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Polysaccharldes

e Natural polymers such as starch, cellulose, chitin,
carrageenan

e Produced by plants and animals

cotton

Cellulose

alga

coconut

bacteries

A R hemp ©Q
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Cellulose

e
paper derivatives solution L s

fibres
films
casings | T : i
| | anionic | | non-ionic
7 "":":’t"";{' : methyl cellulose
nitro- : | hydroxyethyl cellulose
cellulose cellulose acetate || cellulose | | pygroxypropyl cellulose
| cellulose acetate Hig 3 ethyl cellulose

butyrate

cellulose acetate

propionate
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Cellulose

e 50 % of biomass on earth

e 100-150 billion-ton per year

e One tree: ~14 g of cellulose per day
e Vegetal (plants)

e Seaweed (valonia, microdycon)

e Biosynthesised by bacteria (acetobacter
Xylonium)
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Cellulose sources

Wood is the main source

Plant materl

Celllose content e mateal, o

(o

Bamboo, Staw, Suar Cane

Flay, Hermp, Rome

(Cotton

<5%

25-30%

25-30%

40%

(mainly extractives)

20%—-25%

Hemicelluloses

< 5%

30%-35%

40%
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Cellulose

Other (14%)

Wood (86%)

softwood (51%)

hardwood (35%)

Pulp&paper (80%) Dissolving pulp (20%)

Regenerated cellulose
Cellulose derivatives
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Dissolving pulp processes

e Target: remove hemicelluloses and lignin
e Chemical pulping processes:

— Bisulphite

—Sulphite-soda

—Prehydrolysis kraft
e Bleaching (TCF)

O
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Degree of polymerization of cellulose
from different raw materials

Vegetal spectes

DP

Algae Valonia

26 000

(Cotton

10 000

Flax, Hemp

9 000

Spruce

3 000

Wood pulp

500 - 1000

O
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Cell wall Microfibril

Crystallite

M fibril —*
acrofibri 15 nm

-
=

4 mm

Cellubiose unit

1 nm

v

Tracheid

O
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Cellulose chemistry and
nanostructure
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CeIIquse chemistry

Cellobiose based unit

OH on o
HO o HO OH HO OH
HO o o (o] 0 H
o HO OH (o} OH
OH OH n-4 OH
LN 7’ LS — ra LN - rd
Non-reducing end group Anhydroglucose unit  Reducing end group

(n = value of DP)
Figure 2.1.1. Molecular structure of cellulose.

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.) o
Wiley-VCH, Chichester, 1998
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CeIIquse chemistry

CHEDH

OH
o
HO Al
HO
CHO DH )
H—+—OH c—D-glucopyranose

HO—+—H
—

H——OH CHEOT}H OH
H—t+—OH O
OH —
CH,OH 106
HO OH f—D-glucopyranose
Fischer formula Haworth formula 4C 4 chair conformation
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e The glycosidic bond

p-D-4-glucopvranosyl glucose c-D-4-glucopyranosyl glucose
P-D-Glep-(1.4)-Glep o-D-Glep-(1.4)-Glep
cellobiose maltobiose
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CeIIquse chemistry

cellulose

ﬁg‘k &A &‘{ ﬁgv\ é‘\ cmommowa CHaOH H  OCH,COONa'
; OH H\H H/H OH H\ H
amylose
OH H/H p[\H oH H/H A\H

CHaOCHCOONa* H

=
@%&n@?f‘ Figure 5.1 CMC with DS 0.75
2]
ol o o= om

chitosan /%
. ) Fibre and Cellulose Technology

www.abo.fi

chitin



vt

p . '
R é, o §
ONES tEEPHLAT g 7T B9

n[{," 'S P ITE TR AL R A T P

.

LTI

¥ . e v
' Sers SN
s 1% rln."-“._i.-‘f ol s B

i

: AP 5 o A3 R &
P i, SR AT PR L) RIE
.‘"w.-i."‘. . .'l:ir|' ;.' -4 . ‘(H[I_'. TR TR TR A A PR B e I

Cellulose chemistry

Table 2.1.2. Content of carboxylic acid and carbonyl groups in some specimens of native

cellulose (Schleicher and Lang, 1994)

Specimen mmol of acid mmol of carbony!
groups/kg groups/kg

Cotton linters <10 -

Sulfite-dissolving 20-30 7-20

pulp

Prehydrolyzed 8-30 2-5

sulfate pulp

Paper pulp 20-300 -

Table 2.1.3. DP range of various cellulose materials

Material Range of DP
Native cotton up to 12000
Scoured and bleached cotton linters 800-1800
Wood pulp (dissolving pulp) 600-1200
Man-made cellulose filaments and fi- 250-500
bers

Cellulose powders (prepared by partial 100-200
hydrolysis and mechanical disintegra-
tion)

Comprehensive Cellulose Chemistry Vol 1

D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998
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Figure 2.1.8. Unit cell of cellulose 1 according to the Meyzr-Misch model. /%
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Cellulose Polymorphs

e Four polymorphs identified by X-ray
diffraction

o Cel

u

u
u
u

ose I

ose II
ose III
ose IV
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Solid state 13C-NMR

1 1 1 L 1 1 1 1 B0 —§ 1 1

100 30 60 ppm

Figure I.6: NMR spectra of celluloses I, and Ig. [Vanderhaart et al, 1984]
o
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Facts about Cellulose 1

Wood, cotton, shells of certain marine animals
are : cellulose Ifg

Primitive organisms, such as bacteria: Ia cellulose

The crystalline phases Ia and If are in various
proportions depending of the origin of the
cellulose

Allomorph Ip is thermodynamically more stable
than Ia.

Transformation of the Ia phase into IB is
irreversible. o
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cellulose |

Cellulose 11

cellulose Il

Cellulose I, native cellulose
C(37)-0(5")
C(2") - C(67)

C(6) - C(37)
Cellulose II, regenerated cellulose
C(5) - C(3)

C(2) - C(6)

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)

Figure 2.1.5. Most probable hydrogen bond patterns of cellulose allomorphs (Kroon- Wiley-VCH, Chichester, 1998 (o)

Batenburg et al., 1986).
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Cellulose 11

Figure 1.9: Model of cellulose II: a) perpendicular projection to the (ab) plane and b) molecules
in the crystallographic plane (010) [Zugenmaier, 2001]
@)
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Figure I.11: X-ray diffractograms of two polymorphs of cellulose: a) cellulose I [Chanzy et al,

1983] and b) cellulose II [Nelson et al, 1964
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Facts about Cellulose I and II

e Polymorph II is energetically more stable than
polymorph I. This is the reason why it is possible
to convert cellulose I into cellulose II but not the
contrary.

e The fibrillar arrangement of regenerated cellulose
differs somewhat from the one of native cellulose,
as arrangement in distinct layers does not exist.

e In the same way, the helicoidal structure, which
exists in the cellular walls of native cellulose, does
P_Bt exist in precipitated or regenerated cellulose

ibres.

O
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Cellulose III

e A treatment with ammonia or with certain
amines as the ethylene diamine allows the
preparation of cellulose III either from the
cellulose I (which leads to cellulose II1,) or
from the cellulose II (which leads to
cellulose III,).

O
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Cellulose IV

e Cellulose III, heated at high temperatures in
glycerol, is transformed into cellulose IV. There
are two forms: cellulose IV, and cellulose 1V,
obtained from cellulose III, and III,, respectively.

e (Cellulose 1V is a disordered form of cellulose I,
which explains why it can be found in X-ray
diffractions for native cellulose of some plants.
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Type Unit (A, ©)
o B Y a b c

I 117 113 81 6.74 5.93 10.36
Ig 90 90 96.3 7.85 8.27 10.38
IT merc. 90 90 117.1 8.10 9.05 10.31
[11; 90 90 122.4 10.25 7.78 10.34
IV 90 90 90 8.03 8.13 10.34
Vs 90 90 90 7.99 8.10 10.34

Table L3: Unit cell dimensions of cellulose polymorphs [Zugenmaier, 2001]
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Cellulose microfibril

Amorphous Reglons ( dsorder)

Crystalline R egions (hughly ordered)
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Supramolecular structure

Table 2.1.4. X-ray crystallinity TL of some cellulose materials (Fink and Walenta, 1994)

Sample Comments xe (%)

Cotton linters (scoured and  Samples of various origin  56-63
bleached) '
Sulfite dissolving pulp Samples of various origin  50-56

Cellulose powder Spruce sulfite pulp hydro- 54

lyzed
Sulfate pulp Prehydrolyzed - 46
Viscose rayon Samples of various origin 2740

Regenerated cellulose film  Samples of various origin 4045
Experimental cellulose Il Filament spun from a so- 42
filament lution of cellulose in N-
methylmorpholine-N-oxide
Into water
Experimental cellulose II ~ Filament spun from tri- I Comprehensive Cellulose Chemistry Vol 1

. : . e o _ D. Klemm,et al. (Eds.)
filament methylsilyl cellulose solu Wiley-VCH, Chichester, 1998

tion into an acid bath
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Supramolecular structure

Table 2.1.6. Size and degree of disorder of crystallites of cellulose 1 and 1T (Fink and Walenta, 1994)

Sample Allomorph Average crystallite size Area of cross Disorder
Crystallite length Crystallite width section parameter®
(nm)? (nm)b (nm?) Je
Valonia cellulose I - 8.9-10.1 _ - 0.01-0.02
Cotton linters I 8.5-10.0 4.7-6.0 33-36 0.012-0.07
Sulfite dissolving pulp 1 7.5-9.7 4.14.7 16-21 -
Mercerized linters 1 - 59 - 0.027
Viscose rayon 1 - 4.2 - 0.032
Viscose staple 11 - 3.9 - 0.034

ACrystallite length calculated from 040 WAXS peak.
BCrystallite width calculated by Scherrer calculation (Klug and Alexander. 1974).
€Calculated according to (Hofmann and Walenta. 1987).

Comprehensive Cellulose Chemistry Vol 1

D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998
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VAR I ALV

Kolman/Coté (1984)

Elementary fibril (2 - 5 nm)
Microfibrils (10 - 30 nm)
Macrofibrils
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Figure 2.1.10. Isolated microfibrils of cellulose of different origin (a) cotton linters, (b)
spruce sulfite pulp (Fink et al., 1990). O; E
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Morphological structure

Table 2.1.7. Range of microfibril diameters of various cellulose samples (Fink et al, 1990)

Sample Microfibril diameter
(nm)

Bacterial cellulose 4-7

Cotton linters 7-9

Ramie 10-15

Dissolving pulp 10-30

Valonia cellulose 10-35

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)

Wiley-VCH, Chichester, 1998 o
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Pore structure

Table 2.1.9, Voids in cellulose by mercury porosimetry (Quinn, 1963: Paul and Bartsch,
1972; Gribe, 1989; Buschle-Diller et al., 1993)

Sample Covered Pore volume Porosity?
Pore size {cn13fg] (%)

(nm)

Cotton =800 0.087 -
=150 0.045 6.6

Spruce sulfite 8000-400000 0.072 17.3

pulp

Viscose rayon 1100-150 0.073 -
>15 0.018 -

Viscose staple  8000-400000 0.018 6.6

fiber

4The term ‘porosity’ denotes the total percentage of pores including the large ones

=100 . _
( 0 nm}) Comprehensive Cellulose Chemistry Vol 1

D. Klemm,et al. (Eds.)

Wiley-VCH, Chichester, 1998 o
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Surface area

Table 2.1.11. Inner surface of cellulose fibers determined by water vapor sorption

Sample Inner surface  References

(mz/g)
Spruce pulp? 1000 Stone and Scallan, 1967
Cotton 135 Krissig, 1993
Cotton flake 152 Brederick, 1989
Viscose cord rayon 292 Brederick, 1989
Viscose staple 292 Brederick, 1989
Microcrystalline cotton 135 Stone and Scallan, 1967
cellulose
Microcrystalline cotton 171 Stone and Scallan, 1967
cellulose, mercerized ’
‘Amorphous’ cellulose 434 Stone and Scallan, 1967

Table 2.1.10. Inner surface of some cellulose samples calculated from N5 sorption

(Jacobasch, 1984)

Sample

Pretreatment

Surface (m2/g)

Spruce sulfite pulp
Spruce sulfite pulp
Cotton

Viscose rayon staple

0.35

H50 swollen, freeze-dried 5.3

—

0.60-0.72
0.3-0.4

ind Cellulose Technology

A Never dried.
l’Sizc-cxclusion.

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998
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Thermal properties of ceIIquse

Table 2.1.21. Thermal data on cellulose (according to Gribe, 1989)

Glass transition temperature 230 °C
230—245 °C
Specific heat cotton 0.291 cal/g degree
rayon 0.317

Thermal conductivity rayon staple ca. 5 x 104 cal/g cm degree
0.071 W/m degree
Coefficient of thermal expansion
cotton linters (-30—25°C): 4 x 10~4 degree~!
Heat of crystallization, extra purified, 25.3 + 1.2 cal/g
100% crystallinity
Heat of transition Cell I — Cell II 38.1 kJ/kg
Heat of thermal transition 109—147 J/g
at 120—140 °C

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998 O
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Mechanical properties of cellulose

Table 2.1.17. Mechanical data of cellulose filaments and fibers of various origin
(Meredith, 1946)

Specimen Initial Young's Breaking Breaking Work of rupture
modulus elongation strength  (toughness)
(g/grex) (%) (gfgrex) (g cm/grex)
Cotton 50 1.3 3.1 0.10
Flax 183 3.0 5.5 0.08
Hemp 183 2.6 4.7 0.06
Jute 176 1.8 3.6 0.03
Ramie 149 3.9 6.0 0.11
Textile viscose 58 21 1.9 0.23
Stretched viscose 153 5.8 50 0.15
Acetate rayon 28 23 1.2 0.22 Comprehensive Cellulose Chemistry Vol 1
Silk 77 26 4.4 0.74 D. Klemm,et al. (Eds.) i
Nylon 27 26 4.8 0.77 Wiley-VCH, Chichester, 1998
Wool 25 38 1.3 0.32 o
grex = international unit of fiber fineness /%
nology
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Cellulose reactivity

O
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Cellulose activation

Table 2.4.1. Routes to cellulose activation

Spacing via intermolecular or covalent

interaction (‘chemical’ methods)

Disordering of structure via energy in-
put (‘physical’ me-hods)

Swelling in polar liquids like H,O,
NH3, EtOH, DMSO

Inclusion of high boiling liquids like
oligoethylene glycols

Surface modification by surfactants

Transient formation of addition
compounds with NaOH/H,0
(mercerization), RyNOH/H,0,
NH; or R-NH,, N,O4/CH3;COOH,
Bry/H,0

Covalent derivatization to low DS by
grafting with acrylonitrile,

etherification with ethylene oxide

Hydrolytic chain cleavage

High-energy irradiation like
electron beam irradiation;
y-ray irradiation

Heat treatment under defined conditions
(120-180°C, < 1 h)

Mechanical disintegration by:
shredding
conventional miling in a cutting or
attrition mill
ball milling
vibration milling

Sonication

ire and Cellulose Technology

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998 O
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Cellulose reactions

---—CHE—IIJH--- ---—CHE—I‘T':H---
O HO O
i X
H R
Etheri ﬁcaﬁnn\ / Acetalization
--- —GH.‘.—l?H---
OH
Esterification / \Dx!daﬁnn
---—GHE—?H--- ---—GH;.—FI----
o} O
.:,.=< . .
Comprehensive Cellulose Chemistry Vol 1
R D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998 o
Figure 2.4.1. Sheme of typical reactions of a hydroxy group in a polymer chain.
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www.abo.fi



il

LTI

R ¥ ’ [
K e y.'ér AL &
RIME 11 LEREY ._'!' ,.-“-_;,

- Ot b, ABHE. soiiiy UK. | oShE
PERAITI SRR A PO CONRA S IS IR AT SRR B $5 TR Rodcated PIIRE T 3 (APPSR

t e 1, 99 M R £ -y T, AL &
CYE v, .'::i-‘.- SRR is R s IR 3 IDNGE oESTTIN TSI B IS
.

Cellulose reactions

JV\ATMW AMTAW’
p—— 0
8: N:OH > HO{ or/and HO
JW\IW\'\'\l\MNc
OH
WVV\LVVW
(A) (B)

Figure 2.4.2. Mono- (A) and bifunctional (B) reaction of a crosslinking agent (epichlo-
rohydrin) with hydroxy groups.

Comprehensive Cellulose Chemistry Vol 1
D. Klemm,et al. (Eds.)
Wiley-VCH, Chichester, 1998
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Cellulose reactions
u'd—\%iﬁ”\oﬂggi\,g%%&,om

OH OH
OH OH

I Redox system

OH . OH
--- OH 0 HO O O
o OHO o) OHO O-.
.0 o* 0 o’
0 OH

I =\c~ « = radicalic site
NC
-- NC NC -

Nc
Comprehensive Cellulose Chemistry Vol 1

Figure 2.4.3. Scheme of cellulose grafting with acrylonitrile. D-_ Klemm,et aI_. (Eds.)
Wiley-VCH, Chichester, 1998 O
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Cellulose derivatives

Some cellulose derivatives of commercial or scientific relevance

LA
Product DS range Arcas of application
Nitate? 2—3 Coatings, films, explosives
Acetale? 2—3 Films, fibres, cigarette filtres
Xanthogenate? 0.2—0.6 Soluble intermediates (viscose process)
Sulfuric acid halfesters 0.2—2.8 Gel former, anticoagulant, polyelectrolyte
complex component
Anionic ccllulose phosphate Cation exchanger
p-Toluene sulfonate 0.5—2.5 Reactive intermediate
Methyl ether? 1.5~-2.0 Thickener, adhesive, dispcring agent
Ethyl ether® 1—2.5 Thickener, laquers, adhesives, tabletting
Hydroxycthyl cther? 0.8—2.5 Thickener, binder, colloid stabilizer
Carboxymethyl cther? 0.5—1.0 Gel former, adhesives, viscosity enhancer,
oil drilling
Cyanoethyl ether? <0.5; Rot prouving of textiles
>2 organo suluble derivative
Benzyl ether(3) >2 Melt processable plastics
Trialkylsilyl cther 1.5—3 Reactive intermediate
Triphenylmethy! ether 1 (in C-6) Reactive intermediate

2 commercial product; (8) emporary commercial product

Laboratory of Fibre and Cellulose Technology
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Cellulose Based Materials

e Fibres
e Fibrills and nanorods
e Particles and beads

O
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Cellulose Fibres
Regenerated fibres (Textiles) Wood fibres (Papermaking)

(e)

000143 %011 Tom 18 Ok x40k “10un L s i \| 3 :
SEl 50KV X1000 10um WD 153mm

Zhang et al, Carbohydrate Polymers 59 2005, 173
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From wood to polysaccharides

Wood

Lignin

Disassembly

Cellulose

pulp

nanocellulose

Hemicelluloses

Extractives

cellulose
solution

hemicellulose
solution

O
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Disassembly of wood polysaccharides

Method

Products

Microfluidization of pulp

microfibrillar cellulose
(nanocellulose)

Acid treatment of pulp

Cellulose nanorods

Chemical pulping (sulfate, pre-
hydrolysis sulfate, sulfite)

Paper pulp, dissolving pulp,
lignin

Organosolv pulping (ethanol,
acetic acid, others)

Paper pulp, dissolving pulp,
lignin

Ionic liquids (ILs)

Fractionation of wood
components

Supercritical fluid extraction

Extraction, gasification,

biofuels

- " Heettose-Fechmot
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Microfibrillar cellulose (MFC)

SEM and AFM of MFC

SEM (40000x) © AFM 5.00 pm
Lindstrom and Winter, 1988 Notley, 2003
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Preparation of MFC

Disintegration (homogenization)

i\\\w Microfibrillated:

Vaive
s’?;!& Cellulose Spring
Pulp
. i
fibers flow _\\ hom‘g;:gff;r Z
\\ Impact Ring

Microfibrillated Cellulose MFC
Turbak A F, Snyder F W and Sandberg K R
(1983): J. Appl. Polym. Science. Applied Pol.

Symp. 37 O
- () ()
(@) PACKFORS 1«:

O
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Pulp pre-treatment

Enzymatic Hydrolysis

A T & i - g o g a e ————————
Enzvmatic pretreatment \ ——

m:gﬁ

e et

Since the disorded cellulose have been

The cellulose in the pulp Enzyme (red )y ofendoglucanase typ

consists of erystalline microfibrils attacks almost exclusively the nicked and partly removed. homogenization
(black). and more dissorded cellulose disorded cellulose. creates more or less released microfibrils
(blue . with realtively little damage on the

microfibrills.

- ) ()
(8 PACKFORSK @ S
o
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Modificati f MFC

Electrical Specific (bio)absorptive
nanocomposites filters Molecular
composites

Coated Specific
by conducting binding sites
polymer connected
Alkyl
SO, or polymer

MFC: | fyﬂ chains Molecular

. . connected .
Functionalizable nanorods = composites
based on surface chemistry =~ -

-

> Agoregate
—~ /// with eg
3-20 nm block
copolymers
Coated
by eg.
(semi)fluorinated
chains
Sorting Scaffold
. for
medium .
. nssue
for bioassay .
Super- regeneration

hydrophobicity
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Some questions about MFCs

e Energy consumption in processing

o Usually produced to 2% dispersion in water
o Residual of hemicelluloses

o Surface modification/reactivity

e Balance between stabilization of
dispersion/functionalisation

Laboratory of Fibre and Cellulose Technology
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Cellulose nanorods (nanocrystals)

Pulp

%
\ + Acid

%

%
Nanocrystals

acid (HCIl, H,SO,)
concentrations ( 65%)
temperature (40°C)
hydrolysis time (1 — 2 h)
acid-to-substrate ratio
(0.1 — 0.5 mol/qg)

O
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Some questlons about ceIIquse
nanocrystals

e Low vyield
o Stabilization of nanocrystal dispersions
e Functionalisation of nanocrystals

Laboratory of Fibre and Cellulose Technology
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Cellulose Materials

Biomaterials

Chemical

sorbents Drug release

New functional
fillers

Medical applications

Paper coating
pigments

Rheology
modifiers in coating, o

fOOdI cosmetiCS Binder legra%_ﬁllmggrrd Cellulose Technology /%\
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Beads of regenerated cellulos

x100 x1000 x5000 x10000

SkU X1, 86806 185 < ZB/APR 78BS

11/MAY /85
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Summary

e Cellulose can be modified using
homegeneous or heterogeneous methods

e Cellulose derivatives have borad application
areas

e Regenerated cellulose can be used as
fibres, particles and sponges

e Cellulose fibrils have potential applications
in several technological areas

O
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