrolysis are significantly more efficient to scavenge DPPH
and ABTS than phenolic compounds in permeate and in
comparison with vitamin C. The increase of antioxidant
activity of H fraction results probably of release of free
phenolic compounds from their esters. Furthermore, this
study show that two fractions did not affect THP-1
macrophage viability at 50 and 100 µM of SP and SA in N and
H fraction. Preliminary results also showed that the impurities
in both fractions did not increase cytotoxicity. Additionally,
the anti-inflammatory properties of these fractions were
assessed in vitro using THP-1 macrophages. Obtained results
demonstrated that these fractions had the same effects as
pure molecules on TNF-α production, a pro-inflammatory
marker. Moreover, the H fraction could decrease the proinflammatory caused in comparison with N fraction one.
Therefore, these phenolic fractions can be a promising
candidate in food industry and pharmaceutical domain.
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General context, scientific issues
Mesenchymal stem cell-based therapies require large
quantities of cells which have maintained the
appropriate quality for therapeutic use. This expansion
can be performed using microcarrier-based bioreactor
processes for which the biochemical parameters
(substrate and/or gas concentration) and mechanical
parameters (hydromechanical constraints) can be
modified to achieve maximal expansion.
Objectives and stakes
Since mesenchymal stem cells are adherent cells, their
expansion can be performed using suspended adhesion
supports such as microcarriers (small particles of
approximately 200µm in diameter). However,
hydromechanical stresses, friction or shocks between
microcarriers, are likely to lead to undesired cell death
or degradation of cellular quality, resulting in a
significant decrease in the productivity of the process.
Our objective is to quantify the amount and intensity of
collisions between microcarriers and define their
impact on the quality of expanded cells.
Methodology / Experimental approach
The impact of collisions on cell growth and the quality
of expanded MSC’s (clonogenicity, functionality or
senescence) will be determined at different scales and
using different agitation conditions (Erlenmeyer flasks,
spinner flasks and agitated bioreactors). For this, the
concentration of suspended particles will be adjusted
in different cultures while maintaining similar agitation
conditions.
In parallel, the quantification of collisions in an agitated
bioreactor and ideally, their intensity, will be
performed using acoustic emissions. If successful, these
results will be used to define the distribution of these
collisions within an agitated bioreactor and correlate
with the in-vitro expansion results. Lastly, the analysis
of acoustic emission during the progressive suspension
and/or settling of microcarriers will be performed in
partnership with the university of Liège to correlate
with results using light attenuation technique [1] for
particle concentration distribution in dynamic
conditions.

Illustration: The use of acoustic emission sensors for
microcarrier-based MSC cultures.

Main results
Cell growth was performed by culturing hMSC’s
extracted from the Wharton’s Jelly of umbilical cords
(WJ-MSC’s) on Cytodex-1 microcarriers. The
concentration of viable microcarriers remained
constant, and as a result, the seeding conditions and
available surface was maintained. The addition of inert
microcarriers, on which cells cannot adhere, was used
to increase the number of total particles and thus
particle collisions. Analysis of the cells produced will be
used to see if the inhibition of cell growth is associated,
or not, with a degradation of MSC quality attributes
such as clonogenicity, functionality or senescence.
The addition of inert microcarriers has an impact on
cell growth which seems to slow down the more inert
microcarriers are added. As a result, a compromise
between increasing particle concentration (available
surface for cell culture) and cell growth may be
required. Whether these results are valid in larger scale
agitated conditions like bioreactors or spinner flasks
remains to be verified.
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Antibiotics are an important class of therapeutics molecules
dealing with infectious diseases by killing or inhibiting
growth of the bacteria [1]. These molecules are secondary
metabolites
mostly
produced
by
microorganism
fermentation [2]. Unfortunately, antibiotics are generally
produced at low levels by wild strains, around 1 to 100 mg/L
[3]. Due to their important clinical use, there is a constant
need to improve the antibiotic production to meet the
commercial and the public health requirements [3]. One of
the main challenges of antibiotic production is the inhibitory
feedback of the product on cell growth and its own
production, as well as its degradation during the
fermentation [4, 5]. Along with strain and medium
optimisation, improvement of the production process is
required to overcome these main hurdles.
The implementation of a continuous production process,
maintaining a low concentration of free product in the broth,
might be an efficient way to improve antibiotic production
and process productivity. Extractive fermentation consists in
combining the fermentation step with product separation
techniques to achieve the fast removal of the product as
soon as it is produced [6]. Among the described
technologies, synthetic adsorbent resins are able to extract
and stabilise products through hydrophobic interactions and
seem very promising for the production of antibiotics [6, 7].
Extractive fermentation with resins has been successfully
used to improve the production of numerous secondary
metabolites subjected to product inhibition and degradation,
including antibiotics [8].

Objectives and stakes

This project aims to assess a continuous fermentation
process using adsorbent resins to improve the production of
an antibiotic limited by product inhibition and degradation.

Methodology / Experimental approach

First, the antibiotic effect on the cell growth and on its own
production will be characterized by conducting fermentations in
flasks with different concentrations and time of addition of the
product. Then, different adsorbent resins selected from the
literature will be screened on their ability to efficiently and
selectively adsorbed and desorbed the antibiotic in the
fermentation medium without cells. The most efficient resins will
next be evaluated in small scale extractive fermentations in flasks in
order to optimise the resin concentration and the time of its
addition using design of experiment methodology. Finally, the most
promising resin will be assessed in batch and continuous
fermentations in small scale bioreactors to improve antibiotic
production and process productivity.

Illustration: Example of adsorption and desorption assay
results on one of the adsorbent resins tested.
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General context, scientific issues
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Main results

Three resins were selected according to their
physicochemical properties and their successful applications
for the production of antibiotics and secondary metabolites
in the literature. As shown on the illustration, almost all the
antibiotic seeded (99 %) in the flask were adsorbed on the
resin after 1 h of incubation in the fermentation conditions.
The ability of the three resins to adsorb efficiently the
antibiotic from the fermentation medium was validated.
Moreover, a desorption method for antibiotic recovery was
also evaluated. As shown on the illustration, incubation of
the resin in acetone during 1 h under stirring allowed
recovering around 90 % of the seeded antibiotics. An
efficient elution method was defined allowing elution yields
higher than 85 % for all the tested resins.
Along with the confirmation of these first results, future
work will focus on further assessing of the resin’s
performance using different media and antibiotic
concentrations. Maximal capacity, adsorption rate and
selectivity toward the antibiotic will be used to select the
optimal resin for the next steps of the study.
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General context, scientific issues
We are proposing an unifying and structuring research
project around 4D printing, an emerging field. This
research project co-constructed with our colleagues
from Nancy, Reims and Strasbourg, is a first concrete
response to the wishes clearly expressed by all the
actors of the Additive Manufacturing sector of the
Grand-Est to successfully structure this strategic axis.
Objectives and stakes
The aim of our project is to overcome the current
limitations of 3D printing by developing 4D printing in
France. This new printing mode will be based on
polymer 3D objects obtained by complementary
processes (photo-polymerization, FDM and SLS) and
which can evolve in a 4th dimension (geometry,
chemical composition, mechanical properties, adhesion
properties, chemical or biological functionality…)
during external stimuli/solicitations applicable and
controllable (mechanical stress, light1, pH, solvents,
time…) in order to acquire a new functionality.
Methodology / Experimental approach
We work on the synthesis of azobenzene derivatives
known to be sensitive to light and to pass from the
Trans isomer to the Cis isomer and vice versa under
illumination with UV and visible light respectively 2.
The length and nature of the arms play an important
role in the physico-chemical and rheological properties
of the polymer in which these derivatives will be
inserted. The target molecules are acrylates and
methacrylates with alkane or pegylated arms.

Figure 1: isomerization of azobenzene derivatives2

Main results
We have synthesized 6 molecules based on
azobenzene with alkane and pegylated arms.
Unfortunately, illumination to obtain Trans / Cis
isomerization studies have caused a degradation of
molecules because we did not use monochrome UV
light sources. Set ups are currently ongoing to avoid
this problem. Photo-polymerization tests with various
formulations have been successful. Unfortunately, but
the polymers obtained were very rigid and unable to
be modified by external parameters such as light or
heat. Formulation optimizations are also ongoing
currently in order to obtain a flexible polymer which
can be stimulated by external parameters.
References
1. Ge, Q., et al. Scientific Reports,2016. 6(1), 31110.
2. Sun, S., et al., Polymer Chemistry, 2019. 10, 43894401.
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General context, scientific issues
Certain transient metals such as iron (II / III), when
present in excess in vivo, can cause the formation of
reactive oxygen species (ROS) and are therefore
indirectly responsible of oxidation phenomena. By
transient metal chelation, some peptides may act
against oxidation. Peptide hydrolysates, complex
mixtures of peptides, are potential sources of metalchelating peptides, valorizable for their antioxidant
properties, especially for industrial applications in the
fields of nutrition, health or cosmetics.
Objectives and stakes
The aim of this study is to set up methods for the direct
screening of iron-chelating peptides in hydrolysates.
Two approaches are under development. In the first
one, the metal-chelating peptides (MCP) are screened
by a differential analysis of mass spectra, obtained by
reverse phase liquid chromatography (IP-RPLC) coupled
to mass spectrometry (MS). In the second one, the goal
is to couple IMAC chromatography with MS detection
for the direct screening and online identification of
MCPs.
Methodology / Experimental approach

Approach 1: a mixture of peptides was brought into contact
with an iron solution (FeII or FeIII) to form potential ironpeptide complexes. An IP-RPLC-ESI-HRMS analysis was jointly
performed on the peptide solution in the presence and in
the absence of iron (control) allowing a direct comparison by
differential MS analysis for the detection of MCPs. The LCMS method was first optimized on synthetic peptides (taking
into account the pH and the [iron]/[peptide] ratio) and then
applied on hydrolysates enriched with a reference chelating
peptide (GGH) to search for its associated iron-peptide
complex. This LC-MS methodology was then combined with
a metabolomic-like data treatment for a direct non-targeted
screening of MCPs.
Approach 2: synthetic peptides and a real hydrolysate were
injected onto Fe(II) -, Fe(III) - and ungrafted - IMAC columns
coupled with MS detection. The three types of stationary
phases were characterized according to the relative RT of
selected peptides.

Illustration: Screening protocol of iron(II)-chelating
peptides through the approach 1 (LC-MS methodology
combined with a metabolomic-like data processing).

Main results
Approach 1: A targeted analysis conducted on GGHenriched hydrolysates allowed to detect the associated
stable [FeII(H-1GGH)]+ complex with a LOD inferior to
0.77 mg.L-1 of GGH added [1]. Combination of this LCMS methodology with a metabolomic-like data
processing was subsequently tested on the same GGHenriched hydrolysates to carry out a non-targeted
search of MCPs (see Illustration). GGH was successfully
found as a peptide with high iron(II)-chelating abilities
through this simple, powerful and sensitive protocol
(LOD < 0.77 mg.L-1 of GGH). This promising approach
will be applied on a broad range of protein
hydrolysates to search for potential antioxidant
peptide sequences acting by iron(II) chelation.
Approach 2: still under development. Further studies
need to be performed on synthetic peptides (pure
solutions and peptide mixtures).
References
[1] Paris. C et al (2020), IP-RPLC-MS Screening of Iron
Chelating Peptides by Differential Analysis of Mass
Spectra, oral communication at PITTCON 2020, March
1st-5th, Chicago (US).
Acknowledgements: The authors thank the financial support of the
project "Impact Biomolecules"of "Lorraine Université
d'Excellence"(Investissements d’avenir – ANR 15004).
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General context and scientific issues:
Hydraulic cooling circuits in power generation plants,
particularly those using nuclear energy, use river water
loaded with microorganisms that can lead to the formation
of parietal biofilms. These biofilms can lead to a significant
drop in the heat transfer performance of the exchangers.
Currently, there are no predictive models available to control
the coupling between hydrodynamics (in particular wall
stress), biofilm formation and structure, and the heat
transfer properties of the installation.

Illustration:
An example of an experimental set-up developed by Cowle
and colleagues (1) to study biofilm development in drinkingwater systems.

Objectives and stake:
It is therefore necessary to have an experimental tool,
representative as much as possible of the industrial
exchanger, to carry out experimental characterization of
these bio-hydrodynamic interactions.

Methodology / Experimental approach:
Bibliographic study to: (a) Identify the experimental set-ups
already studied in the literature for monitoring the
formation of microbial biofilms under controlled
hydrodynamic conditions (sizing, flow regime, materials
used, characterization or not of applied flows, possible
parallelization) and (b) to assess the biological monitoring
methods that can be used online to characterize the
formation
and
evolution
of
biofilm.
In a second time, the goal of the project are (c) to propose a
study set-up compatible with the specifications imposed by
industrial constraints (shear stresses, biological model,
choice of materials) or with kinetic monitoring requirements
(size, modularity), (c) to assess the biological monitoring
methods available in the laboratory (or in external
laboratories) and compatible with their implementation in
the experimental system (on-line / off-line monitoring), (e)
to identify external collaborations to be set up in a future
framework and (f) to carry out a pre-sizing of the installation,
a design schedule in relation with the laboratory services as
well as an estimate of the investment and operating costs of
the installation.

Main results:
The bibliographic study is currently being conducted. A wide
diversity of experimental set-ups has been identified,
particularly the rotating disk reactor, the rotating cylinder
reactor and flow cell reactors to attain hydrodynamic
conditions close to industrial ones. Numerous technics and
methods that can be used to study biofilm online or not
have been identified and described on their basis of their
characteristics, their advantages and disadvantages, or their
availability in the laboratories from the University of
Lorraine detailed. The thickness of a biofilm can, for
example, be directly measured offline by a micrometer (2)
or online by laser/confocal sensors systems or by ultrasonic
time domain reflectometry (3). The biomass can be
measured simply by weighing a sampling coupon (2) but ex
situ estimation through the calculation of diverse biofilm
components is also feasible (4). Numerous microscopy
apparatuses are available for direct visualization of the
biofilm surface of structure, especially confocal laser
scanning microscopy and scanning electron microscopy
equipment (5). Indirect study of the biofilm through
measurements at the entrance and exit of the experimental
facility (6), such as temperature and pressure, is also
fundamental for online monitoring of the biofilm an to gain
information about thermic resistance of the wall deposit.

References:

(1) Cowle et al. 2019 “Impact of flow hydrodynamics and pipe material
properties on biofilm development within drinking water systems”.
(2) Teodosio et al. 2011 “Flow cell hydrodynamics and their effects on E.
coli biofilm formation under different nutrient conditions and turbulent
flow”
(3) Wang et al. 2018 “In situ monitoring of wastewater biofilm formation
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General context, scientific issues:
Nickel (Ni) is identified as a strategic metal for
industrial development. Today, laterite deposits
contain substantial reserves of nickel but the
exploitation of most laterite deposits is limited to
saprolite, the lower part of the deposits. The upper
part of the deposits (limonite) also contains valuable
content of cobalt (Co), a critical raw material. Today
processes are not fully-satisfactory (environment,
consumption of energy), so there is a need for
“greener” limonite leaching process.

Illustration: Limonite leaching in a Bioreactor

Objectives and stakes:
This PhD aims at the development of an original and
innovative treatment process based on the bacterial
catalysis of the dissolution of goethite, main Ni-bearing
mineral in limonite, for the leaching of oxidized ores.
This mechanism uses the ability of certain
microorganisms to derive the energy necessary for
their development from the reduction of ferric iron.
These microorganisms are acidophilic (autotrophic /
mixotrophic) bacteria and require much milder
operating conditions (pH, T°) than those used in
conventional
processes
(pyrometallurgy
and
hydrometallurgy). Nevertheless, the optimal operating
conditions of goethite bioleaching for coupling
biological activity and chemical dissolution reactions
remain to be determined. The PhD is part of this
context and will aim at the intensification of this
biological process and its use for the development of a
Ni and Co laterite leaching process.

Methodology / Experimental approach:
Last months were dedicated to study the related
literature about limonitic reductive bioleaching.
Limonitic samples have been prepared in specific
particle size for the experiment, and characterized.
Also, the appropriate bioreactor setup is prepared for
the experiments. The first experiments are going to be
done in abiotic condition to study the different
reactions. In parallel, oxidation of elemental sulfur with
oxygen, oxidation of elemental sulfur with ferric
sulfate, and chemical leaching of limonite with acid are
going to be studied. Then, reductive leaching of
limonite samples are going to be studied with the
presence of the microbial consortium. Afterwards, the
goal would be to study chemical reaction of the
bacterial reductive leaching of limonite and the
effective parameters on the reaction and optimize
them.

Main results (expectations):
Here sulfur acts as the electron donor for the oxidation
reaction by ferric iron. Based on the literature [1, 2],
sulfur oxidation by ferric iron in anaerobic condition
would be a slow reaction. In addition, it is expected
that the reactor containing limonite samples in acidic
medium, have a slow yield and reaction rate [3, 5].
Then, reductive bioleaching will be performed with the
presence of the bacteria and be will be monitored
carefully, so the effect of bacteria’s presence could be
observed and show its effect on the bioleaching.

[1] Habashi, F., Bauer, E.L., 1966. Aqueous Oxidation of Elemental
Sulfur. Ind. Eng. Chem. Fund. 5, 469–471.
[2] Brock, T.D., Gustafson, J., 1976. Ferric iron reduction by sulfurand iron-oxidizing bacteria. Applied and Environmental
Microbiology 32, 567–571.
[3] Ňancucheo, I., Grail, B.M., Hilario, F., du Plessis, C., Johnson,
D.B., 2014. Extraction of copper from an oxidized (lateritic) ore
using bacterially catalyzed reductive dissolution. Applied
Microbiology and Biotechnology 98, 6297–6305.
[4] Marrero, J., Coto, O., Goldmann, S., Graupner, T., Schippers, A.,
2015. Recovery of Nickel and Cobalt from Laterite Tailings by
Reductive Dissolution under Aerobic Conditions Using
Acidithiobacillus Species. Environ. Sci. Technol. 49, 6674–6682.
[5] Marrero, J., Coto, O., Schippers, A., 2017. Anaerobic and aerobic
reductive dissolutions of iron-rich nickel laterite overburden by
Acidithiobacillus. Hydrometallurgy 168, 49–55.

References

91

2020

Development of an optimized perfused-continuous process of culture of human
umbilical cords mesenchymal stem cells (hMSC) grown on innovative adhesion
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General context and scientific issues:

Mesenchymal stem cells extracted from the Wharton’s jelly
of human umbilical cords (hWJ-MSC) show increasing
interest for cell therapies due to their reduced
immunogenicity, high expansion capabilities, fast growth
kinetics and various growth factors production capabilities.
In order to reach a high amount of cells for clinical
application, it is important to develop scalable culture
systems including bioprocess control and monitoring. A
preliminary development of microcarrier-based cultures in
Erlenmeyer’s flask was realized to determine the best choice
of culture conditions. Then, to reduce process cost and
culture handlings and also to promote on-line monitoring of
cell quality and cell adherence, the scale up of the process is
carried-out in mechanically stirred tank bioreactors.

Illustration

Main results:
o

Objectives and stake:

The main objective of this work integrated into a
collaborative INTERREG project is to develop a validated
innovative continuous culture process of human
mesenchymal stem cells extracted from the Wharton’s jelly
(hWJ-MSC). To reach this main goal, this study is divided into
three tasks.
* To optimize cell expansion in stirred tank bioreactor by
determining the most adapted set of operating conditions
and microcarrier chemistry.
* To validate and promote bead-to-bead transfer of hMSC in
order to increase cell expansion duration.
* To transpose the set of data previously optimized in
continuous-perfused bioreactor.
As it is admitted that shear stress and physicochemical
environment may affect cell growth, stemness and
functionality, control of cell quality must be based on ISCT
(International Society for Cellular Therapy) criteria.

Compared to batch and fed-batch mode realized, the
continuous-perfused mode leads to better cell
expansion factor. In 9 or 10 days, 600 and 800 millions
of cells were obtained whereas in batch mode only 25
millions were obtained and in fed-batch mode, 200
millions of cells.

Figure1. Cell growth kinetics of WJ-MSCs grown on Corning Synthemax IIcoated dissolvable microcarriers in continuous-perfused STR (n=2).

o

Moreover, thanks to the on-line monitoring with the
dielectric spectroscopy, a linear correlation was found
between permittivity and total cell number. The
additions of microcarriers could also be detected.

Methodology / Experimental approach:
 Cell culture in continuous-perfused bioreactors:
MCS were expanded in stirred cultures on Corning
Synthemax II dissolvable microcarriers in HPL supplemented
medium. Using a dedicated apparatus, microcarriers with
cells are held inside the bioreactor while empty
microcarriers and used cell culture medium are removed.
 Cell counting and monitoring, metabolites:
Metabolites (glucose, lactate, LDH) concentrations were
measured every day in the culture supernatant. Cells on
microcarriers were stained with a nuclear marker (DAPI), in
order to reach the cell distribution on the microcarriers.
Moreover, online monitoring by using dielectric
spectroscopy was set-up.
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Figure2. Kinetics of WJ-MSC cultures performed in continuous-perfused
mode. ( ) off-line measurements and (continuous lines) on-line values.
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General context, scientific issues

In the context of the energy crisis which depends on fossil fuels,
research tries to develop method for green energy production such
as hydrogen. Hydrogen is commonly used as raw material in many
[1]
fields but it could be also used as a powerful clean energy vector .
Different methods already exist to produce H2, but they are
associated to CO2 and the process needs a huge amount of external
energy (even for the water electrolyse which is the only green
[2]
method used nowadays) . Bioproduction of hydrogen is an
alternative and is intensively studied, mainly for concept, process
accessibility and cost. One of these methods is the use of dark
fermentation (DF) to produce H2 from organic wastes by anaerobic
microorganisms but it permits to produce only 2.4 mol H2/molhexose
[3]
instead of 4 molh2/molhexose . This is probably due to methanogenic
bacteria that decrease the H2 production. However, effluents from
dark fermentation can be oxidised to increase the production yield.
Our studies explore the possibility to combine Microbial Electrolysis
Cells (MEC) and DF to produce more H2. In fact, MEC can oxidise
fermentation co-products (mainly acids) to create a current that
allow the reduction of protons in a bioelectrode. However, both
methods need an external energy for the non-spontaneous
reaction of the acids oxidation that cannot be overcome by the
current produced. Thus, many studies separated MEC and DF by
transferring effluents from fermentation phase into a double
chamber MEC which increase the complexity of the process in
terms of conception, materials and maintenance.

Objectives and stakes

The aim of the work is to integrate DF and MEC into the same
bioreactor to produce H2 without external energy supply, using at
first pure cultures of Clostridium sp., and constituted microbial
ecosystem taken from a biomethanizer (experimental farm, la
Bouzule, université de Lorraine). The objectives are the production
of current and a microbial specialisation at both electrodes, in
order to improve H2 production.
Methodology / Experimental approach
Electrodes
A tubular silicone-carbon membrane is used as anode and for gases
extraction. Cathode is made of a sheet of carbon felt. Gas
extraction from the medium is carried out by passing a neutral gas
flow (gaseous nitrogen) through the tubular membrane. Electrodes
are connected to a potentiostat in order to measure current
formation.
Bioreactor culture
A 5 L scale bioreactor, equipped with sensors, is used as the only
chamber of reactions. Clostridium sp. are used as pure culture at
first in a Clostridial medium. Then, organic matter taken from a
biomethanizer is used with or without treatment (to inhibit
methanogenic bacteria for next experiments). Finally, an analysis of
microbial biofilms will be done for both electrodes.

Illustration: Experimental approach

Main results (information from the literature)
Hydrogen production: A study shows that H2 can be produced
into the bioreactor, but seems to not fully pass through the
silicone membrane. However, an improvement of H2 production
is observed[6].
Electricity production: To overcome the thermodynamic gap
associated to H2 production, a potential of 0.1 – 0.17 V is
needed[7]. The current may have variation depending on the
composition of organic matter.
Microbial community:
- Microbial community at the cathode could change their
metabolisms from reduction to oxidation, at the beginning
of the process [8].
- There is an anodic respiration from the biofilm present at
the anode where the electrode is the electron acceptor[7].

References
[1] Association Française pour l’hydrogène et les piles à
combustibles (AFHYPAC), 2016. Production et consommation
d’hydrogène aujourd’hui.
[2] Ministère de la transition écologique et solidaire. 2018. Plan
de déploiement de l'hydrogène pour la transition énergétique.
[3] Pierra M., 2013. Couplage de la fermentation sombre et de
l'électrolyse microbienne pour la production d'hydrogène :
formation et maintenance du biofilm électro-actif.
[6] Liang, T. « Behavioral Study on Hydrogen fermentation
Reactor Installed with Silicone Rubber Membrane ».
International Journal of Hydrogen Energy 27, no 11‑12
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[7] Rousseau R., 2013. « Production de biohydrogène par
électro-catalyse microbienne », Université de Toulouse.
[8] Kim, Dong-Hoon, Hang-Sik Shin, et Sang-Hyoun Kim.
« Enhanced H2 Fermentation of Organic Waste by CO2
Sparging ». International Journal of Hydrogen Energy 7, no 20
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General context, scientific issues

Biological medicines are quite sensitive to manufacturing
processes. Understanding and controlling heterogeneity
within manufacturing are then essential for the establishment
of quality systems that ensure efficacy and patients safety1.
Thus, continuous monitoring of critical process parameters
(CPP), such as nutrient and by-product concentrations,
affecting Critical Quality Attributes (CQA) of the medicine, is
required to establish advanced control systems to guarantee
medicine action. In situ NIR spectroscopy (NIRS) is a promising
tool, capable of providing multicomponent information
without sample treatment. Nevertheless, NIR spectra are
complex and multivariate calibration methods are required
for relating spectra, in a predictive manner, to CPP or CQA
with a chemical, biochemical or biological nature.

Objectives
To analyse the major sources of heterogeneity within cell
culture processes affecting the CQA of biological medicine
for two main production platforms: Plant suspension
culture
of
Catharanthus
roseus
producing
chemotherapeutics (VC, VB) and CHO cell cultures
producing mAb (anti-Rhesus D).
To analyse the relationship of in situ NIR spectra with CPP
and CQA to evaluate current monitoring approaches.
To establish and evaluate new monitoring approaches
based on innovative regression methods.
Methodology / Experimental approach
Generation of process data:
- Development of the C. roseus cell line
- 3 L bioreactor cultures for in-line (spectra) and offline (CPP magnitude) data acquisition, 11 cultures
for CHO cell, 3 cultures for C. roseus.
NIR monitoring models:
- Chemometric analysis of cell cultures and evaluation
of adequacy of the current widely used linear
approaches (Principal Component Regression, PCR
and Partial Least Square Regression, PLSR methods)
- Novel implementation and evaluation of several
multivariate approaches for cell culture monitoring
(Locally Weighted Regression, LWR, Artificial Neural
Networks Regression, ANNR and Support Vector
Regression, SVR)
- Evaluation of models using internal validation
approaches.

Illustration: Use of models for real-time monitoring of major
sources of heterogeneity in plant (A) and animal cell cultures
(B)

Main results
Cell culture experiments:
VC and VB synthesis are likely linked to the degree of cell
differentiation, particularly to sclerenchyma-like cells within
cell aggregates in suspension cultures of C. roseus.
There is heterogeneity in mAb glycosylation, closely related to
the physiological cell state.
Development of monitoring approaches:
There are strong non-linear relationships between spectra
and concentration, which limit current linear regression
approaches in CHO cell cultures. The use of LWR enhanced
the monitoring power of models for substrates and cells2.
However, non-linear approaches were required for mAb
quality in terms of macro- and micro-heterogeneity3. The
feasibility of monitoring plant cell differentiation dynamics
has been explored with promising preliminary results4.
References
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Experimental study of the formation of pollutants, in particular PAHs and NOx,
during the combustion of biogas
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General context, scientific issues

Illustration Process Flow Diagram

LRGP-CNRS is involved in the IMPROOF project since
September 2016. This project is a European project
aiming at improving the energy efficiency of steam
cracking furnaces by developing new techniques to
reduce coke and using high emissivity coatings to reduce
emissions of greenhouse gases and pollutant emissions.
Biogas and bio-oil will be used as alternative fuels
because they are considered renewable, and hence,
decrease net carbon dioxide production. In order to
achieve the objectives, laboratory studies and industrial
pilots were carried out in parallel with the development
of kinetic models.
Objectives and stakes




Set up the bench in order to identify the different
chemical reaction products
Establish an experimental database to identify and
quantify combustion products
Develop and validate detailed kinetic models to
reproduce the combustion of the fuel

Main results
Experimental results obtained in the study of oxidation
of CH4 (1000 ppm) doped with NH3 (500 ppm) showed
the reactivity of CH4 and NH3 below. These data will be
used for the improvement of detailed kinetic models
developed by the partner Politecnico di Milano.

Methodology / Experimental approach
Biogas consists primarily of methane and carbon
dioxide. It may have small amount of hydrogen sulfide,
ammonia and moisture. The strategy is to study
pyrolysis and oxidation of bio-oils and biogas
surrogates; methane, ammonia, hydrogen sulfide,
pyrrole and ethylene glycol (EG). Pyrolysis and oxidation
experiments are carried out in an alumina tubular flow
reactor (FR) or in a fused silica jet-stirred reactor (JSR)
operated under dilute conditions. The analytical
techniques used to identify and quantify a wide range of
reaction products at the outlet of reactor are gas
chromatography, online mass spectrophotometry and
NOx analyzer. Not only the pyrolysis and oxidation of
neat ammonia, hydrogen sulfide and pyrrole had
already been carried out, but also the oxidation of
methane mixtures with NH3 and H2S. Besides, it is also
planned to study the oxidation of NH3 doped with H2 and
that of EG, which is similar in chemical composition and
physical properties, to a model fuel for pyrolysis oil.

(JSR, T = 600-1200 K, P = 106.7 kPa,  = 1.5 s,  = 0.5,1,2)

(FR, T = 1200-2000 K, P = 126.7 kPa,  = 25 ms,  = 1)

Comparison of experimental data with simulations
showed a satisfactory agreement. The kinetic analysis
shed light on the NH3 promoting effect in anticipating
methane reactivity at low temperature.
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General context, scientific issues
Biomass is the main sustainable source of renewable
carbon. Its valorization in biorefineries leads to climate
change mitigation and to the production of biofuels
and green chemicals with a lower environmental
impact than crude oil.
Biomass is mainly composed of lignin and
carbohydrates. Lignin is the most abundant renewable
resource of aromatic compounds on earth. Therefore,
its valorisation is one of the most promising ways for
the substitution of fossil resources to produce “green”
aromatic compounds. Indeed, they can be important
building blocks for producing various chemicals and
materials.
Objectives and stakes
The goal of this Ph-D is to optimize lignin conversion
into aromatics. It is part of an important national
project (ANR PhenoLiq) gathering partners from pulp
and papers industry, biorefinery, catalysis, chemical
engineering and polymer science.
This project is innovative and ambitious according to
different aspects:
- process engineering: the proposed process concept is
new for lignin and could also be adapted to other
materials;
- catalysis: we propose the development of green
catalysts, low toxicity and inexpensive;
- for chain evaluation: it is the first project to evaluate
from an environmental/techno-economic point of view
the potential of the "wood to phenol" sectors in
France on actual cases (functioning pulp mills).

Methodology / Experimental approach
After a complete characterization of the most
important industrial lignins, catalytic conversions are
performed in a high pressure reactor.
The products are then analyzed to determine the
efficiency and selectivity for different reactive system
(solvent, catalyst, temperature, atmosphere).
The conception of a continuous reactor is underway.
Main results
The purpose of the thermochemical conversion of
lignin is the production of chemical products with high
added value. Good depolymerization degrees have
been achieved using ethanol as solvent, H2
atmosphere, mild conditions for liquefaction (250°C
and 100bar) and catalysts such as Pt, Ru and Cu. For
example soda lignin has been liquefied at these
conditions, in presence of Pt/C, for 4h and ̴8%wt of
monomers was produced (in agreement with
literature).
In addition, a new analytical approach has been used to
analyze lignin-derived products: UV- spectroscopy has
proved to be an excellent tool to investigate
depolymerization of lignin.
References
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General context, scientific issues
Lignin is a complex macromolecule composed of
various bonds (notably C-O) which can be
depolymerized upon heating from 150°C (150-600°C)
and under H2 atmosphere. Heat induces the cleavage
of bonds (pyrolysis) and H2 will promote the
hydrodeoxygenation (HDO) of molecules. The scope is
to deoxygenate lignin and to produce the highest yield
in aromatic compounds (such as Benzene, Toluene,
Xylenes = « BTX ») [1]
Objectives and stakes
Here we propose to develop the pyrolysis of lignin
followed by the catalytic hydrodeoxygenation (HDO) of
the pyrolysis vapours over a catalyst composed of
metallic nano-particles supported on silica (concept of
the process presented on the figure below).
Methodology / Experimental approach
Previous research project has shown that the use of
micellar solutions of metallosurfactants is an
interesting way to be explored for the synthesis of
catalysts.
The first catalytic tests on lignin have demonstrated
the interest of these materials (good selectivity into
BTX). In order to improve their properties, it is
proposed to increase the thickness of the silicated
walls and the size of the pores in order to enhance the
mechanical stability of the catalyst and mass transfers
(diffusion of vapours inside the catalyst) respectively.
The synthesis will be conducted by the following steps:
1) synthesis of metallosurfactants rich in metal;
2) formation and characterisation of vesicles of
metallosurfactants;
3) Preparation and characterisation of porous materials
using the vesicles as templates and source of metal.
The catalysts will be then activated (calcination/in-situ
reduction under H2) then tested.

Illustration: pyrolysis of lignin followed by the catalytic
hydrodeoxygenation (HDO) of the pyrolysis vapours

Main results
The catalysts as developed, will be tested in differential
fixed bed reactors. This reactor is the best one to study
the chemical kinetics by controlling mass transfers
(extra and intra-particles).
Fixed bed will be fed by:
1) model compounds which are good surrogate of
lignin pyrolysis bio-oils (guaiacol and phenol);
2) real pyrolysis gas of lignin produced by a continuous
pyrolysis reactor.
First, the chemical regime conditions will be checked
(effect of particle size and gas velocity). Under chemical
regime, we will study on the model compounds:
1) for a given catalyst synthesis, the effect of
temperature (400 to 550°C), H2 partial and total
pressure and contact time (flow rate/mass of catalyst);
2) for optimal conditions (temperature, pressure,
contact time), the effect of the synthesis conditions.
From the experiments at various temperatures, the
apparent activation energy of HDO reaction will be
determined and compared with ab-initio modelling
results.
References
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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.
Lignocellulosic
biomass
presents
an
interesting alternative, as a renewable
carbon-based resource, which respects to the
environment. This project seeks the
valorization of the different biomass
constituents (cellulose, lignin and bark) into
high added-value chemicals through novel
thermochemical conversion process.

Main Results

Fractionation of lignocellulosic biomass by
organosolv and chlorite/acid methods. [2]

Objectives and stakes
 Integrated valorisation of all the
constituents of lignocellulosic biomass by
separating them and converted through
thermochemical and biological processes.
 Development of a novel continuous
process for the conversion of cellulose and
lignin into added-value chemicals.
Methodology/ Experimental approach
 Chemical analysis of the liquefaction
soluble products by gas and liquid
chromatography with mass spectrometry
[1].
 Fractionation of lignocellulosic biomass by
organosolv and chlorite/acid methods to
produce cellulose-rich pulps [2].
 Hydrothermal conversion of cellulose rich
pulps into fermentable sugars [2].
 Fermentation of cellulose pyrolytic oil [3].
 Establishing the mass and energy balances
and technoeconomic analysis of the global
process using Aspen Plus.
 Developing a novel reactor for the
continuous conversion of the different
biomass constituents.

Distribution of cellulose pyrolysis products. [3]

Schematic view of the cellulose valorisation
process: pyrolysis, hydrolysis and fermerntation for
the production of building blocks. [3]
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General context, scientific issues
Biomass is the main source of renewable carbon. Its
valorisation in « biorefineries » leads to climate
change mitigation and to the production of biofuels
and green chemicals with a lower environmental
impact than crude oils.
Biomass is mainly composed of lignin and
carbohydrates. Among the biomass valorisation
processes, direct liquefaction is a thermochemical
conversion into fuels, chemicals and materials by
processing in a hot (200-400°C), high-pressure (20200bars) liquid environment. The main goal is to
convert solid biomass into liquid products in order to
enhance the transportation, refining and conversion.
Objectives and stakes
One of the main goals of this Ph-D is to determine
optimal conditions (pressure, temperature, solvent,
catalyst) for biomass liquefaction. The degradation
mechanisms during this process will be also
investigated.
This study will also focus on products extraction after
liquefaction. Theoretical and experimental studies will
be carried out to evaluate new type of solvents for
phenolic compounds extraction.
Methodology / Experimental approach
The catalytic liquid conversions will be performed in a
high-pressure reactor in water or ethanol.
Products composition will be analysed with different
analytical
technics
(Chromatography,
Mass
spectrometry, InfraRed, UV-Visible Absorption, NMR
…).

Illustration: Scientific approach

Main results
The Ph-D has just started. Only few characterisations
were performed on liquefaction products.
Publication draft is on preparation to estimate the
global potential of bio-oils production directly from
biomass (production + separation/purification). This
investigation will be part of the biorefinery
development from lignocellulosic biomass.
References
[1] Zhang Y., Hydrothermal liquefaction to convert
biomass into crude oil, Biofuels from Agricultural
Wastes and Byproducts, (2010), 201-232
[2] Cheng et al., Highly Efficient Liquefaction of Woody
Biomass in Hot-Compressed Alcohol-Water Cosolvents, Energy & Fuels, (2010), 4659-4667
[3] Schutyser et al., Chemicals from lignin: an interplay
of lignocellulose fractionation, depolymerization and
upgrading, Chemical Society Reviews, (2018), 852-908

The theoretical study will be based on quantic
chemical to determine the optimal solvent structure.
Then, experimental study will be carried out to
evaluate efficiency of the selected solvents on
phenolic compounds extraction from bio-oil.
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General context, scientific issues
The estimation of transport properties for pure
components and mixture is today a crucial question for
the design and simulation of chemical-engineering or
energy-conversion processes. By transport property, it
is here referred to dynamic viscosity, thermal
conductivity and self-diffusion coefficients. The present
study focuses on dynamic viscosities. Various
techniques are currently available to estimate this
property: it can be measured from experimental
devices, guesstimated from more-or-less sophisticated
molecular-simulation tools or obtained from empirical
or semi-empirical models. If they are properly
calibrated, empirical or semi-empirical models have the
clear advantage to make the property available in a
reasonable time (compatible with simulation times in
chemical-engineering software) and with an acceptable
accuracy. At some exceptions, practical models for
viscosity estimation are essentially empirical.
Objectives and stakes
A promising way to estimate transport properties from
correlations or models lies in using the entropy-scaling
concept. According to Rosenfeld [1], a reduced
(dimensionless) quantity involving the viscosity can be
written as a universal function of the reduced residual
entropy (universal means that the equation applies to
any pure species). Inspired by Rosenfeld’s idea, various
authors have recently revisited the entropy-scaling
concept [2,3].
The goal of the present study is to prove the efficiency
of the entropy-scaling approach and to propose a
simple and universal way to guesstimate viscosities for
any pure component characterized by a limited set of
input parameters.
Methodology / Experimental approach
The idea in this work is:
1- To combine a predictive (or semi-predictive)
equation of state (EoS) to generate residual entropy
data
2- To use these data as input parameters of a simple
model based on the entropy-scaling concept and
returning dynamic viscosity data.

Illustration: Rosenfeld’s entropy scaling applicated to n-alkanes

Main results
- A new formalism, which is different from Rosenfeld’s
original work [1], is defined to extend the applicability
of the entropy scaling to the viscosities of pure fluids at
low densities. In particular, the proposed bijective
relationship between the residual entropy and the
dynamic viscosity covers the entire fluid region.
- Two EoS are simultaneously considered to generate
residual entropy data: a SAFT-like EoS and a cubic EoS.
- The two proposed models are successfully applied to
several components from different chemical families
and compared to thousands of experimental data.
Perspectives:
Extension of the present work to thermal
conductivities and self-diffusion coefficients is the next
step to derive a global methodology for predicting the
transport properties of pure fluids.
References
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General context, scientific issues
As a contribution to minimize climate change, a fast
development of renewable energies is required. In
France, wood is the first renewable energy used mainly
for local heat production [1]. It is either technically
feasible to produce electricity with gasification which is
the partial oxidation of feedstock in synthetic gas. This
syngas is principally made of H2, CO, CO2, CH4 and
hydrocarbons. However, a lot of undesired species,
such as tars, are also formed requiring subsequent
cleaning steps and penalizing the economic viability of
the process [3]. Biomass and waste gasification is yet
identified by the French environmental agency
(ADEME) as an important supplier of renewable gas for
the next decades [2].
Objectives and stakes
This project will provide guidelines to determine the
most economical processes to upgrade the syngas
produced, from which hydrogen could be extracted
along with other valuable products.
Methodology / Experimental approach
Gasifier has been modeled in several publications [4,5]
but remains not efficiently predictable for minor
products. One goal of this project is to develop a
compartmental model of this reactor to reach better
accuracy. To get detailed data to build this technoeconomic assessment, process simulation software are
powerful tools to combine several unit operations
along a process. Nonetheless, downstream gas cleaning
process is not as well established [3]. These simulations
should provide cost estimation of CAPEX and OPEX.
This project focus on a small unit of tens of MW of
biomass. This scale seems more appropriate for the
smaller area of supply required and for social
acceptability purpose.
Under few assumptions,
gasification could be carbon neutral or even carbonnegative [6]. This project will try to maximize the
efficiency by upgrading multiple products: heat,
electricity and hydrogen, to overcome the small size of
the unit. The impact of feedstock will be considered:
biomass and waste will be investigated.

Illustration:

Main results
This project should propose:
- A new model of gasifier using compartmental
approach,
- An economic assessment of the potential of small
gasification units producing heat electricity and
hydrogen. Gas cleaning and upgrading will be decisive
for its feasibility,
- A life cycle assessment of the process proposed.
References
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General context, scientific issues
Industries produce a significant amount of waste heat,
usually rejected in the atmosphere but potentially
exploitable in the context of the increase in energy
demand. Among existing technologies, absorption heat
pumps can be used for heating as well as for cooling
(air conditioning or refrigeration). Unfortunately,
traditional working fluids (Water/Lithium Bromide or
Ammonia /Water) display numerous drawbacks
(corrosion, toxicity, risk of crystallization) which hinder
the development of these technologies.

Illustration: Methodology for the choice of working
fluids in absorption heat pump processes

Objectives and stakes
As an alternative to the classical ones, new solvents
ought to be easier to prepare, cheaper and less toxic.
Among those investigated, Ionic Liquids (ILs) and Deep
Eutectic Solvents (DESs) are of interest. They display
tunable physical and chemical properties which can be
easily altered by changing the components of the DES
or the structure of the cation or anion of the IL.
However, the behavior of these solvents with other
fluids is still little known. Thus, in this study the
investigation of {IL/DES-water} mixtures as a part of the
air conditioning processes using heat pumps is
considered. The aim of this work is the evaluation of
the performances of the fluids in absorption heat
pumps and the optimization of processes.
Methodology / Experimental approach
The infinite number of ILs and DESs makes quite
inconceivable the measurements of the properties of
all pure ILs/DESs and of their mixtures with other
fluids. Accordingly, the development of predictive
models requiring no experimental data is essential. To
do so, an innovative method based on a multi-scale
approach
is
investigated.
A microscopic study by means of ab initio calculations
allows to gain insight on the influence of the structure
of various components on the different interactions
involved in the working materials. This way, stable
molecular arrangements are determined and then fed
to a predictive and robust thermodynamic model. This
model can finally be integrated into a simulation
software to design and optimize processes.

Main results
Ab initio calculations are performed with Gaussian 09
and provide descriptors of a reference state for
molecules in a virtual conductor (defined by a
permeability ε = ∞).
Based on the Conductor-like Screening Model
(COSMO), COSMO-RS1 and COSMO-SAC2 methods
make use of these descriptors to predict the activity
coefficients γi of molecules of interest in a mixture.
They combine statistical thermodynamics and quantum
chemical calculations and take into account different
energies of interactions (such as hydrogen bonds)
related to the molecules being back in a real
conductor.
Activity coefficients and excess molar enthalpies of
various systems have been computed for given
temperatures and compositions. This enables to
predict vapour-liquid equilibria of {water + IL/DES}
mixtures, along with excess properties. They can then
potentially be compared to experimental data.
References
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Methodology / Experimental approach
•Gas chromatography (GC) at low-pressure conditions
(LRGP, Nancy) [1] permits a 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.

temperature profiles in the flames of ethyl pentanoate and
methyl hexanoate
Ethyl pentanoate flame
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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/ethyl pentanoate (this mixture represents
a model of realistic hydrocarbon fuel mixed with ethyl
ester-based biodiesel)

Illustration: Mole fraction profiles of major species and

Mole fraction

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 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 esterbased fuels in various conditions (pressure, mixing
conditions etc.) makes the development of such
mechanisms considerably difficult (if not impossible).
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Main results
Spatial distribution of reagents, main products and
intermediates in flames were measured at atmospheric
pressure. A comparison between experimental results
and modeling data (using mechanisms [3] and [4]) was
performed to check out the main discrepancies. Kinetic
analysis was also performed.
Future work aims to measure mole fraction profiles of
main components and intermediates in the abovementioned flames at 50 Torr using GC and to upgrade
the mechanisms according to new experimental data.
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General context, scientific issues
The increase of the share of biofuels in the transport
sector, imposed by European regulations, requires
studying their impacts on the aging of conventional
fuels in tanks. This phenomenon finds its origin in the
oxidation of liquid fuels and induces structural changes
in the fuels, leading to safety problems and engine
malfunction [1,2].
Objectives and stakes
The microscopic mechanisms that govern fuel aging are
identical to those involved in their combustion [3].
Although kinetic combustion experiments (gas) are
well established in the literature, the development of
well-defined liquid phase oxidation kinetic experiments
remains a major challenge. This project aims to study
the impact of the addition of biofuels on the aging of
conventional fuels by developing and using liquid
phase oxidation experiments. Experiments able to
quantify the oxidation stability of fuel surrogates
analytical methods able to measure the evolution of
oxidation products will be developed.
Methodology / Experimental approach
Experimental study of the liquid phase oxidation of
conventional fuel / biofuel surrogate mixtures will be
carried out in a standardized autoclave. A PetrOxy
apparatus, which is part of the ASTM D7545 standard
test will be used. This device gives induction period
data which correspond to the time required to reach a
10% pressure decrease. The oxidation process will be
followed by liquid phase samplings which will then be
analyzed by iodometric titration. This original method
allows to measure the total hydroperoxides
concentration during the autoxidation process. IP and
hydroperoxide speciation, as a function of
temperatures and proportions of biofuel in the
conventional fuel, will be the target data that will be
simulated with the kinetic model.

Illustration: Structures of target biofuels and
illustration of the PetroOxy device

Main results
The standard IP of n-decane at 413 K and 408 K, at a
700 kPa pressure of pure oxygen is 190 min and 349
min, respectively. Adding n-butanol, absolute ethanol,
propanol, hexanol and decanol at different
percentages to n-decane strongly increases the
induction period of the fuel and thereafter improves its
oxidation stability under the same conditions of
temperature and pressure. Conversely, adding diethyl
ether or cyclopentanone, deteriorates the oxidation
stability of n-decane. Studying the auto-oxidation of
these blends at different temperatures showed that
the temperature does influence the effect of the
additive but for a slightly lower temperature an
important increase of the induction period or the blend
is observed.
The quantification of peroxide by Iodometric titration,
shows that the order of magnitude of ROOH in
different mixtures n-decane / additive remains the
same after auto-oxidation of different blends. The
quantity of peroxides found seems to be almost the
same in different mixtures, which is logic since the
same amount of pure oxygen is consumed at the IP,
during the auto-oxidation of the mixtures in the
PetroOxy.
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General context, scientific issues
The rapid increase of the world's population and of the
global demand for energy constrains the use and
availability of energy. The degradation of the
environment and the depletion of fossil fuels push our
societies to move towards alternatives to coal and oil.
Biomass is a potential replacement for fossil fuel
resources towards clean and sustainable energy
production, chemicals or any other high-added value
products [1]. The development and optimization of
thermochemical conversion processes for energetic or
chemical recovery of biomass, require kinetic models
capable of an accurate prediction of the influence of
operating conditions (P, T, biomass composition, etc.)
on the nature and quantities of products.
Objectives and stakes
The goal of this work is the development of a detailed
kinetic model of the thermal degradation of
hemicellulose, which represents between 20 and 40%
of the biomass in weight, by coupling quantum
theoretical calculation and experiments. This polymer
has been less studied than cellulose or lignin and there
are only few theoretical studies on its thermal
degradation pathways.
Methodology / Experimental approach
Step 1: construction of hemicellulose pyrolysis detailed
kinetic model based on the most representative model
molecules, compatible with computational calculation
times. The optimization and frequency calculations
were performed using density functional theory (DFT)
methods with the B3LYP hybrid exchange-correlation
functional [2] and the 6-311++g (d, p) basis set, while
the energy calculation is done at the same level as that
considered in the CBS-QB3 method. All calculations are
performed using Gaussian 09 suite programs and
ThermRot software [3] is used to determine the rate
parameters and the thermochemical data.
Step 2:
- Carry out tests of fast pyrolysis of hemicellulose.
- Carry out numerical simulations in batch reactor
- Compare experimental results and simulations to
improve the model

Illustration: Rate constant (k) as a function of
temperature for initial reactions of xylan

Main results
The results show that the polymer can be initially
depolymerized by two types of reactions depending of
the position considered in the polymer. For midchain, a
four-centered molecular reaction transferring a H
atom, leads to the formation of four possible
fragments, which in turn react to give volatiles species
and other polymer fragments. For end-chain, an easy
ring opening may occur, leading to fragments and
volatiles that are already involved in the midchain
mechanism. With acetyl groups, the initial
unimolecular reactions are easier than those of nonacetylated xylan Finally, the formation of volatiles
species such as formic acid, formaldehyde,
hydroxyacetaldehyde or acetaldehyde can be explained
by this mechanism.
References
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General context, scientific issues
Heteroatomic organic compounds have become widely
used in materials, pharmaceutical, and agrochemical
products, etc... These molecules contain mostly atoms
such as sulfur, chlorine, nitrogen, and fluorine, which
could result in pollutants and hazardous compounds
under high temperature [1].
This study will provide tools for environmental,
industrial, and health issues.
Objectives and stakes
This project aims to develop combustion kinetic models
for targeted class of heteroatomic organic compounds
using tailored electronic structure calculations coupled
with kinetic theories and statistical thermodynamics.
These models will serve as basis to predict and
understand the formation of pollutants and toxic
compounds.
Methodology / Experimental approach
- Development of an electronic structure procedure
from a benchmark (enthalpy of formation, Cp°,
harmonic frequencies, bond lengths, calculation cost…)
on target molecules and for each class of organic
compounds investigated (number of heavy atoms,
hydrogen bonds involved, type of heteroatomic
elements
considered
…)
-

For

a

given

class

of

molecules:

* Study of the thermal degradation pathways.
Calculation of energy barriers, rate coefficients and
associated
thermodynamic
data.
* Definition of structure-reactivity relationships
from the calculated data on model molecules.
* Development of detailed mechanisms from the
rate rules previously obtained, and for specific
molecules for which experimental data are available.

Illustration: A. Deamination rate constants for usual
ureas: (1), (2) depending on alkyl chains length

B. Schematic SCR system and pyrolysis of urea scheme

Main results
From the study of the effects of substituent on the
thermal decomposition of substituted ureas, it appears
that ureas react readily by pericyclic deamination
leading to substituted amines and isocyanates followed
by the combustion of these compounds. In case of fires
in warehouse of substituted ureas, dialkylureas used
mainly for organic synthesis and phenylureas a large
class of pesticides, lead to hazardous products under
high temperatures (e.g. Isoproturon
NH(Me)2 + ArNCO, Ethylmethylurea
Et-NH2 + Me-NCO for
phenylureas and dialkylureas respectively).
Urea is used in diesel engine for NOx abatement. Its
thermal decomposition can lead to solid deposits,
mainly composed of cyanuric acid (B.left), which causes
malfunction in the NOx abatement process. We
showed that the mechanism available in the literature
[2] to explain the formation of this acid, induced very
high energy barriers and we proposed a more realistic
mechanism involving a lower energy pathway (B.right) .
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Methodology
Several molecules of the next-generation biofuels
families are studied. A representative molecule of each
type of potential next generation biofuel will be
selected: diethyl ether (DEE), n-butanol, and
cyclopentanone. n-Decane is employed as the
conventional
fuel.
The first task of this study consists in the development
of gas phase oxidation detailed kinetic models of the
target fuel blends. In this task, the kinetic models of
pure fuels will be first generated using the EXGAS
software. The second task is to adapt the automatic
calculation of gas-phase thermodynamic data, based
on group additivity and database, to the liquid phase
through the calculation of a free energy of solvation
correction for each of the species of the mechanism.
The third task aims to calculate the liquid phase rate
constant based on an existing gas phasre rate constant.
In the final step of this study, the developed liquid
phase kinetic model is validated against exprerimental
data.

Main results
The liquid phase kinetic model of n-decane has been
developed. The validation of the model, shown in
figures 1 and 2, is carried out thanks to available
experimental data in the literature [4], [5].
[Decane hydroperoxides] x
104 /[n-decane]

Objectives and stakes
The microscopic mechanisms that govern fuel aging are
identical to those involved in their combustion [3].
Although gas-phase oxidation mechanism is well
established in the literature, the comprehension of the
liquid phase oxidation is still limited. This project aims
to study theroretically the impact of the addition of
biofuels on the aging of conventional fuels by
developing kinetic models.

Illustration: Structures of target biofuels and
illustration of the PetroOxy device
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Figure 1. Simulation of the concentration of decane
monohydroperoxides formed during the liquid-phase oxidation of ndecane [4].
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General context, scientific issues
The increase of the share of biofuels in the transport
sector, imposed by European regulations, requires
studying their impacts on the aging of conventional
fuels in tanks. This phenomenon finds its origin in the
oxidation of liquid fuels and induces structural changes
in the fuels, leading to safety problems and engine
malfunction [1,2].

10
1
0,1

2,25

2,30

2,35

2,40

2,45

2,50

2,55

2,60

1000 / T (1/K)
Figure 2. Simulation of measured induction period of n-decane [5]
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General context, scientific issues
In partnership with the DGA, we are conducting
research in the field of chemical kinetics to develop
numerical methods and a software for the calculation
of accurate thermokinetic data. These tools will be
used to develop detailed reaction mechanisms for the
thermal degradation of various toxic agents, including
organophosphorus nerve agents, or molecules
containing nitrogen, chlorine or sulphur.

Illustration: (a) Evolution of sarin decomposition and
(b) Mole fraction of a simulant of Sarin (DIMP) and
their main products. Both at various residence times
and temperatures. Symbol, experimental data from
literature [1-2]; lines, simulations with the model
developed in this work.

From the generated mechanism, simulations will be
performed in ideal reactors using ChemKin (or Cantera)
software and will be compared to experimental results
available in the literature to validate the model.
Objectives and stakes
 Development of methods and a software
(ThermRot).
 Evaluation of physical and chemical properties.
 Provide mechanistic details of the thermal
degradation of toxic chemical agents.
 Simulation of the behaviour of toxic products under
different conditions of temperature and pressure.
Methodology
Theoretical data:
Quantum chemistry +
Statistical thermodynamics +
Transition State Theory (TST) +
Master Equation / RRKM

Experimental data:
Elementary reactions rates
+

ΔfH , S and Cp(T) in gas phase

Thermokinetic data:
NASA polynomials { H, S, Cp }
k(T, P) { A, n, Ea }

Kinetic model

Simulations

 Main ways
 Final products
 Reactivity
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Main results
 High level theoretical calculations of the pericyclic
rate constants have been performed with an
original methodology, taking into account the
tunneling effect, fall-off behaviour and an
exhaustive treatment of internal rotations both in
the reagents and in the transition states.
 Comprehensive
detailed
mechanisms
were
developed for sarin,
di-isopropyl methyl
phosphonate (DIMP), dimethyl ethylphosphonate
(DEMP), and triethyl phosphonate (TEP) which
includes radical chain reactions and all the
molecular pericyclic reactions.
 Simulations and comparisons with the experimental
results of the literature, show that our model
predicts correctly the thermal decomposition and
the combustion of sarin and its simulants.
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General context, scientific issues
In recent years, industrial and domestic activities
increased oil and fossil fuel demand while fossil fuel
supplies of the world are limited and the fuel reserves
are getting depleted. Moreover, environmental
problems represented by the greenhouse effect and
increasing CO2 emissions have been rapidly thrust upon
us. Therefore, we observed a growing interest in energy
efficiency, increasing general interest in energy
conservation and development of alternative energy
sources such as solar energy. Researchers are
interested in developing equipment that facilitate the
recovery and efficient use of energy. It was found that
absorption heat pumps are considered as a suitable
solution for a rational use of waste heat, in more
specific details, the Absorption Heat Transformer AHT.
Recently deep eutectic solvents (DESs) have been
presented with an important interest as the ionic
liquids.
Moreover,
DESs
possess
attractive
physicochemical properties such as a wide range of
liquids, inflammability and negligible vapor pressure
(nonvolatile), high ionic conductivity, high solubility,
biodegradability, chemical and thermal stability,
making them highly acceptable as solvents, catalysts
and absorbers for various applications [1] [2].
Objectives and stakes
In one hand, in this work we will determine at first, the
thermodynamic properties of the pure DESs over the
glyceline and its mixture with water and ethanol.
Among others, vapor-liquid equilibria, excess molar
volume, excess molar enthalpy and heat capacity we
will determine in a large range of temperature and
pressure. In the other hand, we will write a code, which
allow us to use the experimental results to investigate
the AHT performance.
Methodology / Experimental approach
In this work, the density of (Glyceline + water) and
(Glyceline + ethanol) were measured over the full range
of composition in a large range of temperature using
the ANTON Paar density meter DMA™ 4500 M. The VLE
measurements of binary systems have been performed
in the temperature range from 298.15 K to 333.15K
using a static method. The apparatus used is presented
in the illustration. Excess enthalpy of the binary mixture
for both binary systems were measured at 298 K using
a
SETARAM
C80
calorimeter.
Iis igitur est difficilius satis facere, qui se Latina scripta
dicunt contemnere. In quibus hoc primum est in quo

Illustration: Schema of the VLE apparatus: VP: Vacuum
Pump; VT: Vacuum Trap; A: Magnetic stirrer; C:
Equilibrium Cell; PT-100: Platinum resistance
Thermometer; T: Temperature Indicator, M: Calibrated
Pressure Sensor, P: Digital Pressure Indicator and TB:
Thermostatic Bath.

Main results
A bibliographic study had the main objective to collect
the thermodynamic data of various DES and their
mixture in order to define the most efficient systems for
the heat pumps. It was found that DES composed of
choline has interesting thermodynamic properties.
Excess properties (VE and HE) were determined for
working fluids containing {glyceline + water or ethanol}.
Vapor-liquid equilibria of these binary systems was
determined in a large range of temperature. All these
thermodynamic properties were used to evaluate the
efficiency of these working fluids in absorption heat
transformers, as we noticed from the experimental data
that the binary system (Glyceine + ethanol) cannot be
used in the AHT due its endothermic behavior, contrary
with (Glyceline + water) which was the AHT’s best
candidate.
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General context, scientific issues
Ozone depletion and global warming are two major
environmental concerns for the future development of
the power generation systems and refrigeration-based
industries. Aiming at dealing with these two problems,
since mid-1980s, a series of international treaties have
been established. The Montreal Protocol (1987)
demanded a gradual phase out of CFCs. In 1997, Kyoto
Protocol imposed that most countries had to reduce
GHG emissions. Recently, the F-gas Regulation (2014)
established the Global Warming Potential (GWP) limits
to most of the refrigeration and air conditioning vapor
compression systems. Finally, policymakers have been
focused on the 2°C decrease scenario, which aims at
limiting average global temperature increase to 2°C [1].
In order to respect environmental treaties, the
computer-aided molecular design (CAMD) arises as a
promising technique to determine new suitable
working fluids for cycles used in power generation and
refrigeration systems.
Objectives and stakes
The objective of this thesis is the development of a
methodology of research – based on computer-aided
molecular design techniques - for an optimal working
fluid, energetically performing and respecting the
current environmental standards, for cycles of thermal
and refrigeration machines.
Methodology / Experimental approach
The first stage of the project will be focused on the
development of thermodynamic models in order to be
able to guess saturation and energetic properties of
different pure-compounds and binary mixtures.
Secondly, a simulation tool, based on appropriate
computer-aided molecular design, will be built in order
to assess the performance of considered working fluids
during cycle optimizations. With this tool it will be
possible to identify the expected properties of use, to
connect them with the physico-chemical properties
and to propose a strategy of choice by connecting
thermodynamic models and multi-criteria analysis
tools.

Illustration: Mark over 20 for the PPR78 and PR-Wilson
models.

Main results
Currently, the benchmarking of activity coefficient
models embedded in EoS/gE-type mixing rules for
cubic equations of state (CEoS) is in progress. At the
moment, two models have been tested:
- the Peng-Robinson EoS with classical Van der Waals
mixing rules and temperature-dependent binary
interaction parameters [2] (PPR78 model), and
- the Peng-Robinson EoS with the Huron-Vidal mixing
rule and the Wilson activity coefficient model (PRWilson).
A total of 200 non-electrolytic binary systems has been
selected and divided into 9 groups and 4 families
according to the associating character of the
components, i.e., their ability to be involved in a
hydrogen bond. Both models reach satisfactory grades
even if it should not hide the fact that systems in which
hydrogen bonds are broken without the possibility to
form new ones are poorly correlated. For such complex
systems, the addition of an association term to the EoS
and the selection of more adjustable parameters in
mixing rules could help to improve the model
efficiency.
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General context, scientific issues
In order to reduce greenhouse emissions into the
atmosphere, capture of CO2 and storage in large
depleted oil or gas fields are an increasing object of
study and large scale projects are already deployed [1].
Nevertheless, CO2 from oxy-combustion plants comes
alongside unburnt O2 which injected into reservoirs with
hydrocarbons remainders will cause thermal oxidation
reactions and composition modifications [2]. Thus, a
temperature raise could drive to a local ignition into the
reservoir. This potential risk must be examined.
Objectives and issues
The main goal of the project is to study the feasibility of
acid and greenhouse gas injection into underground
geological reservoirs. CFD codes are a robust tool to
combine Heat Transfers and fluid flows. Though, they
offer limited strength for complex reaction modeling. To
tackle this, we attempt to combine CFD tools with more
accurate modeling of complex reaction mechanisms
thanks to an Equivalent Reactor Network (ERN)
approach using specialized softwares.
Methodology / Experimental approach
First, a CFD simulation on a simplified geometry of
reservoir gives us temperature, fluid fluxes, octane
oxidation products distribution alongside the porous
reservoir. To this end, the model including energy,
continuity and momentum equations take into account
Darcy's law for porosity and Fick's second law for species
distribution. As the temperature evolves differently
when considering or not thermal equilibrium between
solid and gas, species appearing in intermediate
oxidation
steps
may
differ
significantly.
Secondly, ERN are constructed through a specific
algorithm (included in ENERGICO software) from the
thermal and species flows patterns from the previous
step and give us better accuracy for modeling chemical
reactions within more complex and extended reaction
mechanisms (with ChemkinPro) using available data
from previous work [3].

Illustration: From CFD to ERN

Main results
Gas injected at high pressure into the reservoir contains
O2 resulting in a moving oxidation front due to
remaining hydrocarbons (octane). This induces local
temperature increment which differs whether
equilibrium temperature is considered or not between
solid and gas especially near to the well injection.
The ERN can evolve with the progress of the injection as
species and heat diffuse through the porous solid
matrix. Results differ depending on as much species are
taken into account from the beginning.
The methodology has still to be improved and different
scenarios should be tested.
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General context, scientific issues
Thermodynamic models are widely used for the
modelling and prediction of fluid phase behaviors in
various chemical engineering fields. SAFT and cubic
equations of state are amongst the most broadly used
models for this endeavor, therefore a correct
parametrization is essential to have accurate models.
SAFT-type models have been traditionally parametrized
to density and vapor pressure data, but further
approaches including other properties or different
weights for each property are not discussed as often as
their theoretical background.
Objectives and stakes
Equations of state require a correct set of component
dependent parameters in order to reproduce correctly
thermodynamic properties. The goal is to find which
properties are necessary to parametrize SAFT-type
equations of state in order to obtain accurate results
without adding additional terms to it. A database
containing the results of this will be then constructed
with PC-SAFT parameters. A case study for associating
compounds will take place in order to investigate if
associating terms are truly needed or if the nonassociating terms plus a correct parametrization are
enough to accurately describe their properties.
Methodology / Experimental approach
Four properties (vapor pressure, saturated liquid
density, enthalpy of vaporization and saturated liquid
heat capacity) are chosen (given the availability of
experimental data) in order to test how the
parametrization behaves for all possible combinations
(15). Vapor pressure and saturated liquid density have
fixed weight, while enthalpy of vaporization and
saturated liquid heat capacity have variable weights in
order to evaluate which properties are required at
minimum to correctly parametrize the PC-SAFT
equation of state. With the optimal set chosen a
database of PC-SAFT parameters is going to be
constructed for the
compounds for which the
experimental
data
are
available.
The case study for associating compounds will be
analyzed after this is accomplished.
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Illustration: representation of vapor pressure at
different temperatures for Ethane. Blue dots are
experimental data obtained from the DIPPR and the red
line represents the calculated data with the PC-SAFT
EoS.

Main results
The criteria for constructing a PC-SAFT parameter
database have been found: parametrizing by including
vapor pressure and saturated liquid density data
provides on average the most accurate results in
representing the four thermodynamic properties
chosen. This was tested for 654 compounds. A new
database will be constructed from this information
looking for all the compounds in the DIPPR which have
experimental data available for both properties.
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General context, scientific issues
Gasification is a promising route to transform CO2
friendly solid fuels to a gas vector (syngas) with proven
potential to replace fossil fuels in the production of
heat and power, bio-fuels and bio-chemicals, provided
that end-user quality standards are achieved. Syngas
typically present contaminants such as char/soot
particles, tars and inorganic compounds that restrain
its applications and increase maintenance cost. To
resolve this issue, several physical, chemical and
catalytic syngas clean-up strategies has been
developed during the last decades [1]. One example is
Hot Gas Filtration (HGF). HGF is a robust and simple
technique with proven efficiency to simultaneously
remove solid particles and reduce tar concentration
[2].
Objectives and stakes
The objective of this study is to determine the impact
of oxidative HGF on the pollutant content of syngas. In
particular, we examine the modifications of the
chemical composition of TARs and the fate of nitrogen
derived compounds (NH3 and HCN) when the HGF unit
is operated. Additionally, the performance of two filter
materials (ceramic and metallic) are compared.
Methodology / Experimental approach
An ex-situ HGF unit was coupled at the exit of the
5kg/h fluid bed gasification reactor at LRGP. For HGF
experiments 2 set of filters will be tested: 4 ceramic
candles and 4 metallic cartridges, at a filtration
temperature between 400-600°C and under constant
gasification reactor conditions. All experiments are
conducted using N-rich waste wood from a furniture
industry. Pollutants transported in produced syngaz are
quenched using TAR protocol. TARs are off-line
characterized by UV-fluorescence, GC-MS-FID and
HPLC-UV and LC-MS. Nitrogen derived compounds are
offline quantified by Spectrophotometry. The
morphology of the filter surface will be investigated by
field emission scanning electron microscope (SEM).
Particle size distribution is determined by laser
diffractometer.

Illustration: Conceptual representation of a HGF.

Main results
Our results, in agreement with Lang and co-workers [3]
may indicate that stable pressure drop can be obtained
provided that enough oxygen is available for the
oxidation of the carbonaceous cake formed in the
outer surface of the filter. Characterization of produced
TARs may reveal significant modifications in terms of
content and chemical composition when the HGF is
used. These modifications may be ascribed to the
catalytic effect of char cake accumulated on the filter
surface. The cold gas efficiency (energy transferred
from biomass to syngas) and the syngas LHV (lower
heating value) may be marginally impacted during
filtration experiments.
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Effect of the incorporation of silica nanoparticles on the stability and
rheological behavior of xanthan gum formulations for use in enhanced oil
recovery
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Objectives and stakes
Evaluate the effect of the incorporation of hydrophilic
silica nanoparticles (NpSiO2) on the rheological
behavior of XG polymer solutions in different
monovalent ion (NaCl) environments.
Methodology / Experimental approach
Initially, XG solutions were characterized rheologically
as a function of the XG concentration, sonication time
and NaCl concentration. In parallel, suspensions of
silica nanoparticles (NpSiO2) were prepared by varying
their concentration, the times of applied ultrasonic
energy, the salinity of the suspension medium and then
characterized by dynamic light scattering (DLS),
electrophoretic Zeta potential measurements and
rheometry. Consecutively, different methods for the
elaboration of the nanofluids were evaluated by
varying the concentrations of the components (XG and
NpSiO2), the order of addition and the aging time at
different concentrations of NaCl. Once the preparation
method has been selected, the first nanofluids are
prepared by varying the concentration of the polymer,
the concentration of the nanoparticles and the ionic
strength in the system (NaCl). The rheological
characterization was performed with a RFS II
rheometer from Rheometrics Scientific equipped with
a helical rotor, with variable cutting speed and
constant temperature (25 C).

Illustration: Effect of nanoparticle concentration
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General context, scientific issues
Colloidal suspensions containing xanthan gum (XG)
have been widely used as a thickener and gelling agent
for different uses in petroleum, food, cosmetics and
other multiple industries [1]. In many of these
applications, brines are used as solvents. However, the
changes in conformational structure of the xanthan
gum macromolecules in a buffered ionic solution such
as NaCl directly impact the rheological and stabilized
behavior of polymeric aqueous solutions [2].
Therefore, hydrophilic silica nanoparticles (NpSiO2) is
proposed, to improve the rheological behavior of these
polymer solutions by increasing their viscosity in
monovalent ion environments [2,3].
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Main results
Rheograms were obtained that allowed the
characterization of the fluids at each stage. The
polymer (XG) solutions showed a proportional
relationship between the viscosity and the XG
concentration. However, immediate degradation of the
polymer was observed in the solutions when sonication
was used, while in the nanoparticle suspensions, the
ultrasound probe favored an increase in the viscosity of
the suspensions, since it reduced the size of the
agglomerates and it decreased the polydispersity of the
nanoparticles. NaCl was found to considerably reduce
the viscosity, both in xanthan gum solutions and in
nanoparticle suspensions. The preparation method
that exhibited the highest viscous profile for an
acceptable the preparation time of the nanofluid was
selected. Within the first nanofluid formulations, the
results revealed that the addition of silica nanoparticles
led to an increase of the viscosity and an improvement
in resistance to deformation at the different tested
shear rates. Likewise, the increase in ionic charge
(NaCl) in nanofluids reduces the viscosity of the
system, possibly by generating changes in the
conformational structure of xanthan gum in solution.
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General context, scientific issues
Due to their visible light absorption, the use of
perovskite-type particles is of high potential for
photocatalytic applications but these materials suffer
from the fast recombination of charge carriers upon
light activation [1]. In this context, we propose to
develop photocatalytically active heterostructured
photocatalysts associating the CoTiO3 perovskite to
graphitic carbon nitride to achieve high solar energy
conversion efficiencies for H2 production.

Illustration
Principle of hydrogen photoproduction using
CoTiO3/C3N4 catalysts

Objectives and stakes
The first part of this work concerns the synthesis and
characterization of CoTiO3 perovskite and its
association to g-C3N4 to promote the delocalization of
photogenerated electrons and thus increase the ability
to reduce water.
In a second part, the introduction of co-catalysts like
NiS or CoO on the surface of CoTiO3/C3N4 composites
will be investigated. These co-catalysts are also
intended to facilitate the separation of charge carriers
and thus allow an improvement in the efficiency of H2
photoproduction.
Methodology / Experimental approach
To achieve the objectives previously described, the
following methodology has been implemented:
- Synthesis and characterization of graphitic materials.
- Synthesis and characterizations of CoTiO3 particles.
- Preparation of heterostructured catalysts associating
CoTiO3 and g-C3N4.
- Evaluation of the catalyst performance for the
photodegradation of organic pollutants like orange II
and methylene blue.
- Evaluation of the catalysts performance to
photogenerate H2.
- CoO or NiS nanoparticles used as co-catalyst will be
deposited on the surface of CoTiO3/C3N4 composites
depending on the performance achieved in H2
production.

Main results
• CoTiO3 particles were successfully prepared by a SolGel route followed by a calcination at 650 °C for 4 h.
These particles were associated to g-C3N4 by
ultrasonication for 60 min followed by calcination at
300 °C for 1 h.
• For C3N4, two diffraction peaks located at 27.48° and
13.19°, corresponding to planes (002) and (100) planes,
respectively, were observed.
• For pure CoTiO3, the XRD patterns show the
formation of perovskite phase without any impurity.
The diffraction pattern is in accordance with the JCPDS
file n° 15–0866 [2].
• Scanning electron microscopy (SEM) images indicate
that CoTiO3 particles appear as rods with an average
length of 3 µM and that these rods are well associated
to g-C3N4 sheets.
• The CoTiO3/C3N4 photocatalyst can be used under
visible light irradiation to degrade persistent pollutants
in aqueous effluents and for hydrogen production.
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General context, scientific issues
Fifty metals are considered strategic for industry and
essential for global economic and geopolitical issues
[1]. It is certain that, due to the communication
development, information technologies, and electrical
vehicles, demand for strategic metals will become
more and more important counting cobalt. Indeed, this
metal is present in all the technologies that are
becoming essential for the energy and the digital
transition. According to the European Commission,
cobalt has been recognized as a critical raw material
[2]. That is why, it is more important than ever to
develop cobalt recovery processes for the coming
years.
Objectives and stakes
Our current research work focuses on cobalt recovery
from Li-ion batteries, by precipitation, from a leachate
with a complex composition (copper, manganese,
nickel, cobalt and lithium).
Methodology / Experimental approach
After a bibliographical and simulation study, the
precipitating agent chosen was the hydroxide ion [3].
Simulation’s result allows to determine cobalt
precipitation conditions for a recovery of 99.8%. In a
first step, precipitation of cobalt hydroxide will be
investigated in a synthetic solution containing only
Co(II). Several operating parameters will be varied
during the experiment, in order to identify the best
condition for a recovery higher than 99% and a good
filterability of the precipitate. Kinetic of precipitation of
cobalt hydroxide will also be determined.
In a second step, precipitation of cobalt hydroxide will
be investigated in a complex synthetic media including
a set of metal cations, as well as the actual leaching
solutions of Li-ion batteries. Experiments will be
conducted in a stirred tank reactor (1L) at 25°C and
then in a reactor with a high solid density.

Illustration: Scanning electron microscope image of
Co(OH)2 particles merging

Main results
According to simulations and experimental results, it
was found that controlling parameters such as
temperature is crucial for cobalt recovery. Indeed,
temperature increase accelerates phase transition of αCo(OH)2 into β-Co(OH)2 and Co(OH)2 oxidation. In
addition, choosing the right temperature is important,
because at high temperatures manganese hydroxide
precipitates at pH levels close to precipitation of
Co(OH)2. In order to avoid co-precipitation and
according to simulation results, it is advisable to work
at temperatures close to room temperature, which is
also favorable to a good particle size distribution. In
addition,
seeding the cobalt (II) solution with
crystalline germs, at room temperature, leads to the
total recovery of cobalt in Co(OH)2 form and slows
down the progressive oxidation to Co(OH)3; cobalt
recovery is near 100% and stable during time. It is
interesting to note that seeding is very favorable under
continuous state conditions, as it allows to maintain a
high cobalt yield: > 99%. However, it will be necessary
to control the addition rate of soda in order to avoid a
co-precipitation with manganese.
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Objectives and stakes
The main aims of this research are:
• Develop and validate a method leading to detect the
stickiness point of powders under specific, controlled
ambient conditions of humidity and temperature.
• Study the effect of the particle size distribution on
the appearance of the stickiness point of powders.
Methodology / Experimental approach
The powders are conditioned in desiccators with
controlled relative humidity using saturated saline
solutions and desiccants or under continuous dry air
flowing (less than 8 % rh).
A powder rheometer prototype is used. It consists of a
stress imposed rheometer TA Instruments AR2000
equipped with an acoustic vibration exciter (minivibrator 4810, Brüel & Kjær), connected to an amplifier
controlled by a function generator and an
accelerometer connected to a measuring amplifier
Attached to the exciter, the “powder cell” is composed
of a four blades vane device (10 mm radius; 30 mm
length) plunging into a baffled cylindrical cup (25 mm
radius; 5 mm baffles width). Moist air is injected into the
cell and powder humidity is monitored. The relative
humidity of the air can vary between 5 and 95%.
The sample is submitted to vertical sinusoidal vibrations
of controlled frequency and amplitude. During a test, a
torque is imposed on the sample and the angular
displacement generated by the movement of the inner
cylinder is measured [1], [2]. The humidity dependency
of the viscoelastic behavior of the powders was
evaluated in dynamic regime by performing oscillatory
time sweep tests at fixed amplitude of oscillation.
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Illustration: Temporal evolution of elastic and viscous
moduli for different percentage of relative humidity of the air
Strawberry 50Hz; 10m.s-2; 1Pa; 10rad.s-1 o TA_41, 72, 77
injected for an industrial powder
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General context, scientific issues
Powder stickiness is a problem encountered in the
production and storage of dry powders. This
phenomenon affects the flowability of powders and
makes them difficult to handle and process.
Nevertheless, there is no adequate characterization
method leading to predict and detect the occurrence of
this phenomenon
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Main results
This new experimental characterization method of
powders, based on rheology, has been validated by
numerous tests. Thanks to this experimental device, it is
possible to follow up the rheological behavior of
powders according to the evolution in time of its water
activity.
In this study, we have shown that rheology is a reliable
and sensible tool to describe and asses the mechanical
behavior of moist powders. The viscoelastic moduli,
which can be related, or at least correlated, to the
flowability of the powders, show a drastic increase at a
definite value of water activity and this event has been
attributed to the onset of stickiness phenomenon.
We have also noticed that tested powders seem to limit
the rate of water adsorption onto its surface at a value
which is probably characteristic of the physicochemical
nature of each sample. Therefore, the water activity of
the powder is not in equilibrium with the humidity in the
surrounding air even after hours of contact.
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General context, scientific issues
Over the past decade, eco-friendly I−III−VI based
semiconductor quantum dots (QDs) have been
intensively investigated in an effort to replace
commonly available II−VI based QDs, which are
environmentally harmful, which, in turn, limits their
suitability for numerous applications [1-3].
Objectives and stakes
1. Synthesis of highly luminescent Ag-In-Ga-Zn-S
(AIGZS) quaternary QDs;
2. Mn-doping of these QDs;
3. Study of their physico-chemical properties;
4. Aqueous phase transfer of synthesized Ag-In-Ga-Zn-S
QDs.
Methodology / Experimental approach
A new synthesis of highly luminescent Ag-In-Ga-Zn-S
(AIGZS) quaternary QDs was developed. The Mndoping of these nanocrystals was also investigated. For
that purpose, manganese stearate was reacted with
Ag, In and Ga nitrates and Zn diethyldithiocarbamate in
a water-methanol mixture to prepare the precursors of
Mn-doped AIGZS QDs. Next, an organometallic
precursor thermal decomposition process was used for
the synthesis of QDs using oleylamine as solvent and
capping ligand. The Ag/In/Ga/Zn ratio was varied to
tune the PL emission wavelength of AIGZS QDs.
Transmission electron microscopy (TEM) and X-ray
powder diffraction (XRD) show that QDs are in the
range of 1-3 nm and that they exhibit the cubic zinc
blende structure. Undoped AIGZS QDs show PL
quantum yield up to 50% and the emission wavelength
can be controlled by varying the Ag/In/Ga/Zn ratio (see
Figure). For Mn-doped QDs, the dopant related
emission at ca. 610 nm is observed for all the dots. Mndoped AIGZS QDs exhibit also magnetic properties.
AIGZS QDs can be transferred to aqueous phase by
using poly(maleic-alt-1-octadecene) or glutathione. The
tunability of the PL emission wavelength, the magnetic
properties and the facile transfer to the aqueous phase
should make AIGZS QDs of high interest for various
biological applications.

Figure: a) UV-visible and normalized PL emission
spectra of Ag-In-Ga-Zn-S QDs when varying
Ag/In/Ga/Zn ratio; b) Digital photograph of these QDs
under UV light illumination.
Main results
1. Highly luminescent undoped or Mn-doped (1%,
2.5%, 5.0%, 10% and 20%) Ag-In-Ga-Zn-S quaternary
quantum dots were synthesized in organic medium
via a thermal decomposition method;
2. Their physico-chemical properties have been
studied;
3. AIGZS QDs were transferred to aqueous phase by
using poly(maleic-alt-1-octadecene) or glutathione.
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General context, scientific issues
With the endless growing demand for energy, new
ways of energy production are needed to counter
energy shortage and environmental pollution from
non-renewable fossil fuels. Hydrogen is a potential
energy source and water splitting allows its production
using only water and sunlight. Due to its weak bandgap
(ca. 2.3 eV), LaFeO3 allows to use visible light for water
splitting. Moreover, this material is composed of nontoxic, low-cost and abundant elements.
Objectives and stakes
Hydrogen could be produced by water splitting using
LaFeO3 thin films. Despite an adequate bandgap for
water splitting and absorption of visible light, it has a
low electron transfer charge, inducing a high
recombination probability. To overcome this limitation,
heterostructured catalysts associating LaFeO3 with
graphene-like carbon nitride (g-C3N4) [1] were
prepared. The LaFeO3/C3N4 thin films will take
advantage of LaFeO3 to absorb visible light and of gC3N4 to improve electron transfer.
Methodology / Experimental approach
This project is shared between LRGP and Institut Jean
Lamour (IJL). g-C3N4 is prepared in LRGP by thermal
polyconensation of urea. After exfoliation, it is
dispersed in methanol and deposited by spin coating
on a transparent conductive substrate. LaFeO3 is
synthesised by magnetron co-sputtering, using Physical
Vapor Deposition (PVD) to create thin films directly
deposited over g-C3N4 [2]. Perovskite is obtained after
thermal
treatment.
Heterostructured thin films were characterized by XRD,
FTIR, TEM, XPS, SEM, EDS and Mott-Schottky
measurements. Optical properties are determined
using UV-Vis spectroscopy. The photocurrent is
measured in a 3-electrodes cell and hydrogen
production
using
mass
spectroscopy.
Using photocurrent measurements, optimal thickness
of LaFeO3 and of g-C3N4 in the films were determined.
The sample exhibiting the highest photocurrent was
taken to produce hydrogen in a photoelectrochemical
cell.

Illustration: Schematic representation of hydrogen
production from LaFeO3/g-C3N4 films.

Main results
The best method to deposit g-C3N4 homogenously on
the FTO substrate had to be determined. After
experimenting different techniques (drop coating and
electrodeposition), spin coating was chosen due to its
homogeneity and reproducibility.
After determining the deposition parameters for both
LaFeO3 and g-C3N4 by means of various
characterizations, the optimal quantities were
established using photocurrent measurements. The
best LaFeO3/g-C3N4 sample demonstrated a significant
increase in photocurrent compared to pure LaFeO3
and g-C3N4. Hydrogen production was also increased
by 74% compared to pure g-CN [3].
Further increase in photocatalytic properties of LaFeO3
thin films was achieved by a variation of the La:Fe
stoechiometry. Sample with a La:Fe 30:70 at.% showed
the best photocurrent measurements. An optimisation
on the temperature of the thermal treatment and the
thickness of the film allowed to increase the
conductivity inside the film. A similar work on nonstoichiometric LaFeO3 nanoparticles is ongoing.
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General context, scientific issues
The enhanced oil recovery (EOR) requires the use of
chemical surfactants and solutions to reduce the
interfacial tension of oil and increase its mobility within
the reservoir rock, however, the chemicals commonly
used pose a problem of pollution [1]. Equally effective,
ecofriendly alternatives need to be found, and Pickering
emulsions (W/O/Particles) have emerged as a potential
replacement.
Objectives and stakes
The implementation of such systems requires an astute
comprehension of small-scale particle/fluid interactions
to move toward a macroscopic characterization of the
rheological behavior of the emulsion and its usage
properties. The multi-scale approach in our work, which
involves the use of different interfacial rheology tools,

will allow us to link the interfacial properties of
emulsions and their volumetric properties, notably
the rheological ones in the frame of the working out
of these complex formulated products.

The first year in France spent in Le Mans University
focused on understanding the interactions between
bulk and interface rheology as a drop of
hydrocarbon is surrounded by a low yield stress
fluid. Later, emulsions involving particles are to be
investigated.
Methodology / Experimental approach
The drop profile tensiometry (Teclis TRACKER) was
used to observe these interactions with K-Carrageenan
as the bulk.

Illustration: Module elastique vs température K-Car
5g/L – indopol L-6 at 15°C

Main results
The results so far indicate that K-Carrageenan indeed
forms an elastic gel that responds quickly to deformation
with a high capacity to store energy introduced by the
oscillating bubble. Although frequency plays the major
part in the elastic modulus’ value and phase angle
between solicitation and response, amplitude also has its
own effect.
Four parameters are to be studied:
Temperature
Concentration of K-Carrageenan
Amplitude
Frequency
References
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Sinusoidal dilatational deformations were applied on a
drop of Polybutene, the variations of the interfacial
tension and area were recorded the elastic modulus of
the interface could be then calculated, imaginary
(loss/dissipation) and real (storage) parts gives us an
idea about the system’s response to a certain frequency
of solicitation.
The frequency used were 0.05 to 1 Hz with
temperatures ranging between 30 and 15°C.
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Illustration: Hausner Ratio (HR) vs Energy at different force

General context, scientific issues
Powders are part of the conception and final products
of different industries such as construction,
pharmaceuticals, food, cosmetics, among others. It is
known that at least 60% of chemical products are in
powder form with approximately 200,000 employees,
in France, in charge of its process. Powder handling is a
major topic as arise many complications such as
employee safety or process feasibility mostly attributed
to powders poor flowability and/or dust generation
while unit operations are carried out. In order to
ensure process control, flowability issues can be
overcome by: the modification of facilities which are
seldom universal; the fluidization of powders which
then involves a separation operation, increasing
process complexity; the addition of nanoparticles, or
glidants, because it is cost/benefit effective. Glidants
adhere to the powder particles decreasing interparticle
forces or absorbing moisture, and so eliminating liquid
bridges between particles. Nevertheless, the use of
glidants could lead to health and environmental
implications, as well as, dust generation which
increases employee’s exposure. Health, safety and
environmental hazard of nanoparticles are not yet well
known, even if recent studies have shown their
cytotoxicity [1].
In consequence, the understanding of powders
flowability and so, dust generation could lead to new
and safer ways in powders handling.
Objectives
 Establish a link between flowability and dustiness.
 Increase
the understanding of
dustiness
phenomenon.
 Develop guidelines for safe handling: decreasing
dust exposure and ingredients/additives choice.
Methodology / Experimental approach
1. Define the influential factors on powder flowability
by a design of experiments (DoE).
2. Improve the flowability of powders of interest
according to DoE results.
3. Study how an improvement of flowability impact
dust generation.

ramps [N] at 20% RH

Preliminary results
In order to study flowability by granular compaction
test, the axial compression cell from FT4 rheometer
was used. This cell is not usually used to quantify
flowability, however, a new approach has been
developed using compaction energy. It is common to
quantify flowability by Hausner ratio (HR), which is the
ratio between the aerated and the tapped density, in
this case, the compressed density. The figure above
shows the relation between the HR and the mechanical
energy supplied to granular material, conditioned at
controlled humidity. Powders were subjected to a
mechanical solicitation between 2 and 40N, following
different force ramps. As it is pointed out in red, for a
given solicitation, despite previous applied forces, the
HR is the same. These results validate the use of an
energetic approach for the characterization of powders
flowability in granular compaction.
Error was estimated by doing 10 experimental repeats.
HR’s error was estimated at is 1% and for the supplied
energy was 5%. Powder conditioning seems to be the
key to obtain reproducible measurements. According
to this, the compression test in FT4 could be an
interesting choice to evaluate the flowability of
powders as a function of the energy supplied to the
powder bed.
References

[1] M. Ricaud et O. Witschger, Les nanomatériaux. Définitions, risques
toxicologiques, caractérisation de l’exposition professionnelle et mesures de
prévention - Brochure - INRS . sept. 2012.
[2] C. Dazon, Expositions professionnelles aux nanomatériaux lors de la
manipulation de poudres : relations entre les propriétés des poudres et les
caractéristiques des aérosols émis, thesis, Aix-Marseille, 2019.
[3] A. Saker, Etude critique de quelques techniques expérimentales d’évaluation
de la coulabilité des poudres, thesis, Université de Lorraine

127

2020

Scaling prevention using guided wave ultrasound
Nihad KAMAR (1st year)
Hervé MUHR, Marie Le PAGE MOSTEFA
Axe Product Engineering Ⅰ EMMAD

Keywords: precipitation, calcium carbonate, scaling prevention, ultrasound

General context, scientific issues
The objective of this thesis is the implementation of an
alternative ecological system to prevent fouling of heat
exchangers.
This antifouling process uses multiple frequency
heterodyne technology based on the combination of
ultrasonic passbands (spectrum scanning) combined
with guided wave technology. The action of the
ultrasounds will consist in preventing the formation of
deposits, especially calcium carbonate, on the
exchanger plates. This technology concentrates the
ultrasounds on the metal surfaces and avoids the
propagation of these latter in the water.

ICP-AES
to
determine
the
calcium content, and then to calculate the deposit
quantity.
When the feasibility concept will be proved, it will be
important to optimize the transducer positioning, and
to characterize the effective dose. The exchanger will
also be equipped with thermocouples in the inlet and
outlet streams of the fluids, in order to calculate the
heat transfer and to estimate if fouling modified it or
no.
Illustration: Scheme of the heat exchanger pilot
assembly

Objectives and stakes
- Establish the feasibility of limiting fouling through the
use of ultrasound.
- Optimize the transducer positioning.
- Characterize the effective dose, including the
minimum power for which there is a significant effect
on the limitation of deposit formation.
- Quantify the amount of energy sent by the system.
Methodology / Experimental approach
A pilot is under construction for this study. It consists of
a plate heat exchanger (11 plates) with a total
exchange surface of 0.42 m2. A 400L tank of scaling
water containing more than 100 mg/L of Ca is pumped
and heated in the exchanger up to 50°C. Due to the
high content of dissolved calcium carbonate and a
decrease of its solubility when temperature increases,
part of calcium carbonate is precipitated. The
precipitate will be formed in the solution and on the
metal surfaces. A series of experiments at lab scale in a
beaker already proved the potential of fouling of the
scaling water by increasing temperature. The feasibility
of the “guided wave ultrasound” concept will be
proved by comparing experiments with and without
ultrasound. At the end of each experiment, the deposit
will be dissolved in diluted nitric acid and analyzed by

References
[1] Habibi H., Gan T.H., Legg M., Garcia de Carellen I.,
Kappatos V., Tzitzilonis V., Selcuk C. (6102). An acoustic
antifouling study in sea environment for ship hulls
using ultrasonic guided waves
International journal of engineering Technologies and
management research.
[2] Mathieu L., Keraval A., Block J.C., Mougel J.F.,
Mathieu D., Jost P.O., Jost J (2017).
Assessment of low-power ultrasound device on biofilm
formation and carbonate deposition in heat exchanger:
a lab study. Poster présenté au 12ème congrès
international GRUTTEE, 24-26 octobre 2017,
Strasbourg.

128

2020

Multi-material structures with damping zones spatially controlled by 3D
printing
Alejandra LARA GARCÍA (1st year)
Cécile NOUVEL, Hakim BOUDAOUD, Sandrine HOPPE
Axe Product Engineering | GP2

Keywords: 3D Printing, FDM, interfacial adhesion, thermoplastic, thermoplastic elastomer

General context, scientific issues

Additive manufacturing, or 3D printing, have shown to have
many important applications nowadays. The fused
deposition modelling (FDM) is one of the most used
technologies of 3D printing. Among its advantages, it allows
to obtain extremely complex and personalized objects,
which would be impossible to obtain using another
manufacturing process. Nowadays, we find a large range of
thermoplastic polymers available for FDM process. More
remarkably, with FDM we could obtain multi-material
objects. However, it is difficult to find in the 3D printing
world printed objects done from different polymer i.e.
polymers with different affinities. The main reason comes
from the poor adhesion between polymers. Moreover, being
a problem that is it present in all polymer manufacturing
process, it has been poorly address in the 3D printing world.

Objectives and stakes

The aim is to synthesize and elaborate a 3D printable
thermoplastic elastomer filament presenting a good affinity
with poly (lactic acid) (PLA). This filament will be formulated
as a thermoplastic elastomer (TPE) copolymer, which will
include a polyester (compatible with PLA) as soft block and a
classic rigid block (fig. 1). Our goal is to be able to allow the
fabrication of 3D printed objects including rigid and soft
parts.
The main objective is to print spatially controlled zones with
the new filament and PLA filament (fig. 1), in order to
improve the damping properties and and to reduce the
effect of vibration transmission that could happen during
general use compromising the structure of the printed
object. So far, in the literature we have not found such
filament that allows our general objective.
Reactive extrusion was chosen as the synthesis route, in
order to elaborate the TPE, a process already used in the
past for blend compatibilization of polymers [1]

Methodology / Experimental approach

1) Synthesis and characterization of new TPE including a soft
polyester block by reactive extrusion
2) Formulation of new TPE filaments
-Fabrication, quality control and printability of filament
-Formulation of commercial TPE, and improvement of interfacial
adhesion with PLA
-Formulation of a new TPE
-Characterization of interfacial properties between the new
filaments and a PLA filament.
3) Optimization of mechanical properties of printed objects
including rigid and soft parts.

Figure 1: Example of multi-material object including PLA, as

rigid part, in pink; and TPE, as soft part, in blue. The TPE is
composed of: rigid blocks (in green) and a polyester as soft
blocks (in black).

Main results

Up to date, we have taken two approaches: bibliographic
and practical.
The bibliographic study let us to base our study on the poly
(butylene terephthalate) (PBT), as the rigid block of the new
TPE. PBT could be combined with PLA, as the soft block,
using a reactive extrusion process. The PBT presents good
mechanical properties, although it has been successfully
copolymerized in the past with PLA it has not been done by
reactive extrusion, or included as block in a TPE for printable
filaments made for FDM. [2]
In parallel, in the practical approach, we have successfully
extruded a new formulated filament, based on a commercial
TPE with different percentages of commercially available
modified starch, in order to test the adhesion of this new
material with PLA. These studies will allow us to improve the
formulation of the final TPE filament that we envision to
elaborate in the future. Reinforcing materials with naturally
derived charges have been done before, but in order to
compatibilized blends of polymers. Up to date, there are not
many studies where the compatibilization is done to improve
the adhesion for FDM process.
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General context, scientific issues
Ternary alloyed QD nanocrystals offer better flexibility
in bandgap modulation and composition control than
binary QDs, which provide them with advantages in
device applications [1]. Generally, alloyed QDs have
been reported to generate greater output efficiency
than conventional QD systems [2]. Hence, there is a
growing interest in the study and development of
alloyed QD nanocrystals.
We have focused our research attention on the study
of ternary alloyed ZnSeS QDs. These QDs possess a high
potential for numerous applications like lasers, sensors
or LEDs. Doping of these QDs with metal cations allows
to tune their optical properties.
One of the goals of our work is to prepare watersoluble, highly emissive, color-tunable, and stable Mndoped ZnSeS and ZnSeS/ZnS core/shell QDs with pure
dopant emission via a simple aqueous synthetic route.
Objectives and stakes
Our objectives are:
(i) Study the doping of these nanocrystals by Mn2+ ions
(optimization of experimental parameters to obtain a
good crystallinity, a small dispersion in size and an
excellent stability in solution and in the solid state).
(ii) To evaluate the impact of doping on the optical
properties as well as on the morphology of the
nanocrystals produced (stability of the fluorescence
emission, lifetime of the excited species, ...)
(iii) Study the effects of the ZnS shell growth on the
optical properties of Mn:ZnSeS core QDs.
Methodology / Experimental approach
The synthesis of Mn:ZnSeS QDs capped with 2-MPA
ligand is described using Zn(NO3)2, NaHSe and Na2S.
The pH was adjusted to 7 with a NaOH aqueous
solution and the solution was purged with argon and
heated to 100°C. After 15 h of growth , a ZnS shell was
installed at the periphery of the Mn:ZnSeS core by
injection of Zn(OAc)2 and Na2S solutions. The prepared
Mn:ZnSeS and Mn:ZnSeS/ZnS QDs were characterized
by UV-visible absorption, PL spectroscopy, X-ray
diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS).

Figure 1. Schematic illustration of the aqueous phase
synthesis of Mn:ZnSeS/ZnS

Figure 2. Temporal evolution of UV-visible (a) and PL
emission spectra (b) of the 10% Mn-doped ZnSeS QDs
during the shell growth.
Main results
• During the shell growth, the absorption spectra
demonstrate a red-shifting of the exciton peak from ca.
360 to 367 nm, indicating an increase in the
nanocrystals size (Fig. 2a).
• A slight red shift of the PL emission wavelength from
582 to 586 nm originating from the decrease of the
bandgap energy assigned to the partial diffusion of Zn 2+
ions into the Mn:ZnSeS core indicating the formation of
core/shell Mn:ZnSeS/ZnS QDs (Fig. 2b).
• A significant increase of the PL intensity and so the PL
QY, was detected thanks to the effective elimination of
the surface defects of Mn:ZnSeS QDs by the epitaxial
growth of the ZnS shell and thus from the promotion of
radiative recombination pathways.
•TEM shows that ZnSeS:Mn QDs are of spherical
morphology and their average size is around 2.5 nm.
The diameter of the QDs increases to 3.7 nm with the
growth of the shell around the ZnSeS:Mn core.
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General context, scientific issues
The nanoemulsions (droplet size from 20 to 200 nm)
have many interesting properties: no sedimentation, an
optical transparency, a greater stability and above all a
greater specific surface area. Unfortunately, their
formation traditionally requires high-energy techniques
such as high-pressure homogenizer. The Phase Inversion
Temperature (PIT) is a promising technique for
producing nanoemulsions [1] but its mechanisms
remain not fully understood. Moreover, the
phenomenon relies heavily on the architecture of the
surfactant and only small surfactants have been widely
studied until now.
Objectives and stakes
The aim is to optimize emulsification process through
PIT with polymer surfactant in the formulation. So far,
no large polymeric surfactant was used in the literature
to obtain a nanoemulsion thanks to a PIT emulsification.
Therefore, we must understand the impact of the
polymer structure on the phase inversion mechanism
and determine the limitation of polymers to produce
efficiently nanoemulsion with a phase inversion
temperature technique.
Methodology / Experimental approach
1) Creation of the experimental setup for the phase
inversion temperature technique procedure :
- Determination of the parameters for the PIT
emulsification using any surfactant available [2][3]
- Testing of commercial polymers as surfactants
2) Design and synthesis of copolymer surfactants for
their application in PIT emulsification method
3) Formulation of nanoemulsions through phase
inversion temperature with copolymer surfactants
4) Study the impact of composition and the (co)polymer
structure in order to define in details the relation
between their composition/structure, their capacity to
participate in the phase inversion mechanism and the
resulting properties of the obtained nanoemulsions.
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Illustration: Conductivity profiles during a phase
inversion temperature procedure

Main results
In order to investigate the impact of high molecular
weight surfactants, polystyrene-b-poly(oligo ethylene
glycol methacrylate) diblock copolymers (PS-bPOEGMA) were designed and studied as potential
polymeric surfactants for the temperature phase
inversion technique. The performances of these
copolymers (ranging from 17500 to 34 000 g/mol) in the
production of nanoemulsions through PIT emulsification
were then compared to those obtained with Brij30 (362
g/mol) as example of low molecular weight surfactant:
- A similar conductivity profile was observed for Phase
inversion with the copolymers
- Nanoemulsions could be achieved through PIT
emulsification with the copolymers
- The high molecular weight of the polymeric
surfactants was found to be a limitation in the obtention
of droplet sizes below 200 nm
- Going through several cycles of phase inversion
decreased significantly the size of the emulsion droplets
and improve their stability
References
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General context, scientific issues
Recovery of valuable metal cations is an important topic
which could contribute to sustainability. Enormous effort
has been made on metal recovery such as solvent
extraction, ion-exchange, precipitation, adsorption and
nanofiltration. The adsorption technique is one of the
more economic and environmentally friendly way to
separate and recover metal cations from an aqueous
solution; meanwhile, its facility in continuous operation
and the high extraction efficiency are also distinct
advantages.
Objectives and stakes
Our objective is the development of new polymeric
adsorbents exhibiting high stability and kinetics
performance, good kinetics performances and selectivity
toward competing ions and finally able to be reused

Main results
An effective method allowing the preparation of copolymers containing metal cations specific recognition
sites was developed.
These copolymers exhibit both a high stability and a
high selectivity and allow the efficient extraction of
metal cations from aqueous solutions.

Methodology / Experimental approach
Cyclic compounds containing numerous ether functions
are able to form stable complexes with specific metal
cations owing to the so-called “macrocyclic effect”.
Theses cyclic compounds were modified with acrylic
moieties and co-polymerized via a radical process with
acrylamide.
The obtained co-polymers were characterized by NMR,
FT-IR, X-ray diffraction and specific area surface
measurements.
Static adsorption experiments and adsorption kinetics
were conducted by varying the metal concentration, the
temperature and the pH of the aqueous solution to
evaluate the binding performances of the various copolymers prepared.
The concentrations of metals remaining in the aqueous
phase were determined by ICP-OES.
The selectivity of the co-polymers was investigated by
competitive adsorption using a solution containing up to
10 metal cations that may compete during the adsorption
phase.
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General context, scientific issues
Quantum dots (QDs) have been extensively
investigated for diverse applications due to their
unique properties such as size- and composition
dependent opticalfeatures.Among QDs, ternary III-VI
semiconductors exhibit a wide range of applications in
light-emitting diodes and lasers, solar cells, and
photocatalysis. AgInS2 (AIS) is a direct-bandgap
semiconductor exhibiting a high extinction coefficient
in the visibleto-near-infrared region. Because of their
outstanding luminescent properties, AIS QDs attract
lots of interest as an alternative to the more toxic
cadmium-containing quantum dots (QDs) [1].
Objectives and stakes
In this work, a facile one-pot two-step method was
developed for the preparation of 3-MPA capped
ternary AIS and quaternary ZAIS QDs in aqueous
medium. Various synthetic parameters like the molar
ratios Ag/In ratio, the capping ligand,the pH of the
reaction medium … were investigated in order to
optimize the optical properties.
The syntheses are combinedwithspectroscopicanalyzes
and particularly by measurements of the
photoluminescence (PL) spectra at different stages of
nanoparticles growth.
Methodology / Experimentalapproach
The synthesis of AIS QDs with different Ag/In molar
ratio was conducted using AgNO3, In(NO3)3.5H2O,
Na2S.9H2O and 3-MPA as capping ligand and pH
adjusted to 8.5. A ZnS shell was installed at the
periphery of the AIS core by injection of Zn(OAc)2. The
growth of AIS and ZAIS nanocrystals was monitored by
UV-visible
and
PL
spectroscopy.
A size-selective precipitation was conducted using 2propanol as non-solvent using the crude mixture of
ZAIS QDs dispersed in water. The gradual addition of 2propanol allows the precipitation of the QDs vs their
size. The separation of the QDs from the supernatant
allows the size selection. This process is repeated until
the
fluorescence
disappeared
(Figure
1).
The prepared AIS and ZAIS nanocrystals were
characterized by UV-visible absorption and PL
spectroscopy. AIS and ZAIS QDs were also
characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS).

Fig. 1. Digital picture of aqueous dispersions of ZAIS QDs under UVlight illumination after the sizeselection

Fig. 2. (A) PL emission spectra and (B) PL decay curves of ZAIS QDs
after size and composition-selective precipitation.

Main results
• XRD shows that all the peaks of the AIS can be
indexed to the tetragonal chalcopyrite phase. After the
growth of ZnS at the periphery of the AIS core, the
position of the peaks moves towards the standard
position of ZnS.
• For the ratio Ag/In = 1/5, the photoluminescence
spectrum of the AIS shows a signal located around 601
nm. After the ZnS shell introduction, a blue shift of the
fluorescence band was noticed and the emission was
located around 563 nm. The photoluminescence
quantum yield (PL QY) of AIS QDs is modest but
increased markedly after the alloying and shelling with
ZnS (up to 65%)
• Size and composition-selective precipitations allowed
to separate up to 13 fractions of AIZS QDs with
exceptionally high PL QYs (up to 78% for sample 5),
which is the highest value reported for ZAIS QDs
prepared in the aqueous phase (see Fig.2A).The PL
decay curves show that the sample 5 has the longest
lifetime which reaches 277 ns (see Fig.2B).
References
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General context, scientific issues
In the high temperature of the nuclear waste
vitrification process (1200°C), most elements to be
confined react chemically with vitrification additives to
form a homogeneous liquid. Some elements, Platinum
Group Metals particles (PGM: RuO2, Pd, Rh), are not
incorporated chemically in the molten glass and are
present as suspended particles of a few microns in the
glass bath. The presence of these suspended elements
has an impact on the rheological properties of the glass
leading to a non-Newtonian behavior and influencing
the vitrification process. A structural rheological model
based on the phenomenology of the system was
proposed [1]. This model enabled the prediction of the
platinum-containing glass rheology as a function of
shear rate, temperature and PGM content.

3. To establish the link between the rheological model
and sedimentation kinetics, one possibility is to apply
the previous experimental protocol proposed to study
the aggregation of particles, in order to carry out
experiments to estimate the sedimentation rate of PGM
particles.

Objectives and stakes
There are three main objectives to this study:
1. To consolidate a rheological model of platinumcontaining glass by optimizing the model parameters
2. To propose a PGM particles aggregation model by
specifying the aggregation kinetics of the PGM particles
as a function of the influencing parameters.
3. To establish the link between the rheological model
and the particles sedimentation

suspensions at different fractions and fitted with the existing
rheological model for glasses containing PGM particles
allowing the comparison to the glass rheological behaviour.

Methodology / Experimental approach
1. Before carrying out parametric studies, the protocol
of high temperature viscosity measurements (around
1200°C) needs to be consolidated. The consolidation of
this protocol will be followed by experimental tests with
the PGM glass, aiming at analyzing the impact of the
PGM content, the temperature and bubbles on the
rheological behavior of the glass.
2. In order to derive a PGM aggregation model, two
approaches are adopted: high temperature analysis of
glass or room temperature analysis of a model
suspension. For the first, the development of an
experimental protocol is needed followed by
experimental tests with glass and the proposal of a
mathematical model. For the second, identification of a
representative suspension followed by characterization
of the particles aggregation of the model suspension.

Figure 1: Scheme of the experimental protocol for the

aggregation study, consisting on a high temperature essay in
an alumina crucible (1), followed by a fast cooling of the
crucible and central cut (2) and finally an image analysis
(SEM) of the particles aggregation (3).

Figure 2: Rheological measurements of the sericite in oil

Main results
1. Consolidate the viscosity measurement protocol.
2. Proposal of an experimental protocol for the study of
the agglomeration kinetics of PGM particles (Figure 1).
3. Rheological tests on model suspensions (Figure 2):
Experiments on sericite and oil show that the
representativeness of the rheological behaviour is not
yet sufficiently clear. New tests will be thus carried out.
References
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General context, scientific issues
In 1903, Dr. W. Ramsden claimed that the presence of
a colloidal solid at a liquid-liquid interface could
produce a persistent emulsion. In 1907, the work of Dr.
S. U. Pickering proved that the solid particles could
stabilize an oil-in-water emulsion. Indeed, the
adsorption energy of the particles at the interface is
very high, which is an interesting characteristic since
the solid particles can form a coating around the
droplets of the disperse phase. The particles can be
functionalized in order to respond to an environmental
stimulus. Thus, an active ingredient could be
encapsulated in the droplets of the disperse phase and
then delivered in a specific organ of the body. A lot of
works focus on the formulation of the Pickering
emulsions but the influence of the process is not fully
studied. The aim of this work is to study the effect of
process parameters on the properties and
characteristics of Pickering emulsions, coupled with
formulation variables.
Objectives and stakes






Study the impact of different emulsification
processes on droplets size, and emulsion
stability.
Quantify the particles distribution between the
liquid interfaces and the bulk as a function of
the emulsification energy.
Establish a mathematical model describing the
emulsion rheological behaviour as a function of
the emulsion droplet size and the rheology of
its continuous phase.

Methodology / Experimental approach

Pickering emulsions: Distribution of silica particles at
interfaces and in the continuous phase.

Main results
Three different fabrication processes of Pickering
emulsions were used: ultrasonic disperser, rotor-stator
homogenizer and a Rushton turbine. At the tests
conditions, only the two first processes were able to
produce the stable emulsions.
The emulsions prepared by ultrasonication showed a
smaller average droplet diameter than those produced
with the rotor-stator homogeniser. The relative
viscosities or elastic moduli of the former emulsions
exhibited the highest values.
In order to evaluate the influence of the non-adsorbed
silica in the rheological behaviour of Pickering
emulsions, its concentration in the continuous phase is
experimentally determined. Then a material balance
may be calculated on the whole emulsion system. This
balance will allow to better understand the great
stability of Pickering emulsions to coalescence: particle
adsorption rates at the interfaces and particle network
in the continuous phase.
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General context
Low molecular weight organogelators are of increasing
interest in the industry. First, they can be used at a
very low mass percentage (<2%). Secondly, they are
capable of gelling a large range of organic liquids in
order to form organogels. Organogelling molecules are
self-assembling via non-covalent bonds, generating a
three-dimensional fibrillar network. Such organogels
show interesting thermoreversibility properties [1].
Associating organogelators with bitumens would allow
to shift the sol-gel transition temperature towards high
temperatures. A solid behavior up to temperatures of
60-90°C will both strenghten the bitumen and improve
its resistance to static storage. In addition, the
presence of organogelators does not affect the
viscosity of pure bitumen at high temperature, which
allows
excellent
shaping.
The
rheological
characterization of these materials is essential in order
to carefully control the formulation, the manufacturing
process and so the end-use properties of the final
product [2].
Objective
Determining quantitative links between the
formulation, the process and the end-use properties in
order to identify the points of scientific vigilance, and
key techniques for optimizing the performance of
bitumen/organogelator systems
Methodology / Experimental approach
We are interested in the rheological characterization of
bitumens modified with organogelling agents. The
nature of such additive bitumens shows rheological
complexity as being a multi-phasic, evolving, multiscale and out of equilibrium media. Their rheological
behavior at a given time, under given conditions,
depends intrinsically on their thermomechanical
history, which makes their characterization difficult to
assess.

Illustration: Various scales of evaluation of the
bitumen / organogelator system.

On the basis of an an exhaustive literature study,
characterization
experiments
of
conventional
organogels will be performed to develop relevant
protocol to characterize bitumens with various
organogelators as additives.
To our knowledge, only one study has been published
on this topic [2]. Two methods are envisaged for this
characterizations. First, a non-isothermal process
where the gelling/liquid solution is brought to high
temperature before cooling down until the formation
of the organogel. Secondly, the isothermal process
forming the organogel at a fixed temperature also
called the gelation temperature [3]. Indeed, rheology is
a relevant method for determining the liquid-solid
transition temperature (or gelation temperature),
either by a temperature ramp in oscillatory mode, or
by the succession of mechanical spectra around the gel
point. In general, the materials will be evaluated over
three scales: at the molecular level of the constituents,
at the colloidal level of the obtained materials and
finally at the macroscopic level of the end product. We
aim at establishing solid links between the properties
of the constituents, the structural properties of the
materials and the end-use properties of the products,
integrating the process at all scales.
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General context, scientific issues
Nowadays, multi-material 3D printing is gaining importance
because it could enable the creation of products with
desired properties in precise spatial locations [1]. This
process has prospective applications in multiple areas such
as medicine, automatization, mechanical manufacturing, and
robotics, among others [2]. One of its potential uses is the
production of orthoses with soft and hard sections imitating
body behavior. Nevertheless, some challenges need to be
overcome to make this application a reality.
Among the additive manufacturing techniques which can be
used for multi-material 3D printing, the Fused Deposition
Modeling-FDM has several advantages: reliability, easy to
implement, relatively low investment cost and many
commercial thermoplastics available. Considering its
benefits, this post-doctoral research is carried out within the
framework of multi-material FDM and the development of
strategies and materials to achieve an optimal mechanical
performance of the printed multi-material objects. The
overall goal is to develop filaments with different elasticity
properties and to evaluate and eventually improve adhesion
interfacial quality of soft and rigid multi-material objects.
Objectives and stakes
To propose strategies to improve mono- and multi- material
interfacial adhesion.
To formulate filaments with a suitable compatibilizer to
improve mono- and multi- material interfacial adhesion.
To evaluate process conditions in the complete production
chain (material selection, filament formulation, printing) to
improve mechanical properties.
To apply the identified strategies and conditions in the
printing of an orthosis sample
Methodology / Experimental approach
1. Bibliometric literature review: Development of a
systematic literature review on the subject multi-material
FDM and interfacial adhesion to identify strategies to control
mechanical properties, such as selection of raw material,
chemical modification of raw material, filament formulation,
printing process parameters.
2. Exploratory tests: Planning and development of
exploratory tests to define the most effective strategies for
interfacial adhesion improvement. Adhesion is measured
using the T-peel test. Mono-material samples (PLA) and
multi-material samples (PLA + TPU) are tested in this step.
3. Optimization: Based on the most effective adhesion
strategies, an experimental design is developed to optimize
the adhesion of mono- and multi-material samples.
4. Prototyping: To print orthoses using optimized parameters
and to test them in real conditions.

Illustration: Research structure

Main results
 A literature revision considering multi-material FDM and
adhesion has been done. This enable the identification
and planification of the exploratory tests. A review
article with the results is ready and will be submitted.
 Planning of exploratory tests to improve mono- material
PLA adhesion using adhesives during and after FDM
printing. In a first step a series of adhesive agents will be
tested to see their effectiveness for mono-material
adhesion (PLA). If the approach is successful, results will
be extended to multi-material FDM printing.
 Geometry and printing parameters for the T-peel test
specimen have been defined in the G-code.
 Planning of exploratory tests to see the chemical affinity
and heat transfer behavior of a group of pairs of
soft/hard commercial filaments
 Experiments will be done at LRGP and in the platform
LF2L at the ERPI laboratory.
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Objectives and stakes
 Allow a better understanding of particles interaction.
 Quantify and relate bulk forces to flowability through
a powder intrinsic property.
 Quantify local interparticle forces with an AFM.
 Relate local interparticle forces to powder global
mechanical behavior through an intrinsic parameter.
Methodology / Experimental approach
To evaluate powders flowability a particle damper is
used [3] to study granular materials submitted to
vibration under free surface conditions. The vibration
energy supplied to the powder bed will allow the
reorganization, and so the compaction, of the grains. The
evolution of powders compactness will provide bulk
information. In order to understand the mechanism of
local interparticle interactions in the flowability of
powders, AFM equipment will be used in a quite large
manner. It allows to study particle’s surface roughness,
particle/particle force interactions and particle/SNP force
interactions.

Figure 1: Compactness as a function of input energy or

amplitude.

Figure 2: Some experimental results of packing density during

vibration for two different powders
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0,29

Packing density

General context, scientific issues
Granular materials are used in a very large numbers of
industries and daily life. From industries like foods to
astronomical studies, it is important to understand how
grains interact between them and how this affects their
global mechanical behavior. A very common problem in
the industry is related to the flow of cohesive powders
[1]. The flow behavior, or flowability, is difficult to
characterize and in most cases, certainly poor. The
complexity of the link between local particles
interactions and their global mechanical behavior has
undermined flowability’s understanding, remaining,
even nowadays, essentially empirical. To improve
powders flowability, silica nanoparticles (SNP) have
been used globally without a proper evaluation of its
effects on human health and environment [2]. To propose
new solutions, it seems to be fundamental to understand
SNP’s acting mechanism to improving powders
flowability. Understanding the interactions between SNP
and powders is a major challenge in powder technology.
The aim is to look for new ways to improve powders
flowability by controlling/predicting interaction forces,
with the purpose of ensuring process feasibility without
compromising other important aspects such as security,
health, and economy. This multidisciplinary/multi-scale
methodology will include an original approach from the
point of view of the energies supplied to the powders by
the effect of vibrations.
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Main results
The compaction behavior shown in the figure is
characteristic for powders. In general, it is possible to find
a maximal packing density that depends on the particle
geometry but mostly of the compaction energy [3,4].
Usually, the powder flowability is described by different
index, each of one depends on the tester used, making
difficult, or even impossible, to stablish relations among
them. Here, we are describing powders flowability as a
function of a global parameter, the energy provided to the
powder bed. An energetic approach allows to compare
different stress levels flowability techniques. Moreover, the
amount of energy needed to reach a maximal packing
density, or to make the powder flow free again, can be
directly related to the behavior that granular materials
displays when it is considered to be a solid, liquid or gas.
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General context, scientific issues
The possibility of predicting and controlling properties
such as flow behavior is part of the needs when
creating new formulated products. Indeed, it is best to
prevent the mayonnaise from flowing like water as well
as keeping the toothpaste in its packaging before
applying force to make it flow to the toothbrush. While
Newtonian fluids exhibit intuitive behavior under
deformation, designing everyday products like
mayonnaise or toothpaste proves not to be as simple
as they seem due to their complex rheological behavior
including viscoelasticity, yield stress and thixotropy.
Protein-stabilized water-oil mixtures, also known as
protein-stabilized emulsions, are an example of such
products that display a complex rheological behavior.
Proteins are one of the main agents used for the
manufacture of emulsions. Because they can be safely
ingested and because of their amphiphilic nature,
proteins such as casein, albumin and ovotransferin are
examples of emulsifiers that are consumed on a daily
basis. In addition, given the globular conformation of
proteins, the resulting emulsions are usually
considered as particle (soft particle)-stabilized systems,
also known as Pickering emulsions [1]. However, due to
the variability in protein conformation, as well as
formulation effects, predicting and controlling the
rheological behavior of these emulsions remains a
difficult task [2].
Objectives and stakes
Herein we propose to unravel the keys to control and
predict the complex flow behavior of Pickering
emulsions stabilized with soft particles by means of a
rheological model.
Methodology

Illustration: Schematic representation of the protocol
to be followed with protein-stabilized pickering
emulsions

Main results and perspectives
An initial literature review allowed to identify Bovine
Serum Albumin as the model soft particle to be used
for the development of the project.
Likewise, in order to apply a design of experiments
methodology to model rheological behavior, upper and
lower limits were defined for three main formulation
parameters in protein stabilized emulsions: protein
concentration, pH and volumetric fraction of dispersed
phase of the emulsion.
Additionally, based on previous results on viscosity and
elastic modulus behavior of similar particle-stabilized
emulsions, a percolation model will be tested and
compared with other well-known rheological models in
the field of condensed matter.
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