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Abstract
This thesis deals with the preparation of chemically and/or enzymatically modified
cellulose. This modification can be either irreversible or reversible. Irreversible
modification is used to prepare cellulose derivatives as end products, whereas
reversible modification is used to enhance solubility in the preparation of
regenerated cellulose.
The irreversible modification studied here was the preparation of carboxymethyl
cellulose (CMC) using extended mercerization of a spruce dissolving pulp. More
specifically the parameters studied were the effect of mercerization at different
proportions of cellulose I and II in the dissolving pulp, the concentration of alkali,
the temperature and the reaction time. The parameters evaluated were the degree
of substitution, the filterability and the amount of gel obtained when the resulting
CMC was dissolved in water. Molecular structures of CMC and its gel fractions
were analysed by using NIR FT Raman spectroscopy. It was found that the alkali
concentration in the mercerization stage had an extensive influence on the
subsequent etherification reaction. FT Raman spectra of CMC samples and their
gel fractions prepared with low NaOH concentrations (9%) in the mercerization
stage indicated an incomplete transformation of cellulose to Na-cellulose before
carboxymethylation to CMC. Low average DS values of the CMC, i.e. between 0.42
and 0.50 were obtained. Such CMC dissolved in water resulted in very thick and
semi solid gum-like gels, probably due to an uneven distribution of substituents
along the cellulose backbone. FT Raman spectra of CMC samples and their gel
fractions mercerized at higher alkaline concentration, i.e. 18.25 and 27.5% in the
mercerization stage, indicated on the other hand a complete transformation of
cellulose to Na-cellulose before carboxymethylation to CMC. Higher average DS
values of the CMC, i.e. between 0.88 and 1.05 were therefore obtained. When
dissolved in water such CMC caused gel formation especially when prepared from
dissolving pulp with a high fraction of cellulose II.
The reversible modification studied was the dissolution of cellulose in
NaOH/ZnO. Here the effect of enzyme pretreatment was investigated by using
two mono-component enzymes; namely xylanase and endoglucanase, used in
consecutive stages. It was found that although the crystallinity and the specific
surface area of the dissolving pulp sustained minimal change during the enzymatic
treatment; the solubility of pulp increased in a NaOH/ZnO solution from 29% for
untreated pulp up to 81% for enzymatic pretreated pulp.
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Sammanfattning
Denna avhandling belyser framställning av kemiskt och/eller enzymatiskt
modifierad cellulosa. Denna modifiering kan vara irreversibel eller reversibel.
Irreversibel modifiering används för att framställa cellulosaderivat som
slutprodukt, medan reversibel modifiering används för att öka lösligheten vid
framställning av regenererade cellulosa fibrer.
Den irreversibla modifieringen som studerats är framställningen av
karboximetylcellulosa (CMC) från en dissolving massa genom variationer i
merceriseringssteget. Speciella parametrar som studerats var effekten av
mercerisering med olika halter av cellulosa I och II i startmassan,
alkalikoncentrationen, temperaturen och reaktionstiden. Parametrar som
utvärderats var graden av substitution (DS), filtrerbarhet och mängden geler som
uppstod när framställd CMC löstes upp i vatten. Molekylära strukturer i CMC och
dess gelfraktioner analyserades med NIR FT Raman spektroskopi. Resultaten
visade att koncentrationen av alkali i merceriseringssteget hade en omfattande
påverkan på den efterföljande eterifieringsreaktionen. FT Raman spektra av CMC
proverna och deras gelfraktioner tillverkade med låga natriumhydroxid
koncentrationer (9 %) i merceriseringssteget indikerade en ofullständig omvandling
av cellulosa till alkali-cellulosa före karboximetyleringen till CMC.
Substitutionsgraden i CMC som framställdes vid dessa betingelser var låg, nämligen
0,42 till 0,50. Sådan CMC upplöst i vatten resulterade i stora mängder kompakta
gummiliknande geler, förmodligen orsakat av ojämn fördelning av substituenter
längs cellulosa molekylerna. FT Raman spektra av CMC proverna och deras
gelfraktioner merceriserade med natriumhydroxid koncertrationerna 18,25 och
27,5 % i merceriseringssteget indikerade däremot en fullständig omvandling av
cellulosa till alkali-cellulosa före karboximetyleringen till CMC. Substitutionsgraden
i CMC som framställdes vid dessa betingelser var högre, nämligen 0,88 till 1,05.
När dessa CMC prover löstes upp i vatten bildades geler främst i de fall CMC
proverna var tillverkade av dissolving massa med höga halter av cellulosa II.
Den reversibla modifieringen som studerats är upplösning av cellulosa i
natriumhydroxid/zinkoxid (NaOH/ZnO). Studerat var effekten av enzymatisk
förbehandling genom användandet av två mono-komponent enzym i två på
varandra följande steg. Resultaten från denna studie visade att lösligheten ökade i
NaOH/ZnO från 29 % för obehandlad massa upp till 81 % för enzymatiskt
förbehandlad massa. Intressant är att kristalliniteten och specifika ytarean hos
dissolving massan ändrats minimalt av den enzymatiska behandlingen.
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1 Introduction
Cellulose is the most abundant renewable organic material in the world, being the
principal component of plant mass and the most widely encountered natural
polymer (Klemm et al. 2001a). Payen was the first to determine the elemental
composition of cellulose, reporting in 1838 that it had the empirical formula
C6H10O5 (Payen 1842; Krässig 1993). Cellulose is a macromolecule with glucose
units linked together by β-1, 4-glucosidic bonds containing three hydroxyl groups
on each glucose unit. The hydroxyl groups of cellulose can be relatively easily
reacted with various chemicals to provide a wide range of derivatives with useful
properties. Cellulose derivatives, such as carboxymethyl cellulose (CMC), cellulose
nitrate and cellulose acetate, and regenerated cellulose, i.e. cellulose that has been
dissolved and re-precipitated, are important products, used for various purposes.
The cellulose raw material used for preparation of cellulose derivatives and
regenerated cellulose are either cotton or dissolving pulps, made by the acid
sulphite or the prehydrolysis kraft process. Cellulose derivatives, particularly those
that are soluble in water, constitute a class of polymers that have attracted
considerable interest for a diversity of applications. Carboxymethyl cellulose
(CMC) is the most important and widely applied ionic derivative. It is used in
applications that exploit the specific properties of the solution, e.g. thickeners,
binding agents, emulsifiers and stabilizers, within a wide range of areas including
paper coating, detergents, personal care, pharmaceuticals, food, oil drilling and
construction. The global production volume is in the order 300 000 t/a (Klemm et
al. 2001b), with the first published CMC report being a patent from 1921.
Cellulose is hard to dissolve in aqueous media due to both inter- and
intramolecular hydrogen bonding and hydrophobic interactions between the
cellulose molecules (Lindman et al. 2010; Medronho et al. 2012). Cellulose has an
amphiphilic character with hydroxyls conferring hydrophilicity to the edge of the
molecule, whereas glucose units have hydrophobic character in the direction
perpendicular to the ring plane (Yamane et al. 2006). The participation in hydrogen
bonding and hydrophobic interactions has great influence over chemical reactivity
and the solubility of cellulose. Cellulose is thus insoluble in most common
solvents, meaning the successful preparation of cellulose derivatives and cellulose
solutions requires special approaches. There are two categories of cellulose
reactions: homogeneous reactions starting from the dissolved polymer and
heterogeneous reactions in which cellulose remain in a more or less swollen solid
state during chemical modification. Reactivity in the solid state can be enhanced by
increased hydration and swelling during which hydroxyls are ionized under alkaline
conditions. Derivatization of cellulose to CMC occurs in a swollen state, where the
swollen alkali-cellulose is reactive towards different chemicals thus forming
cellulose derivatives. It is possible to dissolve a pulp sample by using different
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chemicals such as NaOH/CS2 as in the viscose process (Seymour and Porter
1993), this being the most widely used industrial process for regenerated cellulose
fibres (Woodings 2001). This process yields good results from a fibre quality
perspective, but the chemicals used in the process are problematic from a health
and environmental point of view. These issues have raised interest in alternative
dissolving systems and the development of new and interesting, relatively
inexpensive and environmentally friendly alkali-based alternatives. Nevertheless,
the majority of the alkali-water based systems only allow the dissolution of
cellulose with relatively low degree of polymerization (DP), typically less than 300.
In order to dissolve cellulose with higher DP it becomes essential to improve the
cellulose accessibility. As such, several chemical, enzymatic and mechanical
pretreatments have been investigated (Rahmkamo et al. 1996; Rahmkamo et al.
1998; Kihlman et al. 2011; Kihlman et al. 2012).
1.1 The structure of wood
Wood is composed of elongated fibres most of which are oriented in the
longitudinal direction of the stem. The main molecular components of wood are
cellulose, hemicellulose and lignin, the amounts of which vary depending on the
type of fibre in question. The same constituents are distributed differently in the
fibre cell wall layers around the central cavity, known as the lumen. A schematic
description of the fibre cell wall is shown in Figure 1.

Figure 1. Illustration of the fibrous structure of wood detailing the middle lamella
(ML), the primary wall (P), the winding (S1) and main body (S2) layers of the
secondary wall, together with the tertiary wall (T) and the lumen (W). Adapted
from Krässig 1993.
Norway spruce (Picea abies) consists of approximately 42% cellulose, 29%
hemicellulose and 28% lignin with the remaining 1% consisting of extractives and
inorganic material. The S2 layer in spruce is richer in cellulose, with a cellulose
content of about 50 to 65%. The complex morphology of the plant cell wall,
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together with the high crystallinity of cellulose are problematic for the production
of cellulose derivatives and regenerated cellulose, since contamination from
unreacted cellulose particles is generally undesired.
1.2 The supramolecular structure of cellulose
The structure of the cell wall, made up of macro-fibrils consisting of aggregates of
cellulose chains, is of great importance. Elementary fibrils are the smallest
morphological unit, being around 3 to 20 nm in diameter (Klemm et al. 2001a).
These micro-fibrils, the length of which can reach micrometers, aggregate into
larger morphological entities with diameters in the range of 10 to 50 nm. Macrofibril aggregates of micro-fibrils can reach diameters in the range of 60 to 360 μm
(Fink et al. 1990). A schematic description of the supramolecular structure of
cellulose is shown in Figure 2.

Figure 2. Supramolecular structure of cellulose (Egal 2006).

Some parts of a micro-fibril are crystalline (ordered), whilst others are amorphous
(disordered); depending on how the cellulose molecules are linked together. A twophase model with crystalline and amorphous regions is generally accepted today
and is important for understanding the heterogeneous cellulose reactions. The
accessibility of the cellulose and the ease with which a hydroxyl group can be
derivatized in a cellulosic material has been reported to be a function of the degree
of cellulose crystallinity (Jeffries et al. 1969; Tasker and Badyal 1994). The degree of
crystallinity of different cellulose samples covers a wide range and depends on the
origin and pretreatment of the sample.
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1.3 The cellulose molecule
The cellulose molecule has a strong tendency to form intramolecular (within the
same molecule) and intermolecular (between neighbouring molecules) hydrogen
bonds (Klemm et al. 2001a). The intramolecular hydrogen bonds are the main
reason for the stiffness and rigidity of the cellulose molecule. It has recently been
proposed that it also exists within hydrophobic interactions between the cellulose
molecules (Lindman et al. 2010; Medronho et al. 2012). Cellulose is hard to dissolve
in aqueous solutions due to the existence of large quantities of inter- and
intramolecular hydrogen bonds and because of the hydrophobic interactions
between the cellulose molecules. All cellulose substrates are polydisperse, i.e. they
always consist of a mixture of molecules of varying length. Native cellulose is
composed of two crystalline phases; cellulose Iα and Iβ (Atalla and VanderHart
1984; Atalla 1989). The ratio of Iα/Iβ in the composition varies depending on the
source of the cellulose. In wood pulp, the crystalline form cellulose I β dominates
whereas in bacteria and algae, it is cellulose Iα that prevails.

Figure 3. The structure of cellulose, where n is the number of anhydroglucose units. Adapted
from Klemm et al. 2001a.

In the chain-like extended linear macromolecule the glucose units are linked
together by β-1, 4-glucosidic bonds formed between the carbon atoms C1 and C4
of adjusted glucose units, as shown in Figure 3. On formation of the glucosidic
linkage of a single oxygen atom linked to two carbons, a molecule of water is
eliminated. Consequently, the glucose unit in the cellulose polymer is referred to as
an anhydroglucose unit (AGU). The cellulose chain has a non-reducing (alcoholic)
hydroxyl end group and a reducing (aldehyde) hydrate end group that show
different patterns of behavior (Klemm et al. 2001a; Krässig 1993).
The degree of polymerization (DP) of wood, i.e. the number of β-D-glucopyranose
units per molecule, is 8000 on average. For cellulose the relationship between
molecular weight, M, and the DP is shown in Equation 1 (Hong et al. 1978):
DP 

M
162

Eq. [1]

where 162 is the molecular weight of an AGU.
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Wood cellulose with an average DP of 8000 gives an average molecular mass of 1.3
∙ 106 g/mol. The degree of polymerization in pulp is normally 2500 to 5000,
corresponding to a molecular mass of 4-8 ∙ 105 g/mol.
The chemical character of the cellulose molecule is determined by the sensitivity of
the β-glucosidic link between the glucose repeating units to hydrolysis and by the
presence of three reactive hydroxyl groups, i.e. the primary OH-6 and the two
secondary OH-2 and OH-3 in each glucose unit. The hydroxyl groups can undergo
etherification and esterification reactions. The reactivity of the hydroxyl groups is
to a certain extent dependent on solvent and decreases in the order OH-2 > OH-6
> OH-3 in the cellulose molecule when producing CMC in isopropanol,
determined by H-NMR (Baar et al. 1994).
1.4 Behavior of cellulose under alkaline conditions
It was John Mercer who, as far back as in 1850, observed that when cotton was
immersed without tension in a solution of strong caustic soda it shrank in width
and length, thereby becoming denser. He also observed that the cotton became
stronger and its dye affinity was improved. This was the starting point for the
process that came to be known as “mercerization”, which was named after its
inventor, and involves cellulose material being treated with a concentrated solution
of sodium hydroxide (NaOH). In contrast to the comprehensive work carried out
on the swelling of cellulose using alkali hydroxides in water, results using nonaqueous solutions are relatively scarce. Experiments using NaOH dissolved in
aliphatic alcohols, i.e. isopropanol, show nevertheless that swelling is markedly
reduced when compared to aqueous systems, and process much slower (Klemm et
al. 2001a).
Morphological changes take place in native fibrous cellulose material during
swelling with NaOH; swelling can be either interfibrillar or intrafibrillar in
character. Only the disordered amorphous regions of the cellulose micro-fibrils
and the regions between the micro-fibrils are swelled in interfibrillar, or
intercrystalline swelling. Such swelling can also disrupt fibril aggregations that
either occur naturally or are caused by hornification, occurring when the cellulose
is dried, thus enhancing reactivity. The ordered crystalline regions of the cellulose
are also penetrated and swollen in the case of intrafibrillar, or intracrystalline
swelling.
An alkali cellulose is formed when cellulose I is treated with a strong alkali
(mercerization). When this alkali cellulose is washed, a transformation into
cellulose II occurs (Okano and Sarko 1985), as shown in Figure 4. The
transformation also occurs when homogeneously dissolved cellulose is
precipitated, also known as regeneration. Once the transformation to cellulose II
has occurred, it cannot be reversed.
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Figure 4. Possible mechanism of mercerization (Okano and Sarko 1985).

The alkali celluloses formed after treatment with sodium hydroxide are very
important intermediates since they are more reactive than the original cellulose.
This means that reagents can penetrate the swollen cellulose structure more easily
and react with the hydroxyl groups. Substitution of the hydroxyl groups is easier
due to deprotonating of the hydroxyl groups resulting in more nucleofil oxygen on
the hydroxyl groups of the swollen alkali-cellulose. The hydroxyl groups on C6 and
C2 are more accessible than in the native cellulose I structure. Alkali-cellulose is
reported to be found in several different crystalline forms that differ in their unit
cell dimensions.

Figure 5. Schematic diagram of the Na-cellulose I structure according to Fink et al. (1995).

According to Fink et al. (1995) the uptake of alkali metal hydroxides by cellulose is
not a chemical process in the strict sense, but rather an adsorption phenomenon,
see Figure 5. However, alkali treatment of cellulose most probably result in
deprotonating of the hydroxyl groups which introduces charge to the cellulose
molecule, with following adsorption of sodium ions and water, with swelling of
cellulose as the result.
NaOH treatment of cellulose yields the pure cellulose modifications I and II as
well as mixtures of cellulose I and II, depending on the alkali concentration. Earlier
studies using solid state 13C-CP/MAS-NMR and NIR (Near Infrared
Spectroscopy) show that the cellulose II content can vary between 2 and 4% in
bleached spruce sulphite pulps (Fälldin 2002). Minimum energy considerations
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favor a parallel arrangement of cellulose I and an antiparallel of cellulose II
(Krässig 1993). It is difficult, however, to imagine this total rearrangement of the
cellulose structure with no proper explanation and/or mechanism having been
proposed. Based on X-ray diffraction measurements made by Okano and Sarko
(1985), as well as by Langan et al. (2001), it was concluded that an antiparallel
recrystallization had occurred in cellulose II after alkali treatment and washing.
Electron microscopic investigations (Maurer and Fengel 1992), molecular dynamics
simulations (Kroon-Batenburg et al. 1996), and second harmonic generation
measurements (Marubashi et al. 2004), on the other hand, suggest that the
orientation of the molecular chain of cellulose II is parallel.
Cellulose I

Cellulose II

Figure 6. The most probable patterns of the hydrogen bonds in cellulose I and II (KroonBatenburg et al. 1986).

The system of hydrogen bonds in cellulose II appears to be more complex than
that in cellulose I, see Figure 6. It results in a higher intermolecular cross-linking
density, therefore rendering it less reactive than cellulose I (Kolpack & Blackwell
1976, Kolpack et al. 1978). All hydroxyls are positioned favorably for the formation
of intermolecular and intramolecular hydrogen bonds in the unit cell structure of
cellulose II. Because of the denser structure and greater involvement of the
hydroxyls in the hydrogen bonding of cellulose II, the reactivity is lower by
reduction of the accessible interfibrillar surface in cellulose II structure (Krässig
1993).
In addition to the finding that strong alkali solutions mercerize cellulose, Soube et
al. (1939) discovered that, under certain conditions, NaOH/H 2O solutions partially
dissolve cellulose. They realized that by changing the conditions, i.e. the
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temperature and the NaOH concentration, different types of alkali celluloses could
be obtained, as represented in their phase diagram in Figure 7.

Figure 7. Phase diagram of the sodium cellulose compound depending on the NaOH
concentration and temperature according to Sobue et al. (1939).

Temperatures within the region of -10°C to 4°C and NaOH concentrations
between 6% to 10% the NaOH/H2O solutions act as a direct solvent for cellulose.
1.5 Solvent systems for cellulose
Cellulose is not a thermoplastic polymer and degrades before it is melted, thus
melting is not an option. Therefore dissolution is a process stage that is necessary
for processing that requires cellulose in a liquid phase. However, due to its well
defined structure, cellulose is barely accessible to any organic and inorganic
solvents (Klemm et al. 2001a; Krässig 1993; Heinze and Koschella 2005). The
systems available can be classified into two basic groups, derivatizing and nonderivatizing solvents. Derivatizing solvents modify the cellulose prior to
dissolution. Derivatization takes place in the viscose process and in the production
of carboxymethyl cellulose. Derivatization involves substitution of reactive
hydroxyl groups in the cellulose, thus making it more soluble in common solvents.
The non-derivatizing solvents, on the other hand, do not modify the cellulose prior
to dissolution but instead dissolve it by disturbing the forces keeping it together
without any chemical modification. Various types of solvents are available, and
Table 1 summarizes some of the solvents utilized in industrial processes and
laboratory-scale research.
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Table1. Solvent systems utilized for dissolution of cellulose. Lithium chloride/N,N-dimethylacetamide (LiCl/DMac), sodium hydroxide (NaOH), carbon disulfide (CS2), Nmethylmorpholine-N-oxide (NMMO), tetrabutylammonium fluoride/dimethyl sulfoxide
(DMSO/TBAF), zink oxide (ZnO), cupriethylenediamine (COD).
Solvent
LiCl/DMac
NaOH+CS2
NMMO
Enzymes+NaOH
DMSO/TBAF
Ionic liquids
NaOH+ZnO
NaOH+Urea
NaOH+Thiourea
COD

Classification
Non-derivatized
Non-aqueous
Aqueous
x
x
x
x
x
x
x
x
x
x
x

Derivatized

Utilized

x

Size exclusion chromatography
Viscose process
Lyocell process
Biocelsol process
Research
Research
Research
Research
Research
Intrinsic viscosity of pulp

x
x

The enhancement of cellulose dissolution by adding relatively small amounts of
ZnO to concentrated NaOH solutions has been observed by, among others,
Borgin et al. (1950) and Vehvilainen et al. (2008). The role of the sodium zincate
ion, Zn(OH)42-, (a possible reaction product of ZnO with NaOH) has recently
been suggested to introduce electrostatic charge to the cellulose by way of
associating to it (Kihlman et al. 2013). The introduction of charge to improve the
solubility is similar to the chemical modification of cellulose, e.g. carboxymethyl
cellulose and cellulose xanthate in the viscose process.
1.6 Properties of dissolving pulp
Pulps produced as raw material for the production of viscose, cellulose ethers and
esters are called “dissolving pulps”. The acid sulphite and the prehydrolysis kraft
processes are the two dominating pulping processes of major practical importance
in the production of such pulps (Kordsachia 1999). A shift is taking place away
from traditional softwood sulphite pulps in favour of hardwood prehydrolysis kraft
pulps (Sixta and Borgards 1999). The manufacturing of dissolving pulps involves
both purification and bleaching processes that ensure that the pulp is free from
contaminants that can affect properties of product. The carbohydrates are
depolymerized and the content of inorganics and extractives are both reduced in
the production process. One important pulp parameter is the α-cellulose content,
which is defined as the pulp fraction that is resistant to sodium hydroxide of 17.5%
and 9.45% in strength under the conditions prescribed in TAPPI Standard T 203
om-88. It is not however, the same as the pure cellulose content since only some
of the hemicelluloses are dissolved. Another important pulp parameter is the R18
value, which is defined as the pulp fraction that is resistant to sodium hydroxide
concentration of 18% under the conditions prescribed in ISO 699-1982 standard.
Sulphite dissolving pulps are produced with α-cellulose contents of approximately
9

90 to 95%, with the remainder consisting of hemicelluloses (mainly xylans) and
small amounts of residual lignin and resins etc. Sulphate dissolving pulps have αcellulose contents of approximately 94 to 97 %, with the remainder being mainly
hemicellulose of the glucomannan type.
It has been reported that the important properties of pulps intended for the
production of cellulose derivatives include the brightness, the α-cellulose content,
the pentosan content (i.e. xylan content), the copper number, the ether and alcohol
extracts, the ash content, the intrinsic viscosity, the average degree of
polymerization (DP), and the average fibre length and fibre length distribution
(Wurz 1961). It has also been reported that the important properties of the
technical cellulose used for the dissolving pulp are low contents of lignin,
hemicelluloses and extractives as well as a high viscosity (Lönnberg 2001).
1.7 Crystallite length
The levelling-off degree of polymerization (LODP) is the result of the acid
hydrolysis that is used as a tool to investigate the supramolecular structure of
cellulosic material, and was first investigated by Battista in 1956. When pulp is
subjected to acid hydrolysis, glucosidic linkages of the cellulose are broken and the
degree of polymerization (DP) decreases rapidly until it reaches the leveling-off, or
limiting, degree of polymerization (LODP).
DP

LODP

Time of hydrolysis

Figure 8. Decrease in degree of polymerization during acid hydrolysis in a LODP test (Håkansson
2005).

It has been shown that the LODP corresponds to both the average length of the
crystallites and the length of the fibre fragments that are obtained after mild
ultrasonic treatment of the hydrolysis residue of wood pulp and cotton linters
(Battista et al. 1956). The degree of degradation and the amount of material
dissolved are relative to the accessibility of the cellulose to chemical reactions. The
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LODP observed in the hydrolysis process is assumed to be a result of the
arrangement of cellulose molecules in micro-fibrils with crystalline regions
interspersed by amorphous regions. The particles obtained after dissolution of the
amorphous fraction of the cellulose are known as microcrystals or crystallites.
1.8 Carboxymethyl cellulose (CMC)
This water-soluble polymer was invented in 1918, with the first patent being
granted in 1921 (DE 332203). CMC is manufactured by reacting sodium
monochloroacetate with alkali cellulose. It is almost always distributed as the
sodium salt, but instead of using the longer name, sodium carboxymethyl cellulose
(NaCMC), it is usually designated simply carboxymethyl cellulose (CMC) (Stigsson
2006). In this thesis, CMC or carboxymethyl cellulose is used as a short name for
NaCMC or sodium carboxymethyl cellulose. CMC is produced by Williamson
etherification in an aqueous-alcoholic system according to the following reactions
(Stigsson et al. 2001):
Mercerization

Etherification

Side reaction

The preparation of CMC involves two reaction stages: mercerization and
etherification. These are carried out in water-alcohol mixtures, i.e. as slurry
processes at 10% pulp content. The slurry process ensures good mixing and
thereby uniform reactivity, although it also leads to a low degradation of the
cellulose chain. In the first step of the CMC process the dissolving pulp is treated
with NaOH in a water-alcohol mixture at 20 to 30oC, where the alcohol is usually
either ethanol or isopropanol. The alkali cellulose produced is reactive towards, for
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example, monochloroacetate acid, which is added in the second step either as free
acid, MCA, or as its sodium salt, NaMCA. The reaction between the alkali cellulose
and the etherification agent is normally carried out at about 60 to 70°C. NaOH
reacts simultaneously with MCA to form the two by-products sodium glycolate
and sodium chloride (Krässig 1993; Klemm et al. 2001a).
One of the most important properties of the cellulose raw material used in the
manufacture of CMC is its reactivity. The literature shows that approximately 35 to
50% of the hydroxyl groups can be etherified in cotton or dissolving pulps
(Krässig 1993). Carboxymethylation is a uniform reaction; it occurs only at
accessible hydroxyl groups, followed by the slow penetration of the ordered
surfaces (Borsa et al. 1992). Cellulose reactivity in a heterogeneous alkali medium
depends not only on the cellulose structure at molecular, supermolecular and
morphological levels, but also on the reaction medium employed. It is known that
the reaction rate in ethanol is lower than that in isopropanol since ethanol is better
at dissolving sodium hydroxide (Olaru and Olaru 2001). The crystallinity and
polymorphism of the cellulose change during the mercerization step; the organic
solvent acts as a swelling-restrictive agent and does not permit full hydration of the
cellulose chain (Yokota 1985). Isopropanol is a poorer solvent for sodium
hydroxide compared with ethanol, and a two-phase system therefore occurs. Only
small amounts of the Na+ and the OH- ions enter the alcohol phase, favoring a
higher concentration of NaOH in the vicinity of the cellulose. This results in
substantial decrystallization and change of polymorphism from cellulose to Nacellulose during mercerization. It is also reported that different solvent systems
affect the characteristics of CMC during its manufacture. For example, when
isopropanol is present during the mercerization stage substitution is more uneven;
tri-substituted units occur and substitution on the C6 carbon is increased (Stigsson
et al. 2006). Industrially, the semi-dry ethanol process is normally used. However in
the laboratory other organic solvent are appropriate and thus routinely employed
(Heinze et al. 1989).
The carboxymethylation of cellulose is a uniform reaction, the rate of which
depends upon the cellulose structure and diffusion of the reagents, NaOH and
NaMCA, within the cellulose structure (Salmi et al. 1994). A pseudo first-order,
kinetic relationship for the carboxymethylation reaction has been proposed for the
isopropanol-ethanol with the time course of the reaction described by the equation
ln(1.11 - DS) = - kt + c (where k is the rate konstant, t the time, c the intercept and
1.11 the molar ratio MCA AGU-1 at t = 0) (Olaru and Olaru 2001). The parameters
k and c depend on cellulose structure, crystallinity and polymorphism, and
probably also by the concentration of the reagent near the hydroxyl groups of the
cellulose molecules.
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1.9 Degree of substitution (DS)
CMC is a cellulose ether where some of the hydrogen atoms on the hydroxyl
groups on the C2, C3 or C6 positions in the anhydroglucose unit are replaced by a
carboxymethyl group. The DS of a CMC sample is the average number of
carboxymethyl groups per anhydroglucose unit. It is one of the most important
characteristics of CMC and determines, for example, its solubility in water. The
theoretical maximum of the DS value is 3.0 but the DS range for commercially
available CMC grades is generally between 0.4 and 1.5 (Heinze and Koschella
2005). Solubility in water is enhanced by increasing DS; CMC has good water
solubility above 0.5. Carboxymethyl cellulose of low DS, i.e. less than 0.2, retains
the fibrous character of the starting material and is not soluble in water (Borsa and
Racz 1995). The DS of CMC can be increased by a multi-step reaction. Applying a
one-step reaction gives a maximum DS of around 1.3 to 1.5 (Heinze and
Koschella 2005). By repeated mercerization-etherification steps DS values above
1.5 can be obtained, and it has been reported that Kulicke prepared CMC samples
with a DS of between 0.7 and nearly 3.0 by a slurry procedure with isopropanol
(Kulicke et al. 1996).

Figure 9. Typical structure of sodium carboxymethyl cellulose with a DS of 1.

The rheological properties of CMC water solutions have been found to depend on
the degree of substitution and the reactivity of the cellulose (Barba et al. 2002). The
substitution process results in a CMC that can be either evenly or unevenly
substituted, depending upon the conditions used during its preparation. An
unevenly distributed CMC or a CMC with a low DS can create the formation of a
three-dimensional network structure, resulting in gel formation.
1.10 NIR FT Raman spectroscopy
Near Infrared (NIR) Fourier Transform (FT) Raman spectroscopy is a
spectroscopic technique that probes molecular vibrations through the interaction
with the electromagnetic radiation in the 780 to 2500 nm frequency range. The
energy of photons scattered off the outer electrons is modulated by vibration in
the molecule, resulting in a frequency shift related the frequencies of molecular
vibrations. The most common molecular vibrations that occur are stretching and
bending. Stretching occurs when the distance between the atoms in the bonding
13

direction of the molecule is altered, whereas bending applies when the angle
between the atoms in the molecule changes. There are four different types of
vibrational in a system with their atoms, such as a methylene group, combination
of bending vibrations create the composite modes of scissoring, rocking, wagging
and twisting.
The different forms of cellulose (I, II, and amorphous) can be distinguished by
vibrational spectroscopies such as IR or Raman (Nelson and O'Connor 1964;
Atalla and VanderHart 1984; Wiley and Atalla 1987). These methods are
complementary, since spectral intensities will be obtained for the same vibrational
modes. The backbone structural bands in Raman spectra are strong and sharp, and
quite large molecules show clear bands. The low frequency region, which is quite
sensitive to conformation, is observed with difficulty in the IR spectra, but it is
readily observed in the Raman spectra. It is this greater selectivity that leads to the
advantage of Raman spectra compared to IR spectra. FT Raman spectroscopy has
shown an outstanding ability for characterizing the different backbone structures
of cellulose (Wiley and Atalla 1987). The information concerning crystallinity of
cellulose I and II can also be obtained by FT Raman and this method normally
uses a calibration with WAXS (wide angle X-ray scattering) data (Röder et al. 2006).
1.11 Enzymes
An enzyme is a protein that functions as a catalyst in chemical reactions. Enzymes
act with great specificity and often catalyze only one specific reaction. Specificity is
conferred by the three dimensional structure of the protein. Enzymatic catalysis
includes the binding of substrate, forming an enzyme-substrate complex. Cellulases
are enzymes that hydrolyze β-1, 4-glucosidic bonds of the cellulose chain.
Cellulases can be divided into four different groups depending on the enzymatic
degradation it catalyzes in the cellulosic chain according to Henriksson et al. (2005):
 A-type enzymes are progressively degrading cellulose chains from the
reducing end in exo-mode, releasing cellobiose, i.e. enzymes that slide along
the cellulose chain, hydrolyzing glucosidic bonds with release of cellobiose
units.
 B-type enzymes attack the cellulose in a similar way to the exo-mode, but
mainly from the non-reducing end.
 C-type enzymes are able to perform cleavage within a cellulose chain, i.e. in
endo-mode.
 D-type small endo-enzymes that, in contrast to the other types, do not
strongly adsorb to crystalline cellulose via a special cellulose binding domain
(CBD).
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Xylanases are enzymes that catalyze the endohydrolysis of β-1, 4-xylosidic linkages
in xylan (Collins et al. 2005). In order to decrease the hemicellulose content,
pretreatments of pulps with xylanase have been developed and investigated (Guan
et al. 1998; Zhou and Chen 1998; Köpcke et al. 2008).
It has been reported in earlier studies that treatment of both dissolving and kraft
pulps with mono-component endoglucanases, has a positive effect in terms of
reactivity, according to the Fock reactivity test (1959), a micro-scale process similar
to the viscose process, (Henriksson et al. 2005; Engström et al. 2006; Kvarnlöf et al.
2007; Köpcke et al. 2008; Ibarra et al. 2010). Treatment of cellulose with cellulose
degrading enzymes, cellulases, is also reported to increase the solubility of cellulose
in strong alkali (Rahmkamo et al. 1996; Rahmkamo et al. 1998).
1.12 Objectives of the study
The ratio of cellulose I and II in a dissolving pulp was expected to have an
influence in the mercerization reaction and thus on the reactivity in the following
etherification stage. The first objective of this study was to investigate if the lower
level of reactivity of cellulose II affected the DS of the resulting CMC, and to
investigate a possible correlation between the mercerization conditions i.e. the
NaOH concentration, the time and the temperature in the mercerization stage, and
the DS, the filterability and the gel fraction in CMC. The second objective was to
investigate the use of NIR FT Raman spectroscopy for characterization of
cellulose and cellulose derivatives. The third objective was to investigate if a
dissolving pulp could become more accessible for subsequent dissolution by pretreatment with a combination of two types of enzymes, used in consecutive stages.
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2 Materials and Methods
2.1 Materials
For the CMC synthesis a commercial fully bleached and dried sulphite dissolving
pulp, produced from Picea abies (Norwegian spruce), supplied by Borregaard
Chemcell, Sarpsborg, Norway was used. This is a typical ether pulp that is
commercially available. It had an intrinsic viscosity of 1500 cm3 g-1 (ISO
5351:2004), a S18 value of 7.5% (ISO 692-1982), an ISO brightness of 85% (ISO
2470:1999), and a cellulose II content of < 3% (NIR FT Raman spectroscopy).
For the enzymatic treatment a commercial fully bleached and dried prehydrolyzed
kraft Southern pine dissolving pulp, supplied by Buckeye Tech. Inc., Memphis,
TN, USA was used. It had an intrinsic viscosity of 460 cm3 g-1 (ISO 5351:2004),
cellulose content of 94.7%, total hemi cellulose content of 4.5% (2.5% xylan and
2.0% glucomannan) (SCAN-CM 71:09).
Ball milled bacterial cellulose was used as a reference for amorphous cellulose.
Enzymes used for pretreatment were mono-component xylanase preparation
(Pulpzyme HC®) and mono-component Endoglucanase preparation (FiberCare
R®), provided by Novozymes AS (Denmark). Pulpzyme HC is produced from a
genetically modified Bacillus species. The xylanase activity was determined by the
manufacturer and expressed in Active Xylanase Units (AXU) per unit mass of
material as 1000 AXU g-1. FiberCare R is produced from a genetically modified
Aspergillus species. The cellulolytic activity was determined by the manufacturer and
expressed in Endo Cellulase Units (ECU) per unit mass of material as 4500 ECU g1. The advantage of using mono-component enzymes over a “cultured filtrate”
type of commercial xylanase and/or cellulase, which contains a complete set of
cellulolytic enzymes, is that the reaction is better controlled, and that the yield
losses will likely be lower, i.e. crystalline cellulose will be degraded to a lesser extent.
The following chemicals were used in the preparation of the CMC and the
dissolution of enzymatic treated dissolving pulp: Isopropanol (purity 99.7%, VWR
International, USA), methanol (purity 99.8%, VWR International, USA), sodium
hydroxide (NaOH) (purity 99%, VWR International, USA), sodium
monochloroacetate (C2H2ClNaO2) (purity 97%, Sigma-Aldrich, Switzerland), and
zink oxide (ZnO) (purity 99.9%, Sigma-Aldrich, Switzerland).
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2.2 Methods
The choice of methods used involved a compromise between availability, costs and
suitability to the objectives of the study. Design of experiments was used for
planning, conducting, analyzing and interpreting controlled tests, to evaluate the
factors that control the value of a parameter or group of parameters.
In order to address effect of cellulose II and the effect of reaction conditions in the
mercerization stage on the resulting CMC, a carboxymethylation procedure was
performed. Characterization of the carboxymethylation product, rather than the
mercerized pulp, was judged necessary. The characterization of the resulting CMC
concerning reactivity was evaluated by determination of the DS. To characterize
the undissolved residuals and gel fraction in the CMC water solutions a filtration
test was performed. In order to characterize the gel fraction and undissolved
residuals found in the CMC water solution, filtration was used for isolation of this
fraction.
In order to investigate the use of NIR FT Raman spectroscopy for characterization
of cellulose and cellulose derivatives, both native cellulose in pulps as well as the
reaction product CMC were investigated by Raman spectroscopy. The methods
used that would allow the transformation order of the lattice conversion of
cellulose I to cellulose II be followed, with respect to the reaction conditions used,
are based on 13C CP/MAS NMR spectroscopy (Kunze et al. 1981) and WAXS
(Borysiak and Garbarczyk 2003). These techniques are time-consuming and
expensive therefore it is necessary, in accordance with new spectroscopic
approaches, to establish reliable and rapid methods of analysis for the
quantification or prediction of the physical and chemical properties of complex
molecules such as cellulose.
The objective to study the effect of enzymatic treatment, in consecutive stages, was
addressed by investigation the solubility of the treated pulp in the NaOH/ZnO
system (Kihlman et al. 2013). Evaluation of both enzymatic treated pulps and
cellulose solutions were carried out. The analysis used for those purposes was
determination of the pulp yield, the DPη, the crystallinity, the specific surface area,
carbohydrate composition, R18, the solubility of cellulose in the NaOH/ZnO
solution and microscopic analysis of the cellulose solution.
The analysis methods used for the issues above are described herewith.
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2.2.1 NaOH-pretreated dissolving pulp prior to CMC preparation
Pretreatment of a dissolving pulp with 18% NaOH was performed to generate
cellulose II structure in the pulp for further investigation of whether cellulose II
affected the resulting CMC. A large sample of dissolving pulp (0.5 kg) was initially
ground to fine powder in a knife mill (Fritsch Pulverisette 19, Fritsch GmbH, IdarOberstein, Germany). This mechanical treatment decreased the intrinsic viscosity
to 1485 cm3 g-1 (ISO 5351:2004). Samples (30 g) of the dry powder were mixed
with 1 L of 18% NaOH, corresponding to 29.2 mol NaOH mol -1 AGU. The
samples were then shaken for 30 min at room temperature (r.t.) in an anaerobic
atmosphere inside plastic bags. The samples were subsequently washed with
deionized water to a neutral pH, air dried, and stored at r.t. The obtained samples
consisted of approximately 91% cellulose II, which were analytically verified by
NIR FT Raman spectroscopy. For reference purposes, a number of samples of the
powdered pulp were washed with deionized water, air dried, and stored at r.t.
These samples consisted of approximately 78% cellulose I, as again analytically
verified by NIR FT Raman spectroscopy.

2.2.2 The carboxymethylation procedure
A 17.5 g sample of the dissolving pulp was introduced into a glass reactor together
with 224 mL isopropanol and 20.4 mL deionized water. The impeller was held at
350 rpm throughout the reaction, and a reflux condenser was mounted at the glass
reactor to avoid evaporation. The reaction batch was continually purged with N2
continuously to remove oxygen. Fifteen minutes later, either 3.0 g, 6.7 g, or 11 g of
NaOH was mixed with 10.2 mL of deionized water and, finally, 39 mL of
isopropanol was added to the solution. The NaOH-charges corresponded to 0.65,
1.55, and 2.55 mol NaOH mol-1 AGU. The mixture was left at 20°C, 30°C, or
40°C for 1 h, 24.5 h, or 48 h. In the next step, 49 mL of 87% isopropanol was
mixed with 25.65 g of NaMCA, corresponding to 2.04 mol NaMCA mol-1 AGU,
before being added to the reaction mixture. The temperature was raised during a
period of 30 min to 60°C and then left for 60 min at 60°C. The reaction was
terminated by neutralization with the addition of acetic acid. After filtration, the
product (NaCMC) was washed with 350 mL of 87% isopropanol, 4×350 mL of
70% MeOH, and finally washed with 350 mL pure MeOH. To confirm that all
sodium-containing by-products, i.e. NaCl and C2H3NaO3, had been removed from
the washed CMC sample, some AgNO3 solution was added to samples of the final
wash filtrate. As no AgCl precipitation appeared, it was assumed that all sodium
glycolate and sodium chloride had been removed. Thus, the only remaining sodium
ions were those that belonged to the substituted CMC.
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2.2.3 Titrimetric determination of DS of the CMC
A 0.5 g sample of CMC, calculated as oven-dry product, was ashed at 700°C for 15
to 20 min. The ash was then dissolved in 42 mL boiling deionized water before
being titrated with 0.1 N H2SO4, using a 702 SM Titrino from Metrohm® until the
solution reached a pH of 4.4. Boiling of the solution was undertaken three times
between repeated titrations to evaporate carbon dioxide. The DS value was then
calculated from the amount of titrated acid (b/mL) and the amount of CMC (G/g),
using Equation 2 according to Hong et al. (1978).
 0.1b 
0.162 

G 

DS 
 0.01b 
1  0.080 

 G 

Eq. [2]

2.2.4 Filtration test of CMC water solution
The filtration test is a mill laboratory method, whereby CMC is filtered under
standard conditions, at a fixed temperature and under specific pressure. The CMCpowder was dissolved with water to a 1% solution at 20°C during 60 min. The
solution was then diluted to 0.5%, stirred for 5 min and cooled to 14°C before
filtration. Quantities of filtrate that passed the filter (a cotton linter based filter)
during 1 min intervals were collected during 5 min and each liquor sample was
weighed. The individual weight of each liquor sample was plotted vs. time, and the
degree of unreacted material and gel particles was estimated by means of the
dm/dt gradient. The accumulated filtrate weight during 5 min was calculated and
taken as a measure of filtration ability, and calculated to filtration value. CMC
water solutions with small amounts of undissolved residuals and gel fractions have
a high filtration value and vice versa.

2.2.5 Determination of gel fraction in CMC water solution
A 9 g sample of CMC-powder, calculated as oven-dry product, was dissolved in 2
L of deionized water by stirring the solution at 1200 rpm at r.t. for 2 h. The
solution was then filtered on a RBU glass filter of VitraPOR® Borosilicate 3.3, with
a volume of 4000 mL in order to isolate the gel fraction and undissolved residuals.
The glass filter used was a Por. 3 with a pore size of 15 to 40 μm. The gel fraction
values of the CMC water solution were determined after filtration according to
Equation 3.
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Gel fraction (%) 

Gf
Gi

100(%)

Eq. [3]

where Gi is the initial weight of the dry CMC, and Gf is the weight of the dry
insoluble part after extraction with water and a subsequent filtration stage.

2.2.6 Alkali-treated dissolving pulp prior to analysis
Samples of 30 g powdered dissolving pulp were subjected to alkali treatment, using
different concentrations of NaOH, in a similar way as described for the NaOHpretreated dissolving pulp as described in section 2.2.1 above. This was executed in
order to follow the conversion of cellulose I to cellulose II in the alkali-treated
pulps as a function of the NaOH concentration used for each single treatment.
Another purpose was to analyze the LODP of the alkali-treated pulps, after acid
hydrolysis. The dissolving pulps were mercerized at the following NaOH
concentrations: 0%, 2%, 4%, 5%, 6%, 8%, 9%, 10%, 12%, 14%, 15%, 16%, 18%,
20%, 22%, 24%, 26% and 28%. This corresponds to 0, 2.8, 5.6, 7.1, 8.7, 11.8, 13.4,
15.0, 18.4, 21.9, 23.7, 25.5, 29.2, 33.1, 37.0, 41.1, 45.3 and 49.6 mol NaOH mol-1
AGU.

2.2.7 NIR FT Raman spectroscopy
NIR FT Raman spectra of the samples were acquired using a Bruker RFS 100
spectrometer equipped with a liquid nitrogen-cooled Ge diode as the detector. A
Nd:YAG-laser, operating at λ0 = 1064 nm and a maximum power of 1500 mW,
served as the light source for the excitation of Raman scattering. All of the FT
Raman spectra were recorded over the frequency range 3400 to 100 cm-1 using an
operating spectral resolution of 4 cm-1. The cellulosic samples were analyzed in
small aluminium wells of the sampling accessory placed across the normal sample
holders; 180° backscattering geometry was applied. The spectra were averaged over
400 scans using 350 mW laser power output. These measurements were repeated
twice for each sample under the same conditions and an average spectrum was
calculated.
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Table 2. Characteristic FT Raman frequencies and their vibrational assignments corresponding to
the allomorphs cellulose I and II in the frequency region below 1700 cm-1, and vibrations and
group frequencies of CMC caused by the carboxymethylation reaction (Colthup et al. 1990;
Schenzel and Fischer 2001).
Cellulose I
-1
(cm )
1477

Cellulose II
-1
(cm )

Approximate assignment of the vibrational modes
(CH2) methylene bending vibrations
(CH2) methylene bending vibrations
(CH2) methylene bending vibrations
(CH2) methylene twisting mode
(CH2) methylene twisting mode
(COC) glycosidic stretching; ring breathing
(COC) glycosidic stretching; ring breathing
(CCC), (CO), (CCO) ring deformation
(CCC), (CO), (CCO) ring deformation

1464
1455
1295
1120
1095
380

1265
1116
1095

355
-1
(cm )
1611 and 1416
1338
1330-1320

-

(COO ) asymmetric and symmetric carbonyl stretching vibrations
wagging vibrations of methylene (CH2) assigned to
hydroxymethylene side chain at C(5)
wagging vibrations of methylene (CH2) adjacent to an ether
group (-CH2OR)

2.2.8 Acid hydrolysis of alkali treated dissolving pulp for LODP analysis
A sample of 2.00 g of the alkali-treated dissolving pulp was put in a flask together
with 200 ml 3 M HCl (aq). The flask was then put in a water bath of 80 ºC, where
hydrolysis took place, for a period of one hour whilst being gently shaken. The
hydrolysis process was arrested by cooling the flask in an ice-bath and the residue
was filtered off on a glass filter (porosity 4) with a diameter of 3 cm. The filtrate
was then washed with deionized water until neutralized before being dried at room
temperature. The intrinsic viscosity was determined according to ISO 5351:2004
standard.

2.2.9 Enzymatic treatment of dissolving pulp
Enzymatic treatments were performed at 3% pulp consistency and pH 7, using a
phosphate buffer solution (11 mM NaH2PO4 and 9 mM Na2HPO4). The enzymes
were added to the buffer and then to the pulp, to achieve a homogeneous
distribution. The enzymatic incubation was carried out in plastic bags in a water
bath at 60°C for 2 h with the mono-component xylanase, and at 50°C for 1 h with
the mono-component endoglucanase. The pulps were kneaded every 30 minutes.
In order to denature and inactivate the enzymes, the pulp was filtered and washed
with hot water at 90°C using vacuum filtration on a RBU glass filter of VitraPOR®
Borosilicate 3.3, Por. 3 with a pore size of 15 to 40 μm. Thereafter the pulps were
mixed with hot water at 90°C and placed in a 90°C water bath for 30 minutes.
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Subsequently each pulp sample was filtered and washed with 1000 mL of deionized
water. The enzyme dosage for the mono-component xylanase was: 0, 3.3, 16.7 and
50 AXU g-1 dry weight pulp, and for the mono-component endoglucanase the
dosage was: 0, 5 and 10 ECU g-1 dry weight pulp. Alkali extraction of the xylanase
treated pulps was performed at 4% pulp consistency with 7 wt-% NaOH solution
at room temperature for 1 h. After the alkali extraction the pulps were filtered and
washed with deionized water to a neutral pH. Thereafter the pulps were treated
with endoglucanase, and finally the pulps were dried at 105°C for 3 h. As controls,
pulps were treated under identical conditions without enzymes.

2.2.10 Pulp characterization after enzymatic treatment
In order to identify which cellulose stucture the pulp samples had after the
enzymatic and alkali treatment, NIR FT Raman spectroscopy was used. The yield
of cellulose after enzymatic hydrolysis was determined by the weight loss of
dissolving pulp. The carbohydrate compositions were determined according to the
SCAN-CM 71:09 standard and the R18 determinations were determined according
to the ISO 699-1982 standard.

2.2.11 The degree of polymerization of enzymatic treated pulps
The cellulose viscosity was determined according to ISO 5351:2004 standard. This
method describes a procedure for determining the viscosity of cellulose solutions,
using cupriethylenediamine as a solvent and a capillary viscometer. The DP was
then calculated through its correlation to the pulp intrinsic viscosity [η] by
employing Equation 4 (Evans and Wallis 1989) below.

DPη0 .90  1.65  η

Eq. [4]

This equation works well in the DP range 700 to 5000. Another equation that can
be used for the calculation of DP through its correlation to the pulp intrinsic
viscosity, is Equation 5 (Immergut et al. 1953) below.
DPη0 .905  0.75  η

Eq. [5]

This equation gives lower DPη values compared to Equation 4 (Evans and Wallis
1989), and has not been used in this study.
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2.2.12 Preparation of cellulose solution
The solvent system used was NaOH/ZnO (8.5:0.8 by wt.). Each solution had a
total weight of 100 g, at a pulp content of 3%. This corresponds to 11.5 mol
NaOH mol-1 AGU, and 0.5 mol ZnO mol-1 AGU. The freshly prepared solvent
systems were pre-cooled to -1°C, and the cellulose to around 0°C. When the
enzymatic treated cellulose was added, the temperature of the mixture was
maintained at approximately -1°C during the first couple of minutes, and then
increased to +4°C. A robust stirrer with two counter-rotating propellers was used
and the solutions were stirred for 20 min at 500 rpm.

2.2.13 Microscopy analysis of cellulose solution
An Olympus BX51 microscope (Hamburg, Germany) equipped with a ColorView
111 soft imaging system (Münster, Germany), was used to evaluate the quality of
the cellulose dissolution in terms of transparency, birefringence and fraction of
undissolved fragments. A small aliquot of the cellulose solution was transferred to
a microscopic glass slide, covered with a cover glass slide and viewed in the
microscope between crossed polarizers. A magnification of 200x was used in each
trial.

2.2.14 Determination of the dissolved part in cellulose solution
To quantify the amount of dissolved cellulose the cellulose solutions were
centrifuged at 5000 rpm for 1 h at -2°C, in order to separate the undissolved
cellulose residuals from the dissolved cellulose. The undissolved fraction was then
washed using vacuum filtration on a RBU glass filter of VitraPOR® Borosilicate
3.3, with a volume of 500 mL to isolate the gel fraction and undissolved residuals.
The glass filter used was a Por. 3 with a pore size of 15 to 40 μm. Finally, the
washed material was dried at 105°C for 3 h. The dissolved part fraction values of
the cellulose solution were determined after filtration according to Equation 6.

 C
Dissolved cellulose (%)  1  f
 Ci


  100%


Eq. [6]

where Ci is the initial weight of the dry pulp, and Cf is the weight of the dry
insoluble part after extraction with water and a following filtration stage.
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2.2.15 Specific surface area from CP/MAS 13C-NMR spectroscopy
The measurements of NMR spectra of selected enzymatic treated dissolving pulps
were performed as described by Chunilall et al. (2010). The spectra were recorded
in a Bruker Avance AQS 300 WB instrument (Bruker Biospin GMBH,
Rheinstetten/Karlsruhe, Germany) operating at 7.04 T. The estimates of lateral
fibril aggregate dimension (LFAD), obtained from the model developed by
Chunilall et al. (2010) using NMR, were used to estimate specific surface area of
cellulose I samples in a liquid-swelled state. Within this model framework the side
length of a fibril aggregate (α) is related to the specific surface area (σ) according to
Equation 7.



4
ρα

Eq. [7]

where ρ is the cellulose density. Small fibril aggregates have a high specific surface
area and vice versa.

2.2.16 Experimental design and chemo-metrics
Design of experiments (DOE) is a branch of applied statistics that deals with the
planning, conducting, analyzing and interpreting of controlled tests to evaluate the
factors that control the value of a parameter or group of parameters. The
experimental design was set up by Umetrics software MODDE 7 in order to
systematically collect observations using different reaction conditions. The
employment of a statistical method enables interaction effects or process optima to
be identified with a small number of experiments. To study the influence of
extended mercerization upon various properties of CMC, the parameters were fully
factorized at two levels. A response surface multiple linear regression (MLR) was
fitted relating the responses, DS, filtration value, and amount of gel fraction to four
factors; the fraction of cellulose II in the dissolving pulp, the NaOH concentration,
the temperature, and the time in the mercerization stage. To study the influence of
enzymatic treatment on dissolving pulp and following dissolution, the parameters
were factorized at four levels for xylanase, and at three levels for endoglucanase.
The criterion of D-optimality (Eriksson et al. 2000) was used to determine the
factor settings in the experimental plan. A response surface MLR model was fitted
relating the responses: pulp yield, DPη, crystallinity, dissolved cellulose in
NaOH/ZnO, cellulose content, total hemicellulose content, xylan content, and
glucomannan content, to the two factors; the xylanase dosage and the
endoglucanase dosage.
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Multivariate chemo-metric analyses on the averaged NIR FT Raman spectra of
pulp samples of different cellulose I/cellulose II contents were performed by
means of the software package OPUS 6.5. (Bruker, Germany). The program
OPUS/Quant 2 was utilized for subjecting the FT Raman spectra of the pulp
samples of different cellulose I/cellulose II contents. A partial least square
regression algorithm (PLS) was utilized to determine the best correlation function
between the spectral and concentration matrices. The FT Raman spectra of the
mixtures of adjusted percentage contents of cellulose I and cellulose II (calibration
set) were examined for the purpose of multivariate calibration. An entire range of
the percentage content of both cellulose I and cellulose II between 0 and 100% at
intervals of 5% was used. The frequency range 1500 cm-1 to 200 cm-1 of the FT
Raman spectra pertaining to the calibration mixtures was the only range utilized for
the PLS regression supplying the calibration model. The spectra were, furthermore,
pretreated by vector-normalization and their first derivatives calculated. Internal
cross validation with the data of the calibration set was used for evaluating the
predictions of the model.
The program OPUS/Quant 2 was also utilized for subjecting the FT Raman and
FT IR spectra of the CMC samples of different DS values, between 0.42 and 1.05
determined by titration. For multivariate calibration, FT Raman and FT IR spectra
of the CMC samples were examined in the frequency range 1800 cm-1 to 280 cm-1
and 1800 cm-1 to 1200 cm-1. First derivatives and vector-normalized spectra of
these frequency ranges were used solely. A partial least square regression algorithm
(PLS) was utilized to determine the best correlation function between the
titrimetrically determined DS and the spectral predicted values. Internal cross
validation utilizing the data of the calibration set was used for evaluating the
predictions of the model.
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3 Results and discussion
A factorial experimental design was used in order to study the influence of
extended mercerization on numerous properties of CMC using different
mercerization conditions. The effects were identified using a small number of
experiments. In order to study the influence of cellulose II in the dissolving pulp
on the CMC preparation, the ratio of cellulose I and II in the original pulp was
varied and evaluated by characterizing the final degree of substitution, the
filterability and the gel fraction in the resulting CMC. To investigate possible
correlations between the conditions in the mercerization stage, the DS, the
filterability and the gel fraction in CMC, the NaOH concentration, time and
temperature in the mercerization stage was varied. The NaMCA charge in the
etherification stage was kept constant, corresponding to 2.04 mol NaMCA mol-1
AGU, since the focus was on the mercerization stage. The mercerization
experiments were carried out as outlined in Figure 10.

Figure 10. Scheme of the mercerization experiments carried out in this study.

3.1 The influence of extended mercerization on DS of CMC
The parameters were fully factorized at two levels for each variable and the DS,
filtration data and gel fraction are given in Table 3. The mercerization times were
long, i.e., 1 h, 24.5 h and 48 h. The DS obtained was either 0.4 to 0.5 or 0.9 to 1.0
and the filtration values varied between 0 to 27.5 g min-1. Gel fractions were
varying from 0.1 to 78.1%.
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Table 3. The experimental parameters and the DS together with the filtration values and the gel
fraction obtained.
Parameters of mercerization

Data of CMC
Filtration
Gel
Sample
AlloTemp.
Time
NaOH
mol NaOH
DS
value
fraction
#
morph
(°C)
(h)
(wt/v %)
mol-1 AGU
wt3 (g)
(%)
1
I
20
1
9.0
0.65
0.42
7.2
63.9
2
II
20
1
9.0
0.65
0.49
0.0
66.8
3
I
40
1
9.0
0.65
0.48
10.2
65.5
4
II
40
1
9.0
0.65
0.47
2.5
70,4
5
I
20
48
9.0
0.65
0.50
5.9
67.0
6
II
20
48
9.0
0.65
0.46
1.2
75.3
7
I
40
48
9.0
0.65
0.47
1.2
68.6
8
II
40
48
9.0
0.65
0.46
3.3
78.1
9
I
20
1
27.5
2.55
1.03
26.8
10
I
20
1
27.5
2.55
1.05
27.5
11
I
20
1
27.5
2.55
1.02
21.0
0.6
12
II
20
1
27.5
2.55
0.92
0.0
13
II
20
1
27.5
2.55
0.96
0.0
2.6
14
II
20
1
27.5
2.55
0.95
0.1
15
I
40
1
27.5
2.55
1.05
0.0
17.5
16
II
40
1
27.5
2.55
0.93
1.1
65.9
17
I
20
48
27.5
2.55
1.04
25.5
0.3
18
II
20
48
27.5
2.55
0.95
0.0
75.3
19
I
40
48
27.5
2.55
1.00
4.1
0.1
20
II
40
48
27.5
2.55
0.93
0.0
22.8
21
I/II = 1:11
30
24.5
18.25
1.55
0.882
0.02
22
I/II = 1:11
30
24.5
18.25
1.55
0.922
0.02
10.6
23
I/II = 1:11
30
24.5
18.25
1.55
0.922
0.02
24
I
30
24.5
18.25
1.55
0.94
17.9
1)A mixture of 50% cellulose I and 50% cellulose II. 2)Results not included in the MLR as this cannot be
achieved on center points of qualitative factors. 3)Determined by the gradient dm/dt after 5 min.

The main, quadratic and interactive effects on the DS of the CMC showed that the
NaOH concentration in the mercerization stage had a significant influence and that
it correlated positively to the DS of the CMC, Figure 11. Secondly, a high cellulose
II fraction had a negative influence on the DS. The quadratic effect reveals that
there is a second order correlation with respect to the NaOH concentration and
the DS of the CMC. The quadratic term for NaOH concentration also indicates
that there is a maximum, within the interval studied, i.e. 9 to 27.5% NaOH. The
multiple linear regression model obtained demonstrates that the optimal NaOH
concentration is 25%. The DS maximum is in accord with earlier studies showing
that by applying a one-step reaction, as per this study, gives a maximum DS of
around 1.3 to 1.5 (Heinze and Koschella 2005). The highest DS value obtained in
this study was 1.05. Assuming that deprotonated hydroxyl groups of the cellulose
account for its reactivity, applying a one-step reaction may be limited to
deprotonate around one hydroxyl group per AGU, and thus as a result of repeated
mercerization-etherification steps, more hydroxyl groups are deprotonated
resulting in DS values of 1.5 or higher.
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Figure 11. The main, quadratic and interactive effects on the DS, including 95% confidence
limits. Terms on the x-axis: (NaOH) = NaOH concentration in the mercerization stage,

(Cellulose II) = cellulose II fraction in the dissolving pulp.

The interaction effect was found from a high cellulose II fraction and the NaOH
concentration, which had a negative influence on the DS. Neither prolonged time
nor elevated temperature in the mercerization stage had any significant effect on
the DS of the CMC in the intervals studied, i.e., 1 to 48 h and 20 to 40°C. The
refined MLR model fitted to the experimental data had a correlation coefficient r2
= 0.995. The independence of time in the mercerization stage was probably due to
the fact that the major molecular transition is fast, i.e., it occurs in less than 15 min
(Borysiak and Garbarczyk 2003). The shortest mercerization time in this study was
1 h, thus the retention time could not have had any influence. The results indicate
that the NaOH concentration should be high in order to obtain a high DS; and the
reason for this is probably the formation of alkali cellulose, which has an enhanced
reactivity compared to the original cellulose. This confirms the data of Sixta (2006):
the initial NaOH concentration of 7% at room temperature is needed to trigger the
formation of Na-cellulose I and this process is completed at 14 to 16% NaOH
concentration. In the range of NaOH concentrations 14 to 22% Na-cellulose I
prevails, while beyond this concentration level Na-cellulose II arises. The
dependence upon a high NaOH concentration is probably also due to decreasing
content of crystalline cellulose with increasing additions of NaOH, as observed by
Schenzel et al. (2009). There is also a slight increase in the swelling of cellulose after
alkalization demonstrated by thermogravimetry of samples saturated with water
before and after alkalization (Barba et al. 2002). A high NaOH concentration in the
mercerization stage certainly alters the size of the crystallites and introduces crystal
defects, increasing the internal surface area. At a NaOH concentration of 9%,
cellulose swelling probably only takes place in the amorphous parts of the cellulose
and it is restricted to the surface of the crystalline parts. At NaOH concentrations
of 27.5%, probably only the most crystalline regions are intact and thus the
accessible internal surface area is increased. This confirms again results of earlier
studies showing that maximum swelling of cellulose fibres takes place at an alkali
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treatment of ca. 10% NaOH. At 18% NaOH, the cellulose crystallites become
shorter (Gruber 2006). When the NaOH concentration was 9%, the substitution
was probably uneven with multi-substituted unit; and when the NaOH
concentration was 27.5%, the mono-substituted units were probably dominating
resulting in a homogenous substitution, i.e. high regioselectivity.

Figure 12. The DS of CMC versus the NaOH concentration in the mercerization stage.

Figure 12 shows the effect of NaOH concentration in the mercerization stage
together with the amount of cellulose II in the original pulp on the DS value of the
resulting CMC. The DS values of the CMC samples for the 9% NaOH cases were
not influenced by the cellulose II fraction in the pulp, Figure 12, while at 27.5%
NaOH the cellulose II fraction had a negative influence on the DS. The figure
shows that at the high NaOH concentration the DS was reduced from 1.03 to 0.94
when the cellulose II fraction in the pulp prior to the mercerization stage was
increased from 0% to 100%. However, in both cases is a high NaOH
concentration beneficial as this leads to higher DS for a given chemical charge in
the etherification stage. The reason for the difference in reactivity between
cellulose I and II at high NaOH concentration may be attributed to the cellulose
structure becoming the bottleneck for the reactivity of the pulp samples at high
alkalinity. The DS difference at high NaOH concentration between CMC-grades
from pulp samples with different cellulose I and II contents were probably due to a
difference in swelling and crystallinity after alkalization in the NaOH-pretreatment
stage of the original pulp. Increased swelling and decreased crystallinity after the
NaOH-pretreatment stage probably improve the accessibility and reactivity of the
cellulose II. This in turn could result in the relatively small DS difference observed
when the cellulose II fraction in the pulp prior to the mercerization stage was
increased from 0% to 100%.
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3.2 The influence of extended mercerization on the filtration ability of CMC
water solutions
Filtration tests with 0.5% CMC dissolved in water were carried out and the
filtration value was determined for the different samples of CMC. The numbers
were recalculated to “filtration value” as described in chapter 2.2.4. In the
mercerization stage, the NaOH concentration, the temperature, and the content of
cellulose II in the original pulp are important individual factors for filtration
efficiency of CMC in water solutions, see Figure 13.

Figure 13. The main and interactive effects for the filterability of CMC water solutions, including
95% confidence limits. Terms on the x-axis: (NaOH) = NaOH concentration in the mercerization
stage, (Cellulose II) = cellulose II fraction in the dissolving pulp and (Te) = temperature in the
mercerization stage.

Thus, a high fraction of cellulose II in the original pulp and a high temperature in
the mercerization stage affected the filtration ability negatively, while the effect of
NaOH concentration in the mercerization stage was apparently positive but not
statistically significant at a 95% confidence level, but is retained in order to keep
hierarchical structure of the model, since interaction terms including NaOH are
indeed significant. The reaction time in the mercerization stage is not shown in
Figure 13 as it has no influence on the filtration value. The figure also illustrates
that the interaction between a high fraction of cellulose II in the original pulp and
the temperature in the mercerization stage correlates positively with the filtration
value of CMC. Both the combined interaction terms of cellulose II and the NaOH
concentration such as the temperature and the NaOH concentration in the
mercerization stage correlated negatively with the filtration value. The refined MLR
model fitted to the experimental data has a correlation coefficient r2 = 0.873.
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Figure 14. The filtration value for 0.5% CMC water solutions versus the temperature in the
mercerization stage.

Figure 14 shows the effect of the temperature in the mercerization stage together
with the amount of cellulose II in the original pulp on the filtration value of the
resulting CMC water solutions. The CMC concentration in the water solution was
0.5%. As can be seen the amount of cellulose II in the original pulp had a strong
influence on the filtration value of the resulting CMC water solution at the low
temperature (20°C) in the mercerization stage. However, at the higher temperature
(40°C) in the mercerization stage the filtration value was less influenced by the
amount of cellulose II in the original pulp. This difference can be explained by the
fact that the pulp swells, i.e. mercerizes, more efficiently at low temperatures
(Sisson and Sander 1941), resulting in a more uniform carboxymethylation of the
pulp in the etherification stage. A more even distribution of the ether groups can
be assumed to result in CMC water solutions that filter more easily, and therefore
result in higher filtration values. Note also that the temperature effect on the
filtration value was much more pronounced if the cellulose II fraction was low,
while at high cellulose II fraction the difference in filtration value was not
significant. The reason was most probably that the CMC produced of pulp samples
with a high cellulose II fraction had higher fibre and gel content when dissolved in
water and therefore lower filtration values in all cases.
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Figure 15. The filtration value for 0.5% CMC water solutions versus the NaOH concentration in
the mercerization stage.

Figure 15 shows the effect of the NaOH concentration in the mercerization stage
and the amount of cellulose II in the original pulp upon the filtration value of the
resulting CMC. It can be seen that a high NaOH concentration (27.5%) the
cellulose II quantity influenced the filtration value of the resulting CMC water
solution significantly while the corresponding effect at the low NaOH
concentration (9%) was much less. The figure shows that the filtration value was
reduced from 15 to 0 when the cellulose II fraction was increased from 0% to
100% when the NaOH concentration in the mercerization stage was 27.5%. At the
low NaOH concentration the filtration value was reduced much less, i.e. from 7 to
1.8 when the cellulose II fraction was increased from 0% to 100%. This influence
of the NaOH concentration can be explained by the fact that cellulose II is more
compact than cellulose I and therefore less accessible and reactive. Higher NaOH
concentrations swell the cellulose structure more and, at low concentrations, this
swelling effect becomes the bottleneck for the reaction. Conversely, at higher
concentrations, the type of cellulose used becomes the bottleneck. Note also that
the NaOH concentration effect on the filtration value was much more pronounced
if the cellulose II fraction was low, while at high cellulose II fraction this difference
in filtration value was not significant. The low filtration ability of the CMC water
solutions if the original pulp had high contents of cellulose II indicated that they
contained fibres and gel particles that reduced the filtration ability. This was
probably dependent upon the more compact structure of cellulose II which, in the
etherification reaction, resulted in substitution reactions mainly on the surfaces of
the fibrils. It was therefore most likely that an uneven substitution was obtained in
the etherification stage. It has been reported earlier that cellulose derivatives
containing non-substituted segments can form associations by intermolecular
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interactions and result in gel formation, verifying the results obtained in the present
study (Clasen and Kulicke 2001; Enebro et al. 2007; Gelman 1982).
Optimum conditions during mercerization for preparation of good CMC with high
filtration ability was found when high NaOH concentration and low temperature
was used in the mercerization stage and the original pulp had low cellulose II
content. The reaction time in the mercerization stage seemed to have no influence
on the filtration value of CMC water solutions. It should, however, be observed
that only long reaction times (≥1 h) were included in this study.
3.3 The influence of extended mercerization on the gel fraction in CMC
The main effects on the gel fraction in CMC showed that the NaOH concentration
in the mercerization stage had a significant influence, and that it correlated
negatively to the amount of gel fraction in CMC water solution, Figure 16.
Secondly, a high cellulose II fraction had a positive influence on the amount of gel
fraction in CMC water solution.

Figure 16. The main effects on the gel fraction in CMC water solutions, including 95% confidence
limits. Terms on the x-axis: (NaOH) = NaOH concentration in the mercerization stage, (Cellulose
II) = cellulose II fraction in the dissolving pulp.

The retention time and the temperature in the mercerization stage is not shown in
Figure 16 as they have no significant influence on the gel fraction in CMC water
solutions. The refined MLR model fitted to the experimental data has a correlation
coefficient r2=0.673. The relatively low r2 value indicates that other effects not
studied here influenced the amount of gel fraction in CMC water solution. CMC
prepared by using a low NaOH concentration (9.0%) in the mercerization stage
resulted in CMC water solutions rich in semi-solid, gum-like gels, as determined
visually. CMC prepared from pulp rich in cellulose II tended to have a higher
content of gel at a given NaOH concentration compared with CMC prepared from
pulp rich in cellulose I, see Table 3. This gel formation was probably due to the
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low DS. It has been reported earlier that aggregates of non-substituted or poorly
substituted regions may appear as highly swollen opaque or transparent macrogel
particles (Rinaudo et al. 2000) and that insoluble fractions of CMC mainly consist
of low-substituted cellulose segments (Jardeby et al. 2004). At low DS, when large
regions of unsubstituted CMC are present, it has been observed that a gel structure
may appear in the CMC solution (Stigsson et al. 2006).
To characterize, both cellulose prior to etherification, and carboxymethyl cellulose
on a molecular level, FT Raman spectroscopic analysis was performed, including
the development of new methods. Next section addresses the outcomes of the
Raman spectroscopic topic in this study.
3.4 NIR FT Raman spectra of cellulose I and cellulose II
Vibrational signals between 1500 cm-1 and 150 cm-1 generally provide the most
important structural information of the cellulose molecule. The fine structure of
the convoluted vibrational spectra of cellulose pulps allows significant differences
to be clearly observed between cellulose I and cellulose II, as shown by the FT
Raman spectra in Figure 17.

Figure 17. FT Raman spectra (top 2 spectra) and their second derivatives (bottom 2 spectra) of
model compounds for cellulose I and cellulose II.

The Raman spectra, and for clarity, their second derivatives in the range 1500 to
200 cm-1 are shown in Figure 17. Here, bands corresponding to stretching modes
of the anhydroglucopyranose units of the cellulose skeletons, i.e. ν(C-C), ν(C-O)
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and ν(C-O-C), can be seen along with the bending vibrations of the HCC, HCO,
COH and CH2 groups at 1265 cm-1 and 1295 cm-1. The ring deformation
vibrations of the glucopyranose skeletons δ(CCC), δ(CO) and δ(CCO) are mainly
detected at wavenumbers lower than 600 cm-1. The differences in spectra are
particularly conspicuous for the peaks at 360 cm-1 for cellulose II and 380 cm-1 for
cellulose I. The vibrational modes assigned are derived from the paper of Wiley
and Atalla (1987) as well as from later work by the authors and the literature cited
therein (Schenzel and Fischer 2001).
The lattice structures of the cellulose allomorphs are stabilized considerably by
hydrogen bonding, so it has to be assumed that changes such as frequency shifts or
decreases in the signal intensity of Raman lines are caused by lattice conversion
processes. The signal assigned to the twisting mode of the methylene groups
indeed indicates such behavior, shifting from 1295 cm-1 in cellulose I to 1265 cm1 in cellulose II, as seen in Figures 17 and 18.

Figure 18. FT Raman spectra of generated mixtures of cellulose I and II representing adjusted
degrees of the polymorphic transformation cellulose I to cellulose II.

Typical changes in the conformation of the cellulose skeletons as a result of the
breakdown and change in crystal lattice structure were observed in the range of the
methylene bending vibrations, δ(CH2), in the FT Raman spectra. They indicate the
simultaneous presence of two stereochemically nonequivalent CH2OH groups
issued from the rotation of the side chains about the C(5)-C(6) atoms in cellulose I.
In cellulose II, on the other hand, only one type of the CH2OH groups is present.
Consequently, the two scissoring vibrations of the methylene groups at 1477 cm-1
and 1455 cm-1 merge into one single signal at 1461 cm-1 during the polymorphic
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transformation process (Wiley and Atalla 1987; Schenzel and Fischer 2001).
Changes were also detected for the glucopyranose ring deformations in the low
frequency range, Figure 18. The intensity of the signal at 379 cm-1 decreased,
whereas that of the peak at 352 cm-1 increased, because of the transition from the
glucopyranose ring conformation of cellulose I to the ring conformation of
cellulose II. Furthermore, a clear broadening of Raman signals is observed due to
the cellulose lattice conversion, thus illustrating the breakdown of cellulose I crystal
lattice structures resulting from the different chemical environments of the
glucopyranose units. Earlier studies indicate that a decrease in the crystallinity of
cellulose I is to be expected, owing to the transformation of the cellulose lattice
(Schenzel and Fischer 2005). Atalla et al. (1984) has previously suggested that a
third component is formed when pulps are treated with caustic solutions. WAXS
investigations on alkali-treated cellulose fibres indeed confirmed that the cellulose I
crystallinity of cotton decreased during the mercerization reaction (Borysiak and
Garbarczyk 2003).
3.5 Quantitative analysis of the transformation of cellulose I to cellulose II
Chemo-metric methods, i.e. multivariate calibration, classification and clustering of
analytical data, are suitable for the analysis of quantification or prediction of the
physical and chemical properties of complex molecules such as cellulose. Here, the
method of multivariate calibration assists in developing a model that is capable of
determining the order of the lattice conversion of cellulose I to cellulose II,
quantitatively. A partial least square regression algorithm (PLS) was applied to the
FT Raman spectral data of cellulose I/cellulose II calibration mixtures generated to
represent various adjusted degrees of the polymorphic transformation.
The multivariate calibration model obtained was tested on dissolving pulps treated
with varying NaOH concentrations according to: 0, 2, 4, 6, 8… 28%, as described
in Chapter 2.2.6. The FT Raman spectra of the alkali-treated pulps were examined
thereafter, using the multivariate lattice conversion model shown in Figure 19.
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Figure 19. Cellulose I to cellulose II transformation process of dissolving pulps treated with
different NaOH solutions, CNaOH: 0, 2, 4, 6… 28%.

The prediction curve in Figure 19 illustrates the course of the conversion of
cellulose I to cellulose II in the alkali-treated pulps as a function of the NaOH
concentration used for each single treatment; these results are also given
numerically in Table 4.
Table 4. Contents of cellulose I (Ccell I Raman (%)) and cellulose II (Ccell II Raman (%)) determined by
the chemo-metric model of the cellulose lattice conversion and the content of proportions of
amorphous cellulose I (Ccell amorph, Raman (%)) derived from the cellulose I crystallinity model of
Schenzel and Fischer (2005), representing modeled and corrected lattice conversion orders of the
ether pulps treated with different NaOH concentrations.
Concentration of
alkali treatment
CNaOH (%)

Percentual content of cellulose I

0
2
4
5
6
8
9
10
12
14
15
16
18
20
22
24
26
28

83
83
80
83
80
66
44
27
11
6
6
7
6
7
7
9
12
7

Ccell I Raman (%)

Percentual content of cellulose II
(modelled conversion order)
and corrected lattice conversion order
Ccell II Raman (%)
Ccell II Raman (%) - Ccell amorph, Raman (%)
modeled
corrected
17
~0
17
~0
20
2
17
1
20
0
34
12
56
29
73
43
89
51
94
57
94
56
93
55
94
56
93
56
93
54
91
52
88
49
93
54
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Percentual content of
amoprphous cellulose
Ccell amorph, Raman (%)
18
15
18
16
20
22
27
30
38
37
38
38
38
37
39
39
39
39

It is clear that the conversion of cellulose I to cellulose II does not occur at NaOH
concentrations lower than 6%. However, at an NaOH concentration of between 6
to 12%, the percentile content of cellulose I in the samples decreases significantly
and that of cellulose II greatly increases. Around 94% of cellulose II is obtained if
the NaOH concentration is at least 14%, see Figure 19 and Table 4. Increasing the
NaOH concentration from 14 to 20% did not cause any further transformation of
cellulose I to cellulose II. The contrary was, in fact, found to apply: alkali treatment
at even higher concentrations, i.e. 24 and 26%, induced a small decrease in the
lattice conversion order. Thus, at these NaOH concentrations, only 88 to 91% of
the cellulose II component was obtained. Finally, the extent of conversion
cellulose I to cellulose II was slightly higher at 94% if the pulps were treated with
alkali solutions of 28% in strength. These results are in excellent agreement with
those found in the WAXS investigations of Borysiak and Garbarczyk (2003).
The point of inflection of the curve in Figure 19 was calculated to determine a
50% lattice transformation, and was reached when the NaOH concentration was
9%. This result agrees entirely with those yielded by IR spectroscopy on the
mercerized beech sulphite pulp investigated by Sixta and Borgards (1999).
3.6 Quantifying amorphous cellulose with respect to the lattice conversion
of cellulose
The crystallinity of cellulose I in the alkali-treated dissolving pulps that showed
signs of an increase in the amorphous component as result of lattice
transformation were also examined. The content of amorphous cellulose was
determined for each alkali-treated pulp sample using the multivariate calibration
model of Schenzel and Fischer (2005). The model allows the crystallinity of
cellulose I (XcRaman (%)) of each pulp sample to be determined, which then makes
the content of the amorphous phase (Camorph, Raman (%)) accessible.
The contents of amorphous cellulose in the alkali-treated dissolving pulps (Camorph,
Raman (%)) are shown in Table 4 and correspond to the content of crystalline
cellulose I (Ccell I Raman (%)) and cellulose II (Ccell II Raman (%)). They are determined
using the multivariate cellulose lattice conversion model and are based on the
NaOH concentrations used in the treatment of the pulp.
Using the model developed by Schenzel and Fischer (2005) the content of
amorphous cellulose in the dissolving pulps treated with concentrations of 0 to 5%
NaOH were found to be 15 to 18%. The corresponding amount of cellulose II,
determined by the chemo-metric lattice conversion model was found to be 17 to
20%. Assuming that 17 to 20% of cellulose II, or a lattice conversion order of 17
to 20%, cannot be correct under these conditions, these percentile proportions of
cellulose II must in actual fact be an amorphous form of cellulose I, see Table 4.
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A strong increase in the amorphous fraction of the cellulose was detected with the
progression of the transformation of cellulose I to cellulose II, in agreement with
Borysiak and Garbarczyk (2003): see Table 4 and compare the band shape of the
FT Raman spectra in Figure 18. The amorphous part of this cellulose increased
rapidly from 20 to 38% when the NaOH concentrations used to treat the pulps
were increased from 6 to 14%. The lattice conversion order of cellulose I to
cellulose II, determined by the multivariate calibration model, increased
simultaneously from 20 to 94%. These differences in amorphous fraction probably
depend on a decrease in the crystalline fraction due to the swelling and formation
of Na-cellulose when the original dissolving pulp is subjected to the NaOHtreatment process.
NaOH concentrations between 15 and 28% gave an amorphous cellulose fraction
of 37 to 39% and lattice conversion orders of cellulose I to cellulose II of 88 to
94%. Although NaOH concentrations of 24 and 26% induced a small reduction in
the lattice conversion orders, there was no change in the percentile proportion of
the amorphous part of the cellulose. Thus, the crystallinity of the cellulose does not
provide an interpretation of this effect, also described by Borysiak and Garbarczyk
(2003).
Taking the results of both multivariate quantification methods into consideration,
it was deduced that around 20% of cellulose I must be amorphous in order to
initiate the transformation process of cellulose I to cellulose II. This proportion
was approximately doubled when the samples were treated with NaOH
concentrations in the range of 6 to 14%. These NaOH concentrations caused
orders of transformation of about 20 to 94% for cellulose I to cellulose II, which
correspond to the corrected lattice conversion orders of 0 to 57%. Here, the
content of amorphous cellulose in each sample served as an amendment for the
actual lattice conversion order. About 40% of cellulose I exist in the amorphous
phase when the polymorphic transformation process is completed: no increase can
be detected in this phase when higher NaOH concentrations are used to treat the
pulps. Only a small amount of approximately 6% of the crystalline cellulose I
remain when the polymorphic conversion process has been completed.
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3.7 Differences in the LODP of alkali-treated pulp
The intrinsic viscosity was measured after acidic hydrolysis at 3 M HCl for
dissolving pulps treated with varying NaOH concentrations according to: 0, 2, 4, 6,
8… 28%, as described in Chapter 2.2.6. Values of intrinsic viscosity (ISO
5351:2004) were recalculated to LODP using Equation 8 (Gruber and Gruber
1981). The constants k and α have a value of 2.28 and 0.76, respectively.

η  k  DPα

LODP vs NaOH concentration

Eq. [8]
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Figure 20. The LODP of alkali-treated dissolving pulp after acid hydrolysis (3M HCl) versus the
NaOH concentration in the alkali-treatment of the dissolving pulp.

Figure 20 shows that the LODP of the alkali-treated pulps, analyzed after acid
hydrolysis, decreased from 144 for the original pulp to approximately 60 for pulp
treated with alkali at the highest NaOH concentration. These LODP values are far
below the degree of polymerization of the original pulp (~5000). As can be seen in
the figure, the LODP decreases rapidly with increasing NaOH concentrations up
to about 10%, corresponding to 15.0 mol NaOH mol-1 AGU.
The reduction in the LODP was probably a result of the swelling action taking
place in both the amorphous and the crystalline regions in the cellulose. Cellulose
swelling probably only took place in the amorphous parts of the cellulose and on
the surfaces of the crystalline cellulose particles at NaOH concentrations below
10%. At higher concentrations it is probable that only the most crystalline regions
are intact; the structure of the crystalline cellulose is also likely to differ. This
change in skeletal structure is in agreement with the prediction curve shown in
Figure 19, which illustrates the course of the conversion of cellulose I to cellulose
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II in the alkali-treated pulps as a function of the NaOH concentration used for
each single treatment. The LODP obtained at NaOH concentrations above 10%,
as seen in Figure 20, is likely dependent upon the quantity of pure crystalline
cellulose that remained in the cellulose.
One important parameter in determining the accessibility of cellulose to chemical
modifications is the degree of swelling. A high concentration of NaOH in the
mercerization stage probably alters the size of the crystallites and introduces crystal
defects resulting in an increased of internal surface area, thus facilitating the
penetration of NaOH. This allows the reactants in the etherification stage to
penetrate the swollen cellulose structure and react with the hydroxyl groups more
easily when compared to the unswollen material (Krässig 1993). A slight increase in
the swelling of cellulose after alkalization occurs, as demonstrated by
thermogravimetry of samples saturated with water, both before and after
alkalization (Barba et al. 2002). There was also an increase in the amorphous
cellulose fraction after mercerization, see Table 4. From this, it is proposed here
that the small difference in DS at high NaOH concentrations found between the
CMC grades produced from pulp samples with different contents of cellulose I and
II, were probably due to a difference in the swelling of the cellulose. The diffusion
of the reagents within the structure of cellulose II is probably enhanced by the
increase in swelling due to increase in the fraction of amorphous cellulose that
follows mercerization.
In the study of DS and filterability of CMC water solutions cellulose swelling
probably only took place in the amorphous parts of the cellulose and on the
surfaces of the cellulose segments at the NaOH concentration of 9%. At
concentrations of 27.5%, on the other hand, it is probable that only the most
crystalline regions were intact. This agrees with the results of the LODP, given in
Figure 20, and earlier studies showing that maximum swelling of cellulose fibres
occurs when the NaOH is approximately 10% in strength (Bartunek and Heuser
1925), and, that the cellulose crystallites become shorter at 18% NaOH (Gruber
2006).
3.8 NIR FT Raman spectra of CMC
This section deals with the gel fraction in CMC produced from pulps with
different cellulose structure during extended mercerization. Obvious differences
between the methods of preparation described in Table 3 were detected by the FT
Raman spectra shown in Figure 21.
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Figure 21. FT Raman spectra of CMC samples 1 to 23 ordered with respect to the preparation
methods used. CMC samples 1, 3, 5, 7 were prepared from dissolving pulp with a high fraction of
cellulose I. CMC samples 2, 4, 6, 8 were prepared from dissolving pulp with a high fraction of
cellulose II. CMC samples 9-23 were prepared from cellulose I or II, or mixtures of those
cellulose polymorphs.

Figure 21 shows the spectra of all the CMC samples, grouped according to their
typical vibrational behaviour. It is clear that the samples can be separated into three
groups, which are here denoted as the CMC group (1), the CMC group (2), and the
CMC group (3). In the low frequency range there is a peak at 380 cm-1 for CMC
group (1), and peaks at 355 cm-1 for CMC group (2) and (3). CMC group (1) and
(2) have peaks at 1338 cm-1, whereas CMC group (3) has a peak at 1330 cm-1. The
cellulose crystallinity after the carboxymethylation reaction was quantified by
analysing the FT Raman spectral data of the samples, using the models previously
described (Schenzel and Fischer 2005; Schenzel et al. 2009). In this manner, the
contents of crystalline and amorphous cellulose in the original dissolving pulp,
before and after its alkaline pre-treatment and in the CMC samples were
determined.
Samples in group (1), i.e. CMC 1, 3, 5, and 7, were prepared from the dissolving
pulp sample, which had a high fraction of cellulose I at approximately 78%. These
samples were prepared using a low NaOH concentration (9%) in the mercerization
stage (see Table 3). These CMC samples still had cellulose I structure at a fraction
of approximately 69%, as well as approximately 9% of cellulose II and 22% of
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amorphous cellulose, after the carboxymethylation reaction. The signal assigned to
the twisting mode of the methylene groups at 1295 cm-1 and the signal for
glucopyranose ring deformation at 380 cm-1 confirmed the cellulose I structure.
Distinct signals of carbonyl stretching vibrations of an acetate salt, νas(COO-), and
νs(COO-) at 1611 cm-1 and 1416 cm-1, confirmed the carboxymethylation of the
corresponding pulp samples (Colthup et al. 1990).
In contrast to group (1), the samples of group (2), i.e. CMC 2, 4, 6, and 8, were
prepared from the dissolving pulp sample that had a high fraction of cellulose II at
approximately 91%. They were then treated with a low NaOH concentration (9%)
in the mercerization stage, and were observed to maintain a cellulose structure of
type II at a fraction of about 76%, and 24% of amorphous cellulose, after the
carboxymethylation reaction. The signal assigned to the twisting mode of the
methylene groups at 1265 cm-1, the methylene bending vibrations at 1464 cm-1 and
the signal for glucopyranose ring deformation at 355 cm-1 confirmed the cellulose
II structure. Carbonyl signals at 1611 cm-1 and 1416 cm-1 confirmed the successful
carboxymethylation. These results suggested that the cellulose structure remained
unchanged when a low NaOH concentration (9.0%) was used in the mercerization
stage. The reason for this was most probably due to the fact that the NaOH
concentration was not high enough to complete the transformation from
crystalline cellulose to Na-cellulose prior to the carboxymethylation stage. The
degree of substitution was low, i.e. between 0.42 and 0.50 for the samples in CMC
group (1) and (2), compare Table 3.
The CMC group (3), samples 9 to 23, were prepared from pulp samples with either
a high fraction of cellulose I or II, and from mixtures of these. The NaOH
concentrations were 18.25% and 27.5% in the mercerization stage. In comparison
to CMC group (1) and (2), obvious differences were observed in the spectra of
CMC group (3), because the content of amorphous cellulose structures was
approximately 2.5 times higher than the content of ordered cellulose forms. Just as
shown for the CMC groups (1) and (2), the spectra of group (3) also gave evidence
of the successful carboxymethylation of the pulp. This is indicated by the Raman
signals of the νas(COO-) and νs(COO-) modes at 1611 cm-1 and 1416 cm-1. Here,
these signals show distinctly higher intensity than in the spectra of the both other
groups, suggesting higher DS values for the samples of group (3). This
corresponds with DS found by titrimetric determination that gave DS values
between 0.88 and 1.05. Contrary to the spectra of CMC group (1) and (2), the
signal of the ω(CH2) vibrations at 1338 cm-1 assigned to the hydroxymethylene side
chains at C(5) was degrading due to the higher degrees of substitution in CMC
group (3).
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Figure 22. FT Raman spectra of a model compound of amorphous cellulose, CMC sample 9 and
NaOH-pretreated ether pulp.

The higher degree of substitution in group (3) is accompanied by differences in the
cellulose backbone structure in comparison to those of CMC groups (1) and (2),
which is indicated in Figure 22. Here, the spectrum of CMC sample 9 (DS≈1.0),
representative for CMC group (3), is shown in comparison to an amorphous
cellulose sample (ball milled bacterial cellulose) and a cellulose II sample (NaOHpretreated pulp). Here, in addition to the Raman signals confirming the
carboxymethylation of CMC 9, a shoulder at 1464 cm-1 and the signal at 1265 cm-1
reveal vibrations and twisting modes for CH2. These signals also appeared in the
spectra of cellulose type II and in amorphous cellulose, characterizing typical
conformational arrangements of their back-bone structures (Schenzel and Fischer
2001). In the spectrum of CMC 9, the skeletal stretching ν(C-O-C) appeared at
1116 cm-1 with a shoulder at 1095 cm-1. The shape as well as the frequency of this
signal clearly indicates the amorphous form of the cellulose. Broader signals in the
spectra of CMC group (3) confirmed the stronger amorphous character of these
samples. Thus, the CMC samples in group (3) were carboxymethylated-dissolving
pulps of cellulose type II in the presence of significant amounts of amorphous
cellulose (approximately 71%). This is probably due to a successful transformation
from cellulose to Na-cellulose when the NaOH concentration was either 18.25%
or 27.5% during the mercerization stage.
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3.9 FT Raman spectra of CMC and their gel fraction
When comparing the spectra of CMC groups (1), (2), and (3) with the spectra of
their gel fractions, intensity differences in the signals at 1120 cm-1 and 1095 cm-1
became apparent for CMC groups (1) and (2). This is illustrated for two samples of
each CMC group, as shown in Figure 23, 24 and 25.
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Figure 23. FT Raman spectra of CMC samples 1 and 3, delegates of CMC group (1), as well as
from their gel fractions.
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Figure 24. FT Raman spectra of CMC samples 2 and 4, delegates of CMC group (2), as well as
from their gel fractions.
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A different intensity relation was observed for a characteristic double peak in the
spectra of the original samples of CMC groups (1) and (2) compared with the
spectra of their gel fractions. The signal at 1095 cm-1 in the spectra of the gel
fraction appeared with higher intensity, whereas the signal intensity at 1120 cm1
didn’t change in comparison to the original CMC. Those changes suggest changes
in the skeletal structures of the cellulose, because both signals are assigned to
skeletal stretching ν(C-O-C) of the cellulose backbone (Wiley and Atalla 1987;
Schenzel and Fischer 2001). These spectral differences could be due to the lower
DS and/or more uneven distribution of substituents in the gel fraction than in the
original CMC.
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No fundamental differences in the structures of the cellulose between the original
CMC and their gel fractions were observed for the samples of CMC groups (1) and
(2). Thus, CMC group (1) and its gel fractions indicated skeletal structures of
cellulose I, while the samples of CMC group (2) and their gel fractions indicated
structures of cellulose II, see Figure 23 and 24.
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The different intensity relation ofSeite
the1 von
original
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of their gel fractions observed for CMC groups (1) and (2), was not observed for
CMC group (3), see Figure 25. Also, no fundamental differences in the skeletal
structures between original CMCs and their gel fractions were found for the
samples of CMC group (3); in other words no intensity differences of the specific
Raman signals were detected. Generally, a high content of amorphous cellulose
became obvious for the original samples of CMC group (3) as well as for their gel
fractions.

46

3.10 New methods determining the DS of CMC
From the CMC samples of this study were two new analytical methods developed,
predicting DS values for CMC rapidly and highly accurately by using FT Raman
and FT IR (ATR) spectroscopy, in combination with multivariate regression
analysis (PLS).
Differences in the CMC with respect to modification and degree of
carboxymethylation of the cellulose were clearly observed in their vibrational
spectra. As it is shown in Figure 26, FT Raman and FT IR spectra of the CMC
demonstrate obvious differences in the frequency range 1700 cm-1 to 200 cm-1.
Even in these FT Raman spectra significant differences can be seen for the three
different CMC groups (1), (2), and (3). Whereas in the IR spectra differences in the
DS were clearly detected by different absorption intensities of the carbonyl
stretching modes of an acetate salt, νas; νs(COO-) at 1611cm-1 and 1416 cm-1
respectively.

Figure 26. FT Raman spectra and FT IR spectra of one single delegate of CMC group (1), (2), and
(3) of the calibration samples.

For multivariate calibration, FT Raman and FT IR spectra of the CMC samples
were examined in the frequency range 1800 to 280 cm-1 and 1800 to 1200 cm-1
using the software package OPUS/Quant 2 (Bruker). Linear calibration curves
illustrating the relationship between titrimetrically determined and the spectral
predicted values, DSRaman and DSATR, were obtained by least square regression
analyses.
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The CMC samples of different DS values, between 0.42 and 1.05, determined by
titration and with different cellulose backbone structure, were used for calibration.
Applying PLS to the spectral data, the relationship between titrimetrically
determined and spectral predicted DSRaman and DSATR values were illustrated by
linear calibration curves, see Figure 27.

Figure 27. Calibration models from spectral data using FT Raman and FT IR (ATR).
DSRaman=0.996 DStitration+3.0 x 10-3 (left) and DSATR=0.999 DStitration+7.6 x 10-5 (right)

CMC of DS values between 0.3 and 1.1 were used for the validation of both
calibration models in Figure 27. Cross validation certified two quantification
models, which are capable of predicting DSCMC values in accordance with the
titration method and independent of the polymorphic modification of the
cellulose. Statistical parameters R2Raman= 0.9988 and a root mean square error of
cross-validation, (REMSECV)Raman= 0.0121 as well as R2ATR= 0.9997 and
(REMSECV)ATR= 0.00622 certified two models of high accuracy and low errors
between modeled and reference values.
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The next section addressed the enzymatic treatment performed in order to increase
the accessibility of cellulose in a dissolving pulp for subsequent dissolution in a
NaOH/ZnO system. The reason for this third objective, not in the scope of CMC,
was dependent on the interest to develop sustainable production of cellulose textile
fibres from wood that have a lesser impact on the environment than existing
processes. This issue raised interest in an alternative solvating system based on
relatively inexpensive and environmentally friendly alkali. The enhancement of
cellulose dissolution by adding a relatively small amount of ZnO to concentrated
NaOH solutions has been observed by, among others, Borgin et al. (1950) and
Vehvilainen et al. (2008), and was therefore chosen to be used as the solvent system
in this study. Activation of the cellulose is necessary for dissolution (Turbak 1983),
and one way to remove the majority of the hemicelluloses from the pulp, decrease
the DP, and to make the cellulose more accessible for a following dissolution in a
NaOH/ZnO system, could be to pretreat the pulp in a sequence of stages
according to “Xylanase-NaOH-Endoglucanase”.
3.11 Enzyme pretreatment of dissolving pulp
A factorial experimental design was used in order to study the influence of
enzymatic treatment in consecutive stages on dissolving pulp and the following
dissolution in a NaOH/ZnO solution using a small number of experiments. The
dosages of a mono-component xylanase and mono-component endoglucanase
were varied and evaluated by characterizing the pulp yield, the DPη, the
crystallinity, the dissolution in NaOH/ZnO solution, the cellulose content, the
total hemicellulose content, the xylan content, the glucomannan content, and the
R18 value. The parameters were factorized at four levels for xylanase, and at three
levels for endoglucanase. The enzymatic experiments were carried out as outlined
in Figure 28.

Figure 28. Scheme of the enzymatic experiments carried out in this study.

The interval of xylanase dosage was 3 to 50 AXU g-1 dry pulp, and for
endoglucanase the interval of dosage was 5 to 10 ECU g-1 dry pulp. The effect of
the enzymatic pretreatment on the pulp yield, the DPη (Evans and Wallis 1989), the
crystallinity, the specific surface area and the solubility of cellulose in the
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NaOH/ZnO solution (8.5:0.8 by wt.) were studied and the results are shown in
Table 5. The effect of the enzymatic pretreatment on the carbohydrate
composition and residual fraction after 18% NaOH extraction (R18) were also
studied and shown in Table 6. The yield of cellulose after the enzyme hydrolysis
was determined by the weight loss of the dissolving pulp.
Table 5. The experimental parameters and obtained values for the pulp yield, the DPη (Evans and
Wallis 1989), the crystallinity, the specific surface area and the solubility of cellulose in
NaOH/ZnO solution.
Xylanase
AXU
-1
g pulp
0
0
0
3.3
3.3
3.3
16.7
16.7
16.7
50
50
50

Endoglucanase
ECU
-1
g pulp
0
5
10
0
5
10
0
5
10
0
5
10

Pulp
yield
(%)
99.0
98.0
96.9
98.7
97.3
97.8
98.4
97.0 ± 2.7
95.8 ± 4.5
98.9
97.3
96.8

DPη
0.90
DPη =
1.65·[η]
1586
1454
1311
1303
1492
1380
1314
1365
1108 ± 17
1074 ± 22
1437
1262
1286

Crystallinity
(%)
52
51
52
53
52
52
52
51
52
52
52
52
53

Specific
Surface
Area
2
(m /g)
93 ± 3
102 ± 3
99 ± 3
105 ± 3

Dissolved
(NaOH/ZnO)

(%)
29.1
34.5
61.9
60.9
30.8
47.8
52.7
39.2
68.1 ± 0.8
81.3 ± 0.3
12.6
68.7
35.5

Table 6. The experimental parameters and obtained values for the carbohydrate composition and
the residual fraction after 18% NaOH extraction (R18).
Xylanase
AXU
-1
g pulp
0
0
0
3.3
3.3
3.3
16.7
16.7
16.7
50
50
50

Endoglucanase
ECU
-1
g pulp
0
5
10
0
5
10
0
5
10
0
5
10

Cellulose
(%)
94.7
97.0
97.0
97.1
97.0
97.0
97.0
97.5
97.4
97.5
97.0
97.1
97.1

Hemi cellulose
total
(%)
4.5
3.0
3.0
2.9
3.0
3.0
3.0
2.6
2.6
2.6
3.0
2.9
2.9

Xylan
(%)
2.5
1.3
1.3
1.3
1.4
1.3
1.4
1.1
1.1
1.0
1.4
1.3
1.3

Glucomannan
(%)
2.0
1.6
1.6
1.6
1.6
1.6
1.6
1.5
1.5
1.5
1.6
1.6
1.6

R18
(%)
97.9
97.3
98.1
100.0
98.1
98.0
100.0
97.7
99.0
93.2
92.6
91.7

All pulp samples had cellulose I structure after the enzymatic and alkali treatments,
analytically verified by NIR FT Raman spectroscopy. The yield loss of pulp during
the enzymatic treatment was 4.2% at the maximum. To dissolve a so-called
dissolving pulp in alkaline aqueous liquor usually results in a significant amount of
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undissolved fibres and gels remaining after the dissolution stage (Kihlman et al.
2011). The experimental results show that, the solubility was dramatically enhanced
by enzyme pretreatment. A first enzymatic stage with dosage of 16.7 Active
Xylanase Units (AXU) g-1 dry pulp and a second enzymatic stage with dosage of
10.0 Endo Cellulase Units (ECU) g-1 dry pulp, and a alkali extraction at 7% NaOH
concentration in between, generated the highest amount of dissolved cellulose in
the NaOH/ZnO solution.

Figure 29. Images produced by the optical microscope. (a) Solution with 3% original pulp in the
NaOH/ZnO (8.5:0.8 by weight) system. (b) Solution with 3% enzymatic treated pulp, according
to 16.7 AXU g-1; 7% NaOH extraction; 10 ECU g-1, in the NaOH/ZnO (8.5:0.8 by weight)
system.

From the images produced by the optical microscope there can be seen a large
difference between the untreated original pulp in the NaOH/ZnO solution, when
compared to the enzymatic pretreated pulp sample, according to 16.7 AXU g-1
pulp; 7% NaOH extraction; 10 ECU g-1 pulp, in the NaOH/ZnO solution. In the
solution of the original pulp there were a lot of undissolved fibres and fibres with
ballooned and swollen parts, see Figure 29. The enzymatic pretreated pulp that
gave the highest amount of dissolved cellulose in the NaOH/ZnO solution had no
undissolved fibres and only a few transparent discs could be seen. The swelling and
dissolution behavior of the enzymatic treated sample showed a digestion of the
primary wall which is seen by the near absence of ballooning. This is in accordance
with Moigne et al. (2010) that have observed a large swelling of fibres in 8% NaOH
and a subsequent cutting in flat rings, as a result of the removal of the primary wall
by enzymatic peeling.
The results also indicate that, although the crystallinity and the specific surface area
of the dissolving pulp did not change during the enzymatic pre-treatment, the
solubility of cellulose in NaOH/ZnO solution increased from 29% for the original
pulp fibres to 81% for the enzymatic treated fibres, see Table 5. This is in
agreement with the results of Wang et al. (2008) that have reported that the
solubility in cold NaOH/urea solution increased from 30% for original cotton
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fibres to 65% for endoglucanase treated fibres, despite that the crystallinity of
cotton linter remained almost unchanged. Earlier studies by Wollboldt et al. (2010)
showed also that the cellulose crystallinity did not affect the dissolving pulp
reactivity, determined by the filterability and the particle spectrum of viscose dope.
As expected from thermodynamic considerations, a higher degree of dissolution
and a lower DP seemed to be correlated. The solubility of cellulose in the
NaOH/ZnO solution increased with 52% in the best case, and remarkably, the
DPη was as high as 1074 (DPη=433 according to Equation 5). A likely cause is that
the degradation of the cellulose fibre cell wall had a greater effect on the solubility
than the molecular weight reduction. Structural analysis of primary cell wall
polysaccharides has revealed the presence of three major classes of
polysaccharides; cellulose, hemicelluloses and pectins (Somerville et al. 2004). The
decrease in both xylan and glucomannan during the enzymatic and alkali treatment,
mainly xylanase, can be assumed to occur in the fibre wall, thus degrading it to a
greater extent than that expected if only endoglucanase would have been used as
pretreatment. Concerning the moderate decrease in DPη the endoglucanse can be
assumed to have a greater effect on further degradation of the fibre wall. It has
been reported that enzymes are active both in the outside and the inside of the
fibres (Moigne et al. 2010). Degradation of the cell wall structure allows solvent
access to the inner core of the fibre with higher solubility as a result. This is in
agreement with Henriksson et al. (2005) who have observed that a decrease in the
degree of polymerization is not the explanation behind the activating effect of the
endoglucanase treatment. The results suggest also that the effect of crystallinity of
the cellulose on the cellulose dissolution in the NaOH/ZnO solution is much less
than that of molecular weight and the degradation of the cellulose fibre cell wall.
Endoglucanase are known to preferably degrade amorphous cellulose rather than
highly crystalline cellulose (Rabinovich 2002). Since less crystalline cellulose seems
to occur between, and on the surface of cellulose fibrils (Vietor 2002; Wickholm
2001), endoglucanase action might therefore lead to a swelling of the cell wall,
resulting in increased exposure to solvents and reagents of the dissolving pulp
cellulose (Henriksson et al. 2005). A mechanism of the activating effect of the
mono-component cellulase has been suggested by Henriksson et al. (2005), and the
results from the present study support this mechanism, see Figure 30.
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Figure 30 a-c. Suggested mechanism of the activating effect of the mono-component cellulase,
adopted from Henriksson et al. 2005. a The cellulose in the pulp fibres consists mainly of
crystalline fibrils ( ), but more amorphous cellulose is located on the surface and between fibrils
(
), or in shorter segments within the fibrils ( ). b The mono-component endoglucanase, able
to perform cleavage within a cellulose chain, ( ) preferentially attacks the more amorphous
cellulose. c Partial degradation and nicking of the amorphous regions in the cellulose leads to
separation of the fibrils, i.e. to a swelling of the fibre that increases its reactivity. Although some
fibrils have been cut at amorphous regions, the degree of polymerization is not drastically
decreased.

Although the xylan and glucomannan content in the dissolving pulp was very low
(see Table 6), a dosage of xylanase at 16.7 AXU g-1 dry pulp reduced the xylan
content with 23%, and the glucomannan content with 7%. As much as 48% of the
xylan and 20% of the glucomannan was solubilized with the alkali extraction at 7%
NaOH concentration. Dosages of xylanase at 50 AXU g-1 dry pulp did not further
reduced the xylan and glucomannan content. If the xylanase dosage was increased
to 50 AXU g-1 dry pulp the final extent of dissolution decreased. It was unexpected
that the higher dosage of xylanase, 50 AXU g-1 dry pulp, generated higher xylan
content in the enzymatic treated pulp, compared to that with lower dosage of 16.7
AXU g-1 dry pulp. When considering the R18-values obtained for the pulps treated
with 50 AXU g-1 dry pulp, it is obvious that they are approximately 6% lower than
all the rest, indicating that cellulose is also degraded at this higher dosage of
xylanase. The unexpected results from the xylanase treatment of 50 AXU g-1 dry
pulp are suggested to depend on the fact that xylanase does not only degrade xylan
and/or glucomannan at this higher dosage. It has been reported that the ratio of
xylan hydrolysis to cellulose hydrolysis, by an endoglucanase enzyme, was clearly
dependent on the enzyme dosage used (Rahkamo et al. 1996). The probable side
reaction from xylanase with both glucomannan and cellulose in this study could
result in more dense pulp structure, leading to reduced accessibility for the
endoglucanase in the second stage of the enzymatic treatment. This lower
accessibility for the endoglucanase resulted in higher DPη that in turn had a
negative influence in the following dissolution stage.
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3.12 Effects of the enzymatic treatment on the pulp yield, DPη, and the
degree of dissolution
The scaled and centered main and quadratic effects of the enzymatic pretreatment
on the pulp yield, the DPη, and the solubility of cellulose in the NaOH/ZnO
solution, with 95% confidence limits, are shown in Figures 31 to 33. Quadratic
effects reveal that there is a second order correlation with respect to the factors
and the responses. Interaction effects between the enzymatic treatments were not
observed. Note that the main effect for xylanase is not significant at a 95%
confidence level. It is, however, retained in order to keep the hierarchical structure
of the models, i.e. the quadratic term including xylanase is indeed significant.

Figure 31. The main and quadratic effects for the pulp yield. Terms on the x-axis:
(Xyla)=Xylanase dosage in the pretreatment stage, (Endo)=Endoglucanase dosage in the
pretreatment stage.

The main effects on the pulp yield showed that both the xylanase and the
endoglucanase pretreatment have significant influences and that they correlated
negatively to the yield, Figure 31. The quadratic effect for xylanase dosage indicates
that there is a minimum yield, in the interval studied, i.e. 3 to 50 AXU g-1 pulp. The
refined MLR model fitted to the experimental data had a correlation coefficient r2
= 0.875.

Figure 32. The main and quadratic effects for the pulp DPη. Terms on the x-axis: (Xyla)=Xylanase
dosage in the pretreatment stage, (Endo)=Endoglucanase dosage in the pretreatment stage.

The main effects on the DPη showed that both the xylanase and the endoglucanase
pretreatment have significant influences and that they correlated negatively on the
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DPη, Figure 32. The quadratic effects indicate that there is a minimum DPη, in the
interval studied, i.e. 3 to 50 AXU g-1 pulp and 5 to 10 ECU g-1 pulp. The refined
MLR model fitted to the experimental data had a correlation coefficient r2 = 0.900.

Figure 33. The main and quadratic effects for the dissolution of 3% cellulose in NaOH/ZnO
solution. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage,
(Endo)=Endoglucanase dosage in the pretreatment stage.

The main effects on the degree of dissolution in NaOH/ZnO solution showed
that both the xylanase and the endoglucanase pretreatment have significant
influences, and that xylanase correlated negatively and the endoglucanase
correlated positively on the extent of dissolution, Figure 33. The quadratic effects
indicate that there is a maximum extent of dissolution, in the interval studied, i.e. 3
to 50 AXU g-1 pulp and 5 to 10 ECU g-1 pulp. The refined MLR model fitted to
the experimental data had a correlation coefficient r2 = 0.784.
3.13 Effect of the enzymatic treatment on the carbohydrate composition
The scaled and centered main and quadratic effects of the enzymatic pretreatment
on the carbohydrate composition and residual fraction after 18% NaOH extraction
(R18), with 95% confidence limits, are shown in Figures 34 to 37. Quadratic effects
reveal that there is a second order correlation with respect to the factors and the
responses. Interaction effects between the both enzymes were not observed.

Figure 34. The main and quadratic effects for the cellulose content in the pulp after enzymatic
treatments. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage.
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Figure 35. The main and quadratic effects for the total hemi cellulose content in the pulp after
enzymatic treatments. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage.

Figure 36. The main and quadratic effects for the xylan content in the pulp after enzymatic
treatments. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage.

Figure 37. The main and quadratic effects for the glucomannan content in the pulp after
enzymatic treatments. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage.

The main and quadratic effects on the carbohydrate composition of enzymatic
treated pulps showed that only the xylanase pretreatment had significant influence
in the interval studied, i.e. 3 to 50 AXU g-1 dry pulp. The endoglucanase dosage
had no significant effect on the cellulose content of the pretreated pulp in the
interval studied, i.e. 5 to 10 ECU g-1 dry pulp. Note that the main effect for
xylanase is not significant at a 95% confidence level for the cellulose, the hemi
cellulose and the xylan content. It is, however retained in order to keep the
hierarchical structure of the models, i.e. the quadratic terms including xylanase are
indeed significant. The xylanase treatment correlated positively to the cellulose
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content in the enzymatic treated pulp. On the other hand the xylanase treatment
correlated negatively to the hemi cellulose, xylan, and glucomannan content in the
enzymatic treated pulp, Figure 34 to 37. This not only indicates that the xylan
content is reduced by xylanase treatment, but that there are also quantities of
glucomannan susceptible to degradation by xylanase. This glucomannan
degradation is probable an effect from reveal of the glucomannan by the xylanase,
which in turn could result in degradation of the glucomannan by the
endoglucanase in the second enzymatic stage. The quadratic terms indicate that
there is a maximum in the cellulose content and a minimum in the hemi cellulose,
the xylan, and glucomannan content, obtained after the enzymatic treatment, in the
interval studied, i.e. 3 to 50 AXU g-1 dry pulp. The refined MLR models fitted to
the experimental data from the carbohydrate analysis of the cellulose, the hemi
cellulose and the xylan content, had correlation coefficients r2 = 0.855, r2 = 0.856
and r2 = 0.859. The refined MLR model for the glucomannan content has a
correlation coefficient r2 = 0.930.

Figure 38. The main and quadratic effects for the R18 values obtained for the pulp after enzymatic
treatments. Terms on the x-axis: (Xyla)=Xylanase dosage in the pretreatment stage,
(Endo)=Endoglucanase dosage in the pretreatment stage.

The main and quadratic effects on the R18 value showed that both the xylanase and
the endoglucanase pretreatment have significant influence, and that both the
xylanase and the endoglucanase treatment correlated negatively on the residual
fraction of pulp after alkali treatment at 18% NaOH concentration, Figure 38. The
quadratic term for xylanase indicates that there is a maximum R18-value, in the
interval studied, i.e. 3 to 50 AXU g-1 dry pulp. The quadratic term for
endoglucanase indicates that there is a minimum R18-value, in the interval studied,
i.e. 5 to 10 ECU g-1 dry pulp. The refined MLR model fitted to the experimental
data had a correlation coefficient r2 = 0.962.
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3.14 Correlation between degree of dissolution and DPη
Quadratic terms were obtained for the effects of both the xylanase and the
endoglucanase treatment, implying the existence of extreme points. The
dependence of the fraction dissolved cellulose and the DPη (Evans and Wallis
1989) on xylanase and endoglucanase dosage predicted by the models with the
parameters shown in figure 31 to 38 is shown in Figure 39.

Figure 39. Response contour plots of fraction dissolved cellulose and DPη according to the factors
xylanase and endoglucanase.

The contour plots in Figure 39 give a multidimensional picture of the impact of
xylanase and endoglucanase on the degree of dissolution of cellulose in
NaOH/ZnO and the DPη. For both xylanase, and endoglucanase there is dosage
level whereat the effect of the enzymes on both solubility and DPη is maximal.
There is a correlation between the resulting DPη and the resulting degree of
dissolution of cellulose in the NaOH/ZnO system, because both are results of the
action of the enzymes. The increase of the enzyme effect with increased dosage is
obvious, but the decrease of the effect at higher dosages is harder to rationalize.
Higher dosage of enzymes possibly decreases amorphous cellulose, which act as
spacers in the fibre structure, to an extent that there are no spacers left and this
could result in the pulp having a denser structure leading to lower accessibility for
the enzymes to take further action. This is expected to result in the retained DP
and lower accessibility in the following dissolution stage. The theory of denser pulp
structure is in accordance with the observations of Kvarnlöf et al. (2007) that
extended enzyme treatment would disrupt the cellulosic matrices, which could lead
to an internal collapse of the fibre and thereby render it more dense and
inaccessible to chemicals.
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4 Conclusions
This thesis discusses extended mercerization of cellulose prior to etherification
with sodium monochloroacetate to form carboxymethyl cellulose (CMC), and the
use of NIR FT Raman spectroscopy, particularly in combination with methods of
multivariate analyses, as a method to characterize both native cellulose in pulps as
well as the reaction product CMC. Also addressed is the use of xylanase and
endoglucanase to modify dissolving pulps for higher solubility of the pulps in
alkaline solutions.
During the investigation of reaction conditions within the mercerization stage and
starting material for CMC preparation it was found that;
 The content of cellulose II had little effect on DS at low NaOH
concentration, but tended to decrease DS at higher NaOH concentration in
both cases compared with cellulose I.
 The content of cellulose II correlates with the gel formation obtained when
the CMC is dissolved in water, probably due to a more uneven distribution
of substituents on the cellulose backbone.
 The multi linear regression model obtained showed that 25% NaOH
concentration was the best for a high DS in the studied range of 9 to 27.5%
NaOH concentration.
FT Raman spectroscopy, especially in combination with multivariate analyses, was
found to be an effective method to characterize native cellulose in pulps as well as
the cellulose backbone in the reaction product CMC.
Pretreatment with two types of enzymes in consecutive stages was found to
enhance the solubility of the pulps in a subsequent NaOH/ZnO stage. The
solubility of the pulps could be increased from 29% up to around 81% with
minimal effect on the degree of polymerization using suitable charges of xylanase
and endoglucanase. For both xylanase and endoglucanase there were optimal
dosages. A higher enzyme charge is beneficial but above a certain charge a further
enzyme addition leads to reduced solubility.
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Mercerization and Enzymatic Pretreatment
of Cellulose in Dissolving Pulps
Cellulose can be chemically and/or enzymatically modified. Irreversible modification is used to prepare cellulose derivatives as end products, reversible modification to enhance solubility in the preparation of regenerated cellulose.
The irreversible modification studied here was the preparation of carboxymethyl
cellulose (CMC) using extended mercerization of a spruce dissolving pulp. More
specifically the parameters studied were the effect of mercerization at different
proportions of cellulose I and II in the dissolving pulp, the concentration of
alkali, the temperature and the reaction time. It was found that the alkali concentration in the mercerization stage had an extensive influence on the subsequent
etherification reaction. The content of cellulose II had little effect on degree of
substitution (DS) at low NaOH concentration, but tended to decrease DS at
higher NaOH concentration in both cases compared with cellulose I. It was also
found that the content of cellulose II correlates with the gel formation obtained
when the CMC is dissolved in water.
The reversible modification studied was the dissolution of cellulose in NaOH/
ZnO. Here the effect of enzyme pretreatment was investigated by using two mono-component enzymes; namely xylanase and endoglucanase, used in consecutive stages. It was found that the solubility of pulp increased in a NaOH/ZnO
solution from 29% for untreated pulp up to 81% for enzymatic pretreated pulp.
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