
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Gelatine sizing of paper and its impact on the degradation of cellulose during
aging: a study using size-exclusion chromotography

Dupont, A.L.

Publication date
2003

Link to publication

Citation for published version (APA):
Dupont, A. L. (2003). Gelatine sizing of paper and its impact on the degradation of cellulose
during aging: a study using size-exclusion chromotography. [Thesis, fully internal, Universiteit
van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/gelatine-sizing-of-paper-and-its-impact-on-the-degradation-of-cellulose-during-aging-a-study-using-sizeexclusion-chromotography(050fd247-6e8f-4dc9-a512-9e82e82f61d3).html


Chapterr 1. Accessibility, solubility and reactivity of 

cellulosee substrates 

Abstract Abstract 

InIn order to better comprehend the solvation mechanism, the structure of cellulose and the 
characteristicscharacteristics of the molecule that condition its accessibility to reactants are presented. 
TheThe types of activation necessary prior to the dissolution of cellulose are reviewed, 
togethertogether with the most current solvents used, and their properties. Finally, the mechanism 
ofof acid-catalysed hydrolysis of cellulose, which is the most relevant degradation pathway 
ofof cellulose for the present study, is briefly presented. 

1.11 Introduction 

Researchh into new solvent systems for non-water-soluble polysaccharides, such as 
cellulose,, is an area of constant development mostly because of the significant 
economicall  impact these polymers have in the pharmaceutical, food, paper and textile 
industries.. In that respect, it is important to study solution properties of polysaccharides, 
becausee this knowledge is essential in order to determine their structure and molar mass 
distributionn and predict their behaviour in processes and products. This knowledge is 
essentiall  for the optimisation of the end-use functions of polysaccharides. Nevertheless, 
thee characterisation of polysaccharides of natural origin is often a difficult task. 

Inn the area of preservation of cultural objects, the stakes are different, but the knowledge 
andd development of methods for polysaccharide analysis are no less important. Research 
appliedd to paper and its degradation and to polymers used in the field of conservation of 
culturall  heritage, whether they are constituents of objects or materials used in the 
preservationn and conservation of the objects, directly benefits from the advances in 
researchh in the academic and applied industrial fields. 

Thee choice of appropriate methods for analysis and characterisation of polymers strongly 
dependss on their nature and the type of information sought. Except in the case of 
techniquess such as solid-state Nuclear Magnetic Resonance (NMR) or Matrix-Assisted 
Laserr Desorption/Ionisation-Time Of Flight Mass Spectrometry (MALDI-TOF MS), the 
methodss most often used for the determination of the molar mass are usually based on a 
solubilisationn of the polymer in a suitable solvent. 
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Thee present chapter reviews the characteristics of cellulose that are relevant in the frame 
off  this study to understand the behaviour of the polymer in solution and when submitted 
too chemical degradation. The properties of cellulose that govern the accessibility to 
solventt molecules and the type of solvents that can be used are presented. Finally, the 
mechanismm of degradation of cellulose by acid-catalysed hydrolysis is given. 

1.22 The fibre structure 

Inn order to understand the accessibility to solvents and how the molecule chemically 
reactss it is important to consider the structure of the cellulose fibre and the forces linking 
thee molecules together. The reader can be referred to several good reviews [1,2,3,4,5] for 
furtherr details on cellulose structure. 

Ass most natural polymers, cellulose has several organisational levels: 

-- The molecular level, determined by molecular composition, molar mass distribution and 
intramolecularr bonding (hydrogen-bonding), 

-- The supramolecular level, determined by the intermolecular hydrogen-bonding and the 
aggregationn of macromolecules into elementary crystals and fibrils, 

-- The morphological level, determined by the superior level of organisation from 
elementaryy fibril s to fibres and to cell wall layers. 

1.2.11.2.1 Molecular level 

Cellulosee is a linear homopolysaccharide made of repeating units of (3-(l,4)-D-
glucopyranose.. The carbon atoms in the pyranose ring are numbered l to 5, and the 
carbonn in the attached methanolic group is numbered 6 (Figure 1-1). 

non-reducingg end 
freee hydroxyl in C(4) 

reducingg end 
freee hemi-acetal in C(1) 

Figuree 1-1. Cellulose molecule, planar (left) and 3-D (right) representations. 



Cellulosee Substrates 

Dependingg on the plant source, native cellulose, i.e. cellulose that did not undergo any 
alterationn after biosynthesis, can reach average degrees of polymerisation (DP) higher 
thann 10,000, in other words average molar masses above 1.5xl06 g mol"1. 

Afterr processing into pulp and paper substrates, cellulose becomes composed of a mixture 
off  polymers differing in chain length. This is a characteristic of most polymers, and is 
calledd polydispersity (PD). Whether cellulose in its native state is or not polydisperse is 
stilll  debated, but although this has not been studied, there is no obvious reason to believe 
itt would not be. Typically, undegraded cellulose from cotton in paper is composed of 
moleculess with DP ranging from 1,000 to 12,000, i.e. molar masses spanning from 2xl05 

too 2xl06 g mol"1, with the average molar mass usually within 4xl05 to 8xl05 g mol"1. 
Polydispersityy greatly depends on the source of cellulose; cotton and linen cellulose is 
lesss polydisperse than wood cellulose. On the other hand it depends also on the 
degradationn state and on the degradation mechanism. 

Secondaryy valence intramolecular hydrogen bonding is a key feature in cellulose and 
occurss between two oxygen atoms of two hydroxyl groups or between one oxygen atom 
off  a hydroxyl group and the ring oxygen. Although still currently debated, the 
intramolecularr H-bonds are thought to occur between 0(6)H and 0(2)H and between 
0(33 )H and cyclic (O) (Figure 1-2). 

Figuree 1-2. Representation of intramolecular hydrogen bonding in cellulose between 0(6)H and 
0(2)H,, and between 0(3)H and cyclic (O). 

1.2.21.2.2 Supramolecular level 

Hydrogenn bonding occurring between the oxygen atoms of hydroxyl groups of different 
moleculess is the basis of the supramolecular structure of cellulose fibres. Intermolecular 
hydrogenn bonds are thought to occur between 0(3)H and 0(6)H in the ac plan (Figure 
1-3),, but this is not ascertained. Assisted by dipole and van der Waals interactions 
occurringg in the b plan (Figure 1-4), H-bonding favours the alignment in parallel strands 
resultingg in a highly regular sequence and rigid molecular chains. The average distance 
betweenn cellulose chains is 0.54 nm. 
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Figuree 1-3. Intermolecular  hydrogen bonds in Figure 1-4. Alignment of cellulose molecules in 
cellulosee between 0(3)H and 0(6)H. parallel strands 

Thee basic fibrillar element is the elementary fibril with dimensions of 2-4 nm in cross-
sectionn and 100 nm in length. Elementary fibril s are composed of successions of 
elementaryy crystallites. The internal cohesion between the crystallites is achieved through 
polymerr molecules extending from less ordered interlinking and non-crystalline regions 
(Figuree 1-5). This is the "fringe-fibrillar" model of fibre structure proposed by Hearle in 
19588 [6] that was experimentally confirmed in more recent studies by Pionteck et al. [7]. 
Despitee some current controversy it is nonetheless a widely accepted model. 

Figuree 1-5. Structur e model of cellulose (from Gardner  and Blackwell [8]) 

Thee first studies in the 1920s on crystal arrangement of the cellulose molecules in the 
crystallitess classified both native and modified cellulose based on their X-ray diffraction 
patterns.. Native cellulose from any source was defined as presenting "cellulose-I" crystal 
latticee structure. The hydroxyl groups in the interior of the crystals, involved in 
intermolecularr hydrogen bonds, are responsible for the very dense and packed structure of 
thee crystal lattice. Slight differences in the description of the cell unit arrangements are 
reportedd in the literature and the debate on the exact crystal structure of native cellulose 
remainedd active until the mid-1980s. These slight differences seemed to be most likely 
duee to the fact that during biosynthesis, cellulose having different chain arrangements are 
produced,, resulting in basic unit cells that vary slightly from each other [2]. In 1984, the 
discoveryy of a crystalline dimorphism of native cellulose by Vanderhaart and Atalla [9] 
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shedd some light on the debate. Using solid state 13C NMR, the authors established that 

nativee cellulose was composed by two distinct crystalline phases, which they called l a 

andd Ip, and that these were present in variable proportions depending on the cellulose 

source.. Cellulose in phase l a is dominantly produced by lower organisms such as bacteria 

andd algae whereas cellulose from higher plants is mainly in phase 1(3. 

Thee molecule arrangement within the crystal units in parallel or antiparallel strands 

remainss unresolved. The most currently accepted model for native cellulose (cellulose-I) 

andd regenerated cellulose (cellulose-II) is the antiparallel arrangement model as first 

proposedd by Meyer et al. [10]. 

1.2.31.2.3 infrastructure: the fibre 

Nativee cellulose fibres are single plant cells. They have different morphologies depending 

onn their origin. Cotton fibres are isolated long lint and linter fibres. Therefore the 

cellulosee in paper from cotton fibres is always relatively pure. Wood pulp on the other 

hand,, even when highly processed, contains certain amounts of other constituents, as in 

woodd the fibres are bound together by a cement-like polymeric complex composed of 

ligninss highly linked to hemicelluloses. This cement is present in the cell wall and the 

middlee lamella. 

Thee ultrastucture of native celluloses is the more or less random aggregation of 

elementaryy fibril s into microfibrils of 10-30 nm width, themselves grouped into 

macrofibrilss 100-400 nm wide, which are structured in different cell wall layers. In wood 

fibres,fibres, hemicelluloses and traces of lignin are involved in the microfibrillar assembly at 

thee periphery of the cellulose well-ordered chains. Hemicelluloses play the role of an 

adhesivee that impregnates the microfibrils. The cell wall layered structure of cotton fibres 

andd wood fibres is shown in Figure 1-6 (A) and (B). 

Figuree 1-6 . Morphological structure of a cotton fibre (A), and a wood fibre (B). L= lumen, SI = 
secondaryy wall outer layer, S2 = secondary wall middle (main) layer, S3 = secondary wall inner layer, 
RR = reversal of the fibril  spiral, P = primary wall, C = cuticle (pectins, waxes, fats), W = wart layer 
(liningg the fibre lumen, present in conifers and in some hardwoods), ML = middle lamella (mainly 
ligninn and hemicelluloses complexes). Figures are reproduced from Young R.A. & Rowell R.M. [4|. 
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Thiss distinctly layered structure implies the presence of spaces and void volumes. 
Practicallyy these are interfaces, pores and channels ranging from 1 nm to 5 nm width. For 
instance,, voids about 1 nm wide are present between crystallites inside the elementary 
fibril ss and also in interfibrillar longitudinal crevices [2]. This void system determines the 
internall  active surface and plays an important role in the accessibility and swelling 
propertiess of the fibres. 

1.33 Accessibility by swelling 

Thee internal cohesion of the fibrillar elements building the cellulose fibres, governed by 
thee inter- and intramolecular hydrogen bonding as described above, considerably limits 
swellingg properties and accessibility of reactive agents to cellulose substrates. This 
physicall  hindrance governs the rate of any chemical reaction of cellulose. In this respect, 
hemicellulosess in thee fibres play an important role for the paper strength. As a hydrophilic 
bulkk glue, they are mostly responsible for the inter-fibre bonding in paper, water 
penetrationn in the microfibrillar structure, and its opening during pulp refining stages by 
mechanicall  friction. 

Crystallinee swelling can be both inter- or intracrystalline. Only intercrystalline swelling is 
describedd below since intracrystalline swelling leads to crystal lattice disturbance (as in 
cellulose-II),, which is not relevant in the frame of the present study. 

Forr a long time, the areas of the fibres that were predominantly amorphous were thought 
too be the only accessible zones. It was later proven that the molecules located at the 
surfacee of crystalline areas and in the interlinking regions between the crystallites were 
alsoo accessible. 

Duringg intercrystalline swelling, the liquid enters through pores and capillaries into the 
intersticess between the fibrillar structure units and swells the less ordered surface areas 
andd the less ordered interlinking areas between the elementary crystallites, the basic 
fibrils,, and their aggregates. In water-swollen state, natural fibres show an increase in 
cross-sectionall  surface of 20 to 35%. 

Att equal crystallinity, accessibility of cellulose substrates to vapour and liquid sorbents 
wil ll  therefore strongly depend on the crystallite size variations and crystal size 
distribution,, as well as on the size and distribution of the interfibrillar interstices. 
Researchh on intercrystalline swelling with water yielded useful information such as 
maximumm pore size, average size, pore size distribution and internal surface area. 
Conceptss such as "free water" and "bound water" were postulated [3 (Zeronian, S.H., 
Ch.5)]Ch.5)] in order to differentiate water with varying states of binding as observed with 
NMRR spectroscopy. As opposed to cotton fibres, in wood fibres the presence of 
hemicellulosess plays an important role in allowing better water and water vapour 
penetration. . 
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Swellingg in organic liquids has been extensively studied by Philipp et al. [11]. The time 
dependencee and the extent of swelling in various liquids are determined by the 
supramolecularr and morphological structure of cellulose, as well as by parameters of the 
swellingg liquid such as solubility parameter (S). The theory of swelling is based on the 
"poree and void" model described above, with an initial stage depending mainly on the 
size,, distribution and interconnection of voids, as well as on the molar volume of the 
swellingg agent. This can be accompanied by more or less significant splitting of hydrogen 
bonds,, which in turn induces a change in the size and the distribution of the voids. 

1.44 Methods of activation of cellulose substrates 

Inn order to achieve uniform chemical reactions or solubilisation of cellulosic substrates, it 
iss important to allow optimal accessibility. Activation is a paramount stage before 
dissolutionn and consists in opening the internal pores and cavities and interfibrillar 
intersticess and making them accessible to further action of reactants. 

Varyingg degrees of chemical activation achieved by different liquids can be distinguished, 
andd these are: 

 Opening and expanding existing capillaries, interfibrillar voids and interstices as 
achievedd by water, solvents, dilute acids and bases. 

 Disruption of fibrillar aggregation, and increase in accessible surface with fluids 
withh a higher swelling power, such as dilute caustic soda (6-10%), dilute 
quaternaryy bases or aqueous zinc chloride. 

 Disruption of the crystalline structure, such as with liquid ammonia or 20% 
causticc soda ("mercerising strength"), which induces cellulose-I to cellulose-II 
(alsoo called viscose) crystal modification. 

Treatmentss by acid hydrolysis and oxidation, thermal and mechanical treatments by 
grinding,, ultrasonic treatment and freeze-drying are also activation methods but they can 
degradee the molecules to a certain extent. 

Inn the frame of this research the purpose of using activation is to ease solvent access to 
thee cellulose substrate for further efficient dissolution. Therefore, in the following 
sectionss the focus will be only on the first type of chemical activation described above, 
andd on mechanical activation, these two methods being used in the present study. 

1.4.11.4.1 Activation by solvent exchange 

Withh organic solvents, swelling depends on the ability to form hydrogen bonds with 
cellulose.. Especially high swelling is obtained with liquids that are unassociated proton 
acceptors. . 
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Priorr swelling with a liquid of high swelling power (Figure 1-7 (A)) and replacement by a 
solventt of lower swelling power can substantially enhance the extent of swelling achieved 
withh the solvent. Dehydration by solvent exchange and drying with hydrophilic organic 
solventss helps maintain and even widen the active internal surface (C) and avoid collapse 
off  the interfibrillar interstices (B). 

Thee accessibility and reactivity of cellulose by exchange with polar liquids is achieved as 
follows.. The polar liquid opens interfibrillar spaces and make them more accessible to the 
organicc reaction medium layer introduced by solvent exchange. The reaction is 
topochemicall  but occurs down to the fibrillar level, and on the surfaces that are most 
available,, such as the surfaces of fibrillar assemblies and of elementary fibrils. 
Additionally,, interlinking regions between crystallites situated at the reactive surface 
levell  will be reached, and from there, the progression of the reaction medium to the 
interiorr of the fibril s and into the crystallites is facilitated. 

Cellulosee crystallite — 

,, 30, 30, 30 
«J!! kol kol l40l 

Elementaryy fibrils 

i « ii IAOI uoi IAOI 

Cellulosee molecule 

Figuree 1-7. Schematic illustratio n of the action of water  and inclusion compounds ) (less polar  non 
aqueouss reactants) (reproduced from Krassig [S, p.235]). (A) Water  swelling opens the interfibrilla r 
interstices.. (B) In dryin g from the water-wet state the interfibrilla r  interstices collapse and 
elementaryy fibril s as well as their  aggregations are fused together  by interfibrilla r  hydrogen-bonding 
fromm surface to surface. (C) Inclusion compounds introduced into the interfibrilla r  interstices opened 
byy the water  swelling prevent their  collapse and keep them open for  the penetration of reactants. 

1.4.21.4.2 Mechanical activation 

Mechanicall  activation, such as dry-milling or wet-milling, increases the accessible and 
reactivee surface. Under certain conditions, these treatments can be quite degrading for 
highh molar mass cellulose and result in molar mass reduction and crystal lattice 
disturbance. . 

Inn dry-milling, the effect depends on the type of mill. With mills exerting cutting action, 
thee fibres are cut and shortened thereby increasing the reactive surface but no degradation 
occurs.. When the action of the mill is shearing and grinding, the local overheating favours 
ann internal structure collapse called hornification, leading to a decrease in reactivity for 
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instancee in the production of cellulose ethers. Dry milling in a vibratory ball has yet a 
differentt effect: the cellulose fibres are not only defibrillated and shortened, but also their 
morphologyy and crystalline order are greatly disrupted. The fibres show higher 
amorphouss cellulose content and an increase in carbonyl and carboxyl content. 

Itt can be noted that for the purpose of this study dry-milling was necessary in order to 
preparee the paper samples. Cutting-action (two-blade blender) and hammering action 
millss were chosen in order to avoid conditions that would lead to degradation. 

1.55 Dissolution of cellulose 

Ass seen in the previous sections, dissolution of cellulose is particularly difficult, as it 
requiress the disruption of intermolecular hydrogen bonds by interaction of solvent 
moleculess with cellulosic hydroxyl groups. 

Manyy suitable solvent systems for cellulose are currently used in the paper and textile 
industryy as well as in the field of research in conservation of cellulosic artefacts. These 
systemss are classified according to the type of reaction between solvent molecules and 
hydroxyll  groups. Several authors have proposed a classification of cellulose solvents 
basedd upon four types of chemical reaction systems [3(Johnson, D.C., Ch.7),12,13,14]: 

 cellulose acting as a base can be protonated and donate an unshared pair of 
electronss to a Lewis acid. Aqueous solutions of metal salts such as calcium 
thiocyanatee or zinc chloride, in which the cation plays the role of a Lewis acid are 
cellulosee solvents. Protic acids like phosphoric, sulphuric, hydrochloric, nitric and 
trifluoroaceticc are cellulose solvents (within a narrow concentration range). 

 cellulose acts as an acid when the hydroxyl groups interact with strong inorganic 
basess (e.g. sodium hydroxide) or with quaternary ammonium hydroxides, amine 
oxidess (e.g. iV-methylmorpholine-Af-oxide monohydrate) or dimethylsulfoxide/ 
methylaminee to produce salts. Quaternary amines such as tetraalkylammonium 
basess with a molar mass under 150 g mol"1 are only swelling agents while those 
withh higher molar mass are cellulose solvents. 

 cellulose forms complexes with transition metals. Organometallic compounds 
suchh as metal-amine complexes are particularly interesting because at limited 
concentrationn of metal ion in the aqueous amine solution they are good swelling 
agents,, while at higher metal concentration, they are good cellulose solvents. 
Thesee are: 

-- copper ethylene diamine hydroxide (CED or Cuen), 

-- copper ammonium hydroxide (Cuam), 
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-- cadmium ethylene diamine hydroxide (Cadoxen), nickel ethylene 
diaminee hydroxide (Nioxen) 

-- iron sodium tartrate (EWNN or FeTNa) 

 cellulose is modified to form derivatives, such as with: 

-- formic acid, to form cellulose formate 

-- carbon disulfide/sodium hydroxide to form cellulose xanthate (also called 
viscose), , 

-- nitrogen oxides such as dinitrogen tetraoxide/dimethylformamide, and 
dinitrogenn tetraoxide/dimethylsulfoxide, to form cellulose nitrite, 

-- paraformaldehyde/dimethylsulfoxide, to form methylol cellulose, 

-- phenyl isocyanate/dimethylsulfoxide or phenyl isocyanate/pyridine, to 
formm cellulose tricarbanilate. 

Itt must be noted at this point that lithium chloride with jV,iV-dimethylacetamide 
(LiCl/DMAc) ,, the solvent for cellulose chosen in the present study, is not classified in 
anyy of the above-mentioned categories. It is indeed rather difficult to classify this solvent 
system,, and the problem arises as well with lithium chloride / N-methyl-pyrrolidone 
(LiCl/NMP),, since NMP is the cyclic analogue of DMAc. 

Althoughh the solvation mechanism of cellulose in LiCl/DMA c is quite complex and not 
fullyy understood to date, the category of complexing solvents seems nevertheless the most 
approaching.. This solvation mechanism is detailed in Chapter 2, together with the reasons 
leadingg to LiCl/DMA c as the solvent of choice for cellulose in the present research. 
Reviewss of recent evaluations of the solvent system LiCl/DMA c as well as comparative 
effectss and efficiency of this one and other solvents are included in Chapter 2. 

1.66 Chemical reactivity of cellulose: acid hydrolysis 

Chemicall  reactivity of cellulose is of paramount importance in all fields dealing with 
cellulosee transformation, end-products, and characterisation. Changes in organic groups 
onn the molecule can arise from secondary reactions like hydrolysis and oxidation, which 
occurr during the processing of cellulose into paper or into other cellulosic substrates. 
Theyy also occur upon natural or accelerated aging leading to a wide array of degradation 
compoundss such as small organic acids and saccharide residues [15,16]. Acetic acid has 
beenn characterised as a major degradation product of newsprint paper among other low 
molecularr weight carboxylic acids such as formic, lactic, malonic, malic, succinic and a-
ketoglutaricc acid [17,18,19]. C3 and C4-alkyl substituted cyclohexanols and C4 to C12 
aliphaticc alcohols have also been identified as main degradation products in cotton and 
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chemicall  wood pulp books among numerous volatile organic compounds (VOCs) 
representedd by aldehydes, ketones, and furan derivatives [20,21,22]. The latter have been 
proposedd as indicators of chain scission of cellulose [23]. The reactions producing such 
compoundss mainly occur in the most accessible areas: the fibril surface and interlinking 
regionss between crystallites. 

Chemicall  reactivity of cellulose is governed by the sensitivity of the P-l,4-glycosidic 
bondd and the presence of three hydroxyl groups on each repeating unit. The glycosidic 
bondd is particularly sensitive to acid hydrolysis and its cleavage induces 
depolymerisation.. The extent of the depolymerisation depends on the acid strength, 
concentration,, as well as on the temperature and duration of the reaction. 

Oxidationn reactions are based on the transformation of the cellulose hydroxyls in carbonyl 
andd carboxyl groups. They are complex and lead to a wide array of possible degradation 
productss depending on the oxidant [3(Nevell, T.P., Ch.l0),5,24]. These reactions are 
sometimess qualified as "potentially" degrading because they favour subsequent 
hydrolyticc degradation [24,25]. In this section, acid hydrolysis is further detailed, being 
thee main degradation mechanism relevant in the frame of this study. 

Ass the end-use properties of cellulose products, such as tensile strength of fibres, depend 
largelyy on the length of the molecules, the degradation by acid hydrolysis of cellulose has 
beenn extensively studied in the past, and thorough studies and reviews have been 
publishedd [l,2,3(Nevell, T.P., Ch.9)]. These reactions are described as proceeding in three 
stages,, (1) starting by a rapid protonation of the glycosidic oxygen atom, (2) continuing 
byy a slow transfer of the positive charge to C(l), which leads to the formation of a 
carboniumm ion with a simultaneous split of the (3-glycosidic link, and (3) ending with the 
fastt addition of water to the carbonium ion in order to yield a free saccharidic residue, 
accompaniedd by reformation of a hydroxonium ion [3(Nevell, T.P., Ch.9)] (Figure 1-8). 
Protonationn of the ring oxygen can happen resulting in a ring opening leading to the 
formationn of a non-cyclic carbonium ion. 

OH H 

<?HH CH2OH O H .. CH2OH 
 J—— n H I < „ 

I I 
<\\ . A—C Y. J-2-Ó 

OHH >-0- + H30 ; = ^ -O-^OH Vo-YoH V o - + H20 

CH,OHH OH CH2OHH (1) OH 

OHH /— 0 -

OHH CH2OH 0 H CH20H 

—0-/0HH )̂ OH + HO-<OH W + N j O V H C— O" 

CH2OHH (3) OH CH2OH OH 

Figuree 1-8 Scheme for acid-catalysed hydrolysis of cellulose. 
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Thee rate of the hydrolytic degradation of cellulose is governed by the macromolecular 
propertiess of the polymer. It obeys to a law of first order kinetics, which is expressed in 
thee following equation as proposed by Ekamstam for polymer degradation [26]: 

DPDPmm(t)(t) DPM 

Wheree DP„{t)  and DPn(to) are the number average degree of polymerisation at time t and 
initiall  time ?o respectively, and k is the reaction rate constant. The Ekamstam model is 
givenn in Appendix 6-3. 

Thee temperature dependence of the reaction rate constant in chemical reactions is 
describedd by the Arrhenius equation: 

kk = Ae(-EJ*T) 

Wheree A is a constant called the frequency factor or pre-exponential factor, EA the 
activationn energy (J mol"1), T the temperature in degrees Kelvin (K), and R the universal 
gass constant equal to 8.314xl0"3 J mof1 K'1. 

Iff  the degradation of cellulose occurs statistically, the plot of l/DP„(i)  as a function of t 
shouldd lead a straight line with l/DP„(to)  as intercept. This relationship has been 
experimentallyy verified in a number of cases. However, in the high molar mass range, a 
deviationn from linearity was observed by some workers [27,28] with the first degradation 
stagess characterised by a rapid decrease of the reaction rate before constancy was 
reached.. This behaviour was explained by the simultaneous action of two kinds of 
splittingg reactions: in addition to the expected (3-1,4-glycosidic bond cleavage, the 
cleavagee of "weak links" occurred, which were numbered as four per native molecule. 
Thee rate constant of the second cleavage reaction was found to be 105 times higher than 
thee rate constant of the first. The "weak link theory" was held responsible for the rapid 
dropp in the degree of polymerisation when it initially exceeded 4000 during acid attack, 
evenn at moderate temperature. As the weak links are hydrolysed, the reaction rate 
decreasess to a constant until the medium range molar mass is reached, and thus the 
secondd kinetic phase takes place. 

Thee theory of 'weak links' in the cellulose molecule, particularly sensitive to acid 
hydrolysiss has received considerable interest. Emsley et al. [29] showed that the 
degradationn of cellulose upon acid hydrolysis was not purely random and appeared to 
occurr preferentially at chain centres. The authors obtained size-exclusion chromatograms 
showingg initial monomodal MMD of high molar masses that became multimodal during 
aging,, before returning to monomodal at lower molar masses. 

Inn a computer model of polymer degradation, Guaita et al. [30] predicted that 
polydispersityy would approach a value of 2 and remain fairly constant during the 
degradationn process of cellulose when scissions in molecules were purely random. The 
authorss predicted that polydispersity would fall below 2 if the scissions were primarily at 
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thee centre of the chains. Elmsley et al. [29] based the interpretation of the slight increase 
inn polydispersity on this model. 

Variouss interpretations exist to explain this weak links theory. The presence of an 
electronn attracting aldehyde or carboxyl group in the neighbouring area of the glycosidic 
oxygenn was proven to be the cause for the higher rate of acid hydrolysis in wood pulp as 
comparedd with cotton [31]. The presence of occasional monosaccharides other than 
glucose,, such as xylose, along the cellulose chain at regular intervals of 500 
anhydroglucosee units was suggested as a possible cause for the weak links [32,33]. A 
thirdd cause was proposed in [5], based on physical and steric considerations with an easier 
accessibilityy of the acid to the molecules on the surface of the elementary fibril s - and 
theirr aggregations - and in the interlinking crystallite regions. The latter theory only 
appliess when the substrate is in fibrous state, i.e. in heterogeneous hydrolysis, and not in a 
homogeneouss medium such as a true solution. A suggested origin of the weak links by 
Pascuu [32] is related to the biosynthesis of the molecules likely proceeding in a semi-
continuouss way with the formation of primary strands of monomers that can subsequently 
yieldd longer chains via condensation reactions. 

Contraryy to the above considerations, Zou et al. [34] obtained no weak link effect in 
cellulosee degradation during heat/humid aging, the degradation rate being constant over 
timee at any given temperature tested, for a wide range of aging temperatures. The 
experimentss supported the applicability of the Arrhenius equation to the case of 
degradationn of paper by heat/humid aging, which was described as being governed by 
acid-catalysedd hydrolysis. 

Att the supramolecular level, chain scission occurs in the more easily accessible regions 
resultingg in a decrease of the molar mass of cellulose. From the point of view of the fibre 
strength,, when the reaction is homogeneous and the scissions occur randomly in the 
molecule,, the result is minor loss of fibre strength. However when the reaction is 
heterogeneous,, and with localised attack, a small molar mass decrease results in drastic 
fibrefibre strength loss [35]. At the macroscopic level, this translates as decay in mechanical 
propertiess of the paper such as tensile strength [36]. 

Inn homogeneous reactions, when reaching the state where the molecular length of the 
cellulosee is approaching that of the elementary crystallite (or fibrillar aggregation), 
hydrolysiss proceeds mainly by splitting-off terminal saccharide fragments from the 
accessiblee ends. At this stage the decrease in molar mass becomes less pronounced. 
Therefore,, after the sharp initial and mid-reaction downfall, the molar mass of cellulose 
decreasess asymptotically upon prolonged reaction time. This is called the levelling-off 
degreee of polymerisation (LODP). LODP is the third kinetic phase in acid-catalysed 
degradationn of cellulose. The three phases are characterised by a continuous drop in 
reactionn rate. 

Thee LODP value is only dependent on the nature of the fibre, and not on the hydrolysis 
conditions.. The latter only influences the speed at which the plateau is reached. Most 
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authorss report LODP between 200 and 400, closer to 200-300 for wood pulp and to 300-
4000 for cotton (Figure 1-9). 

160CL L 

1400--

1200n n 

D pp 1000. 

700. . 
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1 33 6 9 12 15 

Hydrolysiss time (hours) 

Figuree 1-9. Graphical representation of the LODP for  different cellulose fibres (reproduced from 
http://wvnv.chem.vt.edu/chera-dept/helm/3434WOOD/notesl/polyrxn.html) ) 
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