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Heterogeneous chemical grafting of
nanocelluloses by mechanochemistry:
a potential for the packaging industry

Julia Pescheux-Sergienko, Lorelei Douard, Naceur Belgacem, Julien Bras

Univ. Grenoble Alpes, CNRS, Grenoble-INP, LGP2, F-38000 Grenoble, France
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Research localization

Université
Grenoble Alpes
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Project setting

Cellulose as an alternative source
Ce{v}u l[?se Development of high
performance and recyclable
a ey » cellulose-based solutions for * Renewable * Recycled
packaging industry «  Worldwide available - Biodegradable
Legislation
changes

POLLUTED BY. -
SIS PLASTIC A

Fibrils bundle

PhD
subject

0.
.
o o, o
Cellulose chain e
. o

Oy

New cellulose engineering for high barrier specialty papers and 3D cellulosic materials

é

* Single Use Plastic Directive (UE) 2019/904. UE parlement directive of 5 June 2019.
* Gabriel Banvillet. Thesis at Universty Grenoble Alpes. 2021.

Water
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Cellulose modification

PolyDADMAL Pl PAH Yylan G

Acetic anhydrde Propicnic anhydride Maleic enhydride

xanoyl chioride Peimitoyl chioride

'T":i,_j_' P M | g iy o o - i i

| ’_ I I L oho Main disadvantages:
P55 PRIPAAM POMAEMA-L-POEGMA  PDMQ PDMAEME-b-FDEGMA Fs
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AR g ¢ « Toxicity of solvents
jr e 1 A= "o - High reaction temperatures
_<‘ il Molecule e e i
} \ grafting | ———s wwt= o ".5% ey o « Long reaction times
¢ Adsorption ™\ N e Al A A 9
J Cellulose m:m ) LFTEO__,__CH, ° Washlng StepS
nanofibers b e L A
® - —_
PP )  Mechanochemical
e - derivatization
: l 4-bromabenzyl bromed Cyelad Teteit ;-,.vdLr mp
¢ e A
rf H ik £

\ TAPPI
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DIVISION

Overview of some of the classic cellulose nanofibrils (CNF) chemical modifications

Rol et al. Recent advances in surface-modified cellulose nanofibrils. 2019.
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Mechanochemistry history

1890: Michael Faraday 1892: Carey Lea 1980: First works of 2008: Identification of
First highlights the Pioneer of modern application of mechanichemistry by IUPAC
mechanical reaction by mechanochemistry mechanochemistry as one of the emerging and
using a mortar and to cellulosic pontential-worthy
pestle Demonstration of mechanical products technologies

forces acting on activation

energies

18000
16000

14000
12000
10000

2222 10 e Shorter reaction Solvent free

0
2282 Z 1983 1993 2003 2013 time * One-pot reaction
0 Publication year

o5 1085 1995 2005 2015 * Lower reaction + Comparable yields

Publication year temperatures « Stereoselectivity
Bibliometrics of mechanochemistry and cellulose trough years
(Web of Science. 22/03/2023)

30 Main advantages of mechanochemistry:

Number scientific papers
[ ]

Number of scientific papers on
MEHCANOCHEMISTRY
combining CELLULOSE +

MECHANOCHEMSITRY
N
o
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Devices used for mechanochemistry

High-energy milling devices:
A: Drum mill B: Planetary mill C: Vibration mill

D: Attitor E: Pin mill F: Rolling mill

Involved mechanical forces:

/ Shearing Impact \

¢..

-

Adapted from: P. Balaz et al. Hallmarks of mechanochemistry: from nanoparticles to technology. 2013.
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Cellulose modification

<+ Comminution

- Morphological change
- Fragmentation
- Creation of new surface

- /

“» Structural change

- - Amorphisation
- Polymorphic change —
- Structural dehydration
\ Final product

Chemical modification

- Decomposition

- Oxydo-reduction

- Complexe formation
- Depolymerisation

\TAPPI

/Ao

DIVISION
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Objectives

—

—’[ Fibers modification

_.[ Cellulose nanomaterials production?

—
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Objectives
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—.[ Fibers modification

_,[ Cellulose nanomaterials production?

~—
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Set up of the reaction

@ == @  Zr0, Milling -~ on -
ball OH
O . g HO O d
Cellulosic fibers OH
9) ) L OH iR
Reactant Cellulose fibres (cotton, CC)
I ——
1/3 balls - 1/3 void- 1/3 reagents  0.5g of cellulose @

Operational parameters: O=C=N—(CHz)17CHs
* Frequency of vibration: 30Hz
* Vibration time: from 5min to 3h Octadecyl Isocyanate (Ol)

* Milling balls size : 5mm diameter
* Reaction conditions: Ambient air

12-16 JUNE 2023 « VANCOUVER, B.C. CANADA




Objectives

_{ Cellulose nanomaterials production? ]
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Fibers morphology

Pressure| Mag| WD ‘Temp\
ETD[10.0 kV -~ 100x19.6 mm --

SEM images of cotton fibers. UNTREATED DIVISION
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HV |Pressure|M

SEM images of cotton fibers TREATED at 30Hz, 30min HY |Pressure|Mag| WD |Temp)

200x. 9.5 mm | -
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Fibers morphology
~IANAN

Cotton fibers,
untreated
Length: 650um +/- 50um

Width : 25um

Fine content. % area

M Fibre content. % area | |

At long times
treatment the
material tends to

3.6% homogenize

96.4 %

Fine content. % area
i Fibre content. % area

\TAPPI

NANO

DIVISION

SEM images of cotton fibers treated at 30Hz, 3hours.
Morfi analysis of fibrous dimensions
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Fibers crystallinity

CC-30-30 [48%]

)JJL_/\ Cellulose (CC) [86%]
CC-30-5 [75%]
f/\_JL A N —

CC-30-180 [12%)]

6 11 16 21 26 31 36 41 46 51
20 [°]

X-Ray Diffraction Crystallography Results after vibratory milling at 30Hz
Amorphous substration calculation method

56

Crystallinity [%]

100
90
80
70
60
50
40
30
20
10

50 100 150

Treatment time [min]

\ 4

The amorphization is
inevitable at long term
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FTIR analysis

~ ~ CH, —) CN

Octadecyl Isocyanate (Ol)

CC-0I1-30-180

CC-0I-30-30

et

VW
CC-0I-30-20
CC-01-30-5 . . I BN
Cellulose (CC) _,o*" Ll A K
Jeoeeeoececcccce® \ ) ©0e0c000000% e ‘0'0000000000‘. XYY
3600 3100 2600 2100 1600 1100 600

Wavelenghth [cm-1]
Infra-Red Spectroscopy analysis mechanochemical reaction between CC and Ol at 30Hz. different reaction times.
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Heterogeneity

Heterogeneity Homogeneity
— J\ —
AN Al
—— — -
2600 3100 5600 5100 1600 1100 500 3600 3100 2600 2100 1600 1100 600
Wavelength [cm-1] Wavelength [cm-1]
Infra-Red Spectroscopy analysis of mechanochemical reaction Infra-Red Spectroscopy analysis of mechanochemical reaction
between CC and Ol at 30Hz, 30min. between CC and Ol at 30Hz, 3hours.
VoS // R\ TAPPI
|:> At a certain time, the reproducibility of the results is achieved JANSe74 ID\II\!I‘SII\!,Q

12-16 JUNE 2023 « VANCOUVER, B.C. CANADA 16



Elemental analysis

[ OR i pmmmmmmmmmmmmmmmsmmmmmemmmoomeoo N
OR | WithR i
DS = 6*M(C) — C%*Magu QRO of W |
; RO POH — C—N—(CHy)47CHg |
C%*Moi — 19*M(C) oR © 5 > L
L OR Jd4 N ,’I
Degree of Substitution formula
The input of
H% N% 0% C%  C% corrected DS |:> _
energy Is
llowing th
Cellulose (CC)  6.14 - 49.14 42 A7 44 .45 atlo . g the
grafting
CC-Ol-30Hz- 6.35 <0.05 49.05 43.36 45.38 0.02
10min
CC-OI-30Hz- 4 55 <0.05 48.49 44.49 46.56 0.04
20min
CC;?);?;?IHZ' 6.79 <0.05 46.95 45.05 4715 0.05
N—— Ses \TAPPI
Elemental analysis results for mechanochemically treated cellulose with Ol. “ NANU
DIVISION
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X-Ray photoelectron spectroscopy

*aka ESCA

ray Photo-electron Spectroscopy*

Electron Spectrum

900000
J Cu XPS O
2p3 Survey Spectrum
g of Pure Copper 800000 /
48 (Cu) 700000
§ Cu
i g 2p1 600000
]
|5 " » 500000
ik /L i s P c
— N \ LA 5 400000
\ Binding Energy of Electrons (eV) 300000
200000
100000 \/\ '\J
Usual Analysis

Area and Depth

Top 20 atomic layers

0 \/ Al
1000 800 600 400 200

Binding Energy [eV]

T R T T
T Tt Tt Tt T ®

X-Ray Photoelectron Spectroscopy analysis of cotton fibers treated
in vibratory mill at 30Hz for 30min.

C1 C2 C3 C4 C5

C-H C-O 0O-C-0O/C=0 O-C=0 C-N
285.1 eV | 286.6 eV 287 8 eV 2892 eV | 286.0 eV |dentification of the contribution of the
bonds in which the element is present

Binding energy of the decomposed C signal from XPS
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X-Ray photoelectron spectroscopy

50000 25000
45000 C-H
40000 C-0O 20000 C-O C-N /
35000 \
30000 15000
£ 25000 £
g : O-C-O/C=O
20000 0O-C-0O/C=0 10000
15000 C-H 0O-C=0
10000 O-C=0 \, 5000 \
5000 \ /
292 290 288 286 284 282 294 292 290 284 282
Binding energy (eV) Bmdmg energy (eV)
X-Ray Photoelectron Spectroscopy analysis of cotton fibers treated X-Ray Photoelectron Spectroscopy analysis of cotton fibers treated
in vibratory mill at 30Hz for 30min, C decomposition. with octadecyl isocyanate in vibratory mill at 30Hz for 30min.
— * . : : :
DSS = My * C(N) 32.5060:6 The grafting is mainly
- - i * : 0. - -
(100 — M(N)) — (Moi * C(N)) happening on the surface —
Degree of substitution on the surface ‘ NAN“
Gousse et al. Stable suspensions of partially silylated cellulose whiskers dispersed in organic solvents. 2002 D|VISIDN
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Objectives

—'[ Fibers modification

—
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Is there CN production?

Reaction

cellulose fibres
at 30Hz, 30min

Centrifugation ‘
/ Supernatant  Supernatant \

g || }
1000 rpm 2 000 rpm 10 000 rpm
/ Yield / Yield : %Yield
DLS DLS DLS

Separation by successive centrifugation process

J. Desmaisons. Thesis at Universty Grenoble Alpes. 2018.

12-16 JUNE 2023

VANCOUVER, B.C. CANADA

RPM Mass proportion  Size [nm] / PI

1 000 99,08 % NA

2 000 0,60 % 6123/0,8

4 000 0,16 % 7028 /1

6 000 0,12 % 6530/1

8 000 0,04 % 4720/ 1

10 000 0,004 % 3366 /1
Supernatant 0% NA

after 10 000

Crossing of gravimetric and DLS measurements for centrifuges material

|:> The nanosized is conceivable

Proof from AFM and TEM

\TAPPI

/A
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Objectives

—.[ Fibers modification

_,[ Cellulose nanomaterials production?

~—

~—
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Set up of the reaction

Ho_ ,°
HO HO o O
@ Zr0, Milling \M\o =3
balls on HO
> CNC Cellulose Nano Crystals (CNC, celluforce)
Reactant S

®

1/3 balls - 1/3 void- 1/3 reagents  1g of CNC

o O OHo H,O
Operational parameters: ’LLL
* Frequency of vibration: 30Hz HO OH

 Vibration time: from 5min to 3h OH
* Milling balls size : 5mm diameter o
« Reaction conditions: Ambient air Citric Acid Monohydrate (CAM)
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CNC modification

CNC-Celluforce CNC-3h-30Hz CNC-CAM-3h-30Hz

TEM Images
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CNC modification

CNC [617%] CNC-CAM 3h
CNC-CAM-1h [52%]  |... CNC-CAM 1h &
A ——CNC-CAM-3h [32%] = |- CNC 3h- 30Hz %\t
1T I =ee=a CNC-3h-30Hz [21%] - y : ’
21 : | § :
T ¢ BN g
EE : q § LA
c 2 BoE 3
3 Q g gyoon <
Q _g % ::,,' HH
L) < 4 '\:'.I = ; ~:1| ‘I"'.',
___________ .-"";' \\' R —— 2 ';'-j :.5 S
i o P S S o - L
e “"‘\a..___“__.________ il . | MAE t j"“ 1745 1639.5
 — T T T ‘“-I-..-h-"ﬂ.'ﬁ
3600 3100 2600 2100 1600 600 1800 1700 1600 1500
6 16 26 2 Tetaaﬁ 46 6 Wavenumber, cm-1 Wavenumber, cm-1
XRD analysis of CNC modified with CAM at 30Hz Infra-Red Spectroscopy analysis of CNC modified with CAM at 30Hz
The amorphization is showered with the The grafting is proved by direct and indirect
addition of the reactant methods
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The industrial potential

Main envisioned advantages:

’ ‘ * Time and chemical savings
‘ * No solvents involved

* Washing steps abolition

| 7| ©

* Cellulose derivatized only on the
No heat, no solvents, surface
ambient conditions * Suitable for surface
functionalization
* Lowered “denaturalization”

* Realization of “impossible
? Ready to use product reactions”

\TAPPI

-~
/ AN n

bl 2

Expected reaction path
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Conclusions

Communition and derivatization of the cellulose are simultaneously taking place
1))

s

)

@)

<

o]

o

The reaction in chosen conditions is submitted to stochastic behavior

The observed hydrophobical behavior is promising

Better comprehension of the operational parameters

® The hydrophobicity needs to be tested through an applicative method

WTAPPI

ANO

bl 2
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Thank you all for your
attention!

Do you have any questions?

Julia.Pescheux-Sergienko@Grenoble-INP.fr
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Upscaling mechanochemistry: a challenge

Waste Atom
Prevention Economy

m @

Principles of Green Chemistry

Less l Safer ' Safer

Hazardous Chemicals Solvents

®3) ‘ (4) . (5)
Energy '

Efficiency
(6) .
' Design for
Degradation

v

Minimize

Material

Diversity
(9)

Upscaling Durable
. 7
Mechanochemistry 7

Maximize
Efficiency

(4)

A @

Non Hazardous Waste
Sources Prevention

) (2)

(10)

Real-time
Analysis
for

Polution
Prevention

()

Adapted from: E. Colacino. V. Isoni. D. Crawford. and F. Garcia. ‘Upscaling Mechanochemistry: Challenges and Opportunities for Sustainable Industry’. 7rends in Chemistry. May 2021.
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