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rfUfOO&IJDl, a a n stellingen
(i)
Het gedrag van cellulose derivaten aan een vast-vloeistof grensvlak wordt in hoge mate
beïnvloeddoordestijfheid vandezemoleculen.
ditproefschrift, Hoofdstukken4en5
(2)
De hydrodynamische laagdikte van een geadsorbeerd polymeer bepaald door middel van
dynamischeüchtverstrooiingheeft alleenbetekenisalsdeeffectieve viscositeit vandepolymeer
oplossinggebruiktwordt.
ditproefschrift, Hoofdstuk6
(3)
De beschrijving van polyelectroliet adsorptie aan een geladen oppervlak van Vermeer et al.,
waarbij gebruik wordt gemaakt van een theorie die uitgaat van een evenwichtssituatie, is niet
volledig. Voor polyelectrolieten is, vooral bij lage zoutconcentraties, een lange tijd nodig om
eentoestandvanevenwichtindeadsorptietebereiken.
A.W.P.Vermeer, FAM. Leermakers, L.K. Koopal, Langmuir 13 (1997) 4413
(4)
Detheoretischebeschrijving vandeeffectieve viscositeitis(nog)verrevanvolledig.
G.D.J. Phillies, C. Mahne, K. Ullmann, G.S. Ullmann, J.Rollings, andL.P. Yu,
Macromolecules20(1987)2280.
(5)
Gelpermeatie chromatografie in combinatie met statische lichtverstrooiing is een elegante
methodeomde(intrinsieke)ketenstijfheid vaneenpolymeertebepalen.
ditproefschrift, Hoofdstuk2
(6)
Voor een goed begrip van de adsorptie van polyelectrolieten is het noodzakelijk om ook de
adsorptiekinetiekinbeschouwingtenemen.
ditproefschrift, Hoofdstukken3en4
(7)
In een aantal gevallen kan de uitkomst van het regeringsaccoord van Paars E worden
aangemerktalseenvormvankiezersbedrog.

(8)
De moderne aanduiding van diverse begrippen (zoals target, helpdesk, en helicopterview) en
beroepen (bijvoorbeeld sales manager, computer operator, en designer) door middel van een
Engelse naamgeving in Nederland is misschien wel het beste voorbeeld van een "overdone"
taalgebruik.
(9)
DevernieuwingvandeNederlandse spellingisnietduidelijk engaatnietvergenoeg.
WoordenlijstNederlandsetaal, SduUitgevers1997, Achtsteoplage.
(10)
Zwaarbiermaakthethoofd licht,lightbierligtzwaaropdemaag.
(11)
Experimenteren iseen spel vanvraagen antwoord tussen deexperimentator en de natuur. Dat
bij het stellen van een zorgvuldig geformuleerde vraag in veel gevallen ondoorgrondelijk
antwoord wordt gegeven, stelt het incasseringsvermogen van deexperimentator regelmatig tot
hetuitersteopdeproef.
(12)
Hettoenemendaantalvetarmeproducteniseenverrijking vanonsvoedselaanbod.
(13)
Alshetnietgaatzoalshetmoet,danmoethetmaarzoalshetgaat.
GehoordvanBenSpeeindekoffiekamer
(14)
De materiaalkennis van de Landbouwuniversiteit is op z'n minst twijfelachtig te noemen. Dit
blijkt uit de opmerking: "!! niet in papiercontainer: ... papier met kunststof, cellulose, en
metaalfolie alsoppervlakteoftussenlaag...".Papierbestaatvoorhetovergrotedeeluitcellulose.
Folder Bedrijfsafval gescheiden inzamelen, Landbouwuniversiteit Wageningen, Bureau
VeiligheidenMilieuhygiëneHuishoudelijkedienst, oktober1997.
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Chapter 1

Introduction

1.1 General
The importance of polymers is generally recognised. Theuse of polymers covers abroad
range of applications. Roughly speaking one can classify these applications in terms of
plastics, as thickening agents, or as coating materials. The work described in this thesis is
related topolymersapplied asacoatingmaterial.
Often synthetic polymers arebeing used as acoating material.For instance, they provide
the colloidal stability of the pigment in paints. Polysaccharides like starch and cellulose
which are chemically modified often provide a good alternative for synthetic polymers. The
raw materials are widely available from natural sources, they are non-toxic, and cause less
harm to the environment than synthetic polymers. Since the interest in chemically modified
polysaccharides is still growing, more research concerning their behaviour at solid-liquid
interfaces is needed. Insight in this behaviour may result in optimisation of current uses and
may alsoleadtonew applications.
1.2 Cellulose treatment,cellulosederivativesandtheir applications
Cellulose is the most abundant and one of most widely used organic polymers in the
world. Because of its ample availability (cellulose is the major constituent of plant material),
cellulose is a relatively low-cost polymer. Among cellulose sources wood and cotton are by
far the most important ones. On a dry basis, wood contains about 40 to 50% cellulose.
Besides cellulose, wood also contains other polysaccharides as lignin (20 to 30%) and
hemicellulose (10 to 30%) and components as gums, proteins, and minerals [1].Because of
the high amount of non-cellulose components, a profound treatment of wood is needed in
order to obtain purified cellulose. In the preparation of cellulose from wood, usually wood
chips are heated under pressure with reagents (e.g. sodium hydroxide, sodium sulfite, and
calcium hypochlorite) [2]. Despite an intensive purification it still contains a substantial
amount of other polysaccharides (about 15% [1]). Furthermore, the harsh chemical and
mechanical treatment causes a cleavage of the cellulose chain. As a raw material, cotton
fibers contain thehighest amount of cellulose (about 85%[1]).Treatment of cotton is similar
to that of wood, however the conditions employed are less rigorous because the amounts of
impurities toberemoved aremuch smaller. Purified cotton cellulose usually isof outstanding
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quality andhasahighdegreeofpolymerisation.
Because cellulose is a polyhydroxyl alcohol, its functional groups (hydroxyl groups)
allow numerous chemical modifications. Most of thechemically modified cellulose polymers
are accounted for by cellulose esters and cellulose ethers (sometimes referred to "classical
cellulose derivatives"). Cellulose nitrate is the oldest known cellulose derivative and by far
themost important esterofcellulose.Itisbeingused for themanufacture of materials such as
coatings, celluloid plastics, and certain military explosives [3].Cellulose acetate finds large
application in rayon which is used in many textile products [3]. The most important
representatives of the group of cellulose ethers are methyl cellulose, hydroxyethyl cellulose
andcarboxymethyl cellulose.Methyl cellulose isemployed, amongst others,in pharmaceutics
(e.g.ascoating agent intablets),inthefood industry (e.g.asthickeners),andincement [2,3].
Hydroxyethyl cellulose (HEC) is prepared by treating alkali cellulose (cellulose in a hot
aqueous solution containing about 50% sodium hydroxide [3]) with ethylene oxide
(0(CH2)2). Sodium hydroxide is needed to swell the cellulose (breaking the crystalline
structure), thereby improving its reactivity and catalysing the etherification. As the hydroxyl
group of the hydroxyethyl substituent can be further etherified by ethylene oxide, HEC
usually has polyethylene oxide side chains. Since HEC is a water-soluble polymer it is
applied as athickener andpigment-protective colloid in water-based paints [4].Further ithas
applications in cement, in pharmaceutical emulsions, as a binder in tablets, and in cosmetic
products (e.g.shampoos).
Sodium carboxymethyl cellulose (NaCMC, formerly named sodium cellulose glycolate)
or cellulose gum is an anionic cellulose ether which is prepared by the reaction of sodium
monochloroacetic acid (ClC^COONa) and alkali cellulose [3,5]. Though most applications
concern the sodium salt of CMC, it is generally referred to CMC.As CMC has such abilities
as thickening water, suspending solids in aqueous media and forming films it has proven to
be of great commercial value.CMC is successfully applied as athickener for textile printing
pastes, as a soil-suspending agent in synthetic detergents, as a coating for powders and
tablets,andasthickener and suspending agent inwater-based paints [1-4].
An important characteristic of cellulose derivatives is theaverage number of substituents
perglucose monomer (degree of substitution ds).Below ds=0.4,CMC is not soluble in water,
therefore commercially available CMCs usually have a ds ranging from 0.4 to 1.4 [5].The
quality of CMC is related to the uniformity of the distribution of the substituents over the
cellulose chain. The main problem toobtain auniform distribution originates from the highly
ordered crystalline structure of natural cellulose. Though swelling of cellulose can be
achieved by treatment with sodium hydroxide, which improves the accessibility of the
hydroxyl groups considerably, the process of substitution cannot be easily controlled. The
CMC samples that were used in the work described in this thesis were synthesised from
cotton cellulose on a laboratory scale under well-defined experimental conditions, which
highly enhances achievement ofuniformly distributed substituents.
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1.3 Usageofcarboxymethylcellulose inpelletisation ofironoreandin papermaking
In this paragraph we discuss two applications of carboxymethyl cellulose which are
related tothework described inthisthesis.
Raw iron orecontains about 25-30% iron as mined. The iron content can be increased to
60-65% by magnetic separating drums [4]. Though the iron concentrate has an acceptable
chemical quality for processing rawore into iron, it must beagglomerated intoacoarser form
before it can be used in blast-furnaces. The most desirable size for blast-furnace feed ranges
from 6 to 25mm [4].Methods of sizeenlargement have been known for over hundred years.
Of all methods available, sintering and pelletisation are the most important ones. In the
sintering process, a mixture of iron concentrate and coke fines is ignited by passing them
underneath an ignition burner that isfired with natural gasand air.Asthecoke fines burn,the
generated heat sinters the iron oreconcentrate into larger lumps.Then the sinter iscrushed to
removeextralargelumps andcooled.
Because the agglomerates as obtained from pelletisation are the most desirable ones for
the blast-furnace, this process accounts for most of the agglomerate production. In the
pelletisation process, ore of very fine size (<75|J.m), usually in a moist state, is rolled into
small balls of 10-20mm in diameter in a balling drum or disk [4]. These so-called green
pellets are then dried and hardened by passing combustion gasses through the bed of the
agglomerates. The wetting of the particles causes capillary binding forces which hold them
together. Gradually nuclei arisewhichgrow intoballs,whilethrough the rotational movement
simultaneously the strength of the balls is mechanically consolidated. The strength can be
substantially enhanced bytheaddition of abinder. Commonlyused types of binders areCaO,
CaCb and bentonite [6]. However, the main disadvantage of such inorganic binders is that
they can cause serious contamination of the final product. Organic binders (polymers) are
combusted in the pellet melting process, thereby strongly reducing the amount of
contamination. Especially CMC has been successfully applied as an alternative for inorganic
binders in the pelletisation process [7].The success of this application depends critically on
the structure ofthe interfacial CMC layer.
Cellulose (mainly wood cellulose) istheraw material for paper. Roughly speaking in the
process ofpapermaking three stepscan bedistinguished. Firstcellulose fibers aredispersed in
water, next they are beaten to roughen the fiber surface (which increases the strength of the
paper), after which thefiber mat isdried.Toenhance itsproperties (e.g.toachieve uniformity
of the surface and enhance opacity [2,8]) usually coatings are applied to paper. The main
components of coatings are pigment (or a combination of pigments), dispersants for the
pigment, and adhesives tobind thepigment tothepaper. Themost common pigments used in
papermaking are China clay, calcium carbonate, aluminium trihydrate, and titanium dioxide.
Titanium dioxide is chemically inert, non-toxic, and insoluble in any liquid employed in
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papermaking. It exists in two forms, anatase and rutile. Both forms, especially rutile, have
exceedingly high refractive indices which make them highly suitable to enhance the opacity
of paper.
The main importance of carboxymethyl cellulose in papermaking relates to two
applications. CMC is used alone, or in conjunction with starch, to increase dry strength
properties and to improve surface characteristics [9]. CMC is also applied in combination
with pigments. In order to achieve an optimal opacity with titanium dioxide, the pigments
havetobeof small particle size [9].Therefore, toensure optimal realisation it isessential that
the pigments are sufficiently stabilised against flocculation by other coating ingredients. As
CMC adsorbs on titanium dioxide it is frequently applied as stabiliser. Furthermore, because
of itsexcellent binding strength, which impliesthat itiscapabletopenetrate intothe cellulose
network, CMC anchors the pigments onto thepaper surface. So,CMC acts as an adhesive as
well.
1.4 Adsorption ofunchargedpolymersand polyelectrolytes
As mentioned in previous sections, many applications of polymers are aconsequence of
their adsorption at asolid-liquid interface. Adsorption of polymer segments will take placeif
the interaction energy (adsorption energy) of the segments is larger than the interaction
between solvent molecules and the surface. In solution the segments have many degrees of
freedom which are (strongly) diminished when they adsorb. Thus, the energy of adsorption
has to overcome the loss of conformational entropy [10]. When polymers adsorb,
conformational entropy is maintained through sections of thechain which are not attached to
the surface (loops and tails). The sequence of segments which are attached to the surface is
called a train. Loops are sections between two trains, tails consist of segments at the end of
the chain dangling in the solution. Parameters that affect the conformation of the adsorbed
polymer layer (i.e. the contribution of trains, loops, and tails) are the adsorption energy, the
adsorbed amount ofpolymer, andthemolarmassof thepolymer (i.e.the length of thechain).
In case the ratio of free surface sites and adsorbing segments is high (at low polymer
concentration), the adsorption energy contribution is the leading parameter. The adsorbed
amount is low, and most of the segments are situated in trains. At higher surface coverage,
and if the adsorption energy is not high, loops and tails are also present. In general, for
uncharged polymers, the size of the loops and tails increases with the length of the chain.
Consequently, the adsorbed amount increases with molar mass. If polymer segments have
high adsorption energy this quantity keeps dominating the adsorption. The conformation of
theadsorbed layer isflat andtheadsorbed amount doesnotdepend onthechain length [10].
Polyelectrolytes are charged polymers. One can distinguish polyelectrolytes with fixed
charges (strong polyelectrolytes) and those with charges that depend on pH and salt
concentration (weak polyelectrolytes). Electrostatic interactions play an important role in
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polyelectrolyte adsorption. Not only the charge of the polymer but also the charge of the
substrate surface affects the adsorption. When polyelectrolyte and substrate have the same
sign, electrostatics work against the adsorption. Adsorption can only take place if the
non-electrostatic interaction is high enough to overcome the electrostatic repulsion between
segments and substrate and the mutual repulsion between segments. As salt screens these
electrostatic interactions, it can increase the adsorbed amount. Adsorption on an uncharged
surface can also be enhanced by salt. If polyelectrolyte and substrate have opposite signs of
charge, electrostatics favour the adsorption. Now salt can have either the effect of increasing
or decreasing the adsorption. If the interaction is merely electrostatic (i.e. there is little
non-electrostatic interaction) salts screens interactions between charged segments and the
substrate, leading to less adsorption at higher salt concentration (screening-reduced
adsorption [11]). Onthe other hand, if the non-electrostatic interaction is high, the adsorption
increases with salt concentration (screening-enhanced adsorption [11]). The interaction
between segments and substrate with oppositecharge is strong. As aconsequence, at low salt
concentration polyelectrolytes adapt a flat conformation when they adsorb; the adsorption
does notdepend onthechain length.
If both the surface and polyelectrolyte segments carry variable charges, electrostatics
become a very complicated factor in the adsorption. When adsorption takes place, additional
charges are introduced on the surface as well as on the polyelectrolyte. The presence of
charged segments near the surface affects the charge of the surface and visa versa. Both the
surfaces used in this study (TiOî, Fe203, and Si02) and CMC have variable charges. At the
inorganicsurfaces metal-OHgroupsarepresent,CMChasCOOHgroups.
Theoretical descriptions dealing with polymer adsorption are based on the assumption
that the process of adsorption attains the lowest value of the free energy. When the lowest
value of the free energy is reached the process is said to be at equilibrium. So, by using
thermodynamics one is able to calculate the adsorbed amount at equilibrium as afunction of
parameters such as polymer concentration, chain length or interaction energy.
Thermodynamics do not provide information about the time that is needed to reach
equilibrium. If apolymer chain has to overcome abarrierbefore itcan adsorb,the adsorption
process will be hampered. The existence of such a barrier is comparable to the activation
energy of chemical reactions or thebarrier for coagulation of colloidal particles in the DLVO
theory.For neutral polymers thebarrieroriginatesfrom loops andtails of adsorbed molecules,
which obstruct the motion of chains to a surface (steric hindrance) [12]. In case of
polyelectrolytes also long-range electrostatic interactions between a charged surface and
chains approaching the surface are present. Hence, it is obvious that kinetic barriers in the
adsorption process,especially for polyelectrolytes,cannot beignored. Experimental work (see
for instances refs. 13 and 14) indicates that a barrier for polyelectrolyte adsorption exists.
From a theoretical point of view, the subject of adsorption kinetics was recently studied in
detail for uncharged polymers by Semenov and Joanny [15]. The subject of the adsorption
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kinetics of polyelectrolytes has notbeen considered theoretically toalargeextent. A proposal
for the description of polyelectrolyte adsorption taking intoaccount thekinetics is formulated
inthisthesis.
1.5 Outline ofthisthesis
The main aim of the work described in this thesis is to gain insight in the mechanisms
that play a role in the adsorption of cellulose derivatives (CMC and HEC) on inorganic
oxides.Byvaryingparameters likepH,saltconcentration, substrate surface, chain length, and
degree of substitution information can be obtained about mechanisms of adsorption.
Understanding the adsorption behaviour is needed to develop new and to improve current
applications.
Most adsorption experiments were carried out with CMC. In chapter 2 the
characterisation of the CMC samples by means of size exclusion chromatography in
combination with static light scattering (SEC-MALLS) is described. By SEC-MALLS the
relation between the radius of gyration and the molar mass is obtained experimentally. The
electrostatic wormlike chain model is used to analyse the data and to determine the intrinsic
persistence length of CMC. The intrinsic persistence length, which characterises the local
stiffness ofthecellulose backbone, isalsoobtained from Potentiometrietitrations.
Chapter 3 deals with the kinetics of polyelectrolyte adsorption. Analogous to the
Kramers' rate theory for chemical reactions [16] a model is presented which is based on the
assumption that a polyelectrolyte encounters a barrier in its motion towards an adsorbing
surface. The influence of the saltconcentration, thesurface charge and thepolymer chargeon
the height of the barrier is examined. Taking into account the height of the barrier, we
calculate the adsorption as a function of time. On the basis of such calculations wejudge if
equilibrium inadsorption isreachedonthetimescaleof anexperiment.
The adsorption of CMConTi0 2 andFe203isdiscussed inchapter 4.We investigate the
effect of pH, NaCl concentration, molar mass and degree of substitution of CMC on the
adsorption. Attention is paid to the kinetics of the adsorption by comparing the time
dependent adsorption with calculations using the model presented in chapter 3. Furthermore
we discuss the effect of increasing the pH on both the adsorbed amount and the layer
thickness after initially adsorbingCMCatlowpH.
In chapter 5 we discuss the adsorption of HEC and quaternary ammonium substituted
HEC (QNHEC) on SiC>2 and Ti0 2 asafunction of pH and NaCl concentration. As in chapter
4,experimental dataarecompared withmodel calculations.
The diffusion of spherical Si0 2 particles (inert probes) in various CMC solutions is
studied in chapter 6.From thediffusion behaviour wedetermine theviscosity as experienced
by these probes (effective viscosity). An interpretation of the diffusion behaviour is given in
terms of amodel in which the probes are supposed to be surrounded by apolymer free layer.
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Theeffective viscosity isapplied todeterminethe adsorbed layerthicknessof CMC and HEC
onFe2Û3and SiC>2,respectively.
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Chapter2

Persistencelength ofcarboxymethyl celluloseasevaluated
from sizeexclusion chromatographyandPotentiometrie
titrations

Abstract
The intrinsic persistence length of carboxymethyl cellulose (CMC) is determined by size exclusion
chromatography in combination with multiangle laser light scattering (SEC-MALLS) as well as from
Potentiometrie titrations. Samples with degree of substitution (ds) ranging from 0.75 to 1.25 were investigated.
The relation between molar mass M and radius of gyration Rg as obtained by SEC-MALLS is determined in
0.02, 0.1, and 0.2 mol I"1 NaN0 3 . Using the electrostatic wormlike chain theory a bare (intrinsic) persistence
length Lpoof CMC is assessed at 16nm, irrespective of the degree of substitution. A somewhat lower value
(12nm) is obtained when Odijk's theory for the description of polyelectrolyte dimensions is applied. The
difference between Lpo assessed from both models isdiscussed briefly. Potentiometrie titrations were carried out
in NaCl solutions (ranging from 0.01 to 1 mol l"1). From the titrations the radius of the CMC backbone was
obtained by application of the model of a uniformly charged cylinder. The radius amounts to 0.95 nm for CMC
ds=0.75, and increases to 1.15 nm for CMC with ds=1.25. The pK for the intrinsic dissociation constant of the
carboxyl groups (i.e., at zero degree of dissociation) amounted to 3.2. Lpowas also deduced from Potentiometrie
titrations. A model developed by Katchalsky and Lifson, which relates the dissociation behaviour of a
polyelectrolyte to the stiffness of its chain, was applied to CMC. From analyses of the Potentiometrie titrations
an intrinsic persistence length of 6 nm was deduced. The difference between Lpoassessed from SEC-MALLS
and Potentiometrie titrations isdiscussed briefly.

2.1 Introduction
The macroscopic properties of polymer solutions are determined by microscopic
(molecular) parameters. For example, the viscosity of apolymer solution is influenced bythe
molar mass of thepolymer, itsradius of gyration Rg,and its flexibility. Thickening properties
of a polymer solution are related to the rigidity of the polymer backbone, which is
characterised by the persistence length Lp. Knowledge of microscopic parameters is also
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required to describe polymer adsorption at a solid-liquid interface. A general finding is the
preferential adsorption of molecules with large molar mass [1], implying that for a
polydisperse polymer the composition of the mixture, i.e. the molar mass distribution, is of
importance. Although at present little is known about the influence of the local stiffness on
theadsorption properties ofpolymers,itseffect on solution properties isgenerally recognised.
Polymers having equal molar masses will be more extended when they have a higher
persistence length. The larger extension manifests itself in a slower motion (diffusion) of the
molecule.
For many years, viscometry has been applied as a method to determine the persistence
length.Bymeasuring theconcentration dependence of theviscositythe intrinsic viscosity ofa
polymer solution is determined. The intrinsic viscosity is related to the dimension and the
molar mass of a polymer. As the former is related to the persistence length, viscometry
enables determination of Lp.However, themolar massmustbedetermined separately (e.g.by
means of the Mark-Houwink relation). Furthermore, quantities obtained by viscometry are
averages. So, for (nearly) monodisperse polymers, viscometry might be used as a suitable
technique to determine Lp, but if applied to polydisperse samples, additional information
about the molar mass distribution is needed. Information about the distribution is accessible
from size exclusion chromatography (SEC). In this technique, which is also known as gel
permeation chromatography (GPC), molecules are separated according to their size, yielding
themolarmass distribution.
Cellulose derivatives are well known for their thickening properties. In this connection,
most cellulose compounds arecharacterised by apersistence length in the range 5-20 nm[2].
In this chapter we focus on the determination of the persistence length of carboxymethyl
cellulose (CMC). As CMC is a polyelectrolyte, repulsion between charged segments will
affect the persistence length; i.e., Lp will depend on the degree of dissociation of the
polyelectrolyte and onthe saltconcentration. Hence,theparameter that characterises thelocal
stiffness originating from thepolymer backbone is the magnitude of Lp in the absence of any
electrostatic effects. It is denoted as the bare or intrinsic persistence length Lpo- From
viscometry Rinaudo [3] obtained Lp0=5.0nm at high salt concentrations where electrostatic
interactions are negligible. Lp was calculated from the intrinsic viscosity according to
Yamakawa et al. [4].The same value is obtained by Kamide et al. [5] who applied various
theoretical models (Benoit-Doty [6] and Yamakawa [4]) to published viscosity data. A value
of 8.5 nm wasobtained byLavrenkoetal. [7]from viscositymeasurements ofCMC solutions
inmixtures of water andcadoxen (Cd +-ethylenediaminecomplex).
We used size exclusion chromatography in combination with multiangle laser light
scattering (SEC-MALLS) to determine the intrinsic persistence length of CMC. The use of
light scattering as the detection method for SEC offers the possibility of analysing apolymer
sample in terms of the distribution of molar mass and molecular dimensions. The latter is
represented bythe radius of gyration Rg.Theadvantage of light scattering over viscometry as
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the detection method is that with the former Mw and Rg are determined in an absolute way,
i.e. unlike viscometry where a calibration is needed to relate the detector signal to the
required quantity. CMC samples with different numbers of substituted groups per monomeric
unit (degree of substitution, dsfrom 0.75 to 1.25) and molarmasses (30to 103kgmol"1)were
prepared from the same cellulose source by a homogeneous substitution reaction. By this
approach a well-defined set of CMC samples is obtained so that the relation between M and
chain dimensions can bedetermined asafunction of dsover abroad rangeofM.The relation
between M and Rg reveals information about the persistence length of a polymer. The
electrostatic wormlike chain model is used to analyse this relation and to determine Lpo-In
our analysis wefollow theapproach proposed byDavis [8].Besides Davis's approach wewill
discuss our data in terms of Odijk's model [9].The two approaches yield somewhat different
values for the intrinsic persistence length. We will discuss briefly the difference betweenLpo
value asobtained from thetwomodels.
In addition to SEC-MALLS the CMC samples were characterised with respect to their
dissociation behaviour by means of Potentiometrie titrations. The latter were interpreted in
terms of a uniformly charged cylinder, which serves as a model for a CMC molecule on a
length scale of Lp. In this way information about the cross-section of the CMC backbone is
obtained. Potentiometrietitrations were alsoused toestimate Lp0-Forthis purpose a modified
analysis proposed by Katchalsky [10-12]wasused.
2.2 Theoretical background
2.2.1 Theelectrostatic wormlike chainmodel
First, the theory describing the dimensions of a (charged) wormlike polyelectrolyte will
be briefly outlined. For a more comprehensive review of the electrostatic wormlike chain
model,thereader isreferred toapaperbyDavis[8].
The size of a macromolecule in solution is often characterised by its radius of gyration
Rg.This quantity measures the root-mean-square distance of the segments from the centre of
mass of the chain. For a linear flexible homopolymer, Rg can be calculated to a first
approximation from the random walk model. Dividing the chain into NK segments each of
lengthLK(Kuhn length),theradiusof gyration for arandomchain isgivenby[13]:

RgO=JN K L 2 K
In the random walk model, excluded volume effects are neglected; Rg calculated in this
manner is called the unperturbed radius of gyration Rgo.Equation 2.1 only applies to achain
for which the length scale Lp of the local stiffness is small compared to the length of the
stretched chain (contour length Lc).More generally, theunperturbed dimension of achain can

(2.1)
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beexpressed interms ofLpandLcbymeansof thewormlikechain model [14a]:
-1/xY
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(2.2)

where x=Lp/Lc.Equation 2.2 isquitegeneral, itincludes (aslimits) both theGaussian coil and
the rigid rod. It can be shown that for long wormlike chains LK=2Lp [14a]. Then the limit
corresponding to the former (equation 2.1) is recovered when Lc/Lp» 1.For the other limit
(rigid rod) the equation approaches Rj;0=-^-L2c, namely when Lc/Lp« 1 (i.e. if bending
between adjacent segments is not allowed). In equation 2.2 the mutual interaction between
polymer segments and interaction between segment and solvent is not taken into account (i.e.
excluded volume effects are neglected). Excluded volume effects are taken into account by
introducing alinearexpansion factor (OeV)-Thedimension of thechain iswritten as aproduct
of the unperturbed dimension and the chain expansion factor: Rg=oCeVRgO- Since Rg is
composed of two parameters (Rgo and OeV), this approach is often denoted as the
two-parameter model. In general, otevdepends on the molar mass, the local stiffness of the
chain, and the solvent quality. In a 0-solvent otev is unity; the mutual attraction between
segments is exactly counterbalanced by repulsive interactions between segments. If repulsion
between segments prevails a chain will adopt a more extended conformation: 0CeV > 1- The
linear expansion factor is a function of the excluded volume parameter z. We will use the
expression for otev derivedbyYamakawa andTanaka [14b]:
ocev(z)

0.541 + 0.459(1 + 6.04z)'

0.46

(2.3)

Theexpression for zincaseof awormlikechain is[15]
3
32

2

L
U P; 1 PJ
L

ß4 K(NK)

where ß is the excluded volume per Kuhn segment. The function K(NK) reflects the
probability of contact between Kuhn segments in a chain. For a Gaussian chain (NK » 1)
K(NK)has alimiting value4/3,sothat 3/4K(NK)=l. For NK->0 K(NK)becomes zero [15,16].
Hence,thefunction K(NK)takes intoaccountthat shorterorstiffer chains have amore rodlike
conformation with a lower probability of Kuhn segments making contact, thereby reducing
theexcluded volume.Values of K(NK) may beobtained from tables given inref. [15].
Repulsion between charged sites causes the chain to stretch. Unlike the case of
uncharged polymers, the value of Lpis not solely determined by the primary structure of the
polymer backbone but is also affected by repulsion between charged sites. Hence, for
polyelectrolytes the charge density on the chain and the electrolyte concentration will also
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affect Oev It was shown by Odijk [17], and by Fixman and Skolnick [18], that Lp0 and the
electrostatic contribution to the persistence length Lpe are additive: Lp=Lpo+Lpe- The
electrostatic persistence length depends on thecharge density of thepolymer chain, which in
turn isdetermined bytheaveragedistanceL„ between twocharges alongthechain. Often, the
charge density is discussed in terms of adimensionless charge density parameter X,which is
defined astheratioLB/L 0 , whereLB istheBjerrum lengthgivenby
2

LB =

5s
47ce0£rkT

(2.5)

Here, qerepresents the charge of an electron, is E0 the dielectric permittivity of vacuum, er is
the relative permittivity of the solvent, and kT has its usual meaning. In water at 298 K, LB
hasa value of0.714nm.As will bediscussed below, thepresenceof counterions closetothe
chain reduces the charge density on the chain causing the effective charge density parameter
A^ff to be different from X. In the Odijk-Skolnick-Fixman (OFS) approach [17,18] the
electrostatic persistence length Lpeis given in terms of the effective magnitude of the charge
density parameter.Theirexpression for Lpe reads
L

pe =

J ^eff
4L B K 2

(2-6)

where Kis the inverse Debye-Hückel screening length defined byK2=2F2csait/eo8rRTfor a 1-1
electrolyte with concentration csait. In evaluating X«ff, we will calculate its magnitude taking
CMC as a line charge (according to Odijk [9,19]) and from the Poisson-Boltzmann equation
for auniformly charged cylinder [8,16].
In the wormlike chain model for polyelectrolytes the excluded volume ß is composed of
three additive contributions: a hard-core ßc, an electrostatic contribution ße, and an attractive
ßa. Treating a Kuhn segment asacylinder, the hard-core contribution is theexcluded volume
of a cylinder with radius a and length 2Lp: ßc=7ia(2Lp)2 [16].The second contribution is the
repulsive interaction between thecharges on thechain. Fixman and Skolnick [20] derived the
following expression for theelectrostatic contribution ße:
ße =

8LE2
R(co)

(2.7)

K

with co being aparameter depending on X^K,the radius of the cylinder, and the ionic strength
[16,20]. For our analyses values of R(co) are interpolated from tabulated values given in
ref.[20]. Thethird contribution, the attractive interaction between two segments, is calculated
from the condition that ß equals zero at the salt concentration for which 6-conditions are
reached (-ßa=ßc+ße)- For CMCthe salt concentration for 6-conditions is not known precisely.
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Davis estimated it at 5 mol 1"' NaCl. In our calculations we will use his value for ßa
(-197 nm3[8]). The electrostatic wormlike theory will be applied to the relation between M
(orequivalentlyLc)andRgasinferred from SEC-MALLS.Assuming some valuefor Lp0, Rgo
is calculated from Mbyusing equation 2.2.The electrostatic persistence length is calculated
withequation 2.6.Thechainexpansion factor isafunction of Lp andLc.Rgiscalculated from
Rgo andequations 2.3 and4.Atagiven saltconcentration Lp0istheonlyunknown parameter;
itisused asafitting parameter tomatch Rg,asinferred from SEC-MALLS with its calculated
values.
As mentioned before, the charge density of a polyelectrolyte is affected by the presence
of counterions. The charges on the chain will give rise to an electric field around the
polyelectrolyte. Assuming a uniform distribution of the charged groups, a uniformly charged
cylinder may serve as an adequate model for the evaluation of the local electrostatic field.
This implies that the polymer backbone is supposed to be rigid on a length scale of several
monomers.Within this model,theelectrical potential \\i asafunction of the distance from the
chain can be obtained by solving the Poisson-Boltzmann (PB) equation for a charged
cylinder. Besides the surface potential, the solution of the PB equation also provides the
relation between X and À^ff [16]. Manning [21] derived an analytical expression for \\fby
solvingthe PBequation in its linearised form, i.e.putting sinhy ~\\i. According toManning's
results Xeff=hB/La='k for X<1. However, when L0 becomes less than LB (À>1), the effective
spacing length equals LB: counterions become very strongly localised around the
polyelectrolyte, reducing ^ f f to 1. Without the approximation sinh(v|/)=\|/, the PB equation
cannot be solved analytically. However, its solution can be obtained numerically. As in the
counterion condensation theory, numerical calculations show that Àeff may be lower than X.
The dependence, however, is quite different [22,23] from that proposed by Manning. In this
chapter À^fwascalculated numerically from thefull PBequation. Thenumerical procedure is
described inthe appendix.
2.2.2 Dissociationofapolyacidinsolution
Ingeneral thedissociation of aweakpolyacid satisfies theequation

pH = PKa + l o g M M = PK0 + ApK+ logf-j-^1

(2-8)

where a is the fraction of dissociated acid groups (degree of ionisation), pKa is the negative
logarithm of the effective (oc-dependent) dissociation constant, and pKo is the negative the
logarithm of the intrinsicdissociation constant (pKaat oc=0).TheApKterm represents shift in
the dissociation constant that is due to the change in the electrostatic free energy Ge of a
polyacid upon variation inthenumbernof negatively charged groups[10]:
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kT U n

(2.9)
/K

In the following, two models are treated which relate structural parameters to the
dissociation behaviourofapolyelectrolyteinaqueoussolution. Bothconsidertheworkthat is
needed to displace an electrical charge (a proton) from the surface of the polyacid to a
distance far from the surface. This work is directly related to the difference in electrical
potential at the surface of the polymer (\|/0)and thepotential at infinity (\|/J. Since \|/_ iszero
by definition, (3Ge/3n) effectively equals qevCo-In the first model it assumed that the chain
may be considered as a uniformly charged cylinder. A schematic picture of the cylindrical
model is given in figure 2.1. The potential difference i|/0 can be divided into two
contributions. At a given degree of dissociation the charge density of the polyacid is
represented by its corresponding value of X. In the region from a to a+d the cylinder is
surrounded by a Stern layer with a thickness d, which represents the distance of closest
approach of ions to the polyacid surface. At distance r>d the cylinder is surrounded by a
diffuse double layer. The potential at a+d (\|/a+d)is calculated from the numerical integration
of the full PB-equation for a charged cylinder. Then, the potential difference over the Stern
layer, the second contribution to V|/o, is calculated from X and the expression for the
capacitance of a cylindrical capacitor. Considering CMC as a cylinder with radius a, the
expression for ApKis [24]
ApK

0.4343qe\|/a+d
kT

0.8686q|ds
47te 0 e r L B kT

aln

a +d
a

Intheprevious paragraph thechain isconsidered asauniformly charged cylinder, i.e.the
presence of discrete charges isignored. The localisation of thecharges isexplicitly taken into
account by Katchalsky and Lifson [11]. They calculated ApK from the change in the
electrostatic free energy that takesplace upon charging anuncharged polymer. Theprocessof

Figure 2.1 Schematic picture of a uniformly charged cylinder used as a model for a CMC
molecule on alength scaleLp.

(2.10)
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Figure 2.2 Repeating unit of carboxymethyl cellulose. The D-glucose units are linked through
ß-1,4 bonds. R represents a hydrogen-atom (unsubstituted hydroxyl group) or a CH2COONa group
(substituted hydroxyl group).

charging is divided into three steps, each contributing to G e . Charges interact by a screened
Debye-Hiickel potential [~ exp(-Kr)/r].They are assumed to be equally spaced along the chain
at a distance r. Summing up the contributions to G e (stretching of the chain, buildup of the
ionic atmosphere around charged groups, and averaging of exp(-Kr)/r for all pairs of
interacting charges over all chain configurations), they obtained for the variation in the
electrostatic free energy [11,12]
3G,
dn

(ki-k0) x
2 <
ln(l + x ) - a
2k
1+ x
47te 0 e r h

6h
x =-

Kh2,

In equation 2.11, hoand h represent the end-to-end distance of the uncharged polymer and the
chain carrying n charges respectively. The number of monomers in a Kuhn segment is
denoted by k. For the uncharged chain, k=k0. Charging the chain will increase the number of
monomers per Kuhn segment eventually to k; (the number of monomers in a Kuhn segment
when the chain is fully dissociated). It is assumed that k is a linear function of a:
k=(l-a)k 0 +akj [10]. Katchalsky and Lifson choose for h0 the expression of the unperturbed
end-to-end distance of a Gaussian coil. In their discussion about the choice for h, they state
that the expression for a fully stretched molecule is applicable. In our opinion it is more
realistic to consider the charged chain also as a random coil. Equation 2.11 can be used as the
startingpoint for the determination of the intrinsic persistence length of a polyelectrolyte.
Let the number of monomeric units in the chain be denoted by Z, then the number of
charges on a CMC molecule equals n=ocZds. As we assume a Gaussian coil conformation for
both the uncharged and the charged molecule, the expressions for the mean square of the
end-to-end distances are represented by ho2=Zkob2 and h 2 =Zkb 2 , respectively, where b is the
length of a monomer (0.515 nm [26]). In the model of Katchalsky and Lifson excluded
volume effects are not taken into account. The increase in the coil dimension, i.e. the swelling
of the chain, is accounted for by increasing the number of monomers in a Kuhn segment from
ko to k. Upon inserting these expressions for ho and h into equation 2.11, an expression is

(2.11)
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obtained thatcontains achain length dependence.Inthelimitof longchains (Z—>°o,x—>0)the
Z-dependence vanishes.Realising that theratio (k-ko)/kequals Lpe/Lpandk0b=LKo=2Lpofor a
long wormlike chain,combination ofequation 11withequations2.8 and2.9yields
.2,

pH=pK +loe| a ^i,0.4343
12qeds
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where we have used only the first term in the Taylor expansions for ln(l+x) and x/(l+x),
which amounts to x for both. The above equation offers the possibility of deducing the
intrinsic persistence length from titration experiments.
2.3 Experimental
2.3.1 Materials
Carboxymethyl cellulose was prepared by Akzo Nobel by reaction of cellulose (cotton
linters), NaOH, and sodium monochloro acetate (ClCF^COONa). During the reaction
hydrogen atoms at the glucose hydroxyl groups are substituted by CF^COONa. The average
number of substituents per glucose monomer is denoted as the degree of substitution (ds).In
this way CMCs were prepared with ds=0.75,0.91,0.99 and 1.25 respectively, these samples
will be denoted hereafter as samples 1.Subsequently, portions of these samples were treated
with H2O2 in ethanolic slurry to cause random cleavage between glucose units, thereby
reducing the molar mass. Adding different amounts of H 2 0 2 yielded series with decreasing
chain length (samples 2 to 5).In this way a set of 20CMCs was prepared, varying in degree
of substitution and chain length (see table 2.1). In figure 2.2 the structure of CMC is given
schematically. The monomeric unit of the CMC backbone consists of D-glucose residues
which are linked through ß-1,4 bonds. Depending on whether the hydroxyl groups in a
glucose unit are un-,mono-,di-,or tri-substituted, CMC molecules can inprinciple consistof
eight different monomers. The composition of the CMC samples was analysed after acidic
hydrolysis by HPLC and quantified from the refractive index by taking the peak height
surface area ina 100%analysis,yielding consistent andaccuratedata.
2.3.2 SEC-MALLS
CMC solutions were prepared in the following way. First, CMC was dissolved in
demineralised water. While dissolving, the samples were gently shaken for 16hours at room
temperature.Then sodium nitrate solution was added toobtain an electrolyte concentration of
0.02 or 0.1 mol I"1.In Potentiometrie titrations NaCl was used as theelectrolyte; but asNaCl
damages the SECequipment, NaNO.iwasused astheelectrolyte for SEC.Theaddition of salt
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was carried out after dissolution in order to minimise the presence of aggregated, not fully
dissolved, CMC. It was found that when CMC was dissolved in the presence of salt, the
solution contained "scaly" particles, which is an indication that CMC was not dissolved
completely.Thepresenceof theseparticleswasmorepronounced athigh saltconcentrations.
The concentration of the polymer solutions was chosen such that the overlap
concentration was not exceeded, but it was large enough to obtain a measurable light
scattering intensity. The following concentrations were used: 1000, 1000, 1500, 2000 and
2500 mgl"1for samples 1-5, respectively. Prior to the SEC measurements the samples were
filtered over a0.45 ^m hydrophilicDurapore (Millipore)membrane.
Thesamples wereeluted atpH=7 onasetofthreecolumns (G6000PW, G5000PW,and
G3000PW) with a flow rate of about 0.95 mlmin'. No adsorption on the columns was
observed (i.e. all injected polymer was eluted from the columns). A DAWN-DSP-F (Wyatt
Technology Co.) MALLS detector was used to obtain on-line determination of the absolute
molarmass and theradius of gyration of each fraction eluting.Thelight scattering signal was
detected simultaneously at eleven scattering angles 0, ranging from 44 to 151°. After the
scattering intensity was converted into a Raleigh ratio R, the quantity Kc/R was plotted
against sin2(6/2) (Zimmplot [25]). In Kc/R, c is the CMC concentration and K is an optical
constant given by 4n np(3n D /3c ) /X.QN A Y, where Xo is the wavelength of the He-Ne
laser, nois the refractive index of the solvent, and 3no/3c isthe refractive index increment of
CMC in aqueous solution. For each fraction, M and Rg were determined from the intercept
and initial slope of the Zimmplot. The CMC concentration in eluted fractions was small
enough for extrapolation to zero concentration to be of no concern. Both SEC and MALLS
detection werecarriedoutat298K.
Determination of the concentration was performed with an interferometric refractive
index detector (Optilab Wyatt Technology Co).The refractive index increment (dn^Sc) at a
wavelength of 632.8 nm was established at 0.163 mlg"1. The value of the refractive index
increment did notdepend oneitherdsoronMw.
2.3.3 Potentiometrietitrations
Sample preparation for titration experiments was nearly identical to the procedure in the
SEC experiments. After CMC was dissolved, NaCl solution was added to obtain an
electrolyte concentration in the range 0.01 to 1moll'. The polymer concentration was 1000
mgI"'inalltitrationexperiments.Initially,thesolutionpHwassettopH=3byaddition of 0.1
moll'1 HCl.Flushing withpurified nitrogen wasused toremove anycarbon dioxide from the
solutions. Titrations to pH=ll (by addition of carbonate-free 0.1 moll"1 KOH) and
back-titrations to pH=3 were carried out in an atmosphere of purified nitrogen. For pH
readings aglasselectrode wasused.Theelectrode wascalibrated at298Kagainst nine buffer
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solutions inthepHrange 3-11.
Titrations wereperformed at298KusingaSchottTitronicT200 autoburette.The dosage
oftitrant wascalculated onthebasis of thechange inpH according toprevious additions.The
minimum dosagevolume was0.01 ml;atthemost,0.5 mlof titrant wasadded.After addition
of titrant, pH readings (accuracy of 0.001pH units) werecarried out.When thechange in pH
after addition was less than 0.01 pH unit per minute, new titrant was added. In general the
timebetween twoadditions wasabout 5minutes.
Theproton release (forward titration with KOH)ortakeup(backward titration with HCl)
bythepolyelectrolyte were calculated from thedosage and thepHchange due tothe addition
of titrant. The relation between the activity, calculated from the pH, and the concentration of
free protons or hydroxyl ions wasestablished through titration of HCl solution with the same
electrolyte concentration as in thepolyelectrolyte titration. Thedegree of ionisation (a) in the
forward titration wascalculatedas
=

(n„ax
_cpn V d s - ^jrmx

- n rr)^

c p Vds
where nr is the amount of protons released from the polyelectrolyte, nmax is the maximum
release of protons, cp is the monomer concentration, and V is the volume in which the
polyelectrolyte wasdissolved. The value of nmax isidentified asthepoint where the releaseof
protons is zero; i.e., addition of base only leads to a change in pH. In the case of the back
titration a iscalculated from theproton uptakenubythepolyelectrolyte: a=l-nu/(cpVds).
2.4 Resultsanddiscussion
2.4.1 CMCmonomer composition
The monomer composition of the samples as obtained from HPLC analysis is presented
in figure 2.3. Spurlin [26] proposed a model from which the monomer composition of a
sample with known ds can be calculated. In this model a relative rate constant is assigned to
each of the hydroxyl groups at the 2-,3- or 6-position. It is assumed that substitution reaction
occurs at random (i.e. all hydroxyl groups areequally accessible during the reaction) and that
relative reactivities of the three hydroxyl groups do not change with ds. Furthermore, it is
assumed that the rate of the substitution reaction is first order in the concentration of the
hydroxyl groups. Calculated mole fractions based on Spurlin's statistical model are also
included in figure 2.3 (solid curves). Mole fractions arecalculated using the relative reaction
rate constants that Reuben et al. [27] obtained from the monomer composition of a series of
CMC samples having ds ranging from 0.55 to 2.17. Their calculated reaction rate constants
were in good agreement with data reported in the literature (see for instance Buytenhuys and
Bonn [28]). Therefore we assume that their data relate to a random distribution of the
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Figure 2.3

Composition of CMC samples by mole fraction (Xj) of substituted monomers. Numbers

indicate the number of substituted hydroxyl groups per monomeric unit: i=0 (V) unsubstituted
glucose unit, i=l ( • ) mono-, i=2 (•) di-, and i=3 (D) trisubstituted glucose. Solid curves refer to
calculated mole fractions corresponding to a random distribution of the substituents. Compositions
relate to samples 1.Identical results were obtained for thedepolymerised samples.

substituents along the polymer chain. Ma et al. [29] determined for CMC ranging in ds from
0.51 to 1.55 the average number monomers that are present in blocks consisting of either
substituted or unsubstituted glucose units by means of enzymatic cleavage. From their
analysis theyconcludethatthecrystalline structure ofcellulose isalmost completely absent in
CMC and that substitution of glucoseunits takesplace at random. Their analysis reveals that
theaverage number ofunsubstituted glucoseunits rangesfrom 3.4 to 1.8 monomeric units for
ds=0.51 and 1.55, respectively. With respect to the monomeric composition the analysis in
ref. 29 only yields information about the mole fraction of unsubstituted glucose units. In
correspondence with random substitution, good agreement was found with Reuben for the
amount of unsubstituted glucose. As can be seen from figure 2.3,the agreement between the
monomer composition based on arandom distribution of substituents and the composition of
our samples is good. On the basis of this agreement, we conclude that in our samples the
substituents arealsorandomlydistributed overthepolymerchain andthatthe number of long
unsubstituted regions isnegligible.
2.4.2 SEC-MALLS
In figure 2.4 some typical results for the molar mass distribution as obtained from
SEC-MALLS measurements are given. The figure shows the differential molar mass
distribution (DMMD) for CMC samples 1 and 4 with ds=0.91 determined in 0.02 and

20

Persistence length of carboxymethyl cellulose

1.2

bbl.2
o

0.02mol 1

,0.9

0.1 moll

0.9

0.6

0.6

0.3 •

0.3
0.0

0.0

1

10

100

1000
M(kgm o l )

10

100

1000
M(kgmol"1)

Figure 2.4 Molar mass distribution of two CMC samples (ds=0.91) Mw=1100 and 210 kgmol"1.
Distributions weredetermined insolutions containing 0.02 or0.1 mol 1"'NaN0 3 (indicated in figure).
Distributions were obtained (a) using a linear Zimmplot, (b) using a quadratic extrapolation to zero
scattering angle.

0.1 mol1"' NaNC>3solution respectively. The molar mass distribution given in figure 2.4a is
determined using a linear extrapolation of the scattered intensity to zero angle. Figure 2.4b
shows the result when anon-linear extrapolation (second-order polynomial) is used. DMMD
is determined bydifferentiation of the cumulative mass fraction W(M) (i.e.the mass fraction
of molecules having a molecular mass less then M) with respect to the logarithm of M[30].
For a detailed description of the DMMDcalculation from SEC data, the reader is referred to
Shortt [30]. As the chain charge density, and accordingly ds, affects the size of
polyelectrolytes, a distribution of ds within a sample would influence the fractionation.
However, since all CMC samples were prepared under well-defined experimental conditions,
probably the distribution in ds is negligible. Comparing the molar mass distributions for the
high M sample (sample 1) as obtained at different electrolyte concentrations, it can be seen
that the distribution depends significantly on the method of extrapolation to zero scattering
angle.As can be seen from figure 2.4a the distribution for sample 1is shifted to higher Mat
0.02 mol 1"' NaNO} if a linear extrapolation is used. Since the distribution is an intrinsic
property of a sample, it is not likely to depend on the electrolyte concentration. It might be
supposed that a high electrolyte concentration leads to some aggregation of CMC. If the
chains contain long regions of unsubstituted or slightly substituted monomers, screening of
the few charges allows the formation of H-bridges between those regions which may lead to
formation of aggregates. Since aggregates have ahigher molar mass,their presence will shift
the distribution to higher Mcompared to an unaggregated solution (i.e. a solution containing
less electrolyte). However, the experiments show the opposite trend, indicating that the lack
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of coincidence of distributions in 0.02 and 0.1 mol 1"'NaNÜ3 is probably not caused by the
presence of aggregates. Upon using a non-linear extrapolation method, both distributions of
the low and high M sample are shifted to higher molar mass.The position of the peak in the
DMMD now gives better agreement between distributions obtained in 0.02 and 0.1 moll"1
NaNC^.Though better agreement isfound between thedistributions, adiscrepancy still exists
between those obtained at low and athigh salt concentrations. Complete treatment of thedata
requires a statistical treatment (F-test [31])of theZimmplot of each eluted fraction to decide
which extrapolation method (linear or non-linear) should be used. Unfortunately, our set-up
does not provide for such a treatment. We used the position of the peak as criterion to
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Figure 2.5 Elution chromatogram of CMC ds=0.91 (sample 1) as obtained in (a) 0.1 mol l '
NaNO}and (b) 0.02 mol 1 ' NaNOj. The insets show Zimmplots at two elution volumes (indicated in
figures). The molar mass of an eluted fraction decreases with increasing elution volume.
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Table 2.1 Average molar masses Mw and M„, polydispersity index Mw/Mn, and radius of gyration Rg of
(depolymerised) CMC-samples with different degrees of substitution. Samples indicated by number 1were not
depolymerised. Numbers 2upto5refer tosampleswhich weredepolymerised (byH2O2)toan increasing extent.
Due to the low light scattering intensity, characterisation of some depolymerised samples could not be carried
out.
ds
0.75

0.91

0.99

1.25

sample number

M„(kgmol" )

Mw(kg mol" )

1
2
3
4
5

520
310
200
85
45

1100

1
2
3
4

510
470
170
100

1100

1
2
3

570
390
80

1200

1
2
3
4

370
330
200
120

1100

740
400
190
120
880
340
210
640
180
660
380
210

Mw/M„

Rg(nm)

2.2
2.4
2.0
2.2
2.7

140
100
75
40
30

2.2
1.9
2.0
2.1

140
120
55
40

2.0
1.6
2.3

160
95
35
130
90
50
30

2.9
2.0
1.9
1.8

decide which extrapolation method is suitable for our data treatment. The other
non-depolymerised CMC samples as well as the depolymerised fractions 2 and 3 show the
same behaviour aspresented in figure 2.4.Measurements on samples 4 and 5 (ds=0.75, 0.99
and 1.25) werenotcarriedoutin0.02mol1~'NaN03.
The lack of coincidence of the molar mass distributions is caused by a downward
curvature in Kc/R at low angles (0<75°). The downward curvature is illustrated by figure
2.5, where wegivetheconcentration (measured bytheindex of refraction) of eluted fractions
(CMC ds=0.91, sample 1) as a function of the elution volume. Insets show Zimmplots at
different volumes in the chromatograms. As can be seen, nonlinearity is observed in 0.1 as
well as in 0.02 moll"1 NaNOi, the effect being most pronounced in 0.1 mol 1"' NaNC>3for
CMC of highM. As the molar mass is obtained from the intercept of a Zimmplot (i.e.
extrapolation of Kc/R to zero scattering angle), the magnitude of M is rather sensitive to the
extrapolation method.Theorigin of thenon-linear Zimmplots isnotclear. As westated inthe
previous paragraph, the presence of aggregated CMC is not likely the cause of the
non-linearity. Wewill touch upon this in thefollowing paragraphs.Itwas already pointed out
by Mijnlieff et al. [32] that the use of a linear extrapolation may lead to errors in the
determination ofthemolarmassof apolymer samplefrom staticlightscattering.
From figure 2.4 it can also be seen that the molar mass distribution is quite narrow,
almost as narrow as in condensation polymers.Thepolydispersity is represented by the ratio,
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Figure 2.6 Relation between the radius of gyration Rg and molar mass M for CMC ds=0.91 SEC
fractions. Samples with different degree of polymerisation are indicated by different symbols: O:
sample 1, • : 2, D: 3, • : 4. Solid curves refer to calculations using the wormlike chain model [8].
Different valuesfor intrinsicpersistence length Lpoare indicated.

Mw/Mn (table 2.1), where Mw and M„ are the weight and number molar mass averages
respectively. The polydispersity ratio for the nondepolymerised samples (about 2.5) is
comparable toMw/Mnfor cotton linters cellulose, which is about 2.2 [33],but is substantially
lower as compared to the majority of commercial CMC types derived from wood cellulose,
which show polydispersities from 6toeven 20.All results refer to experiments carried outin
0.1 mol I"1 NaN03. The molar mass of the nondepolymerised samples does not vary
significantly with ds. As CMC samples with different ds were prepared from the same
starting material,samples 1 donotdiffer muchin averagemolarmass.
For CMC samples 1to 4 with ds=0.91, but differing in average molar mass, the relation
between radius of gyration and molar mass in 0.1 mol1~'NaNOi is represented in figure 2.6.
Both M and Rg were determined using by the non-linear extrapolation. For samples 5 the
intensity of the scattered light was too low, so that characterisation could not be carried out
accurately. Owing to the small proportions of the scattering molecules the low scattered
intensityexhibited ahigh noiselevel.Thesamples supplement each other rather satisfactorily.
Similar observations where made for samples with other ds. The full curves in the figure
represent the relation between Rg and M calculated according to the wormlike chain model
[8].The relation was calculated using different values for the intrinsic persistence length.As
can beseen from thisfigure, thevalueof Lp()liesintherange 15-25nm.
A graph similar to figure 2.6 is presented in figure 2.7. In this figure the radius of
gyration is given as a function of the number of Kuhn segments, NK (=LC/2LP), for CMC
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Relation between number of Kuhn segments NK and radius of gyration Rgfor CMC ina

1-1electrolyte solution. Samples with different degrees of polymerisation are indicated by different
symbols: V: sample 1,• : 2, D: 3,A: 4, +:5.(a):CMC ds=0.75 in0.1 mol 1 ' NaNO,, (b):ds=1.25 in
0.1 mol I"1NaNO,, (c):ds=0.75 in0.02 mol 1 ' NaNO,, (d):ds=1.25 in0.02 mol l"1NaNO,. The solid
curves were calculated according to the wormlike chain model [8] using Lpo=17 nm for 0.02 moll"1
NaNO?and Lpo=l5 nm for 0.1 mol l"1electrolyte respectively.

ds=0.75 andds=l.25.Thetwoupperfigures relatetoCMCsamples 1-5 in0.1mol 1 NaNO?,
the lower to CMC samples 1-3 in 0.02 moll"1 NaNOj. The relation between Rg and NK
calculated with the wormlike chain theory according to Davis is represented by the solid
curves. Best fits to the experimental data were obtained when Lpowas set to 17 nm (0.02
mol I"1 NaNO}) or 15nm (0.1 mol l"1), irrespective of ds. A linear relation between logNK
and logRg is observed in 0.1 moll"' NaNOj for N K >10, indicating a random coil
conformation of the polymer. For NK< 10the local rodlike character of the chain shows up
from aslight downward bending of thecurves. In0.02 mol l ' NaNOj thedownward bending
is observed for NK<20, illustrating that the local stiffness of the chain increases with
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decreasing salt concentration. The increase of Lp with decreasing salt concentration also
showsupfrom thedependence of Rgontheconcentration NaNC>3.In0.02 moll"1NaNO^,Rg
is found to be larger than in 0.1 moll"1 NaN03. The electrolyte dependence of Rg can be
deduced from figure 2.7, it is shown more clearly in figure 2.8. In figure 2.8 the relation
betweenRgandNKisshown for CMCsamples2withdsfrom 0.75to 1.25 for two electrolyte
concentrations. The lower curve (0.2 moll"1electrolyte) refers to CMC sample 1(ds=0.91).
The solution preparation of this sample was somewhat different from previous preparations.
After dissolution in demineralised water, KOH solution was added to a concentration of 0.1
mol I"'.After 15hours the sample was brought topH=7 with HNO3, yielding a total NaN0 3
concentration of0.2moll"1.Thistreatment,carriedoutinanitrogen atmosphere, was applied
because in a highly basic medium hydroxyl groups are dissociated. The dissociation disrupts
any hydrogen bonds between cellulose chains,the bond-breaking process being enhanced by
the repulsion between charged groups. Thus, in a basic medium the presence of aggregated
CMC is unlikely. The linear region in the relation between the radius of gyration and molar
mass often obeys the scaling law Rg~Mv~NKV.The exponent v contains information about
structural properties of amacromolecule (e.g.if achain is a random coil or is branched) and
the solvent quality [34,35].Schulz and Burchard [35] determined v for CMC in 0.1 moll"1
NaCl by viscometry and found v=0.28. From this low number and determination of the
hydrodynamic radius they concluded that their solutions contained a considerable amount of

Figure 2.8 Relation between number of Kuhn segments (NK) and radius of gyration (Rg) for CMC
in a 1-1 electrolyte solution (indicated in figure). Different symbols refer to samples 2differing in ds:
O: ds=0.75, • : ds=0.91, D: ds=0.99, A: ds=1.25, and +: sample 1ds=0.91. The solid curves were
calculated according to the wormlike chain model [8] using Lpo=17 nm for 0.02 mol 1~'NaN0 3 and
Lpo=15nm for 0.1 and 0.2 mol 1"'electrolyte respectively. For the treatment of sample 1 in0.2 moll"1
NaN0 3 see text.
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aggregated CMC. In 0.1 mol 1"' KOH we obtain v=0.59, which indicates that in KOH CMC
may be considered as a linear polymer in a good solvent [34,35]. As v is rather sensitive to
the presence of aggregates [35] we conclude that in 0.1 mol l"1 KOH no (or very little)
aggregated CMC is present. The value v=0.59 is preserved in the NaN0 3 solutions. Hence,
measurements carried out in 0.1 moll" 1 KOH yield results similar to those in 0.1 moll" 1
NaN0 3 , albeit the sample is somewhat degraded (depolymerised) due to presence of oxygen
in the alkaline solution. The agreement between v in KOH and in NaNÛ3 indicates that
aggregated CMC can be present in our samples, only in very small amounts.
Cryotransmission electron microscopy supports this conclusion.
As can be seen from figure 2.8, the degree of substitution does not affect the relation
between Rg and N K . This is found in 0.1 as well as in 0.02 mol l"1 NaN03. According to
Odijk, the lack of dependence on ds indicates that at pH=7, CMC is above the threshold for
the onset of counterion condensation. At pH=7, CMC is fully dissociated. Indeed, the value of
the effective charge parameter X exceeds the limiting value 1 for a fully dissociated CMC
sample with ds=0.75 (k=ds LB/Lmon=104, if L mon =0.52 nm [26] is substituted for the
monomeric length of a glucose unit). Since the other samples have even higher charge
densities, they will also exceed the limiting value. In evaluating Rg versus N K , we used the
wormlike chain model as presented by Davis [8].Therefore, in the calculation of Àeff we used
the model of the uniformly charged cylinder rather than putting À«ff=l for all experiments.
The calculated relation between Rg and N K for the three electrolyte concentrations is
represented by the solid curves. As will be shown in the discussion regarding the
Potentiometrie titrations, the cross-section of the cylinder shows a dependence on the degree
of substitution. Taking into account this ds dependence, the calculated relation between Rg
and NK shows only a slight dependence on the degree of substitution. For this reason, in
figure 2.8 only the calculated curve for ds=0.91 is shown. Any dependence on ds is too weak
to be deduced from our experimental data. Qualitatively, both Davis's and Odijk's approaches
give good agreement with experimental results. Best fits to the experimental data were
obtained using Davis's approach when Lpo was set to 17 nm (0.02 mol 1"' NaN0 3 ) or 15 nm
(0.1 and 0.2 mol 1"'). The bare persistence length using the Odijk model is lower than that
obtained by the Davis model. Using Odijk's approach we obtain 13 nm (0.02 mol I"' NaN0 3 )
and 11 nm (0.1 and 0.2 mol l ' NaN0 3 ), respectively.
Why do the models of Odijk and Davis give different quantitative results? As stated
before, in Odijk's approach the function K(NK) in equation 2.4 is assumed to have a fixed
value of 4/3, which is valid for chains consisting of many (infinite number of) Kuhn
segments. For our samples with the highest molar mass, this assumption is reasonable. For
Lp=15 nm ( L K = 3 0 nm) the number of Kuhn segments for CMC with Lc=10000 nm equals 330
and K(NK) reaches the value of about 1.2 [16]. Thus, for the highest molar mass fraction the
error in Odijk's assumption is small. However for L c =600 nm, which covers the range of the
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