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3Source: 2021, Statista, https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/

Annual production of plastics worldwide from 1950 to 2020 
(in million metric tons) 



• Ellen MacArthur Foundation, The 
New Plastic Economy – Rethinking
the future of plastics. 2014.
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Packaging pollutes BUT
We need Packaging to limit food waste

and so to limit pollution
6
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 BIOMASS = 300-500 Billions tons product every year
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ab. 10-15 t/ha 
Dried biomass

Cellulose IS the SUPERSTAR

Industry= 300-400 Millions t/y

So many sources everywhere
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NanoCellulose IS also the SUPERSTAR

Microfibrillated cellulose (MFC)
D 5-10 nm
L 150-1000 nm

Cellulose Nanocrystals (CNC)
D 5-50 nm
L ˃ 1000 nm

SSP= 50-100m²/g SSP= 150-200m²/g
Brethauer, et al . Applied microb. biotech. 2020.

Cellulose fiber
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Nanocellulose: 
Is it really a good solution 
for Sustainable Packaging?

What means sustainable
packaging ?



12
Source: ecoart 2023Source: Amerplast 2023
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Nanocellulose: 
Is it really a good solution 
for Sustainable Packaging?

PRELIMINARY ASUMPTION:
Sustainable production of Nanocellulose

Low carbon footprint and low price



My group research topics
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Nanocellulose & Sustainable production
Cellulose nanofibrils (CNF)Chemical/enzymatic 

pretreatmentCellulose fibers Mechanical 
treatment

F Rol, MN Belgacem, A Gandini, J Bras, Recent advances in surface-modified cellulose nanofibrils, Progress in Polymer Science (2019), 88, 241-26415

Mechanochemistry

R2R phosphorylation



Cellulose nanofibrils (CNF)Chemical/enzymatic 
pretreatmentCellulose fibers Mechanical 

treatment
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Nanocellulose & Sustainable production

G Banvillet, Bras J.,et al, Cellulose nanofibril production by the combined use of four mechanical fibrillation processes with different destructuration effects, Cellulose, 1-24, (2023)

Twin screw extrusion



ChCl OAD

Fibres addition
Cotton cellulosic fibers
Consistency (65 wt%) Mechanical 

treatment

Ball milling

30 Hz – 1 h 30 min

Ambient temperature

Anionic CNC with High yield

200 nm

NADES obtention
30 Hz - 15 seconds

L Douard, MN Belgacem, Bras J, Extraction of Carboxylated Nanocellulose by Combining Mechanochemistry and NADES, ACS Sustainable Chemistry & Engineering 10 (39), 13017-13025, (2022)
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Nanocellulose & Sustainable production



Cotton fibres

Sulfuric acid hydrolysis

Purification

Residual Fibres

Sugar

NADES-MC treatment

Purification

Y = 65 wt% Neat CNC

Purification

TEMPO-oxydation

10 % < Y < 40 wt%

Y = 30 wt%

18
Bras, Douard, Belgacem, Patent submitted in March 2022, FR2202544

Nanocellulose & Sustainable production
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Nanocellulose & Sustainable production

Gallo Stampino, Paola et al. “Comparative Life Cycle Assessment of Cellulose Nanofibres Production Routes from Virgin and Recycled Raw Materials.” Molecules 26 (2021).
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Foroughi, Firoozeh et al. “A Review on the Life Cycle Assessment of Cellulose: From Properties to the Potential of Making It a Low Carbon Material.” Materials 14 (2021)

Nanocellulose & Sustainable production
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Nanocellulose: 
Is it really a good solution 
for Sustainable Packaging?

PRELIMINARY ASUMPTION:
Sustainable production of Nanocellulose

Low carbon footprint and low price

IN WHICH PACKAGING APPLICATIONS ?



Orientations

REDUCE

Social responsibility
Change of the 

consumption habits

22



23

Understand the packaging

Primary 
packaging

Secondary 
packaging 
containing 

several 
primary 

packagings

Tertiary packaging: 
transportation and logistic 

purposes (pallet, boxes, 
stretchable film…)

=> Development of 
Barrier shift concept

(in progress) 

PACKAGED FOOD CONCENTRATE WITH BARRIER 
PROPERTIES PROVIDED BY AN EDIBLE PACKAGING, 
Niederreiter, Bras et al, WO2022043072 

BARRIER PACKAGING MATERIAL COMPRISING A 
CARDBOARD-BASED MOISTURE SCAVENGER, 
Wyser, Giardiello et Bras, WO2022135986 



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

Several strategies

Nanocellulose to reduce weight



Hassan M.., Bras J., et al,  Industrial Crops and Products 64 (2015) 9–15,

Missoum K., Bras J., et al,  Industrial Crops and Products 48 (2013) 98–105,

MFC added in paper (w/w)

Nanocellulose to reduce weight

MFC

Functional MFC

MFC

Functional MFC



J. Philipps, 2022, PFI Rise Nanocellulose seminar

Nanocellulose to reduce weight



S. Holtan, 2022, PFI Rise Nanocellulose seminar

Nanocellulose to reduce weight



Orientations

REUSE

Refill and Reuse

REDUCE

Social responsibility
Change of the 

consumption habits

28



https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwinjb7G2ZbiAhUPZlAKHTJ4DZkQjRx6BAgBEAU&url=https%3A%2F%2Fwww.packworld.com%2Farticle%2Fsustainability%2Freusability%2Fglobal-cpgs-embrace-transformative-loop-circular-shopping&psig=AOvVaw0e40sYsPamJ0y27BiFdALq&ust=1557774803210046


Eliminate Single Use Packagings

Source: Nestle Press release, Sept 2020
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Bulk products



Bulk products
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=> Development of 
Cellulose Nacre concept

(in progress) 



Orientations

REUSE

Refill and Reuse

REDUCE

Social responsibility
Change of the 

consumption habits

RECYCLE

Recyclability for a better 
feedstock management

32
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33• Ellen MacArthur Foundation, The New Plastic Economy – Rethinking the future of plastics. 2014.

Linear economy

Circular economy

Circular economy



Recyclable materials

L VIANA, L. C.; POTULSKI, D. C.; MUNIZ, G. I. B.; ANDRADE, A. S.; SILVA, E. L. Nanofibrillated cellulose as an additive for recycled paper. CERNE, v. 24, n. 2, p. 140-148, 2018



Recyclable materials

Coutesy to P. Samyn, webinar Matbiolearn , Dec 2022



Recyclable materials

Coutesy to P. Samyn, webinar Matbiolearn , Dec 2022



Orientations

REUSE

Refill and Reuse

REDUCE

Social responsibility
Change of the 

consumption habits

RECYCLE

Recyclability for a better 
feedstock management

BIOBASED & 
BIODEGRADABLE

Biodegradability to limit the 
impact of leakage in 

nature
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Source: European bioplastics

BioPlastics
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Develop materials with functional barriers by the inclusion 

of biobased nanoadsorbents (CNC) in a polymer matrix 

Aroma, fatty compounds

Additives, monomers

PackagingAir Migration

Sorption

P = D . S

Espino-Perez, E; Bras, J; Almeida, G; Relkin, P; Belgacem, N;; Plessis, C. Domenek, S. , Cellulose nanocrystal surface 
functionalization for the controlled sorption of water and organic vapours, Cellulose, (2016)

Barrier of biocomposites

Wongthanaroj, et al, Sustainable and eco-friendly poly (Lactic acid)/cellulose nanocrystal
nanocomposite films for the preservation of oxygen-sensitive food, Applied Food 
Research,Vol 2,  2022,100222,

PLA

PLA-
CNC

Ref
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CNC functionalization effect

Percolation?

2 wt% 

2 wt% 

6 wt% 

6 wt% 

Espino-Perez, E; Bras, J; et al, Designed cellulose nanocrystal surface properties for improving barrier properties in polylactide nanocomposites , Carb Pol (2018), 183, 267-277. 

Barrier of biocomposites

40



An ANR Project 
Biobased High Gas and Vapor Barrier Polymers for Packaging

Total budget : 2 635 082 € 
Duration : 48 months (2016-2021)

Development of 100% biobased 
polylactide nanocomposites 

materials including CNCs with 
designed barrier properties for food 

packaging applications

Barrier of biocomposites

41



PLA_CNC-PGMA-Br10%
PLA_CNC-Lauric10%

PLA-CNC-PLA 

PLA-PLA-PLA 

Multilayer perspectives
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1. M Le Gars, Bras J, H Salmi-Mani, M Ji, D Dragoe, H Faraj, S Domenek, N; Belgacem, P.Roger, Polymerization of glycidyl methacrylate from the surface of cellulose nanocrystals for the elaboration of PLA-
based nanocomposites, Carbohydrate Polymers (2020) 234, 115899 2

2. M Le Gars, A Delvart, P Roger, MN Belgacem, Bras J, Amidation of TEMPO-oxidized cellulose nanocrystals using aromatic aminated molecules, Colloid and Polymer Science (2020), 1-15 2
3. M Le Gars, B Dhuiège, A Delvart, MN Belgacem, K Missoum, Bras J, High-Barrier and Antioxidant Poly (lactic acid)/Nanocellulose Multilayered Materials for Packaging, ACS omega (2020) 5 (36), 22816-22826
4. H Faraj, C Sollogoub, A Guinault, M Gervais, Bras J, H Salmi-Mani, P Roger, M Le Gars, S Domenek, A comparative study of the thermo-mechanical properties of polylactide/cellulose nanocrystal

nanocomposites obtained by two surface compatibilization strategies, Materials Today Communications, (2021), 102907

Barrier of biocomposites
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Bioplastic and multilayer approach

H. Kangas, 2022, PFI Rise Nanocellulose seminar



UV UV

10 
µm

Structure of the cross-section

Cellulose nanofibers (CNF)
Wax 
Lignin particles in ChNF matrix 

+
110°C for 10 min

+ +

Preparation by successive filtration 

CNF

Wax 

LPChNF

Film thickness: 45 ± 4 µm

3.3 ± 0.5 µm

Sandwich Multilayer

E Pasquier, BD Mattos, H Koivula, A Khakalo, MN Belgacem, OJ Rojas, J. Bras, ACS Appl. Mater. Interfaces 2022, 14, 26, 30236–30245

Bioplastic and multilayer approach
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Comparison with biobased multilayers in literature 
(23°C, 50% RH)

Paperboard/MFC/PLA4

PLA/(CNC/ChNF)2
2

PLA/CNF/PLA*3

Paper/CNF/Shellac wax1

*OTR measured at 0% RH

1.Hut et al., Cellulose, 2010, 17, 3, 575 2.Satam et al., ACS Sustainable Chem. Eng., 2018, 6, 8, 10637
3.Le Gars et al., ACS Omega, 2020, 5, 36, 22816  4.Koppolu et al., ACS Appl. Mater. Interfaces, 2019, 11, 12, 11920

Sandwich
Multilayer

Paperboard/CNC/PLA4

CNF

Bioplastic and multilayer approach

E Pasquier, BD Mattos, H Koivula, A Khakalo, MN Belgacem, OJ Rojas, J. Bras, 
ACS Appl. Mater. Interfaces 2022, 14, 26, 30236–30245



Impact on biodegradability

Galera Manzano, L.M et al Effect of Cellulose and Cellulose Nanocrystal
Contents on the Biodegradation, under Composting Conditions, of 
Hierarchical PLA Biocomposites. Polymers 2021, 13, 1855. 

46

Yetiş, F., Liu, X., Sampson, W.W. et al. Biodegradation of Composites of Polylactic
Acid and Microfibrillated Lignocellulose. J Polym Environ 31, 698–708 (2023).



REUSE

Refill and Reuse

REDUCE

Social responsibility
Change of the 

consumption habits

RECYCLE

Recyclability for a better 
feedstock management

Fibre & Paper Based 
Materials 

Biosourced & Renewable
Recyclable

Biodegradable

BIOBASED & 
BIODEGRADABLE

Biodegradability to limit the 
impact of leakage in 

nature

47
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Orientations
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Press Release, Sept 202050

Towards paperization



Bardet R.., Bras J., Use of MFC in Paper, 2014, Handbook of Green Materials

Paper & Nanocellulose

51

Classic strategies



Coating Formula & 
rheology process Drying

Coating process

Paper & Nanocellulose

52

Paper forming

Classic strategies
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Bardet, Reverdy, Belgacem, Leirset, Syverud, Bras, J (2015) 
Cellulose, 22(2), 1227-1241

Paper & Nanocellulose

53

Classic strategies



=> CNF = network controlling-
dispersing drying energy

=> No more BlisteringAdapted from Guezennec et al, SunPap conference, 2014

Paper & Nanocellulose
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Classic strategies



From lab to industry:
Pakocell project (3 years projects 2015-2018)

Paper & Nanocellulose
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From lab to industry:
PaCow project (2 years projects 2021-2023)

Classic strategies



Paper & NanocelluloseNew strategies



Roll-to-roll slot-die coater

20 wt% CNF

10 wt% CNF coating, with/without CMC

Less drying energy compared to 1 wt% coatings

M. Toivaka, 
R. Koppulu

Paper & Nanocellulose

57

New strategies
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Paper & Nanocellulose

58

New strategies



Paper & Nanocellulose
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New strategies



New strategies
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New strategies

www.cilkoa.com

Use atomic Layer deposition with nanocellulose

61



BL Tardy, JJ Richardson, LG Greca, J Guo, Bras J., OJ Rojas, Advancing bio-based materials for sustainable solutions to food packaging, Nature Sustainability, 1-8 (2022) 62



Ultra Sound sealing

Paper-
cardboard

Claire Monot, Jérémie Viguié, Quentin Charlier, Julien Bras, David Guérin, et al.. Ultrasonic
welding of folding boxboards. Bioresources, 2021, 16 (3), pp.5766-5779. 

Bras et al, WO2017207941 (A1)  - FIXING METHOD



New 3D cellulose Materials

Freville, Pescheux-Sergienko et al, submitted
64



Orientations

REUSE

Refill and Reuse

REDUCE

Social responsibility
Change of the 

consumption habits

RECYCLE

Recyclability for a better 
feedstock management

Fibre & Paper Based 
Materials 

Biosourced & Renewable
Recyclable

Biodegradable

BIOBASED & 
BIODEGRADABLE

Biodegradability to limit the 
impact of leakage in 

nature
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Nanocellulose: 
Is it really a good solution 
for Sustainable Packaging?

YES
MOST OF THE TIME

But still some questions and  
challenges to overcome



Society expectation New Cellulose Solutions

CHAIR CELLULOSE VALLEY

Cellulose Valley

67



Cellulose Valley Science
KEYWORDS
• Microfibrillated cellulose, 
• Cellulose gel & regenerated cellulose
• Cellulose functionalization & derivatives
• Final cellulose materials: papers et cartons, 

molded cellulose, cellulose foam, cellulose 
biocomposites

• Transparent cellulose
• Water, grease and oil barrier properties
• Oxygen and water vapor barrier properties
• Cellulosic materials sealability & abrasiveness
• New process for cellulose surface coating & 

functionnalization
• New process for 3D forming of cellulose & 

extendible paper
• Other biobased materials, compatible with

cellulose & inert in food contact
• Recyclability in cellulose stream
• Ecoconception & low carbon emission

evaluation
• Packaging new approach, new consummer

uses, viables alternatives (e.g. Reuse)
68



3 PhD + 2 Post-doc

Cellulose Science
Disruptive ideas
Society expectation
Long term

32 Master Students
+ 1 engineer

Cellulose application 
Proof of concept
Industry expectation
Short term

Long term innovation

Partner interaction – All value chain - No competitor – Multiple co-supervisor

• Multi-disciplinary: Materials – Process - Chemistry
• Multi-rythm: Short term innovation vs long term innovation
• Multi-expertise: Several collaborators – co-supervisors
• Multi-partners: 8 companies in different fields –all value chain
• Multi-scale: from nano to micro and macro

Short term innovation

Cellulose Valley (2022-2026)
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Work is in Progress

7070



Perspectives
2D Materials 3D Materials

71



THANK YOU FOR YOUR ATTENTION

Julien.bras@grenoble-inp.fr
2 post-doc position available, contact me

Multiscale Biobased Materials Department
June 2023

It is people that matters
Trust into the new generation
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