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1. Nanocellulose : un contexte favorable

2. Production des Nanocellulose

3. Vers des applications de plus en plus évoluées



Development of nanocellulose LGP9
Nanocelluloses
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Global production

estimate: 34 million tons/
ear by 2050

Cellulose NanOuddiied

LA FPI market estimate:

5250 million in North

America by 2020

roduction cost:

‘ nofibri Pulp: $0.75-1.00/kg
e Nanofibrils Nanocellulose: $4-40/kg

Cranston 2015

Future Markets, The global market for nanocellulose to
2020, 2nd ed. Future Markets Inc, 2012
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NanoCellulose e
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Rs‘i Flagships in Call 2016

Objective: deployment of a technology, which has been
already demonstrated leading to a system, which is complete
and qualified (TRL8) for successful commercial operation
(large scale production facility in Europe)

TOPIC FOCUS

BBI.VC1.F1 BEIOETHANOL: second generation bioethanol production
bUllt on "gnoce”UlOSiC non_fOOd feedStOCk (StraW) yrregaard / News / EUR 25 million in EU funding for Exilva

BBI.VC2.F2 Microfibrillar Cellulose (MFC ): large-scale supply and . -
market creation of MFC to demonstrate an industrial Borregaard Receives EUR 25 million for

symbiosis between the biomass and the forestindustry | oy mercialization of Microfibrillar Cellulose from the EU

i

BBI.VC1.F1 CELLULOSIC ETHANOL: Cellulosic ethanol from unused !
crop residues and crops grown on marginal lands > : Borregaard Receives EUR 25 million for Commercialization of

21 %4
~ m, Microfibrillar Cellulose from the EU

Borregaard has received a funding commitment of EUR 25 million
(NOK 232 million), for the development and commercialization of

= Nanocellulose = 2n priority of european Bioeconomy

=> Not only fashionable but already sustainable
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Nanocellulose
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Under
plannlng/constructlon

P. Qvintus, 2015, tappi Atlanta



Nanocellulose market LGPy
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Nanocellulose market

23 million tonne potential

(figure in ktons)

Nano Potential @

Market potential  Cellulose 5% Market CNF CNC

Size Loading  Potential Penetration Potential Potential CNF CNC
Paper and Paperboard 400,000 5.0% 20,000 1,000 95% 5% 950 10*
Paints and Coatings 40,000 2.0% 800 40 5% 95% 2 38
Composites 9,000 2.0% 180 9 5% 95% 0 9
Films and Barriers 9,670 2.0% 193 10 100% 0 10
Excipients 4,600 2.0% 92 5 10% 90% 0 4
Natural Textiles 34,500 2.0% 690 35 100% 0 35
Manufactured Textiles 56,300 2.0% 1,126 56 100% 0 56
Cement 15,000 0.5% 75 4 5% 95% 0 4
Oil and Gas 17,500 1.0% 175 9 10% 90% 1 8
Nonwovens 7,000 2.0% 140 7 100% 0 7
Adhesives 4,000 2.0% 80 4 5% 95% 0 4

TOTAL 23,551 1,178 954 184
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Microfibrillated cellulose (MFC)

2. Mechanical

Homogenization

1. Defibrillation

Cellulose Nanocrystals (CNC)
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(D Purification
cooking and bleaching

(2) Mechanical
pretreatment
—blending;
—refining;

— grinding,.

pretreatment

—carboxylation;

— carboxymethylation;

— guaternization;

—sulfonation;

—solvent=assisted
pretreatment.

\_

/G Biological/chemical }

—enzymatic hydrolysis;

Nechyporchuk, Belgacem, Bras

Production of cellulose nanofibrils: a review of recent adv

Ind crops (2016), in press

0

| raw material
wood, plants efc.

(4) Principal mechanical

treatment
—homogenization;
— grinding;
—refining;

— extrusion;

— blending;
—ultrasonication;
—cryocrushing;
—steam explosion;
—ball milling:

— agueous counter collision,

. (3 Post-treatment

— chemical modification;
— fractionation.
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CNF

Pre-treatr
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Mechanical Treatment
(Homogeniser, Microfluidiser, Grinding) Pl’etl’eatment

‘ h Enzymatic Hydrolysis

[ Cellulase or endoglucanase)

SIE
ii\x EH
Tempo oxidation (Tempo/ Macr

NaBr/NaClO) fibe

*Paéakko et al. (2007) Biomacromolect

>

L;Z £ Hy I /D = 2-5nm co®

*Saito et al. 206) Biomacromolecules

Cationization
(2,3-epoxypropyl
N* trimethylammonium chloride or
chlorocholine chloride)
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*Pei et al. (2013) Soft matter 16




(D Purification
cooking and bleaching

(2) Mechanical
pretreatment
—blending;
—refining; tf )
— grinding,.

(3 Biological/chemical |
pretreatment
—enzymatic hydrolysis;
—carboxylation;

— carboxymethylation;
— guaternization;
—sulfonation;
—solvent=assisted
pretreatment.

Nechyporchuk, Belgacem, Bras
Production of cellulose nanofibrils: a review of recent adv
Ind crops (2016), in press

| raw material
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@ Principal mechanica“

treatment
—homogenization;
— grinding;
—refining;

— extrusion;

— blending;
—ultrasonication;
—cryocrushing;
—steam explosion;

] \ — ball milling: J/
— agueous counter collisio

v 04

== (5) Post-treatment

— chemical modification;
— fractionation.




Nanofibrils & fibrillation proc LcPy
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y—— Homogenization ———

Homogenizer Microfluidizer Grinding
Inlet suspension i
1 Impact ring Feed suspension
Valve scat \ l /
W“C AL . )
- C\ @ Jj()ull Static {l:ne
miﬁf \J \juspc o Outlet
—, Outlet n—-n suspcn’sﬁ -
suspension / R
Rohl:v,'c slone —
Nechyporchuk, Belgacem, Bras ' Conventional |
Production of cellulose nanofibrils: a review of
recent advances, .
Ind crops (2016), in press Mechanical proce.sses
for CNF production
| Non-conventional |
Extrusion Blending Ultrasonication Cryocrushing
Refining* Steam explosion Ball milling Aqueous counter collision

* ac a nrincinal mechanical neacece



Enzymatic*hydrolysis Carboxylatign (TEMPO)
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Microfibrillated cellulose (MFC)

2. Mechanical

Homogenization

il

1. Defibrillation £ =D 2-20 nm
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One issue is the presence of acids => washing and thermal stability

b)

RAW MATERIAL
100 kg/h
25°C, 1 atm

J

64% H,50,
1000 kg/h
259C, 1atm
459C, 1 atm FRESH WATER
60 min 259C, 1 atm
4000 kg/h
w
> o §
> 2 =
e
.
NLL
SUSPENSION

Figure S2. Flowsheet diagrams describing the evaluated nanocrystals production processes

by (a) subcritical water and (b) conventional acid hvdrolysis method.

Novo, L Pereira; Bras, J; Garcia, A; Belgacem, MN; Curvelo, AA. S.,

Subcritical water: A method for green production of cellulose nanoc stals B

ACS Sustainable Chemistry & Engineering (2015), 3(11), 2839-2846.
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One issue is the presence of acids => washing and thermal stability

a) WATER b) 64% H,50,
RAW MATERIAL 1000 kg/h RAW MATERIAL 1000 kg/h
259C, 1 atm 259C, 1atm
100 kg/h 100 kg/h
25°C, 1 atm 25°C, 1 atm JL
120 #C, 200 atm 459C, 1 atm FRESH WATER
&0 min 60 min 259C, 1 atm
4000 kg/h
SUGARS ol
CONTAINING
® EFFLUENT
W
259C y - §
NCC L 923
SUSPENSION . = ‘5
e
NLL
SUSPENSION

Figure S2. Flowsheet diagrams describing the evaluated nanocrystals production processes
by (a) subcritical water and (b) conventional acid hvdrolysis method.
Novo, L Pereira; Bras, J; Garcia, A; Belgacem, MN; Curvelo, AA. S.,

Subcritical water: A method for green production of cellulose nanocr stals i _
ACS Sustainable Chemistry & Engineering (2015), 3(11), 2839-2846. R




NaNoCrys

I_GPZ

SC-NCC H-NCC
unit cost ($/kg) consumption (kg) cost ($) consumption (kg) cost ($)
process water 0.0003 1000 0.3000 4360 1.3080
sulfuric acid 0.070 640 44.80
cooling water” 0.00001 5059 0.0506
low pressure steam” 0.002 193 0.3857 19.7 0.0390

“Cooling water temperature input and output specifications: 10 and 30 °C, respectively. "Low pressure steam of 200 kPa, 2201.56 kJ/kg heatin
value.

43.2 MJ HEATING

Conventional NCC cost = 1.54 $/kg of NCC,
>>> NCC using the proposed subcritical treatment : 0.02 $/kg of NCC
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Cellulose microfibril

in cell walls Wood cells

Forest product,

Cellulose fiber biomass
Long process for obtaining :> Why not starting
INTACT cellulose fiber directly from WOOD ?
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Cellulose Nanoci
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Abushammala, Krossing, Laborie, lonic liquid-mediated technology to produce cellulose nanocrystalsdirectly from

wood/ Carbohydrate Polymers 134 (2015) 609-616

Fractionation Polysaccharides | 100
 Pulpingliquor ) 100 - -
Acetone/Dl Water Lignin ;wﬁ Lignin
o | 330 :rl::eu:loses
DI Water | (HER ulos
Angelim ’ Supematant jth OIS Washing Residue\ |
Wood _ 142444444445,
: p Sw g, 54
| Mittingand Dewaning | g
After 2n¢ T
Partial Dissolution Undissolved °’°" WR-2 = 40 . ,
[EMIM]OAC Wood
20 -
One More — —
Identical Cycle WR-0 WR-1 WR-2

Fig. 1. The pulping procedure of Angelim Vermelho using [EMIM][OAc] (Left). The mass balance for the two pulping cycles including the wood residues starting with 100 g
of Angelim vermelho wood (Right).

o CNCs

900
800
700
2 600 -
£ 500 1
£ 400 |
300
200
100

0 4
gy 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 e
2 Theta




Perspective 2

Nanocellulose

High mechanical /barrier
properties, renewable,
available, Biotemplate,
hydrogels ...

Enzymatlc t

Look for more sustainable solutions

- New solution to increase fibre wall porosity
- New swelling solvents

- New mechanical pretreatment

- New fibers or industrial waste

- Start directly from wood
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3. Vers des applications de plus en plus evoluées



Nanocellulose applicatiﬁ LGPy
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Medical

Aquecus disgersico  Traaspanmi conducive

Navarro et al. 2014 of Ci '
)
etal
LI

- Drug release, Hybrid conductive
fluorescentlabeling particles

Electronics

» .-

—— 3D network Surface reactive chemistry Flexible transparent
Painting, ink substrate

P Flexible Security
3D printing Gel-like Nanocellulosic material fiim
Rheological modifier behavior CNF, CNC
o Iridescence
Barrier film
Iridescent ink/pigment
Emulsion N {‘
Antimicrobial coating

(g@n etak2013”
-

Cosmetic

Functional
packaging
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Hoeng PhD report , 2016 28
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Nanocellulose apy
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Films

Self-Assembly Continuous Fibers

Noichiki et al., J. Appl. Poly. Sci., 2002, 86, 3425-3429

Foams/Aerogels

b

Paakko et al., Soft Matter, 2008, 4, 2492-2499 Abe et al., Carb. Poly., 2011, 85, 733-737

Bondeson et al., Comp. Inter., 2007, 14, 617-630
Svagan et al., Biomacromolecules,2007

TR R TR E R R R R R T R Y

Reaction Pathway

F

Rheology Modifier Nucleation Agent

cement

Cao et al.

IIIIIIIIIIIIIIIIIIII-......-l.-..lll-l-.
llIlllIIllllllIllII'.IlllllllllIIllll-ll

T Lindstrém/STF Gray, Cellulose, 2008, 15, 297-301
EIEEEEEEEEEEEEEEEEEEEnnnnadenmn®

Slide provided by Robert Moon, USDA FPL
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Nanocellulose appllcatf LGPy

TR Y AT T S R LT TR LT, AR

Super-strong Hydrogels &
Aerogels

°
2

st

“ " — POly(AMA-CO-HEMA)  poly(AMA-co-HEMA)-peptide
BTE, 2013 L P : : .
Collilosn, 2013 — Bioactive materials
ACS Macro Letters, 1, 1321 (2012) Anal. Chem. 2013 sl(a) m - Aoeh, Mk ririecss
Biomacromolecules, 13, 3228 (2012) ’interphases. 7 61 ('2012) o ;‘. ~
Biomacromolecules, 14, 1637-1644(2013) Biomacromolecules 12’ 42311 (2011) s 04
100 Biomacromolecules, 13, 2802 (2012) = onr
B St - 2 03 100
l e O0mM Carbohydrate Polymers, 8 :33
H o tomMc’ doi:10.1016/j.carbpol.2012.11.063 ®» %2 %
10 o', o 25mMCa’ ] 01 ;=
8. ® 50mMCa’ 0
—_ ... 000 102030405060708090100
z 1 i, E Strain (%)
& %%,
2 gtess Cellulose 20, 2417 (2013)
2 o4 '.o'!l. ]
£ !!l!
.. Rheology i
modification
T T 0 0 000
shear rate (1/s)

 Cellulose
‘Nanofibrils
NFC a[i:d BC BITE125, 249 (2012)

Cellulose, 19, 2179 (2012)
Bioresources, 6, 4370 (2011)
Cellulose, 18,1097 (2011)
Appl. Mat. Interfaces, 2013 Cellulose, 17, 835 (2010)
BITE 101, 5961 (2010)

J. Renewable Resources, 2013, 1, 195
. Carbohydrate Polymers, 89,1033-1037 (2012)
Composites
(reinforced materials) Conductive nanopaper (+ Pyrrole, click chemistry): 37.4 10-*S/cm

Slide provided by Orlando Rojas, NCSU and Aalto
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Drug-carrier microsphere cellular nanoscaffolds with
with cellulose nanocrystal cellulose nanocrystal

styrene emulsion stabilized cellular bioimaging with

with cellulose nanocrystal ﬂ .j cellulose nanocrystal

polymer electrolyte with

cellulose nanocrystal mesoporous films containing

cellulose nanocrystal

o Heating > o9 °

o Cooling Banﬂﬂ"‘"":;fow &° simormle
10 o 00

Below Tc o g0

s 5 o'
O~ 2R &
A& 1F o

Anode
nano-Ag on template nar be TiO, on templ
cellulose nanocrystal cellulose nanocrystal

<5 1k
Q o

a3 S o e

oo ot °

. % 0.01} o° e Above Tc
)', '\%(% B0 ool ’no of

‘r R 1E3 . .
25 30 35 40

Temperature ('C)

Nanoscale, 2012, 4, 3274.
Lin et al, European Polymer Journal 59 (2014) 302-325
Jorfi & Foster, JAPS, 2015,41719.

Boluk et al, 2015, 423 YR AR F TS Y S A S AN Y Y i YT VIR RIS Y e S A Vit 5 XTI T T ST ST



Nanocellulose af LePy
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Nanocellulose topic Review/Publication
) Production of cellulose nanofibrils: A review of recent advances
CNF production
.................................................... Nechyporchuk et al 2016
CNC properties Cellulose nanocrystals: chemistry, self-assembly, and applications

Habibi et al. 2010

Key advances in the chemical modification of nanocelluloses -
Habibi et al. 2014

Nanocellulose properties and applications in colloids and interfaces

Salas et al. 2014

Electrostatic or steric? — preparations and characterizations of well-dispersed systems containing
CNF and CNC colloids and interactions rod-like nanowhiskers of crystalline polysaccharides

Araki et al. 2013

Tuning supramolecular interactions of cellulose nanocrystals to design innovative functional
................................................... materials — Moreau et al. 2016 .
Nanocellulose patents trends: a comprehensive review on patents on cellulose nanocrystals,
................................................... microfibrillated and bacterial cellulose - Charreau et al. 2013

TEMPO-oxidized cellulose nanofibers- Isogai et al. 2011
TEMPO-mediated surface oxidation of cellulose whiskers - Habibi et al. 2006

Impact of different coating processes of microfibrillated cellulose on the mechanical and barrier
properties of paper - Lavoine et al. 2014

Microfibrillated cellulose and new nanocomposite materials: a review

Siro et al. 2010

Cellulose nanocrystals and related nanocomposites: Review of some properties and challenges -
Mariano et al. 2014

CNF and CNC for electronics/metallic Use of nanocellulose in printed electronics: A review - Hoeng et al. 2016

Review: nanocelluloses as Versatlle supports for metal nanoparticles and their applications in

particles TIAAVIAPAS = YA VIR A TS ¥ e S L NI £ Y N T T P T L
DA "t opde catalys1s — Kaus%zz et ai 30’
HeengPhbrepert2646 32
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1. Nanocellulose : un contexte favorable

2. Production des Nanocellulose

3. Vers des applications de plus en plus évoluées

Conclusion et perspectives
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Nanocellulose

High mechanical /barrier
properties, renewable,
available, Biotemplate,

Pulping/Bleac
Ac1d hydrolys

Enzymatlc treatm

Look for more sustainable solutions

SMART & ACTIVE NANOMATERIALS Enhance

dispersion and
compatibility
with matrices

CNF Films ‘Surface Coating

Cellulose

CHEMICAL derivatives

with the same

Aerogels / Foams

MODIFICATION functionality

Nanocomposites

PLA + 10% CNF

Nanocomposites
SRR or A DB S o VL IVL) DI LS L et P e S
Abe et al. (2011) Carb. Poly




Nanocellulose - Futucell [

T1: Nanocellulo[
preparation process |

optimization

T2: Nanocellulose T3: Material preparation
surface J)? processps for Transfer and
functionnalization ihteractions

(activation) efonstruction)

(Deconstruction

) b ‘

Adsorption

(a) 035

T resistance

— TOCN 0 iﬁp%f?
*CNG —— TOCN/PEG 20H 1:2 ‘ OH\ @@H -
05] @ ONCgICN.Od — TOCNPEG-NH, 204 1:1 L = [ ¢ ™
&) < CNC-g-ICN.Ph — TOCN/PEG-NH, 20H 1:2  colulosenanofibris formation.
) ) CNC-g-ICN.PhBut / — TOCN/PEG-NH, 20H 1:4 J e
o 9257 - CNC-g-TMPS o 100 &
= CNC-g-PhAA g e
a 0.2 X CNC.g-BzAA , @ fAmim:_bond =
: ) 7 | 80 L 'ormation
(7] ’ —
@ 0.15 . e &
g - ’g /’// = g’ 60 1
2 o1 X o =
o X'/X - ol
S 0.05 - %827,
- '2 ._ _‘-- - 20 |
oiﬂw—g = & : -
04 06 0.8 1 0 . . 5
anlso|e act“’lty 100 200 300 400 500 600

Temperature (°C)
Espino-Perez, Bras, Aimeida, Belgacem

: ’ ' Eavome, Eras, §a|fo, |soga|, Macromolecular ﬁapla'Eomm.
Plessis, Domenek, Cellulose, (2016), (2016), 37(13), 1033-1039



Nanocellulose - Futucell

T1: Nanocellulose T2: Nanocellulose T3: Material preparation

preparation process surface /. processes for Transfer and
optimization functionnalization J interactions
(Deconstruction) (activation) - (reconstruction)
) . ) .

Barrier

16,0

140 | O~ CNF
27w O
T £ ™% .o CNF/CNC-T
C -
@ 2100
E € —O- CNF/MMT 0
o~ 80 >
a £
s 3 60 |

o0

g € 40 -
6L .0

20 oo

Qummuumm' ---------- e O
0,0 : : ! :
50 60 70 .80 90
Relative Humidity (%) |
Bardet, Reverdy, Belgacem, Leirset, Syverud, Bras, J STEM images of CNC-silver nanoparticles network

(2015) Cellulose, 22(2), 1227-1241
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> Main issues for the industries:
High Costs & Energy consumption
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Nanocellulose

Announced
production (dry)

Scale of process /trade
Name

Commercial grade -

Industry or University Country MFC characteristic and processes

JRS Germany n.a. Ultra refined fiber - not completely nanofibers Arbocell UFC
Booregaard- Exilva Norway 1000 t/y Enzymatic MFC Pilot Plant

UPM Kymmene Ltd. Finland n.a. Enzymatic MFC with Masuko g%rargreﬂrscial grade:
Stora Enso Ltd. Sweden own consumption Enzymatic MFC with Masuko rée;l-tcrgnz[r:?)ercial plant at
Oji Paper Japan n.a. High quality (films, wet powder, gel) Pilot scale

Nippon Paper Japan 30t/y Tempo treated MFC Commercial name: CSNF
Imerys Swiss n.a. IEAgﬁﬁrl?gtic treated MFC with pigments in Fiberlean

Kruger Canada Canada n.a. Ultra refined fiber - not completely nanofibers Ind scale

Betulium Finland n.a. Different high quality grades Pilot-ind scale

Sappi UK n.a; n.a. Ind scale?
%eciﬁmgggiber Swiss n.a. Enzymatic MFC Ind/Pilot scale
CelluComp UK / Scot. h.a. ?:rnrggsllulose fibres from root vegetables (e.g. Start-up

InoFib France n.a. %e%rizggrs"s:, a%la:SAiACFéAFC / functionalized or Start-up launch in 2012
France 70Kkg/day_ Lioimatic &or fnciomaied
Univ Maine* USA 300 Kg/day Larger MFC Zirlé’éepiig'éj ; tCo"(’;“r’(‘j‘:rrCial
EMPA* Swiss 15 kg/day ﬁ?ﬁ?g}ﬁﬁﬁ,?gf functionalized MFC with Lab scale

VTT* Finland 15 kg/day Enzymatic pretreated with Masuko grinder Lab scale

LGP2 / Grenoble INP* France 2 kg/day Enzymatic or Tempo with Masuko grinder Lab scale

Chauve G., Bras J., Industry of Nanocellulose, 2014, Handbook of Green Materials, K.Oksman,
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Levels of the factors and the responses of the 22 experimental design.

Novo, L., Bras, J.; Garcia, A.; Belgacem, N.; Curvel [T(°C) P(MPa) Y (%) G (%) Zp(nm) L(nm) W(nm) L/W B(%) DTG (°C)

Aprigio da Silva A study of the production of cellt
nanocrystals through subcritical water hydrolysis, 120 8.1 55 80.83 822 249+163 62+36 4.0 79.73 348.2

Industrial Crops and Products (2016),in press. 200 8.1 40 82.18 371 2474+93 51+14 48 12.30 3394
120 20.3 21.9% 79.01°¢ 5034 242 +£98* 55+20° 4.4% 79.21 3447
200 203 16.2 81.32 305 189+68 40+11 4.7 13.64 340.0
160 14.2 6.6 81.68 606 221+78 47+13 4.7 81.64 349.1
160 14.2 6.5 8143 507 258+95 46415 5.6 77.79 347.8

2 Novo et al. (2015).



NanocCrystals and s

H-NCC
C-1 C-4 C-235 C-6
115 110 105 100 95 9 8 8 75 70 65 60 55 50
Chemical shift (opom)

cellulose powder SC-NCC H-NCC
Zp (nm) 503 + 82 224 + S8
PDI 0.13 + 0.06 0.35 + 0.06
colloidal behavior low birefringence high birefringence
length 23.1 £ 142 ym 242 + 98 nm 191 + 58 nm
width 13.9 + 9.0 um 55 + 20 nm 37 + 16 nm
aspect ratio (L/W) 1.7 4.4 52
agglomerates yes yes no
cellulose pattern cellulose Iff cellulose 1/} mainly cellulose 1/}
Ccr 80.0 79.0 78.7
CMR 55 56 66

Novo, L Pereira; Bras, J; Garcia, A; Belgacem, MN; Curvelo, AA. S.,

Subcritical water: A method for green production of cellulose nanocrystals, - R ) - _
ACS Sustainable Chem|stry & Engineering (2015), 3(11)T a : ¥ 2 ™ i L SR ANE W ¥t OY TR VIR Y SIS Y T A VR il YT TN TT ST T L
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Figure 4. TGA thermograms of the cellulosic materials.
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Figure 5. Differential thermogravimetry of the cellulosic materials.

Novo, L Pereira; Bras, J; Garcia, A; Belgacem, MN; Curvelo,

* The acid treated nanocrystal starts tc
degrade around 200 °C,

Vs

* The SC nanocrystals started to
degrade only over 300 °C
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Subcritical water: A method for green production of cellulose nanocrystals,

ACS Sustainable Chemistry & Engineering (2015), 3(11), 2839-2846.



