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Cellulose nanomaterials (CNMs): categorization, applications, and

complexity

Top-down

Cellulose
nanomaterials (CNMs)

Cellulose
nanofibers (CNF)

* Fibers with diameters ranging
from 5to 100 nm.
* High aspectratio (length of few

microns) and huge surface area.

* Contain both amorphous and
crystalline regions.
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Cellulose
nanocrystals (CNC)

Nanofibe
bundles

\.

S

Nanofiber

A 4

Bacterial cellulose
(BC)

Bottom-up

Schematic representation of CNF, from
micro to nano.

Delgado-Aguilar et al. (2015). Environmental
Science and Technology, 49, 12206-12213.

Ce llose fiber



Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Cellulose
nanomaterials (CNMs)

\ 4 A 4 A 4

Cellulose Cellulose Bacterial cellulose
nanofibers (CNF) nanocrystals (CNC) (BC)
sl oy * Cellulose crystals at nano-domain.
. Y « Shorter than CNF and diameters of
ﬁ% Cellulose Fibrils the same magnitude.
e SN * They contain mainly crystalline
regions.

CNCs block

CNCsisolatedwith ~ Schematic representation of CNC, from micro to nano.

sulfate groups on Le Gars et al. (2019). Cellulose Nanocrystals: From Classical

surface Hydrolysis to the Use of Deep Eutectic Solvents, in Smart
Nanosystems for Biomedicine, Optoelectronics and Catalysis




Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Cellulose
nanomaterials (CNMs)
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Cellulose Cellulose Bacterial cellulose
nanofibers (CNF) nanocrystals (CNC) (BC)

* Organic compound grown from bacteria.

* Celluloseis polymerized from glucose
(cellobiose).

* Polymerization can be easily stopped at
the desired DP.

single microfiber Ribbon

1{\¢
Glucan chain = )
/= aggregat —> g
Ur
de " Ho i
— (_Qf%%vo%g’)n Schematic representation of BC production.
HO H H

Shi et al. (2014). Food Hydrocolloids, 35, 539-545




Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Cellulose
nanomaterials (CNMs)

\ 4 A 4 A 4

Cellulose Cellulose Bacterial cellulose
nanofibers (CNF) nanocrystals (CNC) (BC)
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Cellulose
nanofibers (CNF)

Cellulose fibre

Microfibril bundle

Pulp fibers

Microfibril

Elementary fibril

MFC

Cellulose chaj

100 um

CNF
Main attributes & properties:

* High aspect ratio and SSA.
* Tunable rheology.

* Functionalization capacity.
= * Mechanical properties.

1 nm

Low Processing challenge High
* Biodegradability & biocompatibility.
A P * Tunable surface.
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Raw
NEICHELS

Softwood
Hardwood

Agricultural residues
Industrial side-streams
Annual plants

Others
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Pre-
treatments

TEMPO oxidation

APS oxidation
Enzymatic hydrolysis
Carboxymethylation
Mechanical treatments
Others

Fibrillation

HP homogenization
Microfluidization
Grinding

Ball milling

Others

Post-
treatments

Drying
Chemical modifications




Cellulose nanomaterials (CNMs): categorization, applications, and
complexity
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Pre-treatments

~300 - 400 peq/g ~70 peq/g ~300-400peqls G

Close to the isoelectric point
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

~ 1000 - 2000 peqg/g ~ 300 peq/g =70 peq/g

~ 800 - 2000 peq/g
0 Q¢

Moderately anionic Highly cationic
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Pretreatmentintensity: increasing
Fibrillation intensity: constant

Pretreatment intensity: constant
Fibrillation intensity: increasing

Pre-treatments Fibrillation
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

Pre-treatments Fibrillation
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Cellulose nanomaterials (CNMs): categorization, applications, and
complexity

——
Universitat W

; oo 8]
deGirona FEETE S
[S——



1SQI9H eNNni9 pue epniseg ejalLqes 0} s1pal)






Content

* Cellulose nanomaterials (CNMs): categorization, applications, and complexity.

* Pre-treatment: real-time monitoring of TEMPO-mediated oxidation and
enzymatic pretreatment.

* Understanding the transition from micro to nano: energy and property
implications.

* Concluding remarks.

et
Universitat w

de Girona
[S——



Content

* Cellulose nanomaterials (CNMs): categorization, applications, and complexity.

* Pre-treatment: real-time monitoring of TEMPO-mediated oxidation and
enzymatic pretreatment.

* Understanding the transition from micro to nano: energy and property
implications.

* Concluding remarks.

et
Universitat W

i Bt e i
deGirona BSBROOIS
[S——



Pre-treatment: real-time monitoring of TEMPO-mediated oxidation
and enzymatic pretreatment

Raw ME Fibrillation Post-
NEICHELS treatments treatments

Softwood TEMPO oxidation

L HP homogenization
Hardwood APS oxidation Microfluidization Drying

Agr/cult.ural_reSIdues Enzymatic hydrolys:s Grinding Chemical modifications
Industrial side-streams Carboxymethylation e
. Ball milling
Annual plants Mechanical treatments
Others
Others Others

Control parameter
Measurement velocity
Reliability
Parameter — properties dependence

Treatment conditions
Control parameter
Suitable instrumentation
Kinetics

I
I\ Chemical composition
I: Morphology
1, Presence of impurities

e o o =

Lack of Characterization techniques:
understanding of - Time-consuming.
some mechanisms - Expensive.

- Lack of reliability.

- Require trained technicians.
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Pre-treatment: real-time monitoring of TEMPO-mediated oxidation

and enzymatic pretreatment

TEMPO-mediated oxidation

Bundled microfibers and fibrils

* CC as parameter for extent of oxidation.
* Offline measurement and time consuming.

* Delay between process and characterization.
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Enzymatlc treatment
o o ,\O 0
0,5° coco 02
o“ Crystalline region £ Amorphous region Q\w
%o ° ";’-. v $ _—
e PR @
. 2 o
5 > % " % s
Py L@
A () Glucose L “f 5 50
0% @ Non-reducing end o0 ° o
e () Reducing end
@) Cellobiose

* Low effect over fiber morphology.
* Reducing sugar concentration is low.
* Delay between process and characterization.



Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

1 . HBrO formation from NaClO:

3.0xidation of the C6 from the primary hydroxyl into carboxyl group::

OCl~ + H,0 ¢> HCIO + OH~ (1) Ky

R — CH,O0H + TEMPO* + OH >R — CHO + TEMPOH + H,0 (8)
HClIO + Br~ - HBrO + Cl™ (2)

R —CHO + H,0 <> [R — CHO — H,0] (9)
HBrO + OH™ ¢> OBr™ + H,0 (3) .

[R— CHO — H,0] + (H)BrO + OH" >R — COOH + Br~ + 2H,0 (10)
OCl~ + Br~ <> OBr— 4+ Cl™ (4)

Pseudo-first order reaction:
2.TEMPO formation: kZ > k1

(H)BrO + 2TEMPO" - 2TEMPO* + OH™ + Br™(5)
In([R — CH,0H], — [R — COOH],) = —k4t + In([R — CH,0H],)

(H)BrO + TEMPOH —» TEMPO* + Br~ + H,0 (6)
TEMPO* + TEMPOH — 2TEMPO (7)
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Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

In([R — CH,0H]y — [R — COOH];) = —k4t + In([R — CH,0H],)

250 —
20¢ e
e 16 mg/g TEMPO .PFIIeﬁmng
100 mg/eg NaBr P Telnpemtm'e
0 PFIrev
200 ¢ TEMPO
. e NaBr
® ™
= 150 1
E L]
é @
= 100 °
50 CC,—CC t -
e _ t— Llo Cv\1/2 4 e e, 0
X=——— ((1-X) =1 o e, .
CCnax — CCy trinal :_. . R 0.9497
........................ ] ° =
0
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Pre-treatment: real-time monitoring of TEMPO-mediated

oxidation and enzymatic pretreatment

|||||||

CC, peg/e

0.40 0.60 .80 1.00
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140

* CC canbe estimated based on experience, correlating
CC with oxidizer dosage.

e (CC can be estimated based on its correlation with
NaOH consumption.

We would be overlooking at:

1. Structural and chemical composition effects over
reaction performance and CNF properties.

2. Possibility to rapidly identify substrates and CC.

3. Real-time measurements for industrial application.

Mazega et al. (2023). Cellulose 30(3), 1421-1436



Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

mEucalyptus ®Pine
12 EHemp MW Sisal
2

* No aparentinfluence of the starting material.

« Slight differences can be observed:
* At low oxidizer dosages, eucaliptus provides higher CC.
e Athigheroxidizer dosages, sisal provides higher CC.
* Similarities between hemp and pine.

CC, mmol/g

1 2 3 4 [ & 10 12
NaClO, mmol/g
E\ 10 - - - B 0.30
1 Bl B2 B3 ‘B4 BS Bé '+ Bl 1B2
0.9 4 | 12200 1490nm | 1300 nm | 1940 rm 2120nmm 2340 nm | 1220mm | 1490 m

Abzorbance

Benchtop NIR

equlpment lUiUU 12'50 15’00 17’50 20'00 22’50 2500
Wavelength (rm) Wavelength (nm)

950 1050 1150 1250 1350 1450 1550 1650
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Mazega et al. (2024). Cellulose 31(6), 3465-3482



Pre-treatment: real-time monitoring of TEMPO-mediated ‘%
oxidation and enzymatic pretreatment &= -

v e weme el Calibration Model between NIR spectra and CC (Partial Least Squares, PLS)

07

i - ’ gii Equipment Spectral Range (nm) LV R¢? Rev? RMSEC RMSECV
= ® o - N NIR 1000-2500 5 0.9901 0.9694 0.0340 0.0614
0 = NIR 1150-1676 3 0.9900 0.9737 0.0344 0.0570
b MicroNIR 908-1676 3 0.9895 09816 0.0353 0.0486
" - P e “ = MicroNIR 1150-1676 3 0.9846 09779 0.0428 0.0531
03
Peaks belonging to band B1:
02 1 e 1357nm
- . 1391 nm
0 Peaks belonging to band B2:
230 1050 1150 1250 1350 1450 1550 1630 B l 1 ° 1 422 n m
Wavelength (nm) %u -0.1 A1 ° 1509 nm
‘% .
3-0.2 1614 nm
03 High similarity between loadings for the first LV.
% 1 We can proceed with MicroNIR
-0.5
P el Wavelength (nm)
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Pre-treatment: real-time monitoring of TEMPO-mediated

oxidation and enzymatic pretreatment
Calibration Model between NIR spectra and CC (Partial Least Squares, PLS)

13 13
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CC (Predicted), mmol/'g

Fiber LV R Rcv? RMSEC RMSECV RPD
Eucalyptus 3 0.9895 0.9816 0.0353 0.0486 5.74
Pine 3 0.9883 0.9796 0.0528 0.0728 6.65
Sisal 3 0.9731 0.9494 0.0812 0.1167 4.34
Hemp 3 0.9466 0.9096 0.1199 0.1621 3.10
All 5 0.9292  0.9069 0.1271 0.1471 1.00
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Mazega et al. (2024). Cellulose 31(6), 3465-3482
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Pre-treatment: real-time monitoring of TEMPO-mediated

oxidation and enzymatic pretreatment
Principal Component Analysis (PCA)

A 0.10

B 0.10

0.08 0.08
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PC-1 (94 %)

Raw spectra (2 PCs): PC1 & PC2 cover 99% variance

B Eucalyptus
Pine

. L[]
..':
.
Y O
L]
o s °*
oy
s *
. (]

W Sisal
Hemp

-0.16 -0.12 -0.08  -0.04 0.00 0.04 0.08 0.12 0.16

PC-1 (65 %)

B. SNV-processed spectra (4 PCs for RMSECV minimization): PC1 & PC2 cover 91% variance
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Pre-treatment: real-time monitoring of TEMPO-mediated

oxidation and enzymatic pretreatment
Principal Component Analysis - Linear Discriminant Analysis (PCA-LDA)

* 6 PCs v" A portable equipment can be used (MicroNIR) for CC
30 A determination.
20 A

v Appropriate data processing allow CC quantification

£ 10 A and feedstock identification.
b= °
2 0 - * N’
: O
C [ ]
= -10 A
. cou ) C >
Y ... l
-20 A J
(]
-30 1 M Eucalyptus M Sisal :
Pine Hemp
—40 T T T T T
-2500 -2000 -1500 -1000 -500 0 500
Discriminant (E)
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Pre-treatment: real-time monitoring of TEMPO-mediated

oxidation and enzymatic pretreatment
Principal Component Analysis (PCA)

A 0.1{ Pulp Eucalyptus Pine Hemp Sisal
00! Ash (%) 0.4 0.7 0.6 1.1
| Extractives (%) 1.2 0.5 0.9 0.9
0.0{ Lignin' (%) 1.3 0.9 1.4 0.7
- Hemicellulose (%) 23.1 10.5 10.6 18.5
| Cellulose (%) 74.0 87.4 86.5 78.8
~ 00/ Length? (um) 742 + 31 1691 + 48 1007 + 25 955 + 31
a Diameter (um) 16.6 £0.8 24.7+0.7 254+0.4 21.6 0.6
o % Fines® (%) 16 +3 1242 28+2 2242
50,017 2 A -0.0Z Pl o
-0.04 - g .
.
e . ]
-0.06 - .. ': . 14
-0.08 s —
» 124 Hemp
-0.10 T . T T T T —— Sisal /’\ T T T T
-0.60 -0.50 -0.40 -0.30 -0.20 -0.10 0.00 1.0 4 / -0.44 0.00 0.04 0.08 0.12 0.16
PC-1 (94 %4 _, j PC-1 (65 %)
5
A. Raw spectra (2 PCs): PC1 Eg !
B. SNV-processed spectra (4] = ver 91% variance
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Pre-treatment: real-time monitoring of TEMPO-mediated '% =

= £ o
oxidation and enzymatic pretreatment Q«;m i

CC =0.58 mmol g CC=1.46 mmol g"

Bleached Kraft Softwood Pulp

CC = 1.06 mmol g* CC =1.34 mmol g

CC=0.60mmol g7’

Bleached Hemp Pulp
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Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment
Bleached Kraft Softwood Pulp

Bleached Hemp Pulp
Te+5 1e+5
A CNF_P5 A CNF_H5
A A CNF_P10 A  CNF_H10
A
—_— a, & CNF_P15 . & CNF_H15
» CC=0.96mmolg’
s
A, .
o 1043 s , 1e5- 0C =0.60 mmolg”
@© A & @® A L
o o A
£ E £ A
d A CC=1.46 mmol g’ A = s,
= fe+2 - ADAA A = = et A
A, %848, =5 =
A A A A A .
A, R ap, &
A S Aa i A
el OSSR . o5 el COEMGBHmIE .
A
A A A A £ A A A
A A AAAAAAA‘AAAAAAAAAﬁg
AAAAAAALAAAAAADAAA
CC=1.34 mmol g’
1e+0 T T T T T 1e+0 T T T T T |
1e-2 1e-1 1e+0 1e+1 1e+2 1e+3 1e+4 le-2 1e-1 1e+0 1e+1 le+2 1e+3 le+4
: 1
y,s" v, 8
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Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

Bleached Kraft Softwood Pulp
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Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

Intensity, a.u.

Intensity, a.u.

3500
3000 4
Starting Daoo (nm) Cl
2500 1 material 200 Non-oxidized 5 mmol/g 10 mmol/g 15 mmol/g
2000 | Eucalyptus 4.48 0.58 0.64 0.68 0.75
Pine 4.93 0.61 0.64 0.68 0.78
1500 - Hemp 5.92 0.78 0.85 0.87 0.89
Sisal 5.47 0.69 0.73 0.76 0.77
1000 A
500 4
0
T T T T T T B = 0033 rad
280 282 284 286 288 290 202 204
Binding energy, eV Eucalyptus
2500 s
S
2000 -| p
2
1500 4 2
Q
£
1000 4
500 4 B = 0.027 rad
Sisal
0
280 282 284 286 268 200 202 204 T T T T
e 10 20 30 40 50
Binding energy, eV
. e 2
de Girona ~ TS 26,°
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Mazega et al. (2025). Cellulose, Published online



Pre-treatment: real-time monitoring of TEMPO-mediated eleng

oxidation and enzymatic pretreatment il

( /= 25 25
‘ HControl  WESO_t90 MEI60_t90 1Control  WES0_t130 MWEL60_t180
20 E240_190 mE320 190 20 E240 1180 ®mE320_t180

" s
s s
F z
5 5
T 210
& [

C Length, pm D Length, pm
i) B0
70 mControl  WER0_t90 mEIS0_tI0 0 Control WESD_tIE0  WE160_t]180
Enzvme dosage Treatment time 0 E240 190 mE320 190 0 E240 180 mE320 t180
80 mg/kg 0 min 120 min 2 T
160 mg/kg 30 min 150 min 5 e
. . = 2
240 mg/kg 60 min 180 min = =
300 mg/kg 90 min 240 min 4 &
10 1
0 - 0 - -
[5-17] [17-27] [27-4T] [47-50] [&=17] [17-27] [27=47] [47-50]
Diameter, pm Diameter, pm
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Pre-treatment: real-time monitoring of TEMPO-mediated :j """""""" ' "’: : jj
oxidation and enzymatic pretreatment =
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ES80_t90

Effects on surface
fibrillation and fines

E240_t90

W
P 4

E240_t180 E320_t180

Internal fibrillation is Fines generation.
promoted Stronger effects.

Mazega et al. (2023). International Journal of Biological Macromolecules 253, 127054



Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment =

—
N
[}

—_
o
o

—_
[l
(=}

=N}
=

Reducing sugars, pmol/g
=Y o0
) o

80 mg/kg =@=160 mg/kg
240 mg/kg ®—320 mg/kg

o
=]

=]

30 60 90 120 150 180 210 240

Time, min
Effects on surface Internal fibrillation is Fines generation.
? _ LEPAMAP fibrillation and fines promoted Stronger effects.
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Pre-treatment: real-time mo
oxidation and enzymatic pret

.. - .

TEMPO- & e e
. Ve .

‘9 ¥

E320_t90

; . e s
E240_t90 - __‘

E80_t180

80 mg/kg === 160 mg/kg
240 mg/kg 0320 mg/kg

6 30 60 90 120 150 180 210 240 270

LEF
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Mazega et al. (2023). International Journal of Biological Macromolecules 253, 127054
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Pre-treatment: real-time monitoring of TEMPO-mediated & =
oxidation and enzymatic pretreatment

* MorFidoes not provide relevant information on morphological changes.
* Optical microscopy requires sampling and can lead to some qualitative assessments.
* The determination of the reducing sugars concentration is time consuming.
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Pre-treatment: real-time monitoring of TEMPO-mediated :j ==
oxidation and enzymatic pretreatment
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* MorFidoes not provide relevant information on morphological changes.
* Optical microscopy requires sampling and can lead to some qualitative assessments.
* The determination of the reducing sugars concentration is time consuming.
@ Avisualinspection reveals a significant decrease on viscosity.
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Pre-treatment: real-time monitoring of TEMPO-mediated
oxidation and enzymatic pretreatment

* Selected model: Random Forest.

* |Inputvariables:
* First attempt: (i) fiber length, (ii)

apparent viscosity, (iii) fines content,

and (iv) stirrer consumption.

e Qutput: Reducing Sugars concentration.
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Understanding the transition from micro to nano: energy and property
implications

Raw ME Fibrillation Post-
NEICHELS treatments treatments

Softwood TEMPO oxidation

HP homogenization

Microfluidization Drying

Grinding Chemical modifications
Ball milling

Others

Hardwood APS oxidation
Agricultural residues Enzymatic hydrolysis
Industrial side-streams Carboxymethylation
Annual plants Mechanical treatments
Others Others

Treatment conditions Control parameter

Chemical composition

1 |
! 1
| .
1
| Morphology _Contrf)l parameter. | Measuremer?t.velomty 1
. - Suitable instrumentation 1 Reliability 1
1 Presence of impurities o . I
Kinetics I Parameter — properties dependence

Lack of
understanding of
some mechanisms

Characterization techniques:
- Time-consuming.

- Expensive.

- Lack of reliability.

- Require trained technicians.
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Understanding the transition from micro to nano: energy and property

implications
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Understanding the transition from micro to nano: energy and property
implications
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Fibrillation level i i3
S 0.5 100.0% 100.0%
E 1.0 45.4% 42.9%
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implications
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Understanding the transition from micro to nano: energy and property
implications
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Understanding the transition from micro to nano: energy and property
implications
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Understanding the transition from micro to nano: energy and property
implications
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implications
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Understanding the transition from micro to nano: energy and property

implications
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Understanding the transition from micro to nano: energy and property
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Understanding the transition from micro to nano: energy and property

implications
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Understanding the transition from micro to nano: energy and property implications

Artificial Neural Network
ANN

Random Forest
RF

Inputs Hidden layer Output
bias (b)

Testing
subset
Result n

bias (b,)

FINAL PREDICTION

weights

()

Random Forest Regressor
Data set
Training subset
Result 2
Average

N
N N
Result 1
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Understanding the transition from micro to nano: energy and property implications

Selecting the outputs: aspect ratio & yield of fibrillation

Database (only mechanically obtained CMNFs):

* Pine TMP.
* Pine USKP. Training
* Pine BKSP.
* Spruce BTMP.
* Eucalyptus BKHP.
* Aspen pulp. Validation
e Hemp pulp.
e Sisal pulp.
. . . 1_|HPH - Energy consumption (kWh/kg) 11 Consistency (wt.%)
Available 'nPUts' 2 [Length weighted in length (um) 12 Cationic demand (peq/g)
3 |Diameter (pm) 13 Carboxyl content (ueq/g)
4 |Fines (%) 14 Transmittance at 600 nm ()
5 |Cellulose (wt.%) 15 Aspect ratio
6 [Hemicellulose (wt.%) 16 Yield of nanofibrillation ()
; 7 [Insoluble lignin (wt.%)
Universitat LEPAMAP 8 |Soluble lignin (wt.%)
de Girona 9 |Consistency index "k"
[ 10 |[Flowindex"n"

Santos et al (2022). Cellulose 29, 5609-5622



Understanding the transition from micro to nano: energy and property implications

Determining the relevance of each input:

Combinations of 3 inputs (out of 14)
looking for the lowest MSE.

n
1 N2
MSE = NZ(%‘ - )
]:

Aspect Ratio

The best prediction results
among 364 possibilities.

et

Universitat w
de Girona

[ —

Santos et al (2022). Cellulose 29, 5609-5622



Score

Understanding the transition from micro to nano: energy and property implications

Determining the relevance of each input:

HPH (kWh/kg)

Score 10 CD strongly correlated to:
- HPH
lg - Consistency factor “K”
8 - SSA of fibers.
716 i
6 5 - Fine content
5 4
4 33
3 2 2 2
2 1 1 1
1 0o 0 o0
0
& .
,§\ 3 ‘.
Y ; : L A S
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Determining the relevance of each input:

f—t—
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Determining the relevance of each input:

f—t—
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Determining the relevance of each input:

HPH (kWh/kg)

Length (pm)

Diameter (um)

Cellulose (wt%)
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Understanding the transition from micro to nano: energy and property implications

Determining the relevance of each input:

HPH (kWh/kg)

Length (pm)

Diameter (um)

Cellulose (wt%)

|

Aspect Ratio

Model MSE R_train R_val R_test
4-6-1 4.14-1073 0.9981 0.9918 0.9876
4-4-1 5.43-104 0.9993 0.9989 0.9984
4-3-1 2.42-10° 0.9997 0.9995 0.9988
4-2-1 4.72-104 0.9979 0.9991 0.9986
4-1-1 2.72:1073 0.9920 0.9946 0.9887

;erersitat w

de Girona

[S——

Heuristic rules and/or recommendations:
1. Neurons = Inputs.
2. Minimize error.

Pine dataset

(training)
1.0 o

0.9 1
0.8 4
0.7 4
0.6 1
0.5 1
0.4 4
0.3 1
0.2 4
0.1 4
0.0

ANN

0 010203040506 07 0809 1
EXPERIMENTAL

Santos et al (2022). Cellulose 29, 5609-5622
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Varying the source of cellulose

Random forest regressors

-Aspect ratio
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Understanding the transition from micro to nano: energy and property implications

Selecting the outputs: aspect ratio & yield of fibrillation

Database (only mechanically obtained CMNFs): 4 raw materials (20 datapoints)

* Pine TMP. +

* Pine UKSP. Mechanical

« Pine BKSP. echanica pretreatment
+

e Spruce BTMP.
5 levels of high-pressure homogenization

HPH - Energy consumption (kWh/kg) 11 Transmittance at 600 nm ()
Cellulose (wt.%) 12 Aspect ratio
Hemicellulose (wt.%) 13 Yield of nanofibrillation (%)
Total lignin (wt.%)

Ashes (wt.%)

Extractives (wt.%)
Crystallinity index
Consistency index "k"
Flow index"n"

Cationic demand (peq/g)

Limited to 3-5 input
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Understanding the transition from micro to nano: energy and property implications

Yield of fibrillation

2

Inputs (3): cationic demand,
transmittance & HPH
Estimator forest: 40

Aspect ratio
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Inputs (3): lignin, cellulose & HPH
Estimator forest: 17
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Concluding remarks

Cellulose (and lignocellulose) is an heterogeneous material with a myriad of opportunities.

The complexity of its structure hinders the implementation of typical real-time monitoring strategies.
Kinetics, chemometrics, and machine learning will play a key role in the industrial deployment of high-
performance cellulose-based materials.

Understanding the fundamentals is crucial for exploiting the full potential of cellulose-based materials.
We need to approach these kind of processes holistically: fundamentals, process engineering, and product.

Collaboration is a must: any of these works would have been possible without the implication of scientists
from many disciplines.

We keep advancing on three main lines:
* Understanding how process parameters can further enhance cellulose nanomaterial properties.
* Decreasing uncertainty in production processes (enabling scaling-up!).
* Applying optimization strategies (e.g. recycling streams).
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