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. 1. Nanocellulose & production

2. From barrier packaging...

3. To active & intelligent packaging



NanoCeIIquse LGP

Nanocelluloses
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.+ many sources available ) Year

Evolution of annual non-cumulative
number of publications and patents

on nanocellulose
(Source: SciFinder, July 2016 —
descriptors : cellulose nanofibrils, cellulose microfibrils, cellulose
nanocrystals, cellulose nanowhiskers, microfibrillated cellulose)
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(Nano)Cellulosg
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Microfibril

2. Mechanical

Homogenization

1. Defibrillation
2-20 nm

> 1000 nm

se Nanocrystals (CNC)
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Bacterial
Cellulose
1%

USDA

Global production
estimate: 34 million
tons/year by 2050

Cellulose |
Nanocrvstals FPI market estimate:
y $250 million in North

34% America by 2020

Production cost:
. Pulp: $0.75-1.00/kg
Nanofibrils Nanocellulose: $4-40/kg

65%

Cellulose

Cranston 2015

Future Markets, The global market for nanocellulose to
2020, 2nd ed. Future Markets Inc, 2012

LY TR VAR F SIS ¥ o e A L SR AN TN Vet OY TS VIR X S EISTC N + ™ S Nt 5 NS TN TT ST ad T i



l_GPZ

STORAENS:")’

A G y =gt *

)

}-

[ N SR

J N % 2 R £
\ ! e G . <. & ‘ ' .
o Pavea 7 gCelluForce icelary

Ry & <fInnovates ' * - UYL .

8 | /X1 m, 2ol
ﬁai;iga i

) “ A\q.‘

AsahiKASEI
) = DAICEL

- ; !

| United States

7 NI
< .\

Increasing @
Production Amount

1 kg/day

Slide provided by Robert Moon, USDA FPL




NanoCellulose

ST P e

R;l’ 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 EIOETHANOL: second generation bioethanol production
built on lignocellulosic non-food feedstock (straw)

ywrregaard / News / EUR 25 million in EU funding for Exilva

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

biosis betw the bi d the fi t indust . e . . ey .

Symblosis between the biomass and the forestindusty | commeercialization of Microfibrillar Cellulose from the EU
BBI.VC1.F1 CELLULOSIC ETHANOL: Cellulosic ethanol from unused % S
crop residues and crops grown on marginal lands ]

Borregaard Receives EUR 25 miillion for Commercialization of
Microfibrillar Cellulose from the EU

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

=> Nanocellulose = 2" priority of european Bioeconomy
=> Not only fashionable but also sustainable
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I_Paper and Paperboard |

Paints and Coatings
Composites

Films and Barriers
Excipients

Natural Textiles
Manufactured Textiles
Cement

Qil and Gas
Nonwovens
Adhesives

TOTAL

23 million tonne potential

(figure in ktons)

Market  pgtential

Size  Loading
400,000 5.0%
40,000 2.0%
9,000 2.0%
9,670 2.0%
4,600 2.0%
34,500 2.0%
56,300 2.0%
15,000 0.5%
17,500 1.0%
7,000 2.0%
4,000 2.0%

Nano Potential @
Cellulose 5% Market CNF CNC
Potential Penetration Potential Potential
20,000 1,000 95% 5%
800 40 5% 95%
180 9 5% 95%
193 10 100%
92 5 10% 90%
690 35 100%
1,126 56 100%
75 4q 5% 95%
175 9 10% 90%
140 7 100%
80 4q 5% 95%

23,551

CNF
950

[ T TR S e T o I o T o T o T o T S
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CNC
10*



OUTLINE

1. Nanocellulose & production

' 2. From barrier packaging...

3. To active & intelligent packaging



Paper & Nanocellulose:

Several strategies

not with NCC

Base paper
MFC ply

Base paper

Bardet R.., Bras J., MFC in Paper, 2014, Handbook of Green Materials, K.Oksman,
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Paper & Nanocellulose : On
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Paper & Nanocellulose : On

STRATEGIES APPLICATIONS TARGETED

. (I) BARRIER PROPERTIES
Alr, Oxygen, Grease, Water vapor,...

* (Il) PRINTING PROPERTIES
Flexography, offset, inkjet

Base paper

* (Ill) FUNCTIONNAL PROPERTIES
Antimicrobial , hydrophobic paper, conductive paper




Paper & Nanocellulose : Barrie

1000 ¢
c Paper
I Drugs,
10000 ,gg Lavoine et al. (2012) 100 ¢
— L Beeswal PS L
2 & 1000 Wi A g,
E < PP PLA - § S .
s % 100 [ @6 s 3 10 ] :
(] ‘B E i Meat and
é N'c . Celiophane QWhey protein g F : e
g E, 10 PE PET’Cﬁosan g P E % i e f\
c = Amylose = i
e * Acetyl-galactoglucomannan =
S3 1 L pvoc 7/ ceg 1 MF&)
?mE %anocellulose EEE" k/
©8 o1 8 °
001 / | . o1

|
0.0001 0.01 1 100 10000

Steel / Glass

Water Vapor Permeability
(x101g/(m.s.Pa) 0.01

0.1 1 10 100

Water Vapor Transmission rate
g/(m?.day) @ 23°C-50%HR

=> CNF = The best bio-based barrier
...at low HR




Paper & Nanocellulose : Barrie

=

Y——1

2 %
|
MFC Base paper
suspension

MATERIALS

Bar coating process Size press process

At

MFC
COATING

ANALYSIS

Lavoine ..ot al (2014), Impact of Structure properties (SEM, coat weights, thickness)
different coating processes of

microfibrillated cellulose on the Mechanical properties (Young modulus, strength, elongation at break, burst index, bending

mechanical and barrier properties of - o stiffness) _ P
paper, J. Mater. Sci., 49, 2879-2893. Barrier properties (Air permeability, grease resistance, water absorption)
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Paper & Nanocellulose :
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m Bar coating-H20 OBar coating- MFC
10 : ) . °
8000 - m Size press - H20 0 Size Press - MFC
9 - T+Wiater treatment_Cross direction
g #MFC coating_Cross direction 7000
g ? |
z 7 5\-‘3 6000 :
8 £ C
36 £ 5000 +
Py 3 -
8 c L
£ 5 $ 4000 +
5 g :
s 4 S 3000 | Base paper
@, b B BN e
2000 +
27 ;
1000 +
1 :
0 0+
Base paper X5 x10 5 10
Number of treatments/coatings
=> Positive impact on air barrier &
stiffness only for bar coating




Paper & Nanocellulose : Barrier LGPy

100

= A= Water treatment

—&— MFC coating
80 A

Paper surface covered by the oil (%)

o

5 10 15

’ Number of layers
Paper Paper+MFC
W . Bar =
n 4y 1 b |
np 5
Om

m» poes h

=> Interesting grease barrier of MFC coating

Lavoine N.,et al (2014), J. Mater. Sci., 49, 2879-2893.
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Paper & Nanocellulose : LGPy

Y A

7\/ W i D Thermal
@ & ;,jﬁ‘%--—,ﬂ"" ' treatment

L INGEN NS (140°C-2h)
- " AR o 7
CNC T £ .zm “‘. *
.J‘v_m .y-, '

. Z2a S
CNF film L o S Formation of nacre-

Nanoclay : &:@» gy like structure

160
140 - —O~ CNF
£3 P
5 x "% <o CNF/CNC-T *
Pk -
£ | —O- CNF/MMT
a g L
S X 60
> E 40 i
x o e 0O
@7 a P cnt— o’
0.0G
50 _70 . 89 100
Relative Humidity (%)
Bardet, Reverdy, Be|gacem’ Leirset, Syverud’ BraS’LQU_MMW?WA_mW

(2015) Cellulose, 22(2), 1227-1241



140 | Q- CNF

120 | ...@- CNF overdried ¢
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Adapted from Voith, 2013




Paper & Nanocellulose : B
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¢ Study of the influence of MFC introduction in PVOH
layer
® Coating of 10g/m? of PVOH
® Coating of 10g/m? of PVOH/MFC 5p
® Coating of 10g/m? of PVOH/MFC 10p

® Pilot trials
® Coating with Soft-Tip blade equipment
* Applicator roll
*Drying: electric IR + Forced hot air
*Speed: 70 m/min

Guezennec et al. SunPap conference, 2013
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Paper & Nanocellulose
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®* Drying behaviour
*Drying strategy very hard to monitore with PVOH:
v Blistering
* Improvement of the layer drying with PVOH/MFC
v Blistering reduction

¢ SEM pictures
Base board PVOH/MFC 5p

=> CNF = network controlling-
dispersing drying energy
Adapted from Guezennec et al, => NO more B|istering S

SunPap conference, 2013
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Paper & Nanocellulose :
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* Oil and grease resistance * Oxygen transmission rate 23°C-0% RH

®Cobb index 24H with coloured peanut oil 100000
Base board PVOH/MFC 5p - 109/

-
=
=
2

1000

g

OTR 23°C-0% RH (em’m’.day)

—
=
I

5p | 10p
PVOH PVOH/M-NFC
Base board 10a/m®

-
I

Cobb index: 200 g/m? Cobb index: 2 g/

Adapted from Guezennec et al, A WAt £ T T P T T LS

SunPap conference, 2013
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() Incorporation into CNF network

bUT Decreasing effect over time. ‘

o

Antimicrobial packaging

Release mechanism

v Antimicrobial agents incorporated in
the packaging.

v" Migrate into food through
diffusioning and partitioning.

v’ Very positive impact of MFC for
release monitoring

=> prolonged antimicrobial activity

whatever molecules

'_GPZ

Lavoine, N.; Desloges, |.; Sillard, C.; Bras, J. (2014)
Controlled release and long-term antibacterial activity of chlorhexidine
digluconate through the nanoporous network of microfibrillated cellulose,
Cellulose, 21(6). 4429-4442.

40
-»- CHX impre gnation

-& CHX impregnation + MFC coating

o
=]

Amount of CHX released (%)
ro

10

0.0 0.1 0.2 0.3 0.4
Time (h)

—_
o
(=]

-+-CHX impregnation
901 - CHX impregnation + MFC-coated
~©-Slurry CHX/MFC

80 A
\ O Latex and CHX
70 4

Inihbited area by B. Subtilis/Petri dish area (%)
[oa)
o

0 —0O— T —
0

Number of antibacterial tests (each 3 days)

2 4 6 8 10 12 14 16 (e



Antimicrobial packaging

(i) Incorporation into CNF network (i) Immobilisation onto CNF

Release mechanism Contact mechanism

v Antimicrobial agents incorporated in v Antimicrobial agents immobilized on the
the packaging. packaging.

v Migrate into food through v Microbial suppression at the contact
diffusioning and partitioning. surface without diffusion.

v’ Decreasing effect over time. v’ Prolong effect.

- Saini, ; Belgacem, N; Mendes, J; Elegir, G; Bras, J

Contact Antimicrobial Surface Obtained by Chemical Grafting of Microfibrillated Cellulose in Aqueous Solution Limiting Antibiotic Release,
ACS Applied Materials & Interfaces (2015), 7(32), 18076-18085

-Saini, M. N. Belgacem, K. Missoum, J. Bras,

Natural active molecule chemical grafting on the surface of microfibrillated cellulose for fabrication of contact active antimicrobial
surfaces, Industrial Crops and Products (2015), Accepted-in press.



Antimicrobial packaging

— BN . i B Y A

Chitosan - (1, 4)-linked 2-amino-deoxy-b-D glucan units

OH OH OH
Hoféﬁ/ HO HO OH
NH, NH, NH,
. Jn

Responsible for

antibacterial activity

Limited applications due to:

X insolubility in water

X high viscosity

X tendency to coagulate with
proteins

X difficulties to obtain high
specific area nanofibre (cost)




CNF functionnalization "GPZ

- 50 types of CNF

(D) Purification (4) Principal mechanical

cooking and bleaching treatment
— homeogenization;
(2) Mechanical — grinding;
—refining;
pretreatment _ extrusion:
— blending; — blending;
- T""?‘-“’FE; —ultrasonication;
— grinding. — cryocrushing;
— ateam explosion,
(3) Biological/chemical —hall milling; .
pretreatment — agueous counter collision.
— enzymatic hvdrolyszis;
— carhoxylation; @ Post-treatment
— carboxymethylation; — chemical modification;
— guaternization; — fructionation.
—sulfonation;
— snlvent=assisted
pretreatment.

| raw material
wood, plants eic.

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

e RN

L A NS L ERANT - S ol s @RLAT TR UM RN ST LA SRS T e L TR, B

Mechanical Treatment
(Homogeniser, Microfluidiser, Grinding) Pretreatment

Enzymatic Hydrolysis

Cog Cellulase or endoglucanase)

Tempo oxidation '

(Tempo/NaBr/NaClO)

*P&&kko et al. (2007) Biomacromolect

WDz 2:3mm BN

*Saito et aI. (2006) Biomacromolecules

~N

Cationization
(2,3-epoxypropyl
n+ trimethylammonium chloride or
> chlorocholine chloride)

- [>2 jun / D>30
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- NT
“:Pej et al. (2013) Soft matter 29
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CNF

Pre-treatment
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2,3-epoxypropyl trimethylammonium chloride (EPTMAC)

Cationized cellulose

OH OH OH Step 1: Opéimisation of

pretreatment for different DS

VN

NaOH, EPTMAC

(65°C) | Degree of substituti
Cl-
= Masuko®Grinder
\0/\/ T , Fibrillation of
3 cationized
cellulose
Energy consumption
\4
. . . - +
Qualitative and quantitative iy against -
antimicrobial activity Gram +ve and Gram ,
—ve bacteria +
<€ +
T y - uN Morphology

Step 2: Antibacterial activity
evaluation of cationic CNF

o

i

Surface cationized cellulose nanofibrils for the pmmfmmam%&%ﬁﬁi@ﬂm“ﬂmm
S. Saini, C. Yucel-Falco, M. N. Belgacem, J. Bras Carbohydrate polymers (2015), 135, pp 239-247. 30



Antimicrobial packaging

— - N

Bacteria: Bacillus subtilis (Level 1) Gram +ve

* No Zone of inhibtion: No free EPTMAC leaching
*  Antimicrobial by contact




Antimicrobial packaging

R T B N RS D AT 4%,

—— B. subtilis (Gram +ve) ~ —®—S. aureus (Gram +ve)  --4--E.Coli (Gram -ve)
1,00E+09

____________ 3 S
1,00E+08

1,00E+07 -

L00E+06 7 nitial CFU 1,65E+05

1,00E+05 -

CFU/ml

1,00E+04 -
1,00E+03
1,00E+02 -

1,00E+01 -

1,00E+00 T T T \ 4
0 0,05 0,1 0,15 0,2

Degree of substitution

v' CATMFC DS=0,04: Antimicrobial agents lower than Minimum inhibitory concentration.
v" CATMFC DS=0,18: 3 log reduction with high SD => samples are heterogenous.
v" E.coli — need to increase degree of substitution.

S. Saini, C. Yucel-Falco, M. N. Belgacem, J. Bras, « Surface cationized
cellulose nanofibrils for the production of contact active antimicrobial
surfaces », Carbohydrate polymers (2015), 135, pp 239=24fymmms



Antimicrobial packaging

-~ = )" ~ (A P %

Multi o Towards demonstrator
Packaging
Solutions




Nanoc

ellulose & printed elect

-~ e

“ 1200
3 # Nanocellulose L
% 1000 1 @ Nanocellulose+Electronics Electronic
c V'S e Conductive particles / nanocellulose blend
S 800 - (55%)
g . A=
= 600 - . T
= e
2 =)
= 400 -
¢ Others
+ 99%
[ | * *
S 200 .
g I R 2
0 ? —— 00 ¢ 6 o © 9 4
2000 2005 2010 2015
Year

- High value added expectations
- Less than 10 years
- Very new field: only few research groups and companies

Hoeng , Denneulin, Bras, Use of Nanocellulose in printed electronics,
Nanoscale, 2016 : :




Nanocellulose for printed elec |_G|=:2

Nanoce §

Carbon nanotube

Carbon nanotubes —CNF Carbon nanotubes —CNC
(Koga et al. 2013, Tang et al. 2014) f (Oliver et al. 2012, Moreau et al. 2016)

OH OH OH

Polypyrrole- CNF
(Sasso et al. 2010Wu et al. 2014 )

MoS, and BN - CNF
(Li et al. 2015)

TiO, - CNF

(Bardet et al. 2013)

No work with silver nanowires

¥ oS T g ¢ s Yy
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Conductive ink based on nanocellulo:
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Materials and methods

Cellulose microfibrils Adapted Silver nanowires
L=1um —_— . S L=50 um
d=20 nm Mixing d= 150-200 nm

|

Stable silver

— nanowires ink
Cellulose microfibrils gel - Silver NW in solvent

PolyBioWire® Ink

(Patent protected —
FR1553131)

= [Easy process

= No addition of others chemicals

Stable aqueous silver nanowires ink based on renewable materials
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Conductive ink based on
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Neat CNF Functionnalized

)

1,3
12 &
— XXX XY=
E 11 »
L -
E 1_ !!IIIIIIIIIIIIIIII
(@))
‘s 09 - A
e
§ 0,8 - A A
g 07 - ¢ Funct. CNF s
© A
B 0,6 - + CNC A A
= HPMC A
05 7 . NeatCNF A4
0,4 T T T T
0 5 10 15 20 25
Time (days)

Stable aqueous silver nanowires ink only with Functionnalized CNF
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PolyBioWire®: opto-electric

_— -~ e

PolyBioWire® PolyBioWire® film
Substrate PET
R, (Q/0)* 22+3
/ T% (%)* 88+ 0,4
/g AL* 3,1£1,8
.. . Aa* 0,56 £ 0,08
PolyBioWire® coated film
Ab* 0,78+0,31
PolyBioWire® film patent protected FR1553131) *Best compromise in opto-electrical properties

= No color deviation

= High transmittance

" Low resistance




PolyBioWire®: PolyBioWire

LGP

PolyBioWire® film flexibility (patent protected FR1553131)

PolyBioWire® adhesion on substrate

R, (Q/0)

Before scotch test After scotch test

Silver nanowires 61+22 /

MFC-Silver nanowires 222 23+4

Conductive properties even
under flexion

PolyBioWire® is flexible

Increase adhesion thanks
to MFC

No change in conductive
properties

Flexible conductive film with no need of protection layer

A=

F o S A A L BB

S ey v

(R ooV \IL) P 0 L - L el R e R - L

Hoeng et al , PE-US, 2015



OUTLINE

1. Nanocellulose & production

2. From barrier packaging...

3. To active & intelligent packaging

Conclusions




Nanocellulose in MatBio

FondPT iR TN

M A N, N > O > Y i, v T R

T1: Nanocellulose T2: Nanocellulose T3: Material preparation

preparation process surface /.. processes for Transfer and
optimization functionnalization AR interactions
(Deconstruction) (activation) (reconstruction)
i
L—_: | e b :

>
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- Ctp FlexPakRenew
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centre technique P'ar;;:cf(g-;ri-:;y
du papier

pulp A4

MFC1 MFC2

Lab scale trials from CTP

(Dynamic handsheets)

CTP’s curtain coater located above Grenoble INP Pagora’s paper machine
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