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Stellingen

(1)
Het gedrag van cellulose derivaten aan een vast-vloeistof grensvlak wordt in hoge mate
befnvloed door de stijfheid van deze moleculen.
dit proefschrift, Hoofdstukken 4 en 5

@
De hydrodynamische laagdikie van een geadsorbeerd polymeer bepaald door middel van
dynamische lichtverstrooiing heeft alleen betekenis als de effectieve viscositeit van de polymeer
oplossing gebruikt wordt.
dit proefschrift, Hoofdstuk 6

3
De beschrijving van polyelectroliet adsorptic aan een geladen opperviak 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
een toestand van evenwicht in de adsorptie te bereiken.
AW.P. Vermeer, F.AM. Leermakers, LK. Koopal, Langmuir 13 (1997) 4413

@
De theoretische beschrijving van de effectieve viscositeit is (nog) verre van volledig.
G.D.J. Phillies, C. Malone, K. Ullmann, G.S. Ullmann, . Rollings, and L.P. Yu,
Macromolecules 20 (1987) 2280.

&)
Gelpermeatie chromatografie in combinatie met statische lichtverstrooiing is een elegante
methode om de (intrinsieke) ketenstijfheid van een polymeer te bepalen.
dit proefschrift, Hoofdstuk 2

(6)
Voor een goed begrip van de adsorptie van polyelectrolieten is het noodzakelijk om ook de
adsorptie kinetick in beschouwing te nemen.
dit proefschrift, Hoofdstikken 3 en 4

(M
In een aantal gevallen kan de uitkomst van het regeringsaccoord van Paars II worden
aangemerkt als een vorm van kiezersbedrog.



(t))
De modeme 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.

)
De vernieuwing van de Nederlandse spelling is niet duidelijk en gaat niet ver genoeg.
Woordenlijst Nederlandse taal, Sdu Uitgevers 1997, Achtste oplage.

(10)
Zwaar bier maakt het hoofd licht, light bier ligt zwaar op de maag.

(11)
Experirnenteren is een spel van vraag en antwoord tussen de experimentator en de patuur. Dat
bij het stellen van een zorgvuldig geformuleerde vraag in veel gevallen ondoorgrondelijk
antwoord wordt gegeven, stelt het incasseringsvermogen van de experimentator regelmatig tot
het viterste op de proef.

12)
Het toenemend aantal vetarme producten is een verrijking van ons voedselaanbod.

(13
Als het niet gaat zoals het moet, dan moet het maar zoals het gaat.
Gehoord van Ben Spee in de koffiekamer

(14
De materiaalkennis van de Landbouwuniversiteit is op z'n minst twijfelachtig te noemen. Dit
blijkt uvit de opmerking: "!! niet in papiercontainer: ... papier met kunststof, cellulose, en
metaalfolie als oppervlakte of tussenlaag...”. Papier bestaat voor het overgrote deel uit cellulose.
Folder Bedrijfsafval gescheiden inzamelen, Landbouwuniversiteit Wageningen, Bureau
Veiligheid en Milicuhygiéne Huishoudelijke dienst, oktober 1997,

Stellingen
behorende bij het proefschrift
"Adsorption and desorption of cellulose derivatives”
door C.W. Hoogendam
Landbouwuniversiteit Wageningen, 23 september 1998,
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Chapter 1

Introduction

1.1 General

The importance of polymers is generally recognised. The use of polymers covers a broad
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 to polymers applied as a coating material.

Often synthetic polymers are being used as a coating 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 also lead to new applications.
1.2 Cellulose treatment, cellulose derivatives and their 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 [5% [l]). Furthermore, the harsh chemical and
mechanical treatment causes a cleavage of the cellulose chain. As a raw material, cotton
fibers contain the highest 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 to be removed are much smaller. Purified cotton cellulose usually is of outstanding
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quality and has a high degree of polymerisation.

Because cellulose is a polyhydroxyl alcohol, its functional groups (hydroxyl groups)
allow numerous chemical modifications. Most of the cherically 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
the most important ester of cellulose. It is being used for the manufacture 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
and carboxymethyl cellulose. Methyl cellulose is employed, amongst others, in pharmaceutics
(e.g. as coating agent in tablets), in the food industry (e.g. as thickeners), and in cement [2,3].

Hydroxyethyl cellulose (HEC) is prepared by treating alkali cellulose {cellulose in a hot
aqueous solution containing about 30% sodium hydroxide [3]) with cthylene oxide
(O{CH)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 a thickener and pigment-protective colloid in water-based paints [4]. Further it has
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 (CICH,COONa) and alkali cellulose [3,5]. Though maost 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 a thickener for textile printing
pastes, as a soil-suspending agent in synthetic detergents, as a coating for powders and
tablets, and as thickener and suspending agent in water-based paints [1-4].

An important characteristic of cellulose derivatives is the average number of substituents
per glucose 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 to obtain a uniform distribution originates from the highly
ordered crystalline structure of natura! 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 of uniformly distributed substituents.
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1.3 Usage of carboxymethyl cellulose in pelletisation of iron ore and in papermaking

In this paragraph we discuss two applications of carboxymethyl cellulose which are
related to the work described in this thesis.

Raw iron ore contains 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 raw ore into iron, it must be agglomerated into a coarser form
before it can be used in blast-furnaces. The most desirable size for blast-furnace feed ranges
from 6 to 25 mm [4]. Methods of size enlargement 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 is fired with natural gas and air. As the coke fines burn, the
generated heat sinters the iron ore concentrate into larger lumps. Then the sinter is crushed to
remove extra large lumps and cooled.

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 im), usually in a moist state, is rolled into
small balls of 10-20 mm 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
aggiomerates. The wetting of the particles causes capillary binding forces which hold them
together. Gradually nuclei arise which grow into balls, while through the rotational movement
simultaneously the strength of the balls is mechanically consolidated. The strength can be
substantially enhanced by the addition of a binder. Commonly used types of binders are CaQ,
CaCl; 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 pelietisation process [7]. The success of this application depends critically on
the structure of the interfacial CMC layer.

Cellulose (mainly wood cellulose) is the raw material for paper. Roughly speaking in the
process of papermaking three steps can be distinguished. First cellulose fibers are dispersed in
water, next they are beaten to roughen the fiber surface (which increases the strength of the
paper), after which the fiber mat is dried. To enhance its properties (e.g. to achieve 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 to bind the pigment to the paper. The most commen 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



Chapter |

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
have to be of small particle size [9]. Therefore, to ensure optimal realisation it is essential 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 its excellent binding strength, which implies that it is capable to penetrate into the cellulose
network, CMC anchors the pigments onto the paper surface. So, CMC acts as an adhesive as
well.

1.4 Adsorption of uncharged polymers and polyelectrolytes

As mentioned in previous sections, many applications of polymers are a consequence of
their adsorption at a solid-liquid interface. Adsorption of polymer segments will take place if
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 the chain 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 of polymer, and the molar mass of the polymer (i.e. the length of the chain).
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 adsarption. The conformation of
the adsorbed layer is flat and the adsorbed amount does not depend on the chain 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
clectrostatic 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 cither 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]). On the 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 opposite charge is strong. As a consequence, at low salt
concentration polyelectrolytes adapt a flat conformation when they adsorb; the adsorption
does not depend on the chain 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 (TiO,, Fe,O3, and SiO;) and CMC have variable charges. At the
inorganic surfaces metal-OH groups are present, CMC has COOH groups.

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 equilibdum. So. by using
thermodynamics one is able to calculate the adsorbed amount at equilibrium as a function 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 a polymer chain has to overcome a barrier before it can adsorb, the adsorption
process will be hampered. The existence of such a barrier is comparable to the activation
energy of chemical reactions or the barrier for coagulation of colloidal particles in the DLVO
theory. For neutral polymers the barrier originates from loops and tails 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 be ignored. 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



Chapter 1

kinetics of polyelectrolytes has not been considered theoretically to a large extent. A proposal
for the description of polyelectrolyle adsorption taking into account the kinetics is. formulated

in this thesis.
1.5 Qutline of this thesis

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. By varying parameters like pH, salt concentration, 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 carriecd 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 of the cellulose backbone, is also obtained from potentiometric titrations.

Chapter 3 deals with the kinetics of pelyelecirolyte 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 salt concentration, the surface charge and the polymer charge on
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 we judge if
equilibrium in adsorption is reached on the time scale of an experiment.

The adsorption of CMC on TiQ; and Fe, 05 is discussed in chapter 4. We investigate the
effect of pH, NaCl concentration, melar 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 adsorbing CMC at low pH.

In chapter 5 we discuss the adsorption of HEC and quaternary ammonium substituted
HEC (QNHEC) on Si0; and Ti0O, as a function of pH and NaCl concentration. As in chapter
4, experimental data are compared with model calculations.

The diffusion of spherical Si0; particles (inert probes) in various CMC solutions is
studied in chapter 6. From the diffusion behaviour we determine the viscosity as experienced
by these probes (effective viscosity). An interpretation of the diffusion behaviour is given in

terms of a model in which the probes are supposed to be surrounded by a polymer free layer.
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The effective viscosity is applied to determine the adsorbed layer thickness of CMC and HEC
on Fe,05 and Si0,, respectively.
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Chapter 2

Persistence length of carboxymethyl cellulose as evaluated
Jrom size exclusion chromatography and potentiometric
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
potentiometric 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 R, as obtained by SEC-MALLS is determined in
0.02, 0.1, and 0.2 mol I'' NaNO;. Using the electrostatic wormlike chain theory a bare (intrinsic) persistence
length Ly, of CMC is assessed at 16 nm, irrespective of the degree of substitution. A somewhat lower value
{12 nm) is obtained when Qdijk's theory for the description of polyelectrolyte dimensions is applied. The
difference between Ly, assessed from both models is discussed briefly. Potentiometric titrations were carried out
in NaCl solutions (ranging from 0.01 to 1 mol I'"y. From the titrations the radius of the CMC backbone was
obtained by application of the model of a uniformly charged cylinder. The radinus amounts to 1.95 nm for CMC
ds=0.75, and increases to 1.15 nin 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. L was also deduced from potentiometric
tirations. A model developed by Kaichalsky and Lifson, which relates (he dissociation behaviour of a
polyelectrolyte to the stiffness of its chain, was applied to CMC. From analyses of the potentiometric titrations
an intrinsic persistence length of 6 nm was deduced. The difference between Ly assessed from SEC-MALLS

and potentiometric titrations is discussed briefly.

2.1 Introduction

The macroscopic propertiecs of polymer solutions are determined by microscopic
(molecular) parameters. For example, the viscosity of a polymer solution is influenced by the
molar mass of the polymer, its radius of gyration R,, 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 L,. 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
the adsorption properties of polymers, its effect on solution properties is generally 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. By measuring the concentration dependence of the viscosity the intrinsic viscosity of a
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 L, However, the molar mass must be determined 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 L, 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
the molar mass distribution.

Cellulose derivatives are well known for their thickening properties. In this connection,
most cellulose compounds are characterised by a persistence 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, repuision between charged segments will
affect the persistence length; i.e., L, will depend on the degree of dissociation of the
polyelectrolyte and on the salt concentration. Hence, the parameter that characterises the local
stiffness originating from the polymer backbone is the magnitude of L, in the absence of any
electrostatic effects. It is denoted as the bare or intrinsic persistence length Ly From
viscometry Rinaudo [3] obtained Lyy=5.0 nm at high salt concentrations where clectrostatic
interactions are negligible. L, 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 modets (Benoit-Doty [6] and Yamakawa [4]) to published viscosity data. A value
of 8.5 nm was obtained by Lavrenko et al. [7] from viscosity measurements of CMC solutions
in mixtures of water and cadoxen (Cd2+-ethylcnediaminc complex).

We used size exclusion chromatography in combination with multiangle laser light
scattering (SEC-MAILLS) to determine the intrinsic persistence length of CMC. The use of
light scattering as the detection method for SEC offers the possibility of analysing a polymer
sample in terms of the distribution of molar mass and molecular dimensions. The latter is

represented by the radius of gyration R,. The advantage of light scattering over viscometry as
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the detection method is that with the former M,, and R; 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, ds from 0.75 to 1.25) and motar masses (30 to 10" kg mol™") 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 be determined as a function of ds over a broad range of M. The relation
between M and R, reveals information about the persistence length of a polymer. The
electrostatic wormlike chain model is used to analyse this relation and to determine Ly, In
our analysis we foliow the approach proposed by Davis [8]. Besides Davis's approach we will
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 between Ly
value as obtained from the two models.

In addition to SEC-MALLS the CMC samples were characterised with respect to their
dissociation behaviour by means of potentiometric 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 Ly, In this way information about the cross-section of the CMC backbone is
obtained. Potentiometric titrations were also used to estimate Ly. For this purpose a modified
analysis proposed by Katchalsky [10-12] was used.

2.2 Theoretical background
2.2.1 The electrostatic wormlike chain model

First, the theory describing the dimensions of a (charged) wormlike polyelectrolyte wiil
be briefly outlined. For a more comprehensive review of the electrostatic wormlike chain
model, the reader is referred to a paper by Davis [8].

The size of a macromolecule in solution is often characterised by its radius of gyration
R;. This quantity measures the root-mean-square distance of the segments from the centre of
mass of the chain. For a linear flexible homopolymer, R; can be calculated to a first
approximation from the random walk model. Dividing the chain into Ny segments each of
length Ly (Kuhn length), the radius of gyration for a random chain is given by [13}:

R%p = %NKLZK (2.1)

In the random walk model, excluded volume effects are neglected; R, calculated in this
manner is called the unperturbed radius of gyration Rg. Equation 2.1 only applies to a chain
for which the length scale L, of the local stiffness is small compared to the length of the
stretched chain (contour length L.). More generally, the unperturbed dimension of a chain can
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be expressed in terms of Ly, and L, by means of the wormlike chain model [14a]:

RZ, - L%[% x - x2 +2x3 = 2x4(1 - e'”")] 22)

where x=1,/L.. Equation 2.2 is quite general, it includes (as limits) both the Gaussian coil and
the rigid rod. It can be shown that for long wormlike chains Lx=2L, [14a]. Then the limit
corresponding to the former (equation 2.1) is recovered when L/L, >> 1. For the other limit

{rigid rod) the equation approaches R:i,:ﬁ 12

.. namely when LJ/L, << 1 (ie. 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 a linear expansion factor ((te,}. The dimension of the chain is written as a product
of the unperturbed dimension and the chain expansion factor: Ry=0..Rg. Since R, is
composed of two parameters (Ryp and o), this approach is often denoted as the
two-parameter model. In general, o, depends on the molar mass, the local stiffness of the
chain, and the solvent quality. In a 8-selvent o, 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: ¢, > 1. The
linear expansion factor is a function of the excluded volume parameter z. We will use the

expression for o, derived by Yamakawa and Tanaka [14b]:

1
Oley(2) = [0.541 +0459(1 + 6.042)0'46]2 (2.3)

The expression for z in case of a wormlike chain is [15]

3 1

> 1
1 3 L. |2 3«
= 1 2 == KN 2.4)
z 32 [KLZJ [Lp] ﬁ4 K) (

where P is the excluded volume per Kuhn segment. The function K(Ng) reflects the
probability of contact between Kuhn segments in a chain. For a Gaussian chain (Ng >> 1)
K(Ng) has a limiting value 4/3, so that 3/4K(Ng)=1. For Ny—0 K(Ng} becomes zero [15,16].
Hence, the function K(Ny) takes into account that shorter or stiffer chains have a more rodlike
conformation with a lower probability of Kuhn segments making contact, thereby reducing
the excluded volume. Values of K{Nk) may be obtained from tables given in ref. [15].
Repulsion between charged sites causes the chain to stretch. Unlike the case of
uncharged polymers, the value of L, is 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 o, It was shown by Odijk [17], and by Fixman and Skolnick [18], that Ly, and the
electrostatic contribution to the persistence length Ly are additive: Ly=Lyot+Lp. The
electrostatic persistence length depends on the charge density of the polymer chain, which in
turn 15 determined by the average distance L between two charges along the chain. Often, the
charge density is discussed in terms of a dimensionless charge density parameter A, which is

defined as the ratio Lg/L, where Ly is the Bjerrum length given by

a
Ly = ——— (2.5)
4mege kT
Here, g. represents the charge of an electron, is gy the dielectric permittivity of vacuum, g is
the relative permittivity of the solvent, and kT has its usnal meaning. In water at 298 K, Ly
has a value of 0.714 nm. As will be discussed below, the presence of counterions close to the
chain reduces the charge density on the chain causing the effective charge density parameter
Aerr to be different from A, In the Odijk-Skolnick-Fixman (OFS) approach [17,18] the
electrostatic persistence iength Ly is given in terms of the effective magnitude of the charge

density parameter, Their expression for L. reads

| 2
1 — Az {2.6)
pe — 7 ‘ve

where ¥ is the inverse Debye-Hiickel screening length defined by K=2Fca/eoeRT for a 1-1
electrolyte with concentration cg,y. In evaluating .y, we will calculate its magnitude taking
CMC as a line charge (according to Odijk {9,19]) and from the Poisson-Boltzmann equation
for a uniformly charged cylinder [8,16].

In the wormlike chain model for polyelectrolytes the excluded volume f is composed of
three additive contributions: a hard-core i, an electrostatic contribution [§,, and an attractive
B.- Treating a Kuhn segment as a cylinder, the hard-core contribution is the excluded volume
of a cylinder with radius a and length 2L |3L-=1|:a(2Lp)2 [16]. The second contribution is the
repulsive interaction between the charges on the chain. Fixman and Skolnick [20] derived the

foliowing expression for the electrostatic contribution Be:

L2
B, = T R(w) 2.7

with  being a parameter depending on Ay, the radius of the cylinder, and the ionic strength
[16,20]. For our analyses values of R{(w) arc interpolated from tabulated values given in
ref.[20]. The third contribution, the attractive interaction between two segments, is calculated
from the condition that B equals zero at the salt concentration for which @-conditions are

reached {-B,=P.+B.). For CMC the salt concentration for 8-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 P,
{-197 nm® [8]). The electrostatic wormlike theory will be applied to the relation between M
{or equivalently L;) and R, as inferred from SEC-MALLS. Assuming some value for Ly, Ry
is calculated from M by using equation 2.2. The electrostatic persistence length is calculated
with equation 2.6. The chain expansion factor is a function of L, and L. R, is calculated from
Ry and equations 2.3 and 4. At a given salt concentration Ly is the only unknown parameter;
it is used as a fitting parameter to match Ry, as inferred 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, the electrical potential y as a function 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 A and A.r [16]. Manning [21] derived an analytical expression for y by
solving the PB equation in its linearised form, i.e. putting sinh y =y. According to Manning's
results Ap=Lp/L. =A for A<I. However, when L, becomes less than Ly (A>1), the effective
spacing length equals Lg: counterions become very strongly localised around the
polyelectrolyte, reducing Aggr to 1. Without the approximation sinh(y)=y, the PB equation
cannot be solved analytically. However, its solution can be obtained numerically. As in the
counterion condensation theory, numerical calculations show that A may be lower than A.
The dependence, however, is quite different [22,23] from that proposed by Manning. In this
chapter Ay was calculated numerically from the full PB equation. The numerical procedure is

described in the appendix.
2.2.2 Dissociation of a polyacid in solution

In general the dissociation of a weak polyacid satisfies the equation

pH = pK, + log(l «

] = pKp + ApK + log[l o ] (2.8)
-

where o is the fraction of dissociated acid groups (degree of ionisation), pK, is the negative
logarithm of the effective (a-dependent) dissociation constant, and pKy is the negative the
logarithm of the intrinsic dissociation constant (pK, at ¢t=0). The ApK term represents shift in
the dissociation constant that is due to the change in the electrostatic free energy G of a

polyacid upon variation in the number n of negatively charged groups [10]:
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0.4343 [ G
ApK = (—e] 2.9)
kT an .

In the following, two models are treated which relate structural parameters to the
dissociation behaviour of a polyelectrolyte in aqueous solution. Both consider the work that 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 (W) and the potential at infinity (y_). Since y/_ is zero
by definition, (dGJ/dn) effectively equals g.yfp. 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 g 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 A. 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 (y,.q) 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 Vs, is calculated from A and the expression for the
capacitance of a cylindrical capacitor. Considering CMC as a cylinder with radius a, the

expression for ApK is [24]

ApK

2
_ 043439, s, 08686qcds am(“d] (2.10)

kT 475608 r LB kT a

In the previous paragraph the chain is considered as a uniformly charged cylinder, i.e. the
presence of discrete charges is ignored. The localisation of the charges is explicitly taken into
account by Katchalsky and Lifson [11]. They calculated ApK from the change in the
electrostatic free energy that takes place upon charging an uncharged polymer. The process of

224 d
d Yo
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G

Figure 2.1 Schematic picure of a uniformly charged cylinder used as a model for a CMC

molecule on a length scale L.
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RO
CH,OR
R=H or n
R=CH,COONa

Figure 2.2 Repeating unit of carhoxymethyl cellulose. The D-glucose units are linked through

B-1,4 bonds. R represents a hydrogen-atom {unsubstituted hydroxyl group) or a CH,COONa group
(substituted hydroxyl groupj.

charging is divided into three steps, each contributing to G,. 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, (stretching of the chain, buildup of the
ionic atmosphere around charged groups, and averaging of exp(-xr)yr for all pairs of
interacting charges over all chain configurations), they obtained for the variation in the
electrostatic free energy [11,12]

2 —
{BGCJ __2nq, [ln(1+x)—a(ki k) x }
dn /. 4meyeh Zk  1+x

_ 6h
xhg

(2.11)

x

In equation 2.11, hp and 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=ko. 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 ¢
k=(1-o)ko+0tk; [10]. Katchalsky and Lifson choose for hy 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 vnits in the chain be denoted by Z, then the number of
charges on a CMC molecule equals n=0Zds. 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 h02=ch.b2 and h2=Zkb2, 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, 1.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 hy and h into equation 2,11, an expression is
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obtained that contains a chain length dependence, In the limit of long chains (Z—s0, x—0) the
Z-dependence vanishes. Realising that the ratio (k-ko)/’k equals Lo/Ly, and kob=Lygo=2Ly, for a
long wormlike chain, combination of equation 11 with equations 2.8 and 2.9 yields

2 L
pH=pK, +log[1 & ] +0.4343 12q.ds 0{1 ! —pe] (2.12)
-

KT 4mege,k2Lyb | 2 Ly+L,

where we have used only the first term in the Taylor expansions for In(l+x) and x/(1+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 scdium monochloro acetate (CICH,COONa). During the reaction
hydrogen atoms at the glucose hydroxyl groups are substituted by CH;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 H;0, in ethanolic slurry to cause random cleavage between glucose units, thereby
reducing the molar mass. Adding different amounts of H,0; yielded series with decreasing
chain length (samples 2 to 5). In this way a set of 20 CMCs 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 [B-1,4 bonds. Depending on whether the hydroxyl groups in a
glucose unit are un-, mono-, di-, or tri-substituted, CMC molecules can in principle consist of
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 in a 100 % analysis, yielding consistent and accurate data.

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 16 hours at room
temperature, Then sodium nitrate solution was added to obtain an electrolyte concentration of
0.02 or 0.1 mol I, In potentiometric titrations NaCl was used as the electrolyte; but as NaCl

damages the SEC equipment, NaNO, was used as the electrolyte for SEC. The addition 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 sali, the
solution contained “scaly” particles, which is an indication that CMC was not dissolved
completely. The presence of these particles was more pronounced at high salt concentrations.

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 mg 1" for samples 1-5, respectively. Prior to the SEC measurements the samples were
filtered over a 0.45 um hydrophilic Durapore (Millipore) membrane.

The samples were eluted at pH=7 on a set of three columns (G6000 PW, G5000 PW, and
G3000 PW) with a flow rate of about 0.95 ml min"'. No adsorption on the columns was
observed (i.e. all injected polymer was cluted from the columns). A DAWN-DSP-F (Wyatt
Technology Co.) MALLS detector was used to obtain on-line determination of the absolute
molar mass and the radius of gyration of each fraction eluting. The light scattering signal was
detected simultaneously at eleven scattering angles €, ranging from 44 to 151°. After the
scattering intensity was converted intce a Raleigh ratio R, the quantity Kc¢/R was plotted
against sin®(§/2) (Zimmplot [251). In Kc/R, ¢ is the CMC concentration and K is an optical

constant given by 41!2112]3 (dnp/dc 21 ?L%N Ay, where Ay is the wavelength of the He-Ne

laser, np is the refractive index of the solvent, and dnp/dc is the refractive index increment of
CMC in aqueous solution. For each fraction, M and R, 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 were carried out at 298 K.

Determination of the concentration was performed with an interferometric refractive
index detector (Optilab Wyatt Technology Co). The refractive index increment (dnp/dc) at a
wavelength of 632.8 nm was established at 0.163 ml g'. The value of the refractive index
increment did not depend on either ds or on M,,.

2.3.3 Potentiometric titrations

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 1 mot I'. The polymer concentration was 1000
mg 1" in all titration experiments. Initially, the solution pH was set to pH=3 by addition of 0.1
mol I'! HCI. Flushing with purified nitrogen was used to remove any carbon dioxide from the
solutions, Titrations to pH=11 (by addition of carbonate-free 0.1 mol I'' KOH) and
back-titrations to pH=3 were carmried out in an atmosphere of purified nitrogen. For pH
readings a glass electrode was used. The electrode was calibrated at 298 K against nine buffer
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solutions in the pH range 3-11.

Titrations were performed at 298 K using a Schott Titronic T200 autoburette. The dosage
of titrant was calculated on the basis of the change in pH according to previous additions. The
minimurn dosage volume was 0.01 ml; at the most, 0.5 ml of titrant was added. After addition
of titrant, pH readings (accuracy of 0.001 pH units) were carried out. When the change in pH
after addition was less than 0.01 pH unit per minute, new titrant was added. In general the
time between two additions was about 5 minutes.

The proton release (forward titration with KOH) or take up (backward titration with HCI)
by the polyelectrolyte were calculated from the dosage and the pH change due to the addition
of titrant. The relation between the activity, calculated from the pH, and the concentration of
free protons or hydroxyl ions was established through titration of HCI solution with the same
electrolyte concentration as in the polyelectrolyte titration. The degree of ionisation (o) in the
forward titration was calculated as

cpVds— (Npy — n.)

o = 2.13
chdS ( )

where n, is the amount of protons released from the polyelectrolyte, np,y is the maximum
release of protons, ¢, is the monomer concentration, and V is the volume in which the
polyelectrolyte was dissolved. The value of ngy, is identified as the point where the release of
protons is zero; i.e., addition of base only leads to a change in pH. In the case of the back
titration o is calculated from the proton uptake n, by the polyelectrolyte: a=1-n,/(c,Vds).

2.4 Results and discussion
2.4.1 CMC monomer 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 are equally 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 are calculated using the relative reaction
rate constants that Reuben et al. [27] obtained from the monotner composition of a series of
CMC samples baving 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 mele fraction {x;} of substituted monomers. Numbers
indicate the number of substituted hydroxyl groups per monomeric unit: i=0 (V) unsubstituted

glucose unit, i=1 (@) mono-, i=2 (M) di-, and i=3 (O0) trisubstituted glucose. Solid curves refer to
calculated moie fractions corresponding to a random distribution of the substituents. Compositions
relate to samples 1. Identical results were obtained for the depolymerised samples.

substituents along the polymer chain. Ma et al. [29] detertnined 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 they conclude that the crystalline structure of cellulose is almost completely absent in
CMC and that substitution of glucose units takes place at random. Their analysis reveals that
the average number of unsubstituted giucose units ranges from 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 randorn 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 a random 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 are also randomly distributed over the polymer chain and that the number of long
unsubstituted regions is negligible.

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 | and 4 with ds=0.91 determined in 0.02 and
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Figure 2.4 Molar mass distribution of two CMC samples (ds=0.91) M,=1100 and 210 kg mol™.
Distributions were determined in solutions containing 0.02 or 0.1 mol 1! NaNOs (indicated in figure).
Distributions were obtained {(a) using a linear Zimmplot, (b) using a quadratic extrapolation to zero

scattering angle.

0.1 mol I'' NaNO; solution 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 a non-linear extrapolation {second-order polynomial) is used. DMMD
is determnined by dilferentiation 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 DMMD calculation 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
angte. As can be seen from figure 2.4a the distribution for sample 1 is shifted to higher M at
0.02 mol I'' NaNOj; 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 aggregalcs have a higher molar mass, their presence will shift
the distribution to higher M compared 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 mel I NaNO; 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 mol 1!
NaNOs. Though better agreement is found between the distributions, a discrebancy still exists
between those obtained at low and at high salt concentrations. Complete treatment of the data
requires a statistical treatment (F-test [31]) of the Zimmplot 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) .1 mol 1"
NaNO; and (b) 0.02 mot I'' NaNOs. 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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Tahle2.1 Average molar masses M, and M,, polydispersity index M,/M,, and radius of gyration R, of
(depolymerised} CMC-samples with different degrees of substitution. Samples indicated by number 1 were not
depolymerised. Numbers 2 up to 5 refer to samples which were depolymerised (by H;0;) to an increasing extent.
Due to the low light scattering intensity, characterisation of some depolymerised sampies could not be carried
out.

ds sample number M, (kg mol") M, kg mol") M./M, Rg(nm)
075 1 520 1100 22 140
2 310 740 24 100
3 200 400 2.0 75
4 85 190 22 40
5 45 120 27 30
091 1 510 1100 22 140
2 470 880 1.9 120
3 170 340 2.0 55
4 100 210 2.1 40
0.99 1 570 1200 2.0 160
2 390 640 1.6 95
3 30 180 2.3 35
1.25 1 370 1100 29 130
2 330 660 2.0 90
3 200 380 1.9 50
4 12¢ 210 1.8 30

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 as presented in figure 2.4. Measurements on samples 4 and 5 (ds=0.75, 0.99
and 1.25) were not carried out in 0.02 mol I'' NaNOs.

The lack of coincidence of the molar mass distributions is caused by a downward
curvature in Kc/R at low angles (6 < 75°). The downward curvature is illustrated by figure
2.5, where we give the concentration (measured by the index 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 mol I'' NaNOs, the effect being most pronounced in 0.1 mol 1" NaNO, for
CMC of high M. As the molar mass is obtained from the intercept of a Zimmplot (i.e.
extrapolation of Kc/R to zero scatiering angle), the magnitude of M is rather sensitive to the
extrapolation method. The origin of the non-linear Zimmplots is not clear. As we stated in the
previous paragraph, the presence of aggregated CMC is not likely the cause of the
non-linearity. We will touch upon this in the following paragraphs. It was already pointed out
by Mijnlieff et al. [32] that the use of a linear extrapolation may lead to ermors in the
determination of the molar mass of a polymer sample from static light scattering,

From figure 2.4 it can also be seen that the molar mass distribution is quite narrow,
almost as narrow as in condensation polymers. The polydispersity is represented by the ratio,

23



Chapter 2

400

R {nm)

200

100 |

20 . N
100 1000 | 10000
M (kg mol )
Figure 2.6  Relation between the radius of gyration R, 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, O0: 3, W: 4. Solid curves refer to calculations using the wormlike chain model [8].
Different values for intrinsic persistence length Ly, are indicated.

M./M, (table 2.1}, where M,, and M, are the weight and number molar mass averages
respectively. The polydispersity ratio for the nondepolymerised samples {about 2.5) is
comparable to My/M,, for 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 6 to even 20. All results refer to experiments carried out in
0.1 moll' NaNQ;. 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 do not differ much in average molar mass.

For CMC samples 1 to 4 with ds=0.91, but differing in average molar mass, the relation
between radius of gyration and molar mass in 0.1 mol I'' NaNOQ, is represented in figure 2.6.
Both M and R, 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 Jow scattered
intensity exhibited a high noise level. The samples supplement each other rather satisfactorily.
Similar observations where made for samples with other ds. The full curves in the figure
represent the relation between R, and M calculated according to the wormlike chain model
[8]. The relation was calculated using different values for the intrinsic persistence length. As
can be seen from this figure, the value of Ly lies in the range 15-25 nm.

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, Ny (=L/2L;), for CMC
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Figure 2.7 Relation between number of Kuhn segments Ny and radius of gyration R, for CMC in a
1-1 electrolyte solution. Samples with different degrees of polymerisation are indicated by different
symbols: V: sample 1, @: 2, I0: 3, &: 4, +:5. (a): CMC ds=0.75 in 0.1 mol I NaNO,, (b): ds=1.25 in
0.1 mol [ NaNG;, (¢): ds=0.75 in 0.02 mol I’ NaNQ;, (d): ds=1.25 in 0.02 moi 1"’ NaNQs, The solid
curves were calculated according to the wormlike chain model [8] using Lg=17 nm for 0.02 mol I
NaNQ; and Lg=15 nm for 0.1 mol I" electrolyte respectively.

ds=0.75 and ds=1.25. The two upper figures relate to CMC samples -5 in 0.1 mol "' NaNOs,
the lower to CMC samples 1-3 in 0.02 mol "' NaNOs. The relation between R; and Ny
calculated with the wormlike chain theory according to Davis is represented by the solid
curves. Best fits to the experimental data were obtained when Ly was set to 17 nm (0.02
mol 1" NaNO:} or 15 nm (C.1 mol [y, irrespective of ds, A linear relation between log Ng
and log R, is observed in 0.1 mol ! NaNQO, for Ng > 10, indicating a random coil
conformation of the polymer. For Nk < 1§ the local redlike character of the chain shows up
from a slight downward bending of the curves. In 0,02 mol I'' NaNO, the downward 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 I, with decreasing salt concentration also
shows up from the dependence of R, on the concentration NaNO;, In 0.02 mol I'" NaNOs, R,
is found to be larger than in 0.1 mol I’ NaNO;. The electrolyte dependence of R, can be
deduced from figure 2.7, it is shown more clearly in figure 2.8. In figure 2.8 the relation
between R, and N is shown for CMC samples 2 with ds from 0.75 to 1.25 for two electrolyte
concentrations. The lower curve (0.2 mol I"' electrolyte) 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 15 hours the sample was brought to pH=7 with HNOQs, yielding a total NaNQs
concentration of 0.2 mol 1. This treatment, carried out in a nitrogen 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 ~ M’ ~ Nx". The exponent v contains information about
structural properties of a macromolecule {e.g. if a chain is a random coil or is branched) and
the solvent quality [34,35]. Schulz and Burchard [35] determined v for CMC in 0.1 mol It
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

R (nm)
g

200

-t
100} 0.1 moll

80
60

40 - —
N

K
Figure 2.8  Relation between number of Kuhn segments (Ng) and radius of gyration (R} for CMC
in a 1-1 electrolyte solution (indicated in figure). Different symbols refer to samples 2 differing in ds:
C: ds=0.75, ®: ds=0.91, O: ds=0.99, A: ds=1.25, and +: sample 1 ds=0.91. The solid curves were
calculated accerding to the wormlike chain model [8] using Lyw=17 nm for 0.02 mol [ NaNO; and
Lp=15 nm for 0.1 and 0.2 mol I electrolyte respectively. For the treatment of sample 1 in 0.2 mol I'
NaNO, see text.
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aggregated CMC. In 0.1 mol I"' 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 I KOH no (or very little)
aggregated CMC is present. The value v=0.59 is preserved in the NaNOj; solutions. Hence,
measurements carried out in 0.1 molI'* KOH yield results similar to those in 0.1 mol 1"
NaNO,, albeit the sample is somewhat degraded (depolymerised) due to presence of oxygen
in the alkaline solution. The agreement between v in KOH and in NaNQ; 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 R, and Ni. This is found in 0.1 as well as in 0.02 mol1' NaNO;. 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 A exceeds the limiting value 1 for a fully dissociated CMC
sample with ds=0.75 (A=ds Lg/Lyen=1.04, if Lne,=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 R, versus Nk, we used the
wormlike chain mode! as presented by Davis [8]. Therefore, in the calculation of Ay we used

the model of the uniformly charged cylinder rather than putting A.p=1 for all experiments.
The calculated relation between R, and Ni for the three electrolyte concentrations is
represented by the solid curves. As willi be shown in the discussion regarding the
potentiometric 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 R,
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 L, was set to 17 nm (0.02 mol 1" NaNO-) 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'' NaNOQ,)
and 11 nm (0.1 and 0.2 mol "' NaNOQ;), respectively.

Why do the models of Qdijk and Davis give different guantitative results? As stated
before, in Odijk's approach the function K(Nx} 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
Ly=15 nm (Lgx=30 nm) the number of Kuhn segments for CMC with L.=10000 nm equals 330
and K(Ny) 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 =600 nm, which covers the range of the
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Table 2.2 Electrostatic excluded volume [, expansion factor o, and eclectrostatic persistence length L.
calculated for CMC with ds=0.75 according to the models of Odijk [$] and Davis [8]. The intrinsic persistence
length is set at 13 nm. In Odijk's approach K(Ng) has a constant value of 1.33.

Cnacl Nx K{Nx) B. (nm™ ey L, (nm)
(mol '

Odijk Davis Odijk Davis Odijk Davis
0.02 20 0.839 10700 8000 1.237 1.141 1.62 1.37
0.02 100 1.171 10700 3000 1.293 1.297 1.62 [.37
0.02 200 1.223 10700 8000 1.455 1.370 1.62 1.37
0.10 20 0.839 3100 1900 1.156 1.053 0.32 031
0.10 100 1171 3100 1900 1.198 1.132 0.32 0.31
0.10 200 1.223 3100 1900 1.324 1.224 032 0.31

smallest molecules, K(Nx} reaches a value of only about 0.8. Consequently, putting K(Ng)
equal to the limiting value is only valid for a fraction of our samples. With K(Ng)=4/3, z is
overestimated, yielding a higher number for the expansion factor. Furthermore, the
assumption that a CMC molecule may be considered as a line charge tends to overestimate
the electrical contribution to the excluded volume. This can be demonstrated as follows. The
parameter © in equation 2.7 reads [16]

2
R R S 2.14)
Lgx | akK;(ax)

with K, a modified Bessel function of the second kind of order one. For values > 5 in
equation 2.7, R(®) may be approximated by = /4 (In{®} + In(2) + v — ¥2). Inserting In{w)
into the expression for R(®) and putting ax equal to zero, Odijk obtains the following

expression for the electrostatic excluded volume:

1
B = 2mi} - (—]n(LBK) + In(AZp) + In(dm) + ¥ — %) 2.15)

where 7y is Euler's constant (0.57722). The expression between brackets divided by k, is
Odijk's effective diameter of a Kuhn segment [9]. To evaluate the consequences of setting ax
to zero and taking K(Ng)=4/3, we have calculated the expansion factor ¢ for different
situations, i.e. different chain lengths and ds values, at two different salt concentrations, using
both Qdijk's and Davis's approach. The results are presented in tables 2.2 and 2.3. The data
illustrate that the assumption of setting K{Ny) at 1.33 is not legitimate for the whole range of
the CMC samples. Comparing the electrostatic excluded volume according to the two
models, it can be seen that Odijk's approach in general gives a higher number than Davis's.

The origin for this difference lies in the fact that in Odijk's expression for In(w) all terms

incloding ax are omitted. It can be shown that the sum of these terms has a negative value, so
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Table 2.3 Electrostatic excluded volume [B,, expansion factor t,,, and electrostatic persistence length Ly,
calculated for CMC with ds=1.25 according to the models of Odijk [9] and Davis [8]. The intrinsic persistence
length is set at 13 nm, In Odijk's approach K(Ng) has a constant value of 1.33.

Cnact Nk KNk} Be. (nm®) Gy L (nm}
(mol 1

Odijk Davis Odijk Davis Odijk Davis
(3,02 20 0.839 10700 12200 [.237 1.157 [.62 293
0.02 100 1.171 10700 12200 1.293 1.323 1.62 2.93
0.02 200 1.223 10700 12200 1.455 1.401 1.62 2,93
0.10 20 0.839 3100 2900 1.156 1.073 Q.32 0.77
0.10 106 1.171 3100 2900 1.198 1.173 (.32 0.77
0.10 200 1.223 3100 2900 1.324 1.144 0.32 0.77

Davis arrives at a lower value for R{®) than does Odijk.

The magnitude of f§ is alse determined by the magnitude of L, (see equation 2.7), which
in turn depends on Acx (equation 2.6). In figure 2.9 the relation between A and the bare
charge density A is given for two salt concentrations (0.02 and 0.1 mol I'") and two CMC radii
(0.95 and 1.15 nm). These radii correspond, as will be elucidated in the following section, to
CMC with ds=0.75 and 1.25, respectively. The relation according to Manning's counterion
condensation theory is also included (dotted line). If fully dissociated, CMC with ds values of
0.75 and 1.25 corresponds to A=1.1 and 1.7 respectively. At A=1.1 the difference between A.q

1.6

;\, I" ""—

eff ¢ =0.1moll’ L=
12} salt . o
> 0.02 mol 1
0s | ; Manning
04
0.0 , \ A .
0.0 0.5 1.0 1.5 2.0 2.5
A

Figure 2.9 Effective charge parameter 3,y as a function of the charge parameter A. The curves
were calculated from the numerical solution of the Poisson-Boltzmann equation for a charged
cylinder. The dashed curves reter to a cylinder with radius 0.95 nm, the solid curves with radius 1.15
nm. The relation according to Manning's counterion condensation theory is aiso included (dotted

Curvey,
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Figure 2.10 pH-dependence of degree of dissociation (o) of CMC in aqueous solution. Figure a
shows the dependence on the electrolyte concentration (NaCl) for CMC ds=0.75, figure b shows the
dependence on ds at fixed electrotyte concentration (0.01 moi I NaCl).

according to Manning and Ay as obtained from the solution of the full PB equation is rather
small, consequently L. according to Odijk and Davis is comparable (see table 2.2). As in
Odijk's approach the line charge approximation tends to overestimate B, its value for CMC
ds=0.75 calculated according to Davis will be lower as compared to Odijk's approach. In the
case of CMC ds=1.25 (A=1.7) A« is higher when caiculated from the PB equation, thereby
increasing the value of §, compared to CMC ds=0.75. So for CMC ds=1.25 the difference in
B between both approaches is less than for CMC ds=0.75. As shown in table 2.3 [, according
to Davis may even exceed [, as obtained by Odijk. In the evaluation of our data we used Ly
as an adjustable parameter, Ly, was not determined in an absolute manner {e.g. by neutron
scattering). Therefore we cannot judge on basis of the outcome of our analysis which
approach (Davis's or Odijks) is most suitable to determine Ly, from the relation between R,
and M. With respect to electrostatics differences between Davis and Odijk will show up when
A > 1 (see figure 2.9). So, the electrostatic persistence length of chains having a low charge
density can be described adequately according to Odijk (see, for instance, de Nooy et al.
[36]). As the Davis model gives a more complete description of electrostatics and takes
molecular properties (such as chain length and cross-section of the molecule) into account we
prefer to use Davis's approach for highly charged polyelectrolytes.

2.4.3 Potentiometric titrations

In figure 2.10 the dissociation behaviour of CMC in agueous solution is given as a
function of electrolyte concentration and ds. The curves refer to experiments that were carried
out with sample 1. Titrations with depolymerised CMCs (up to sample 5) yield identical
results; i.e., no dependence on the molar mass has been observed. As can be seen, the
dissociation behaviour clearly exhibits polyelectrolyte character. As an increasing number of
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Figure 2.11 Apparent dissociation constant (pK=pKo+ApK) for CMC ds=0.75 as a function of the
degree of dissociation o at various NaCl concentrations (indicated in figure). The solid curves were
calculated from the numerical solution of the Poisson-Boltzmann equation for a charged cylinder
(radius 0.95 nm).

carboxylic groups becomes dissociated, the increased charge on the chain will hamper
subsequent dissociation of nondissociated groups. Salt screens the charges, thereby
facilitating the dissociation, which resulls in a higher degree of dissociation at a given pH. As
the dissociation is affected by the charge density, the dissociation constant (and thereby pKa)
will not be a constant but will depend on o. This dependence is demonstrated in figure 2.11
for CMC (ds=0.75) at varicus NaCl concentrations. As expected, pK, is not constant but
increases with charge density. The polyelectrolyte character is most pronounced at low salt
concentrations but is still noticeable at high concentration (1 mol l’l).

The solid curves refer to pK, as calculated from the uniformly charged cylinder model
{(equation 2.10). In all calculations, the radius of a solvated Na* ion (0.25 nm [37,401) was
chosen for the thickness of the Stern layer. Best fits to the experimental data were obtained
using a cylinder radius of 0.95 nm, irrespective of the salt concentration. Extrapolating the
calculations to o=0 yields the pK of the intrinsic dissociation constant (pKg) of about 3.2 (see
table 2.4), which is in reasonable agreement with data reported in the literature (3.0 [38], 3.4,
3.3 [41]). The procedure used for the sample with ds=0.75 was also applied to the other
samples. It turns out that pKy does not depend on ds, provided the radius of the cylinder is
taken as dependent on ds. Best fits were obtained using radii of 1.0, 1.05 and 1.15 nm for
CMC with ds=0.91, 0.99 and 1.25, respectively. This is not unreasonable, taking into account
the size of a carboxymethyl group (which is estimated at 0.4 nm from atomic bond lengths)
and the diameter of a glucose unit (0.50 nm [26]). Furthermore, the effective diameter of a

cellulose chain is somewhat larger because a glucose molecule does not lie in line but is
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Table 2.4 Intrinsic dissociation constant pKp for CMC in solutions with different NaCl concentrations. The radii
of the chain and pKg were obtained by fitting experimenial data to the model of a uniformly charged cylinder.

ds radius (nm) electrolyte concentration (mol 1)
0.0t 0.05 .1 0.5 l
0.75 0.95 3.22 3.22 3.20 3.00 2.95
0.91 1.00 3.18 3.20 3.20 3.00 2.94
0.99 1.05 315 322 3.18 3.00 2.95
1.25 1.15 3.23 3.30 3.20 3.10 295

somewhat tilted with respect to its adjacent unit. Our conclusion that the cross-section of
CMC increases with ds is corroborated by findings reported by Koda et al. [39]. From density
measurements on aqueous CMC (ds=0.56 to 2.85) solutions with different concentrations
they calculated the apparent molar volume. Extrapolation of these data to zero concentration
yields the partial molar volume of CMC. The measurements in ref. 39 reveal an increase of
the partial molar volume with increasing ds, which is related to an increase in the dimension
of the CMC backbone.

Al this point we should comment on the validity of smearing-out discrete charges on the
chain to a uniformly charged cylinder. Concerning the rigidity of the backbone the
assumption is probably reasonable. As inferred from the SEC measurements, the polymer has
a bare persistence length of about 15 nm. Hence, the polymer can be considered as stiff over a
length of about 30 monomers. Thus, the assumption of a rigid backbone (cylinder) holds,
even at high salt concentrations. An indication for the validity of the smearing-out can be

a=0.9

K +ApK
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Figure 2.12 Calculated dissociation constant (pKo+ApK) of CMC ds=0.75 in .01 moll”" (-]

electrolyte as a function of L. The curves were calculated for different degrees of dissociation o,
using equation 2.1Z2.
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Table 2.5 Intrinsic persistence length determined according to Katchalsky et al.[10,11]. For all ds values, pKg

was set to 3.2.

ds Lo
0.75 5.610.3
0.91 5.940.5
0.99 6.140.2
1.25 6,103

found by comparing the distance between two charges with the radius of the Debye-Hiickel
ionic atmosphere around a charge on the chain. As stated by Muroga et al. [40] the
assumption of a uniform charge density is not valid if the distance between two charged
groups exceeds k™. For CMC, the average distance between to charged groups is given by
b/(ods). So the assumption maintains its validity as long as the degree of dissociation exceeds
a critical value given by o .=b/(x"'ds). In 0.01 mol I'' NaCl (x'=3.04 nm) 0,,=0.23 and (.14
for ds=0.75 and 1.25, respectively. At this salt concentration experimental values always
exceeds the critical value. In 0.05 mol 1" NaCl o is situated at 0.51 (ds=0.75) and 0.30
{ds=1.25), whilst o, has values 0.71 (ds=0.75) 10 0.43 (ds=1.25) in 0.1 mol I'' salt solution.
For the higher salt concentrations the average distance is always below k! (even for a=1) so
the second requirement is not fulfilled. Thus we conclude that the model gives a satisfactory
description of the polyelectrolyte if the salt concentration is in the range 0.01-0.1 mol I"".
Indeed, the model predicts values of pKy in 0.5 and I mol I'', which differs considerable from
the resules obtained at lower salt concentrations.

In figure 2.12 for CMC ds=0.75, pKo+ApK calculated according to equation 2.12 (hence,
by introducing discrete charges) is given as a function of the intrinsic persistence length at
four degrees of ionisation (0=0.3, 0.5, 0.7 and 0.9) in 0.01 moll" NaCl. The curves
demonstrate that ApK decreases with the intrinsic persistence length. The origin of this
dependence lies in the fact that in the model of Lifson and Katchalsky the charges are situated
at the end of a Kuhn segment. As the intrinsic persistence length takes larger values, the
average distance between two charges increases, eventually becoming infinite when Lo goes
to infinity. At very large separation the charges will not feel each other and, just like the
change in electrostatic free energy, ApK converges to zero. From titration experiments,
pKo+ApK at different degrees of dissociation is known. By comparing pKo+ApK calculated
for fixed L, but at different degrees of dissociation, with experiment, the plots in figure 2.12
can be used to determine the value of Lyo. The result is given in table 2.5, from which it can
be seen that Ly is not affected by ds. This result was also obtained from the SEC analyses.
The magnitude of Ly, however, is substantially lower than according to the SEC analyses.

In figure 2.13 pK+ApK is given as a function of the degree of ionisation for CMC with

33



Chapter 2

Q

pK +ApK

0.0 02 0.4 0.6 08 1.0

Figure 2,13 Apparent dissociation constant pKy+ApK as a function of degree of dissociation for
CMC ds=0.91 in 0.01 and 0.1 mo! I'' NaCl {symbols: @ and V). The top curve (W) relates 1o CMC

ds=0.81 in salt free solution [41]. The lowest curve (O0) is for xanthan in 0.01 mol 1! NaCl [24].
Solid curves were calculated according to Katchalsky et al. [10,11]. Best fits for Ly are indicated in
the figure.

ds=0.91 in 0.01 and 0.1 mol I"' NaCl. Solid curves refer to the calcuiated ApK using equation
2.12 and taking Lyy=5.8 and 3.5 nm for CMC in 0.01 and 0.1 mol I'' NaCl, respectively. For
comparison, data on xanthan in 0.01 mol "' NaC1 [24] and CMC with ds=0.81 in a salt free
solution [41] are also given. The low salt concentration data are derived from CMC titrations
in the absence of salt, so the ionic strength (0.002 mol ') is determined by the sodium
counterions of NaCMC only. The figure shows that for the lower salt concentrations (0.002
and 0.01 mol I'! NaCl) Ly is predicted rather satisfactorily by Katchaisky's model at 5.8 nm.
The same value is obtained at 0.05 mol I'' NaCl. For higher salt concentrations Lo is strongly
underestimated. In 0.1 mol I* NaCl the model yields a value of Lpp=3.5 nm, lower values
were found at the highest salt concentrations. Probably this is caused by the assumption that
charge interactions are accounted for by a Debye-Hiickel interaction, which is not justified at
high salt concentrations. For xanthan the best fit is obtained for Lj=40 nm, which
corresponds to the bare persistence length of the single-helix conformation of the polymer.

In the derivation of equation 2.11, Katchalsky and Lifson evaluated the average value of
exp(-xr)/r) using the probability function for the random configuration of an uncharged chain.
For a charged molecule, compact configurations will occur less frequently than according to
the random-chain probability function, which is a crude approximation. Thus, in the approach
of Katchalsky and Lifson the electrostatic energy is overestimated. This probably causes a
lower value of L4 to be obtained with their model. Since the charges are assumed to be

situated at the end of a Kuhn segment, increasing Lo tends to decrease the electrostatic
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energy. Evaluating Ly, from potentiometric titrations by Katchalsky's theory cannot be
considered an absolute method. However, it can be used satisfactorily for a reasonable

estimate of L.

2.5 Conclusions

CMC is characterised by means of SEC-MALLS and potentiometric titrations. The
former method reveals information about the distribution of the molar mass and radius of
gyration. R, increases with decreasing electrolyie concentration, reflecting the influence of
electrostatics on the dimension of the polymer. The dimension of CMC is described
adequately with the electrostatic wormlike chain model [8]. Applying the model to the
relation between M and R, an intrinsic persistence length of 16 nm is found for CMC,
indicating that CMC can be seen as a semiflexible polymer. Odijk's model [9] for the swelling
of polyelectrolytes yields a somewhat lower value (Ly=12 nm). The Davis theory [8] gives a
more complete description as it takes molecular properties (such as the length and
cross-section of the molecule) into account.

SEC-MALLS experiments show that the degree of substitution does not affect the
relation between M and R,. According to Odijk, this observation points to counterion
condensation. Counterion condensation occurs when the average distance between charges
becomes less than 0.714 nm (Bjerrum length); then counterions are kept in proximity of the
polymer chain so that the effective average distance between charges equals the Bjerrum
length. For fully dissociated CMC counterion condensation takes place for ds > 0.75. In the
Davis theory the charge density on the chain is calculated from the Poisson-Beltzmann
equation for a uniformly charged cylinder. So, the relation betweer M and R, is expected to
depend on ds, However, if the cross-section of the backbone is taken infto account, only a
slight dependence is observed.

The cross-section (radius) of the CMC backbone was obtained from potentiometric
titrations. Considering CMC as a uniformly charged cylinder radii of 0.95 nm (ds=0.75) up to
.15 nm (ds=1.25) were inferred. L, was also obtained from potentiometric titrations. Using
Katchalsky's theory for the dissociation behaviour as a function of the pelymer stiffness, Ly
was found to be 5.9 nm. That this value is lower than that inferred from SEC-MALLS is
probably due to an incorrect evaluation of the electrostatic energy in the Katchalsky model.
Potentiometric titrations are experimentally less time consuming than SEC-MALLS.
However, taking into account the shortcomings of the model, they can serve at best as a
suitable technique to estimate the persistence length of a polyelectrolyte.
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Appendix

In this appendix we briefly outline the numerical procedure that is used for the
calculation of the potential at the surface of the polyelecirolyte chain. Besides wy the
procedure yields the relation between A and Aep.

The Poisson-Boltzmann equation for a uniformly charged cylinder in a solution
containing a 1-1 electrolyte in cylindrical coordinates, is given by:

1d dy® _ ) _ o kT

. Je
— sinh| =% Al
r dr dr EoEr Qe = [kT lll(l')) “abh

where p.(r} is the charge density and yr) is the potential at distance r from the centre of the
cylinder. Introducing dimensionless variables u and ‘¥ by means of u=in{x"'r) and ¥=qw/kT,
we can rewrite equation Al in terms of two coupled first-order differential equations [23]:

d¥
a9 _ A2
W (A2)
L e Bginhew) (A3)
du

This set of equations is solved numerically via a fourth order Fehlberg algorithm [42]. First, a
value is assigned to A.g The integration starts at large distance from the surface (p=10) where

the linearised solution (i.e. at large distance where ‘¥ is low) of the PB equation is applicable:
W =24 Ko(e)/(a + K, ((a +d)x) (Ad)

z=-2h e K, (e")/(a+dKK, ((a+d)x) (AS)

Ky and K; are modified Bessel functions of the second kind of order zero and one,
respectively. The integration proceeds inward until r=a+d. The potential and charge density at
the boundary of the Stern layer are determined as q.¢=y and A=-Y4z at r=a+d [23]. In this
manner, one can calculate for each value of A a corresponding value of A, so that a relation
between the charge density and the effective charge density is obtained. Finally, with the use
of the expression for the capacitance of a cylindrical capacitor, the surface potential is
calculated, yielding the relation between A and .
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Chapter 3

Kinetics of polyelectrolyte adsorption

Abstract

The kinetics of polyelectrolyte adsorption has been investigated theoretically. Analogous to Kramers' rate
theory for chemical reactions we present a model which is based on the assumption that a polyelectrolyte
encounters a barrier in its motion towards an adsorbing surface. The height of the barrier, which is of
electrostatic origin, is calculated with a self-consistent-field (SCF) model. The salt concentration strongly affects
the height of the barrier. At moderate salt concentrations {(~0.2 mol 1) the equilibrium in the adsorption is
attained, at low salt concentration (~0.01 mol Iy equilibrium is not reached on the time scale of experiments.

The attachment process shows resemblances with the classical DLVO theory.

3.1 Introduction

In the context of polymer adsorption, the question of reversibility is posed time and
again. In the past, many experimental resuits have been taken as evidence for the existence of
non-equilibrium states, and various explanations have been forwarded [1,2]. Some
observations could be explained without taking irreversibility into account, e.g., sample
polvdispersity effects [3,4a]. However, it is obvious that kinetic barriers cannot be ignored,
and that slow processes should be expected. Recent experimental work has therefore focused
on kinetic aspects of adsorption and desorption, and various interesting slow surface
processes were identified [5-8]. Also, quite general arguments were forwarded that can
explain the apparent absence of desorption by solvent rinsing {9]. From the theoretical point
of view, the problem of adsorption kinetics was recently studied in detail by Semenov and
Joanny [10]. These authors made estimates of the rate of adsorption of a neutral polymer. An
important aspect of their theory is a calculation of the barrier experienced by an incoming
chain for which they apply a variant of Kramers' theory for reaction rates [11].

It is somewhat surprising, however, that adsorption kinetics of polyelectrolytes has not
yvet been considered theoretically. Polyelectrolytes experience not only short-range
interactions between their segments and the adsorbent surface, but also rather strong
electrostatic interactions. In particular, when short range attraction competes with electrostatic
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repulsion, one may anticipate a sitwation in which a strong electrostatic barrier impedes
adsorption that would be thermedynamically allowed. This situation is very akin to that of
charged colloidal particles that remain stable despite of the lower free energy of the
aggregated state, simply because of an insurmountable kinetic barrier of electrostatic origin
[12].

Strong hysteresis effects have indeed been observed in several experimental studies of
polyelectrolyte adsorption. For example, polyelectrolytes with weakly dissociating groups can
be adsorbed to substantially higher amounts if, instead of adsorbing at a fixed pH, one goes
through a pH cycle, i.e., the polymer is first adsorbed at a pH where it has (very) little charge,
after which the polymer is charged up by a shift in pH; this has been termed “enhanced
adsorption” [13]. Another observation pointing to the presence of a kinetic barrier is the
interaction between two mica surfaces covered with (positively charged) polylysine, as
measured by Luckham and Klein in the surface-force apparatus [14]. Upon first approach,
these authors found a long range repulsion, which disappeared once the two surfaces were
brought close in. This strongly suggested the presence of long dangling ends that needed to be
pushed through a barrier in order to adsorb. With neutral polymer, such behaviour has never
been found.

Recently we have studied the adsorption of carboxymethyl celtulose (CMC) on inorganic
oxide particles (TiQ,, a-Fe;O3) as a function of pH, ionic strength, and polymer structure
(degree of carboxylate substitution, chain length). The results showed features similar to the
ones discussed above. In particular, the effect of a pH cycle was very pronounced [15].

In connection with the above mentioned features we wondered to what extent
electrostatic repulsion played a role in the adsorption Kinetics, and we decided to tackle this
problem theoretically. This chapter is organised as follows. We first briefly review the basic
rate equation which is solved using the approach introduced by Joanny and Semenov in
combination with a self-consistent field (SCF) theory for (polyelectrolyte) adsorption. Then
the SCF method is described by which the height of the adsorption barrier as a function of
coverage is obtained. In the results section we first discuss equilibrium adsorption of
polyelectrolytes which have an additional non-Coulombic ('specific’) interaction with the
substrate. This is followed by a set of numerical results for the rate of adsorption under a
variety of experimental conditions. In particular kinetic adsorption curves are calculated.
These curves are used to determine the extent of reduction of the adsorbed amount due to
kinetic factors assuming realistic experimental time scales. Finally, we discuss our kinetic

mode] bearing in mind relevant experimental data.
3.2 Theory

A polymer molecule, moving to an adsorbent surface, meets a number of resistances. At
large distance from the surface there is the resistance due to transport in solution, where the
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mechanisms of convection and diffusion operate. Next, there can be a barrier in the proximity
of the surface, e.g., due to the presence of a layer of adsorbed polymer molecules, or due to an
electrical field. We assume that this barrier operates over short distances as compared to the
transport contribution. We now suppose that shortly after starting an experiment, a stationary
state is established, where the concentration profile in the solution changes only very slowly

with time. One can then write for the mass transport of polymers towards the surface J:

RJ, = ¢, — cg() 3.1)

! c;, 15 the bulk concentration far from the interface and c; is

Here J; is expressed in mol m” s
the subsurface concentration {mol m"‘) at adsorption T, i.e., the concentration of free polymer
molecules that find themselves just near the adsorption barrier. R, is the transport resistance in
sm”', which depends on the hydrodynamic conditions and on the diffusion coefficient [16].

For example, in an impinging-jet geometry, R, is given by [17]:
R = 0.776{va)*Drry 272 (.2)

where v is the fluid velocity, o a dimensionless streaming intensity parameter, r the radius of
the inlet tube and D the diffusion coefficient of the polymer. The molecules that have reached
the barrier can pass in both directions {adsorption and desorption). The forward flux of
adsorbing molecules (dI7dt)s, must obey first order kinetics with respect to the subsurface
concentration:

Rb(r)[c(lil:) = ¢ (I (3.3)
fw

where Ry, is the barrier resistance including the effect of a partial coverage of the surface. In
order to obtain the backward flux, we note that in equilibrium backward and forward flux

must be balanced. Hence, the backward flux (dI/dt),., (desorption of polymers) equals:

Rbcr)(%] = —¢eq(D) (3.4)
bw

where ¢4 is the equilibrium concentration corresponding to a particular value of I". The net
flux (dI'/dt) is given by the sum of the forward and backward contribu