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Na "God" is "democratisch" waarschijnlijk het meest misbruikte woord.

Op een laag-energetisch, electrisch neutraal oppervlak adscrbeert
een geladen polymeer wezenlijk anders dan op de meeste gangbare
oppervlakken, die hoog-energetisch zijn en/of tegengesteld geladen
aan het polyelectrolyt.

Dit proefschrift, hoofdstuk 4.

Viscositeitametingen wijzen uit dat in de reeks polystyreen-

sul fonaat ijkmonsters voor gelpermeatie chromatografie (Chemical
Pressure Co.) het materiaal met het hoogste molecuulgewicht niet
voldoet aan de specificitaties.

Dit proefschrift, hoofdstuk 3.

In hun artikel over adsorptie van polyoxyethylnonylfenolen vinden
Furlong en Aston onder bepaalde amstandigheden desorptie met
toenemende concentratie adsorbaat. De oorzaak van dit artefact kan
liggen in de spectrofotometrische concentratiebepaling, aangezien
de extinctiecoéfficient van polyoxyethylnonylfenol verschuift bij

overschrijding van de kritische micelvormingsconcentratie.

Furlong, D.N. en Aston, J.R.. Colloids and Surfaces 4, 121 {1982).
Dit proefschrift, hoofdstuk 2.

Zeise e.a. leggen ten onrechte een verband tussen de acute gif-
tigheid en de carcincgeniteit van een verbinding.

Zeise, L., Wilson, R. en Crouch, E.. Risk Analysis 4, 187 (1984).

Veoor de ozon afkomstig van een fotocopieermachine in een geven—
tileerde ruimte beschrijft Nijman het evenwicht tussen vorming,
afvoer en ontleding.

De auteur brengt echter de afbraakreactie foutief in rekening, en
overschat aldus de werkelijk aanwezige ozonconcentratie in de
buurt van het apparaat en daarmee de gezoncdheidsrisico's verbonden

aan de bediening ervan.

Mijman, F., De Veiligheid 59 , 449 (1983).
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In Nederland zijn naar verhouding veel onderzoeksafdelingen
gevestigd van grote, multinationale ondernemingen. De afhouw van
het wetenschappelijk onderwijs onder de vlag van de tweefa—
senstructuur geeft geen aanleiding tot al te groot optimisme over
het voortbestaan van deze situatie.

Gezien de afnemende bevolkingsgroei wvormen de jeugdige werklozen
van nu een onmisbaar arbeidspotentieel voor de toekomst.

De vcortvarende aanpak van de zogencemde kleine criminaliteit, die
de VWD voorstaat, steekt schril af bij de teruwghoudende reactie
van deze partij op de RSV-affaire.

De aanschaf van een jonge rashond is alleen dan verantwoord als
het betreffende ras tenminste tien jaar "uit" is.

Hoewel vaak een kleurrijk centrum voor watertoerisme, is elk
grindgat in ecologisch opzicht een zwart gat in het landschap.

Dekkers, M. en den Hengst, J. "Waterrijk", P 73,
Het Spectrum B.vV., Utrecht, 1981.

Ban de oplossing van de internationale schuldencrisis dienen de
veroorzakers, schuldenlanden én geldschieters, naar draagkracht

mee te werken.

J. Papenhuijzen
ADSORPTICON OF FLEXIBLE PCLYELECTROLYTES

A theoretical and experimental study of polystyrene sulfonate adsorp-

tion on polyoxymethylene single crystals.

Wageningen, 15 maart 1985.
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Vooruoord

Met dit proefschrift is een onderzoek afgesloten waarin velen bin-
nen en buiten de vakgroep Fysische en Kellotdehemie van de Landbouwho-
geschool hebben bijgedrogen.

Als promotor en begeletider speelde Gerard Fleer een sleutelrol.
Altijd nam hij de tijd om de laatste ontwikkelingen te bespreken, en
aijn adviezen aijn van wezenlijk belang geweest voor de planning van de
verschillende fasen van het project. Tijdens het schrijven van het
proefschrift was zijn kritisch commentaar op de opeenvolgende versies
van het manuscript een grote steun. Bert Bijsterbosch gaf als tweezde
promotor mede richting aan de werkseamheden. Van zijfn brede ervaring en
overzicht over het vakgebied had ik vooral in de afronding veel profijt.

Een goed begrip van de theorie van polyelectrolytadsorptie dank ik

aan de vele gesprekken hiercver met Henk van der Schee en Jan Scheutjens.

Mzt gencegen denk ik ook terug can de stirmulerende discussies met Luuk
Koopal.

Ten behceve van de experimenten verzorgden Willem van Maanen en
Ben Spee de aanwezigheid van alle chemicalién en glaswerk. Mariien
Cohen Stuart maakte me bekend met een bestaande procedure voor het
kristalliseren van polyoxymethyleen. Bij het karakteriseren van poly-
oxymethyleenkrictallen verieende Joop Groenmewegen van de vakgroep Viro—
logie assistentie met de electronenmicroscopie. Ton Fustings (Dutch
State Mines) en Joost Moonen (Universiteii van Utrecht) verrichiten
respectievelijk dichtheids— zn SAXS metingen aan de kristallen. Ab van
der Linde heeft de opperviaktelading van de kristallen gemeten, en
Anton Korteweg het BET oppervlak. Thonie van den Boomgaard bracht me op

het idee om een niet—ionogene surfactant te gebruiken ter bepaling van

het specifiek oppervlak van kristallen van polyoxymethyleen in suspensie.

Het leeuwendeel van de adsorptiemetingen heb ik kunmnen overlaten aan
Haveco Klunder, die deze nauwkeurig en met toewijding witvoerde. In dit
proefschrift nemen zijn resultaten een voorrame plaats in. Voorts dank
ik Hugo Jongejan ven de vakgroep Organische Chemie voor de elementen
analyses aan polystyreensulfonaai, en Henny van Beek, Louis Verhagen en
Gert Buurman bij wie 1k altijd kon aankloppen om technische ondersteu-
ning. Nauwgezet en zorguuldig tekende en fotografeerde de laatstgenoemde

bovendien de figuren.
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Introduction

General

The behaviour of polymers at s0lid/liquid interfaces has been an
importent +topic in +the literature over the past decades. Recently,
rapid progress in the theory of homopolymer adsorption has yielded a
quantitative understanding of the adsorpticn behavicur for this simple
type of polymer. When specific intra-molecular interactions gre absent,
a chain of a homopolymer may be considered to be completely flexible
and, consequently, it behaves in solution as a random coil. When such a
coil comes into contact with an adsorbing surface, many segments may
" attach to it. Due to the large number of contacts, significant
adsorption occurs even if the free energy of adsorption per segment is
small. Upon adsorption, the conformation of a flexible polymer molecule
changes drastically. An adsorbed chain can be regarded as an
alternating sequence of trains of segments in direct contact with the
surface and loops in which non-adsorbed segments are surrounded by
solvent. At either end of the molecule free dangling tails may be
present. The affinity ef the individual segments for the surface is the
driving force in the adsorption process. It overcompensates the loss in
translational and conformationsl entropy upon adsorption, as well as
effects due to the effective excluded volume of +the segments. The
effective segmental excluded volume depends, for uncharged polymers,
entirely on nearest neighbour interactions. The combination of these
interactions with entropic factors, which 1is necessary to describe
polymer adsorption theoretically, is now well established.

For polyelectrolytes the same factors play a role but, in additien,
we hmve +to account also for 1long range electrostatic interactions:
segment-segment repulsion and the interaction between segmental and
surface charges. The relative importance of these depends on the

concentration of small ions. Due 1o screening effects, a high
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concentration of indifferent electrolyte diminishes the magnitude of
electrostatic interactions. The occurrence of nearest neighbour
interactions along with 1long range electrostatic terms makes the
theoretical description of the adsorption of polyelectrolytes
essentially more difficult than for uncharged polymers.

Understsnding the factors involved in polyelectrolyte adsorption
and the way in which their effects are balanced may eventually be useful
with respect to the practical application of polyelectrolytes in
numerous fields. For example, the rate of crystallization of salts such
as CaS0,, CaCO3 and BaS0, from a supersaturated solution is drastically
reduced by the presence of adsorbed polyelectrelyte on the growing
crystala. The final amount of precipitate is not affected, as the
polyelectrolyte concentration is too low to influence its solubility.
Retarded precipitation of these salts may be important in steam boilers
and in flue gas desulphurification plants where CaS0, is produced by
treating flue gas containing 50, with lime water.

Polyelectroliytes may also be used to remove finely dispersed
matter, e.g., from the effluent of water purification plants. =Suspended
particles are often too small to sediment as such. Sedimentation may in
this case be enhanced by inducing flocculation. However, flocculation
is often prevented by the presence of a surface charge, giving rise to
repulsive forces between the particles. Flecculation can now be
achieved by adding a polyelectrolyte flocculant in low concentrations.
Adsorbing on mere than one particle at +the same time, the long
polyelectrolyte molecules can form bridges, and as a result large flocs
develop that settle readily. Also, the flocs can easily be separated by
filtration, due to their stability and open structure. An  alternative
application of the same principle is in the improvement of =a0il
structure. The formation of lcose aggregates of so0il particles upon
adsorption of water-soluble polymers will enhance the water retention

and the circulation of air, as well as the resistance to erosion.
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Theories for polymer and polyelectrolyte adsorption

The first analysis of the adsorption behavicour of interacting
chains was given independently by Hoeve (1} and Silberberg (2). The
purpose of any polymer adsorption theory is to derive an expression for
the free energy of adésorption. The quality of the theory depends on the
assumptions that are made +to arrive at such an expression. Hoeve
treated the loops aslrandom walks end Silberberg used a lattice model.
Both theories neglect end effect {tails) and in both models an a priori
{(but different) azsumptior was used for the variation of the segment
concentration as a function of the distance from the surface. Recently,
Fleer and Lyklema (3) demonstrated that both approaches lead to very
similar results, despite the differences in the underlying assumptions.

Using a similar lattice formalism &s Silberberg, Roe (4).derived a
more elaborate theory which was recently refined by Scheutjens and Fleer
{(5). TFor a given set of parameters the latter two models not only yield
the adsorbed amount and layer thickneas, but also the =segmental
© concentration profile perpendicular to the surface, without any a priori
agsumption about its shape. The theory of Scheutjens and Fleer is the
only approach, so far, in which the effects of tails are accounted for.

Polyelectrolyte adsorption can be described by adding an
electrostatic term to the adsorption free energy function that holds for
uncharged polymers. In such an analysis, it is assumed +that the
non-electrostatic and electrostatic contributions in the model are
mutually independent. Hesselink (6) extended Hoeve's approach according
te this principle. Van der Schee and Lyklema (7) derived a more
sophieticated expression for the electrostatic adsorpiion free energy in
a lattice model, that may be incorporated in the Roe theory and in that
of Scheutjens and Fleer. In the application of Van der Schee's theory,
we will only consider +the first option, because the numerical
complications invelved with the Jlatter have mnot yet been solved

completely.
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Objective and choice of the gystem

The aim of the present work is to compare experimental results oun
well-defined systems with the theory of Van der Schee and Lyklema for
polyelectrolyte adsorption, based on the Roe model. For this purpese,
adsorption measurements with strong polyelectrolytes are most suitable,
as in this case the dissociation of the charged groups, and therefore
the charge density along the chain, is not influenced by the local
segment concentration. Consequently, variations in the dissociation of
the polyelectrolyte segments as a function of the distance to the
gurface dc not have $o be taken inte account. In eddition, the
adsorbate should be homodisperse. 4 low Hw/Mn rotico is important, as
hetérodispersity may give rise to complications, due +to preferential
adsorption of long chains over shorter ones (8). In order to facilitate
interpretation of experimental resultz, it ia desirable that the
adsorbent is uncharged and has a homogeneous surface. A charged surface
gives complications because a layer of adsorbed polyelectrolyte will
influence the surface charge density. It affects the local activity of
potential determining ions (Donnan effect) and/or their specific
adsorption behaviour. An inhomogenecus surface has the disadvantage
that the distribution of adsorpiion energies over the surface is usually
unknown, so that the results cannot be interpreted unembigucusly.

S0 far, experimental data obtained with strong polyelectrolytes are
VeTy scarce. Only in one case have the effects of variations in the
chain length and in the concentrations of polyelectrolyte and
indifferent electrolyte been studied systematically. This has been done
by Marra et al. (9) who measured the sadsorption of polystyrene
sulfonate (PSS) on preheated silica. However, the surface of this
adsorbent is heterogeneous and might also carry some surface charge.

In this work we present systematic polyelectrolyte adsorption data
obtained by using a better defined surface which is virtually uncharged.
Polyoxymethylene {(POM) single crystals were selected as the adsorbent.
Roe et al. (10) described a procedure %o prepare these crystals,
hexagonal platelets of uniform thickness, by careful recrystallization
of POM from dilute sclution in cyclohexanol. In this way, a chemically
homogenecus surface is obtained which consists entirely of ether groups

and is essentially uncharged.
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As the adsorbate we used PSS, which is a strong, negatively charged
pelyelectrolyte that cen be purchased as virtually homodisperse samples.
Concentration determinations are greatly facilitated by the presence of

a chromophore with a strong absorption band at 226 nm.

Cutline of this study

In chapter 2 we describe the preparation of POM crystals. The
method applied is based on that given by Roe et al., but we incorporated
a number of improvements. Characterization of the crystals involved
measurement of the thickness, density, specific surface area and surface
charge density.

Ten PSS samples of different molecular weight were obtained ex
Pressure Chemical Co. Chapter 3 deals with their characterization by
means of elemental analysis, measurement of the extinction coefficient
for +two different absorption bands and viscometry. PFrom the results it
ig concluded that conly five samples are sufficiently reliable.

In chapter 4 we give adsorption data as a function of
polyelectrolyte concentration, ionic strength and chain length. Most
remarkable are the rounded isotherms found on POM, whereas on positively
charged hematite high-affiniiy behaviour was established. We ascribe
the difference to the fact that POM crystals present a low-energy,
uncharged surface whereas the hematite surface is highly-energetic,
carrying a charge of opposite sign te that of the pelyelectrolyte. This
interpretation is corroborated by adserption data for PSS on POM
crystals as a function of chain length and ionic strength, and by
theoretical and experimental data taken from the literature.

The theories of Hesselink and Van der Schee and Lyklema are
discussed in chapter 5. We carried out systematic caleulations with the
latter model and assessed the sigrificance of the various parameters in
determining theoretical trends.

Finaily, chapter 6 is dedicated to the comparison between theory
and experiment. Qualitatively, the model reproduces the measured
dependence of the adsorbed amount on ionic strength and chain length.
From this we conclude that the theory correctly combines electrostatic

interactions and entropic terms. However, experimental isotherms are
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rounded whereas theoretically high-affinity behaviour is found. The
quantitative difference between theory and experiment is only of the
order of 35 #, which is gratifying when we consider the large number of

model parameters and the uncertainty in their estimates.
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CHAPTER 2

Preparation and Characterization of Polymer Single Crystals

for Use as Adsorbent

Introduction

Under suitable conditions many linear homopolymers andé some simple
copolymers can be crystallized from dilute solution to form single
crystals of lamellar morphology (1,2). 1In this way a solid of large
surface area is obtained that may be suspended in various liquids,
making the polymer-solution interface &ccessible for adsorption studies
by means of the depletion technique. This was recognized by Roe et al.
(3}, vho prepared single crystals of polyoxymethylene and measured
adsorption of proteins from agueous solution. For such experiments POM
is suitable because of its relatively large deneity (> 1.25 g/cc (4})
and its insolubility in water. A distinct advantage of PCM single
crystals in adsorption studies is the homcgeneous, uncharged surface.

When adsorption is to be measured by a depletion method, large
amounts of crystals are needed. Sofar, the major part of the work done
on polymer crystals was concerned with merphelogical studies (5,6,7}-
For +this purpose minimal amounts of crystals are required, and only Roe
et al. (3) explicitly describe a method for large scale preparation.
In the present paper, we follow essentiaslly their method, but a number
of improvements are incorporated. In addition, we characterized the POM
crystals by several techniques. We measured the specific surface area
of the crystals by three methods: from the lamellar thickness as found
with electron microscopy or small angle X-ray scattering, from nitrogen
adsorption, and through adeorption of & surfactant {rem agueous
solution. In order to check whether sny charged groups sre present on
the crystal surface, we carried out streaming potentisl measurements.

The crystal density was determined using & helium pycnometer.
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Properties of polymer single crystals

In the past two decades it has become apparent (8) that +the solid
state of flexible homopolymers (or regular copolymers) is often
dominated bty either one of two distinet states:

* The amorphous state, where no crystalline ordering can be detected,
although a certain regularity has often been found (9).

* The crystalline state, which consists of ordered arrays of unit cells,
characteristic for a given pelymer. BEach unit cell comprises several
monomeric units and each polymer chain traverses many of these
repeeting units: crystalline ordering is independent of the chain
length. Dimensions of wunit cells are given by @Geil (10} and
wunderlich (11).

The relative importance of either state depends on polymeric properties

and on the mode of solidification (12). For instance, highly

crystalline solids are formed from polymers consisting of simple
monomeric units (without bulky side groups) that are allowed to

crystallize slowly.

fold plane

i

0=

|

a3

crystalline ™

a
-
]
L
]
3
3

Figure 1: Schematic

representation of the structure

of a single crystal.

From dilute solutions of many polymers symmetric lamellar crystals
can be grown. Each lamells may have lateral dimensions up to some
square microns, whereas thicknesses are in the range between 5 and
50 nm. The polymer chains &are oriented perpendicular to the large

planes, which means that each chain is folded several times {see
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fig. 1). This feature represents & major characteristic of such polymer

c¢rystals and has two important consequences:

¥ The middle region of & lamella consists of highly crystalline polymer
that is sandwiched between two fold layers of amorphous nature. Thus
the overall density of the crystal will be between the densities of
purely amorphous and purely crystalline material (13).

* By its nature the fold-surface is not suitable as a growth face in a
developing crystal (14). Crystal growth only occurs at the edges of
the lamells and involves folding of randomly c¢oiled chains from
solution to fit into the lattice of the growth face presented.

When the crystalligation temperature is not too low +the formation of

folded-chain crystals is a steady state process in which chain folding

is the rate controlling factor (15). Under these conditions regularly
shaped crystals are formed, e.g. lozenges in the case of polyethylene
and hexagons in the case of POM {see fig. 2a). At lower temperatures
the crystallization process will be diffusion controlled and more
complicated branched {dendritic) structures are formed. Still Ilower

" crystallization temperatures cause solidification in an uncontrolled

way. At too high polymer concentrations the formation of multilayer

cryetals becomes more important (6). Multilayer structures develop as
growth spirals, starting from crystal imperfections (see fig. 3). In

practice, therefore, the polymer concentration chosen represents a

compromise between maximal yield and minimal occurrence of multilayer

formation (3,6,7).

The thickness (fold length) is determined only by the type of
polymer, +the type of solvent and the crystallization temperature, and
not by such factore as concentration or molecular weight of the
crystallizing polymer (16). At temperatures below the dissclution
temperature of the polymer in the solvent, the thickness increases with
crystallization temperature. Once g crystal is formed, its shape and
thickness are preserved upon cooling. The thickness can only be changed
by heating the crystal above its temperature of férmation, through
annealing (5,17,18).
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Figure 2: POM single crystais, shadowed unilaterally with Au/Pd. (a)
grown at 135 °C. (b) grown at 141 “C. Note the thin, additional edge
{ between the arrows) that is formed when, after crystellization =t
141 °C, low-mclecular-weight material precipitates upon cooling of the

suspension.

Figure 3: Spiral growth in a
crystal grown at 135 °C. The
only physical connection between

the successive layers is at the

center of the pyramid.

Preparation of POM single crystals

Polymer single crystals may be prepared by recrystallization from
dilute solution, by means of the self-seeding technique. In this
method, which was originally proposed by Blundell and Keller (6), most
of the polymer is dissolved until a visually transparent solution is

cbtaired. If the final temperature of the solution is chosen not too
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high, the mixture still contains many submicrescopic erystalline nuclei

(seeds). When the seeding suspension is quenched to the crystallization

temperature each seed will become the nucleus of a lamellar crystal.

In the present work single crystals are prepared from
polyoxymethylene (DELRIN 500 NC 10, ex Dupont). Each polymer chain
carries an acetate endgroup +to prevent degradation, so the general
structure is: (CH,0) ~-COCH , with n = 1500 for DELRIN 500 {19). Two
crystallization procedures have been described in the literature:
Khoury and Barnes (7) crystallized POM from o-dichlorobenzene and Roe et
al. (3) used cyclohexanol as the solvent. Apart from the choice of the
sclvent, both procedures differ on minor other points. We employed the
method of Roe et 8l. because these authors prepared large batches of
crystals for wuse as adsorbent. Their method can be summarized as
follows:

1) Finely dispersed POM is obtained by boiling 4 g. of POM-pellets with
400 ml. of cyclohexanol (1 % w/v) at about 160 °C. After
dissolution of the polymer, the temperature is lowered to 140 ©°C and
the polymer solidifies in an uncontrolled way, forming a kind of
gel-like substance in which also scolvent is included.

2) The seeding suspension is prepared by heating the system very slowly
{10 °¢/h or 1less (6)) until at 155 °C the suspension becomes
optically transparent.

3) The seeding suspension is transferred rapidly to 9 volumes of
cyclohexanol kept in a separate vessel at 143 °C, and isothermal

~ crystallization is allowed to proceed at 144.5 °g.

4) When crystallization is complete, the suspension is allowed to cool
to room temperature, and the crystals may be transferred to another
solvent. This is achieved by a procedure of repeated solvent
exchanges, in which the crystals are not allowed to become dry (once
dried, they cannot be resuspended}. Fxchange of cyclohexanol with
miscible organic solvenis is straightforward. However, exchange for
water, with which cyclohexanol is only partially miscible, requires
an intermediate step: Roe et al. replaced cyclohexanol by acetone
and, subsequently, acetone by water.

We found that this procedure can be improved in a number of ways:

* At 81} stages involving elevated temperatures {steps 4, 2 and %), a

nitrogen atmosphere should be maintained over the solution in order to
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minimize oxydation of the sclvent. We found that after longer periods
of time oxydation of cyclohexancl by atmospheric oxygen becomes
noticeable. This oxydation is probably the reason that Roe et =al.
used a rather short time of crystallization (1.5 h). Under nitrogen
atmosphere, this could be extended to 24 h, according to general
practice (7).

Another difference invelves homogenizing the solution throughout the
crystallization process (step 3) by gentle stirring. In a nitrogen
atmosphere there is ne risk of enhanced oxidation of cyclohexanol, and
at low stirrer speed anomalous crystallization does not occur. Indeed
electron microscopic observations did never reveal the presence of any
fibrillar structures, which have been reported to form at higher
stirrer speed (2C).

A further modification concerns +the crystallization  temperature
(step 3). Roe et al. crystallized POM at 144.5 °C, at which
temperature only long polymer molecules will crystallize {21). As the
POM-sample is heterodisperse, a considerable amount of polymer remains
in solution and upon coeling the shorter chains crystallize at their
respective crystallization temperatures. This gives rise te thin,
irregular edges on the previously formed crystals, because the fold
length decreases with  decreasing crystallization temperature.
Figure 2b illustrates this phenomenon. The occurrence of thin cdges
on the crystals may give rise to some additional surface
heterogeneity, because the surface energy of a crystal is directly
related to the fold length (22). One possibility to aveid these edges
is to wash the crystals, after crystallization, with hot solvent.
However, the washing procedure is rather complicated if a nitrogen
atmosphere has to be maintained. Moreover, the washing process cannot
be very efficient as the POM crystals form a voluminous sediment. For
these reasons it was decided to omit the hot washing step and instead
lower the crystallization temperature to 135 ©C. Now virtually all
low molecular weight pelymer is incorporated in the crystals at the
crystallization temperature. Fig. 2a shows that the thin edges
referred te above are no longer noticeable. Also the morphology of
the crystals is still hexagoneal, and not dendritic, indicating that
chain folding is s8till the rate controlling factor in the

crystallization process. In fig. 4 the crystallivation procedure
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finally settled upon is graphically illustrated.
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Figure 4: Manipulation of temperature and concentration

in a typical
recrystallization experiment.

Washing with hot =sclvent, apart from being cumbersome and
inefficient, is also superfluous when purification of the newly formed
crystals is concerned. In the original POM sample no impurities could

be detected by elemental

analysis:  the carbon content was 40.17%
{theoretically 40.00%) and the Thydrogen content was 6.64%
{theoretically 6.71%). Any traces of contamiration that might
nevertheless be

present would be

removed during the
preparation, which

crystal
in fact involves both recrystallization (step 3)
and extensive rinsing with organic solvent and water (step 4).

As the intermediate solvent in the exchange of cyclohexanol for
(atep 4), we employed ethancl instead of acetone.

because, unlike acetone, it is a non-solvent for

water
Ethanol was chosen

POM {23). Acetone
might cause some swelling of the crystals (19).

Finally, when replacing ethancl by water special precautions have to
be taken in order to prevent that by mixing of ethanel (or, for that
matter, acetone) and water tiny air bubbles are formed. As ethanol is
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gradually replaced by water these bubbles stick to the water/solid
interface and cause the c¢rystals to flotate. This always occurs when
water is poured or syphoned into a crystal suspension, as soon as the’
water content of the medium is high enough, even when freshly boiled
water is used. Flotation can only be avoided when heated water
(40 “C) is syphoned very slowly (1 1/h) into a cooled suspension
(8 OC). This method works well because the added water coocls gquickly
so that, after mixing, the concentration of dissolved air is well
below its saturation value at the lower temperature. Analogously, any
occurring flotation can be eliminated by first heating the flotated
suspension to 40 °C to drive out some excess air, and subsequent
cooling to 8 °c.
The suspension of POM-crystals in water should be handled carefully
in order to prevent flotation: stocks should not be agitated or poured
from one vessel into another. Hewever, they may be stirred carefully or

transferred slowly by means of a syphon.

Characterigztion of POM single crystals

The regular shepe of the crystals is determined by the hexagonal
ordering of crystalline POM-chains in the core of the lammellae {see
fig. 1). The dimensions of the crystals depend upon crystallization
conditions, the lateral size usually being of the order of 1 um and the
thickness about 10 nm., From these numbers it is clear that the edges
contribute only negligibly (around 1 %) to the entire surface area.
Assuming that each lamella has twe fold planes exposed to  the
surrounding medium, we can caiculate the area per gram of POM from the

crystal thickness & and density p only:

1}

2

ASP =BE
The thickness can be determined by electron microscopy and by small
angle X-ray scattering (SAXS). The first method involves shadowing of
crystals with evaporated metal and measurement of the width of the
shadows. We found d = 9.5 nm + 1.2 nm. The spread in the results is

probably a consequence of irregularities in the surface of the eleciron
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microscope grid, such as local tilt and steps.

For the S5AXS-measuremente, the crystals were sedimented and dried
to form oriented mats (24). The periodicity perpendicular to the
direction of sedimentation corresponds to the crystsal thickness.
Because +the thickness is of the order of 10 nm, it can only be
determined by X-ray diffraction when very small scattering angles are
measured. Using a Kratky camera, d was found to be 9.6 mm + 0.5 nm, in
excellent agreement with the electron microscopy results. This value is
smgller than those found by Roe et al. (3), in accordance with the
general finding that thicker crystals are formed at'higher temperatures.

The density of the crystals was obtained using =a helium powder
pycnometer {Micromeritics Auto Pycnometer 1320). This dry methed is 4o
be preferred over determinetions involving suspended lamellae (eg.
flotation techniques} because of the large surface/volume ratio of the
gsolid. In a liquid environment solid/liquid interactions become
relatively important and erroneous densities are found (25). Crystals
were dried from a suspension in ethancl by evaporation in a rotating
" film apparatus and, subsequently, in a vacuum oven. Each sample was
measured twice, first after drying at 50 oC and a second time after
drying at 120 % both times the density was 1.37 gfcc. Thus any
measurable effect of gas bubbles entrapped between the =ggregaied
lamellae was absent. From the densities of amorphous and crystalline
POM (1.25 g/cc and 1.49 g/cc, respectively (4)) the estimated
crystalline content of single crystals is 50 £. This is surprisingly
low when we consider the regular stiructure and smooth surface. However,
similar results have been found in the literature for polyethylene (26),
and recently alse for PCM (27).

From the crystalline content the thickness of the amorphous and
crystalline layers of a single crystal are estimated to be 2.6 mm and
4.4 nm, respectively. By analyzing higher order reflections in SAXS
measurements orn POM ecrystals, Varnell et =al. (24) could give an
independent estimate of the amorphous layer thickness: for crystals of
9.7 nm overall thickness they arrived at 1.8 nm. The discrepancy with
density measurements may be a consequence of different crystallization
conditions: they crystallized POM from o-dichlorobenzene at 139 °(.
Alternatively, with BSAXS the boundary between +the amorphous- and

crystalline phases in a crystal could be situated at a different
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position than would follow from density measurements. Roe et al. (3)
used also 1.37 g/cc for the density, but they do not give any details
about the determination.

From eq {1], the specific surface area is calculated to be
150 mzfg. This result was not confirmed by nitrogen adsorption on
freege dried crystals: BET-aznalysis of the isotherm (measured on a
Carlo Erba Sorptomatic 1800} yields a value of 30 mzfg. The difference
can only be explained if aggregation renders 80 ¥ of the fold-planes
inaccessible to nitrogen. Roe et al. (3) suggest a specific reason for
the difference between geometric and accessible surface. As discussed
above, in =single crystal preparations often multilayer crystals are
formed &s & consequence of lattice imperfections, giving rise to spiral
growth (14,28). An exesmple wes given in fig. 3. It looks as if
succeasive layers are in direct contact, resulting in a diminished
surface area available for adsorption. However, it should be remembered
that fig. 3 exhibits a dried crystzl, and in fact the only connection
between the various layers is at the center of the pyramid. Apart from
this connection each layer is a single crystal in itself. Under a light
microscepe, structures 1like the one shown in fig. 3 have often been
observed, the layers splaying widely apart (29). Therefore, we do not
think +that it is justified to invoke the occurrence cof spiral growth as
the sole explanation for +the difference between geometric and BET
surface ares. Rather, this difference should be understocd as =&
congsequence of aggregation that might occur between any pair of
lamellae, and not just between two successive layers in a multilayer
crystal.

Of course, aggregation may be a consequence of freeze drying. Then
the BEBET-surface is not representative for crystals suspended in water.
The "wet” surface srea of suspended adsorbents is in general determined
from the adsorption isotherm of some standard compound. TIdeally, the
adsorption plateau corresponds %o a complete monolayer and the speeific
surface area then foellows directly from the known molecular
cross-section of the adsorbate. However, Roe et al. (3) dida not
succeed in finding a suitable low melecular weight substance that
adsorbs in significant amounts on POM crystals. They tested stearic
acid, methylene blue and p-nitrophenol. We obtained the same negative

result for methylene blue and p-nitrophenol (in water at pH 3, where the
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molecule is neutral, and in hexane). Also congo red, t-butyl ammonium
iodide and 2,4-dichloro phenoxy acetic scid (2,4D) did not adsorb in
appreciable amounts. We found, however, that polyoxyethylated nonyl
phenols {"Synperonic” NPn, ex ICI) adsorb well on POM crystals. These
nonionic surfactants (abbreviated as NPn) have the structure
qaﬂlg-phe-o-(CZHSO)H-H, and are commercislly available. NPn from
various sources has been used before in adsorption experiments on carbon
btack (30,31), calcium carbonate (32) and on silica {31,33,34,35).
Adsorption isotherms of three NPn homologues (n=15,20,%0) on
PCM~crystals were measured by the depletion technique. In a centrifuge
tube the POM suspension was mixed with NPn solution and subsequently
gently sagitated on & rotating wheel until equilibrium was established
{ca. 15 h). The adsorbent was separated from the supernatant by
centrifuging. Concentrations were determined spectrofotometrically,
using the extincticn at 278 mm. It was found that the calibraticn
curves of extinction vs. concentration always consisted of two straight
lines with an intersection point at the CMC {CMC values were taken from
' the literature (32,36)). The different slopes reflect the different
extinction coefficients of NPn molecules free in solution and those

incorporated in a micel (37).

| i Silica i POM i
1

| | B b jTT T T o s T s mem———— |
] I ! ] 1
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{ NP15 | > 130 L - i 130.0 + 2.0 1 15 a
jm === |=s == | === | T T | Bt |
| NP20 | 82.0 + 1.5 151 T7.5+1.8 |27
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| NP30 | 47.2 1.0 | 91 42.9+0.8 |21 |

Table I: Plateau values of the adsorption isotherms of NPn (fig. 5) on
aeroail 0x-50 and on POM. The standard deviation of the mean, and the

number of points m on which it is based, are indicated.

Fig 5 gives the adsorption isotherms and in table I the plateaun
values are summarized. As a reference, corresponding results for the

same NPn batches on silica (aercsil 0x-50) are included {38). We will



Page 18

150} pmolfg

a
n
|
]
]
|
n
NP 30 &4
NP2 B O
NP 15 & o
‘. i i N 1 2 " 1 a 1 " L i 1 M "
1] 05 1.0 15 20 mM

equilitrium concentration of NPn

Figure 5: Adsorption of NPn (n = 15, 20, 30) on POM crystals (filled
symbola) and on aerosil 0x-50 (open symbols). The plateau levels drawn
correspond to the average of the adsorbed emounts at equilibrium
concentrations above 0.3 =M (NP30), 0.5 mM (NP20) and 0.7 mM (NP15),

respectively. The error bars indicate the standard deviation in the

plateau vslues.

interpret the isotherm data taking into account the results by Seng and
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Sell (34), who investigated the adsorption of NPn on silica
(aercsil 200) and on some modified silicas. The latter were prepared
from aerosil 200 by esterification of the surface silanel groups with
various hydrephobic compounds. The sdsorbed amount, and its variation
with the length of the ethylene-oxide chein, n, were found to depend
strongly upon the pelarity of the surface. Nitrobenzyl serosil, the
most polar of the substituted aerosils, closely resembled unmodified
aeresil in this respect. For the various NPn samples, the adsorbed
amount was found to be about the same on both silicas. Moreover, the
molecular cross-section turned out to increase linearly with n. From
this result the authors conclude that on nitrobengyl saereosil and on
unmodified aerosil the adsorption is determined by interactions between
the polar surface and the relatively polar ethylene oxide moiety of the
adsorbate. This c¢onclusion is confirmed by the observation (38} that
latex suspensions are stabilized by NPn adsorption layers, indicating
adsorption via the nonyl group, whereas aerosil suspensions are not. It
seems justified for adsorption of NFn on POM, to postulate a mechanism
" which is similar to that for adsorption of NPn on aerosil, since in the
adsorbate and in both surfeaces ether-like groups are present. The close
analogy Dbetween isotherms on POM crystals and on aercsil 0x-50 (fig. %
and table I) supports this conclusion. Also, on POM and on silica the
platesu adsorption varies in the same manner with n, and the shape of
the isotherms on POM and on silica is essentially identical. Therefore,
we assume that the molecular cross-section of KPn on PCM equals that on
unmodified (or nitrobenzyl substituted) aercsil. This assumption allows
calculation of the specific surface area of the POM crystals from the
adsorption plateaus in table I, provided the surface area of
aerosil 0x-50 is known. By nitrogen adsorption this was found to be
60 m2/g {38). For silica it is generally accepted, that in water this
same surface areas is exposed {31,33,34,35). Then the "wet" specific
surface area of POM crystals is also almost 60 m2/g. Obviously, in
water aggregation is less than for freeze dried crystals, but still 60 &
of the surface is not accessible for the adsorbing melecules.

The crystal surface is expected to consist of stretches of ether
groups in a folded conformation, and should thus be uncharged. This was
checked by electrokinetic measurements on a plug of crystals prepared by

repeated centrifugation. The surface charge varied somewhat with pH and
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ionic strength but was always negligibly small (between + 0.10 and
- 0.17 uC/em?).

Discussion

A prerequisite for any substrate to be useful in systematic
adsorption studies 1is the availability of a methed to produce large
amounts in a reproducible way. BSo far, we prepared and characterized
two batches. The repreducibility of the method was established by the
fact that for these batches both the electron ﬁicroacoPic thickness and
the surface area as determined by NPn adsorption were almost the same.

The nature of the POM single crystal surface may be assessed in a
qualitative way. The surface consists of folded £CH2-O]n chains and is
essentially uncharged. The occurrence of fletstion when sufficient air
is present in the solution indicates that the surface is not readily
wetted by water, i.e. it is hydrophobic, as would be expected from its
ether-like chemical composition. Finally, it was observed that the POM
surface behaves like the surfaces of silica and nitrobenzyl silica (34)
in  edsorpiion experiments with wvarious nonylphenols from agueous
solution. This indicates that the surface, though hydrophobic, is still
rather polar.

In the specific surface area of POM crystals obtained with
different methods large discrepancies were found. As discussed defore,
these are due to varying degrees of association of the ecrystals in
suspeneicn and in the dry state. For other adscorbents, such as AgI sols
and suspensions, the surface areas found with BET and adsorption from
golution are in general equal +to the geometric surface area (39)
(significantly larger values are found from capacitance and negative
adsorption data, but such measurements are impossible for POM crystala).
The difference in this respect between Agl and POM, both hydrophebic but
8till rather pelar, is in our opinion a consequence of the fact that Agl
forms rigid particles that usually carry some surface charge, whereas
the flexible PCM lamellae are essentially uncharged. In the absence of
charge repulsion POM erystals aggregate more easily and large portions
of the surface may be involved in the association, because of the

flexibility of the lamellae. In interpreting adsorption from solution
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the surface area determined by NPn adsorption is to be preferred over
the geometric and the BET surface area. We do not expect that the
degree of associetion of suspended crystels depends on the type and
concentration of the adsorbate present. If +that were the case, the
adsorption isotherms with NPn on POM would not have fellowed so closely
the trends observed with silica (fig. 5 and table I).

In our simple procedure for adsorption measurements by depletion a
complication arises from the fact +that POM suspersions sediment.
Therefore, samples were taken while the suspension was homogenized by
stirring, by means of a pipet immersged to = constent depth. Along with
each isotherm one or two separate samples were dried and weighed in
order to check the amount of adsorbent present in a sample. The dry
weight found in this way was always accurate to ca. 2 § of the average
over all determinations. Therefore, for each point of an isotherm the
same amount of adsorbent may be assumed to be present. This precedure
can hardly be improved by measuring, after adsorption, the weight of

adsorbent for each point of the isotherm. A centrifuge tube contains

"only 10 mg of POM and an accurate determination of such a small amount

is not possible in the presence of solutes.

As an illustration of the potentizlities ard limitations of PCOM
single crystals as an adsorbent we discuss some preiiminary adsorption
results. As mentioned above, many substances of lew molecular weight,
whether charged (methylene blue, stearic acid} or uncharged
(p—nitrophenol from water at pH 3, or from hexane} do mnot adsorb in
appreciable amounts. Presumably, +thia is a consequence of a low
affinity for the surface. Compounds of higher molecular weight do
adsorb, as illustrated above by the NPn-results. HRoe et al. (3}
measured the adsorption of polystyrene {from cyclohexane) and of various
proteins (from water). In our laboratory, we carried out some
preliminary experiments with albumin (40) and sodium  polystyrene
sulfonate (NePSS) from saline solutions. It can be concluded that high
molecular weight substances adsorb on POM due to the large number of
contacts between these adsorbate molecules and the surface. However,
though adsorption of albumin {40} end NP30 is complete within 20 h, we
found that for NaPSS it takes over 100 h to reach adsorption
equilibrium. This time dependence is probably related to reorientation
effects, not only of the adsorbate, but also of the POM crystals. The
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polymeric lamellae are flexible enough to adjust to newly Fforming
adsorption layers, but their lateral size (ca. 1 um) and the fact that
these lamellae are two-dimensional structures (which are sometimes also
partially interconnected, see the discussion of fig. 3) would make this
a slow process. Apparently, only for NaPSS such reorientation effects
play a dominant rele in adsorption kinetics. This may be a consequence
of the fact that NaPS5 forms rather thick adsorption layers,
neceasitating more extengive reorientation of the substrate POM lamellae
upon adsorption. Takaheshi et al. (41) report values for the thickness
of adsorption layers of NaPS5 +that range between 20 nm and 80 nm.
Albumin, on the other hand, is found to form compact layers of cmly 2 nm
thickness {42,43) and also for NPrn the adsorption layer is expected to
be rether thin.

It may be concluded that single crystals of POM can be prepared
reproducibly in large amounts, and that adsorption measurements from
aqueous sclution are feasible for compounds of not too low molecular
weight. The features that make POM crystals attractive as a model
adsorbent are the homogenegus, uncharged surface and the relatively

large surface area per gram.
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CHAPTER 3

Polystyrene Sulfonate: Chemical and Physical Characterization

Introduction

In studies on polyelecirolyte solution properties, polystyrene
sulfonate (PSS} has been used most widely as s model substance. The
sulfonate group is strong (1) and therefore the charge density along the
chain is independent of pH and counterion concentration. Specific
monomer-monomer interactions are absent. PSS may thus be described as a
random coil, a wormlike chain or = rigid rod, depending upon the amount
of indifferent electrolyte added. Moreover, PSS concentrations are
conveniently determined by UV absorption because in each monomeric unit
an aromatic chromophore ias present.

Generally, sulfonated saromates are prepared by electrophilic
substitution with concentrated sulfuric acid (2). Analogously, PSS may
be obtained by sulfonation of the corresponding polystyrene. The
dispersion index of the product is, in principle, the same as that of
the parent PSS. However, the reaction must be highly specific because
the moncsulfonated monomeric units cannot be separated from unreacted,
doubly substituted or cross-linked monomers. Cbviously, even one
interchain cross-link per macromolecule would double the molecular
weight. Carrol and Eisenberg (3) describe a procedure to sulfonate
polystyrene exclusively in the p-position, avoiding secondary reactions.
To this end, finely dispersed polystyrene powder is mixed rapidly st
room temperature with 100 % sulfuric acid in the presence of a fairly
high concentration of silver ion, acting as a catalyst. The reaction is
complete within 15 minutes, and the PSS ig then isolated from the
reaction mixture by dilution and dialysis. I% 1is essential now to
neutralige the poly-acid, for inatance by titration with NaCH, because
the acid form is net stable with respect to chemical degradation. This
problem is mentioned by several authors (3,4) but the nature of the

degradation reactions has not been clarified. Probably the formation of
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sulfone bridges (ersqz-gy), a well-known side reaction in the
sulfonation of polymers (5), plays & role here. Only 0.1 § of.
crosa-links makes the polyelectrolyte completely insoluble.

Virtually homodisperse PSS samples are commercially available.
This is importent in model studies inveolving such ‘techniques as
viscosity measurement and light scattering, and alsoc in adsorption
experiments. Our interest is mainly in this latter aspect, and for that
purpose homodisperse material is essential. Cohen Stuart et al. (6)
pointed out <that the adsorption behaviour of polydisperse polymer is
markedly different from that of homedisperse samples. . When chains of
different length are present, the longer ones adsorb preferentially and
the measured isotherms are not of +the high affinity type that is
predicted for polymer adsorption.

We used ten samples of homodisperse NaPSS, obtained from
Pressure Chemical Co., produced by sulfonation of homodisperse
polystyrene stendards. The manufacturer does not give any further
details, but probably a procedure was followed analogous to that of
" Carrol and Eisenberg (3), described above. The molecular weights,
calculated from those of the parent polystyrenes by sssuming 100 %
sulfonation, are listed in table I along with the dispersion indices as
specified by the manufacturer (7). 1If no side-reactions occur, these
should correspond to those of the parent polystyrenes. The latter are
prepared by &anionic polymerization (8) resulting ideally in a Poisson
distribution of chain lengths. For such distributions, the Hw/Mn ratios
are much smaller than the values specified in table I, however, and even
become unity for molecular weights larger than 88 kg/mole. For some
samples the manufacturer specifies the degree of sulfonation but,
unfortunately, most of the information does not apply to the samples we
obtained. The values range between 70 & and 90 % (7). This is
remarkably low when we consider the results of Carrol and Eisenberg (3),
who conclude from elemental snalysis that their sulfonation procedure
leads to 100 ¥ substitution. These authors also find that PSS samples
may contain over 10 $ of water by weight. The analysis by the
manufacturer only invelved determination of the sulfur content in =a
weighted gample, and probably the presence of hydration water was
overlocked. Therefore we checked the degree of sulfonation by analyzing

all samples for two elements, carbon and hydrogen. From these twe data
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both the water content and the sulfur content are easily calculated.

The procedure and results are discussed in the following section.

E Specifications Experimental results |
e
| M lot no. | disp. | hydr degr. Eisg Eizs [n]

i kg/mole ! index | numb sulf. | ¥~ lem™1} M-lem-1} g/g

I e e e e e e e e e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e T e e 1
| 1.6 | 23 1.2 1 1.8 | 0.94 481.6 13,560 | 3.11
i 4.0 18 1010 24 1.04 4T1.2 | 12,609 3.95

i 6.5 27 I 1.10 | 2.7 0.96 | 470.8 | 12,637 4.10
116 204 5 1.10 | 2.2 0.86 446.0 | 11,620 8.43

| idem idem |} " | 2.9 0.85 - T -
I *4a | 1.10 ] 1.9 0.94 | 425.0 11,408 16.32 |
| B8 *4 1 1.10 | 2.0 1.0t | 427.7 11,612 30.09 |
{177 26d | 1.10 | 2.1 0.90 | 426.7 11,668 51.01 |
| idem idem | " i 1.9 0.97 i - - i -
| 354 #4 | 1,10 { 1.6 1.03 | 414.1 11,610 | 106.73 |
| 690 *4 | 1.10 | 1.8 1.00 | 423.7 1,527 | 163.11 |
I 1060 i #*a | 1,101 2.2 | o.96 | 475.7 12.306 | 121.05 |
| repl | *a | 1.t0] - [ | - 130.27 |

Table I: Properties of eleven polystyrene sulfonate samples. The first
column gives the molecular weight (to the exclusion of the counterion),
the second column the lotnumber as given by the manufacturer.
Unspecified lotnumbers are indicated bdy ¥, and if the sample was
obtained in dialyzed form, this is denoted by d. Underlined numbers are
used when the results peint to systematic deviations beyond experimental

error.

Subsequently, we measured for =all samples the molar extinction
coefficients at two abserption maxima. The determination involved
complexometric titration of the PSS soluticns with polylysine, in order
to find +the concentration. Due to the presence of variable amounts of
hydration water, weighing does not give the correct amount of
pelyelectrolyte in solution. In this way extinction coefficients are
obtained that may serve as a standard for PSS concentration measurements
by UV absorption. Also, the results provide a second means to
characterize the PSS samples, and are expected to reflect variations, if

any, in the degree of sulfonation.
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Finally, we characterized PSS-solutions viscosimetrically.
According to- Mark-Houwink's relation a linear relationship between
log [n] and log M is expected, and deviations would indicate chemical or

physical inhomogeneity in the respective samples.

Elemental analysis

Analysis of the PSS samples for carbon and hydrogen was carried out
by combustion o©f a few milligrams in an atmosphere of pure 05, and
measuring the emounts of €0, and H20 released. The results are
correlated with the degree of =ulfonation y and with the hydration

nunber ¥ per monomeric unit, for the structure of which we may write:
Cgllg_, (503), Na (H0), [1]

NaP35 is hygroscopic, 8and consequently x may depend upon storage
conditions. On the other hand, y is a constant for a particular sample.
From the molecular formula and the appropriate atomic weights, the

hydrogen and carbon content fH and fC can be expressed =aa:

1.0079(8-y) + 2.0158x
104.1512 + 18.1108x + 102.0401y
96.088

£C = 104.1512 + 18.1108x + 1020401y (2]

fH = [2al

Values for the hydration number x and the degree of sulfonation vy,
calculated from the experimental quantities fH and fC, are given in
table I. The degree of sulfonation of most samples does not deviate
significantly from unity. This confirms the regults of Koene and Mandel
(9), who worked with NaPSS from the same mnanufacturer. Only for
M = 16 kg/mole did we find a degree of sulfonation significantly less
than unity. It is obvious that each sample contains around 20 & of
hydration water (w/w), enough to explain the low degrees of sulfonation

reported by the manufacturer.
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Extinctioen coefficient

E/E gy

1
220 230 240 250 %0 270 280 nm

Figure 1: Normaliged UV absorption spectrum for PSS in water. For each
absorption band, the extinction E is scaled with the value of the

corresponding absorbtion maximum Eax

In the absorption spectrum of PSS in water two bands can be
distinguished (Fig. t), one arcund 226 nm and one around 263 nm. The
first is of fairly high intensity and corresponds to the 200 nm band of
the benzene ring (10). The shift to longer wavelength is due %o
extension of the conjugated m-electron system by sulfonate substitution.
The second band is of low intensity and shows clearly the composite
structure of the soc-called benzenoid band characteristic of benzene
derivatives. In pure benzene, this band occurs around 260 nm (10).
Apparently, the position of this band is only slightly shifted by the
presence of +the sulfonate group. In principle, the extinction per
menomole shouldé not depend upon the molecular weight of the PSS.
Therefore, comparing the monomelar extinction coefficients of all

samples at 226 mm and 263 nm, respectively, provides a check upon the
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chemical and physical homogeneity of each sample. Determinastion of the
extinction of a PSS golution is straightforward. However, in order +o
calculate the monomolar extinetion  coefficient one needs the
concentration of polymer without hydration water. This is most commonly
obtained either by weighing an exhaustively dried sample {11,12), or by
determination of the residual water content at the moment the =solution
is prepared (3,9,13). With the first method complete removal of sll
hydration water is never certain. Methods to measure the water content
of a sample (IR and elemental analysis) are not expected to be very
accurate., An alternative method 10 determine the _concentration is
acidimetric titration, after conversicn ¢f the NaPSS intc the acid form
{14,15). For P55 this methoé is not relisble because of the above
mentioned instability of the acid form. HNevertheless, titration methods
offer the fundamental advantage of being independent of the presence of
hydration water. Therefore, we determined the concentration of PSS
solutions by complexcmetric titration with &8 sclution of polylysine
{M = 40 kg/mole; ex Sigma), a polycation at neutral pi. Titration of
oppositely charged opolymers 3is known to result in stoichiometric
complexation of the charged groups (16,17) and this method is thus well
suited to determine the amount of sulfonated monomeric units in & PSS
sclution. The concentration of the polylysine solution was obtained by
titrating the counterion, Br', with AgN03 solution of  known
concentraticn. In order to asaure that all polylysine was in the
bromide form, the solution was first dialyzed against ©.2 M NaBr and
then extensively agasinat doubly deionized water. However, when
undialyzed polylysine was used the results were not aignificantly
different.

The extinction coefficients are listed in table I. Only with f{five
samples (M = 31, 88, 177, 354 and 690 kg/mole) are the results, within
experimental error, invariant with molecular weight. 3By averaging the
values for these samples we find £,,. = 1.16 + 0.01 * 10 wlem™! and
= 423 + 5 H_lcm_l, respectively. From fig. 5 in +the paper by

€
263

tarrol and Eisenberg (3), about the same value can be deduced for e,,,

(= 11,9%00). In most cases however, the values reported for €,,. (4) and
for g, ., {3,12,15) are between 6 % and 12 % leas than our results. This
indicates +that either the water content of +the PSS sample was

underestimated, when the PSS concentration was obtained through weighing
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(3,12), or chemical modification had cccurred, in case of titration of
HPSS (15).

As mentioned above, the sample with M = 16 kg/mole ia sulfonated to
a degree significantly léss than 100 %, and this is well in lirne with
the magnitude of the extinction coefficient. With the titration method
only the concentration of sulfonated monomers is measured, and only
these monomers absorb radiation of wavelength 226 nm (the corresponding
absorption band of unsulfonated monomer lies below 200 mm)}. Therefore,
E,,, 8 not expected to differ from the value found for 100 % sulfonated
PSS, We already menticned that the position of the absorption band
around 260 mm is only slightly influenced by the presence of a sulfonate
group. Thus both sulfonated and unsulfeneted monomers will attribute to
the extinction at 263 mm, the former relatively more +than the latter.
Consequently, the experimental extinction coefficient at this wavelength
is expected to increase with decreasing degree of sulfenation, but less
than proportiocnal, in agreement with our results.

For the four remaining samples (M = 1.6, 4, 6.5 and 1060 kg/mole)
erratically high extinction coefficients are found at beth wavelengths.
This may be due to either experimental error (e.g., in the titrations)
or scme imperfectien in the samples. They could be chemically
inhomogeneous (e.g., as a result of cross-linking), or heterodisperse
with respect to chainlength. When in a sample cross-links are present,
it is conceivable that complexation with polylysine is no longer
stoichiometric and consequently the PSS concentration is underestimated.
The presence of a low M fraction (momomers, dimers, trimers} which are
possibly not completely bound by the polylysine, is expected to have the
same effect. In this context we mention that the smaller three samples
can not be dimlyzed Dbecause the molecular weights are well below the

cut-off values of most dialysis membranes.

Viscosity of polystyrene sulfonate solutions

The intrinsic viscosity of a polymer solution is determined by the
molecular weight of the pclymer and by the interaction with the solvent.
When the latter is kept constant, the relation between [n] en M can be

expreased by the Mark-Houwink relation:



Page 32

[n] = g-1® (3]

where K and a are comstants for a given polymer and solvent. According
to this equation a plot of log [n] ws. log M should result in a
straight line with slope a and intercept log K.

Viscosity measurements were carried out with an Ubbelohde
viscometer suspended in a waterbath at 20.0 °C. Solutions were made up
in 0.5 M NaCl in order to suppress effecta of variations in the
counterion concentration wpen varying the PSS concentration. The

results are summarized in table I and graphically presented in Fig. 2.

25F ’
4
ESZO x/)(, Figure 2: Mark-Houwink plot
g'. / (eq. [3]) of intrineic
s /" viscosities for NaPSS in 0.5 M
,//ﬂ ¥aCl at 20.0 °C: log [n] V8.
l%‘ x’/ log M ([n] in &/g end M in
05 ,’{/, keg/mole}. From the linear part
it

,/’ of the curve we find

’ 1 ) 1 K =1.087 g/g and a = 0,764,

0 1 F 3
log M

The intringic viscosities of seven samples conform to the
relationship predicted by eq. [3], with K = 1.087 g/g and a = 0.764, but
for the two shorter and for +the highest chain length significant
deviations are found. For the highest ¥ we found no improvement with a
substitute sample, received after communicating the initial result +to
the supplier. The deviations in [ﬂ] are of the order of 25 % - 50 % and
can not be caused by errors 1in the concentration determination.
Morecver, the correlation with erratic extinc£&on coefficients (viz.
table I) indicates +that some +trivial explanation, such as wrong
labelling of +the flasks, does not account for the results either. As
mentioned before, both heterodispersity and cross-linking could account
for toe high extinction coefficients, and the deviating intrinsic

viscosities might be explained along the same lines. If we assume that



Page 33

the samples are heterodisperse the measured viscosity could well be
higher than predicted if a few very long chains were present (M = 1.6
and 4 kg/mole), but it cpuld also be smaller if short chains dominate
(M = 1060 kg/mole). In case of cross-linking, interchsin ecross-links
are favoured when a sample contains many small molecules (M = 1.6 and
4 kg/mole) and intrachain cross-links will dominate when few large
molecules are present (M = 1060 kg/mole). In the first case the
intrinsic viscosity is larger than expected, in the second case it would
be smaller.

Conclusions.

We characterized ten PSS samples of narrow molecular weight
distribution with three different techniquea, elemental sanalysis,
extinction coefficient determination and viscometry, respectively. For
the three lowest molecular weights and for the highest mclecular.weight
sample, the results with two techniques raise doubts about the quality
of the sample, whereas with M = 6.5 kg/mole only the extinction
ceefficients are found to be too high. We conclude that only the
remaining five samples satisfactorily meet the high stendards of
chemical and physical homogeneity that polyelectrolyte model substances
should  conform to. For these samples the degree of sulfonaticn is
€,,0 = 1.16 * 104 u~len~! and

€63 = 423 M’lcm"i, and the intrinsic viscosity conforms accurately %o

97.5 %, the extinction coefficients are

the Mark-Houwink relation ir 0.5 M NaCl agquecus  solutien  with
K = 1.087 g/g and a = 0.764.
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CHAPTER 4

Adsorption of Polystyrene Sulfonate on Polyoxymethylene Single Crystels
at High Ionic Strength

Introduction

Adscorption of uncharged polymers has recently received much
attention, both experimentally and theoretically. A clear picture for
the structure of the adsorbed layer of wuncharged polymers is now
emerging., Several aspects have been reviewed by Fleer and Lyklema (1),
who outlined the most important tremds. In compariscn, very 1little is
known about the adsorption of polyelectrolytes. On the theoretical
side, only two models have been published sofar. The first, a rather
primitive one, is due to Hesselink (2), and recently Van der Schee (3)
developed a more elaberate theory. 1In order to test these theories,
experimental results with stromg polyelectrolytes are most suitable.
For this type of polyelectrolyte the degree of d&issociation, and
therefore the charge density along the chain, does not depend upon the
local segment concentration. Unfortunately, experimental data on
well-defined systems are very scarce. We found only five reports on
relevant systems in the literature: polyvinyl pyridine on  Vycor
silicate giass in concentrated HC1l solutions ( 2 0.1 M} (4), positively
charged polylysine on Agl (3,5), and polystyrene sulfonate (pss) omn
platinum (6), on CaC0; (7) and on preheated silica (8). Only in the
latter work was the effect of wvariations in  polyelectrolyte
concentration, ionic atrength and melecular  weight atudied
systematically. 1In all cases the surface was heterogeneous and, with
the exception of preheated silica, highly charged, giving rise to a
significant electrostatic component to the affinity between the segments
and the surface. The presence of adsorbed polyelectrolyte may influence
the surface charge by affecting specific adsorption of small ions. This

effect hampers straightforward interpretation of experimental results.
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In the present work we collect systematic data on polyelectrolyte
adsorption in a well-defined model system. As the adsorbate we used
PSS. This is a strong , flexible polyelectrolyte that can be obtained
in the form of homodisperse samples. A low Mw/Mn ratio is important as
hetercdispersity may give rise to rounded isotherms {9). In the present
paper we obtain alse rounded isotherms. For our polyelectrolyte
heterodispersity camnnot be invelved es a poesible explanation., We
explain  the shape of the igsotherms in terms of a weak
adsorbent-adsorbate interaction. 8Single c¢rystals of polyoxymethylene
(POM) (10} were used as adsorbent. The hexagonal platelets have a
homogenecus surface, conaisting entirely of ether groups and carrying
essentially no charge.

"In the adsorptien studies we  varied the polyelectrelyte
concentration, molecular weight and ionic strength. Elsewhere (11), a
semi-quantitative comparison of the results with Van der Schee's theory
will be given. Here, the results are compared with those on other
systems and, in a qualitative way, with thecretical tremnds predicted by
" the models of Hesselink (2) and Van der Schee (3,8).

Substantial adsorption of PSS on POM crystals occura onmly in the
presence of high NaCl concentrations, and the measured isotherms are
rounded., These features indicate weak surface-polyelectrolyte
interaction. We also measured a few isotherms on hematite, possessing a
a high-energetic, positively charged surface. With this adsorbent,
adsorption readily occurs at low donic strength, and high-affinity
igotherms were obtained even at high salt concentration. Apparently,
the affinity of the surface for the polyelectrolyte determines to a
large extent both the amount adsorbed and the shape of the adsorption
isotherm. In the case of POM, the affinity is only due to a weak
non-electrostatic interaction, whereas for hematite it is made wup of
strong non-electrostatic and electrostatic contributions.
Interpretation of literature data on various systems confirma that the
magnitude of direct non-electrostatic surface-polyelectrolyte
interactions determinea +the adsorption characteristics to &a large
extent. Not only the shape of the isotherms, but also the dependence of
the adsorbed amount on molecular weight and on icnic strength appears to

be correlated with the strength of theae interactions.
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Materials and methods

For the preparation of a large batch of POM crystals we followed a
method described elsewkere (10). The specific surface ares in water,
determined from the adsorption plateaw of the nonionic surfactant XNP30
(CyH, =0 H,-0-[C,H,0], -K) (10), was €0 n/g.

The hematite sol was taken from a batch prepared by Breeuwsma and
Lyklema (12). The specific surface area is 31 m2/g and the pH of the
point of zero charge 8.5. At meutrsl pH hematite forms a =table,

positively charged sol.

' M (ke/mole) | 1.6T a7l 6.5 1671 31 188 ! 177 | 354 | 690 | 10607!

Table I: Molecular weighta of NaPSS samples ex Pressure Chemical Co.
The values indicated do not include the Na™ counterion; unreliable

samples {see text) are marked with T.

Ten samples of homodisperse NaPSS were obtained from Pressure
Chemical Co. {table I). We characterized these samples by elemental
analysis, UV spectroscopy and viscometry. The results have Dbeen
reported extensively elsewhere (11). Here we vrepeat only the main
conclusions. TFor all samples but one (M = 16 kg/mole) the degree of
sulfonation did not differ significantly from 100 %. We measured the
monomolar extinction coefficients € of PS5 solutions at 226 nm and
263 nm. These should be independent of chain length. However, for the
four low mclecular weight samples (M = 1.6, 4, 6.5 and 16 kg/mole) and
for the  highest molecular weight (M = 1060 kg/mole) £ deviated
significantly from the values €y, = 1.16 % 10 W lem™!  and
€6y 423 M lcn! found with the other samples. Intrinsic viscosities
of all samples were measured in 0.5 M NaCl. From g plet of log [n] VS,
log M it appeared that the results with seven of these conform tc the
Mark-Houwink equation [n] = K.M? with K = 1.087 g/e and a = 0.764,
Seriocus deviations from linearity were found with M = 1.6 kg/mcle and
4 ke/mole ([n] too high} and with M = 1060 kg/mole ([n] considerably
lower than expected). From these results we conclude that only five

samples are sufficiently reliable. The other five (indicated in table I
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by t) are to some extent suspect on account of deviating chemicel,
spectroscopic and/or viscometric properties. Although some adscrption
experiments have been carried out with these semples, we do not trust
the results fully.

The =adsorbed amount was measured by the depletion method.
Experiments were carried out at mneutral pH, in centrifuge tubes that
could be fitted with a screw-cap. The required amounts of water, NaCl
solution, PSS solution and POM suspensicn or hematite sol were added by
means of automatic pipettes. The accuracy of these pipettes is only of
the order of 1 %, and even worse for the more viscous PSS atock
solutions, the POM suspension and the hematite sol. 1In order to improve
the accuracy, the tubes were weighed after eech volumetric addition. In
this way the added volumes are known with a meximum accuracy of the
order of 0.5 ul, instead of 5 ul. Sampling of POM crystals was
accomplished by withdrawing a volume from a stirred suspension. This
was necessary because of the sedimentation of the crystals. The POM
content did never differ more than 5 % from the average. Moreover,
these deviations could mainly be attributed to weighing errors, because
the amount of adsorbent in each sample was only 10 ng. Reproducible
hematite =samples could be taken without stirring because it is a stable
sol. The dry weight of the POM suspension and the hematite =0l were
measured in separate experiments. Equilibration, et 20 °C on a rotating
wheel, %ook one day with hematite and five days with POM as adscrbent.
The adsorbent was separated from the supernatant by centrifugation.
Initial and final PSS concentrations were determined from the extinction
at 226 nm, and the adsorbed amount was calculated from the material
balance.

For desorption experiments the sedimented POM crystals were
resuspended in a soclution of lower salt concentration. We assumed that
the available surface area did not diminish appreciably by this
procedure. The results presented in the following section {fig. 2)
support this assumption. After equilibration for another five days and
centrifugation, the concentration of PSS in the supernatant was measured
again.

The apparent molar volume of the PS5 monomer is given by Boyd (13)
as 112 ml/menomole. Using this conversion factor we express all PSS

concentrations in ppm {v/v).
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Heanlts and discussion

In this section we shall first discuss the time dJdependence and
reversibility of PSS adsorption on POM crystals. Subsequently,
adsorption isotherms are presented and compared with literature data.
Then we consider in more detail the dependence of adsorption on the
molecular weight of the adsorbate, and finally the ionic strength

dependence of the adsorption is examined.

60} x10°5 monamole g
sol ”ﬂ’f’,wﬂ-hﬁ"‘;?:;ji;;—° Figure 1: Adsorbed amount as a
r e function of equilibration time,
for PSS of molecular weight
“0r 177 kg/mole on POM, at three
NaCl concentrations. The
3ok adsorbed amount is expressed in
monomoles/g. The initial PSS
2l concentrations and those finally
o . MOSM o left in sclution were 37 ppm and
,a/b/ﬂ'-o " 28 ppm at 0.53 M NaCl, 74 ppn
10 o 0S3M o and 55 ppm at 1.05 ¥ NaCl and
o an 148 ppm  and 88 ppm at 2.1 M
1 I 1 NaCl.
Q 50 100 time 150 h :
General

The first aspect to be studied in adsorption experiments is the
time necessary to establish equilibrium. In fig. 1 we present the
increase of the adsorbed amount with time for PSS of molecular weight
177 kg/mole, at three ionic strengths. In these experiments the initial
concentration of PSS was kept conatant for each curve. Adsorption
increages during about 100 hrs; only at still longer +times is a

constant adsorption level <reached. The slow establishment of
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equilibtrium may be due to slow reorientation of the flexible POM
platelets upon formation of an adsorption layer. We discussed this
matter before (10) and corroborated our conclusior by noting that PSS
was found to form thick edsorption layers on platinum, between 20 nm and
80 nm {6). In order to accomodate such thick adsorption layers,
extensive reorientation of the crystala would be required. NP30 and
albumin, on the other hand, reach the maximum adsorption level on POM
crystals within a day. This correlates with +the fact +that for NP30
thick adsorption layers are not expected, whereas the adsorbed layer
thickness of albumin {on chromium and polystyrene, respectively) is
sbout 2 nm (14,15). Apparently, the surface of crystals suspended in
water is sufficiently exposed to allow the quick formation of such thin
adsorption layers. We conclude that the slow progress of PSS adsorption
cn POM crystals may be explained in a physically realistic way.
Clearly, it takes about 100 hrs. +to establish adsorption eguilibrium
(fig. 1). We adopted a period of five days as the standard

equilibration time in further adsorption experiments with POM crystals.

Figure 2: Desorption of PSS
(M = 690 kg/mole) from POM
crystals by decreasing the iomic

60F %10 monomole /g

"t strength. Initial equilibration
40 occurred at 2.5 M NaCl, and
desorption was accomplished by

20 dilution with water or dilute
NaCl solution. Results of

0 ; é . ; V direct adsorption experiments

are given for comparison.

We checked the reversibility of the adsorption process in a
desorption experiment with the sample of M = 690 kg/mole. After initial
egullibration in the presence of 2.5 M NaCl, centrifugation and sampling
of the supernatant, the crystals were resuspended in NaCl solutions of
lower concentrations, viz., 0.5 M, 1.C M and 2.2 M, respectively. In
fig. 2 the adsorbed amcunt left on the ¢rystals is compared with the
results of direct adsorption experiments, both as a function of the salt

concentration. At 2.2 M NaCl there is no significant difference,
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whereas at the two lowest salt concentrations well over BO $ of the
expected desorption actually takes place. The incomplete desorpticn at
twe NaCl concentrations might be &  consequence of  incomplete
resuspension of +the crystals. However, it could also be due to errors
in the concentration determination. In adsorption experiments an error
of 10 % in +the adsorbed amount is often unavoidable. Desorption
measurements are two-stage experiments, and therefore an error of 20 §
in the amount desorbed from +the surface is possible. Another
complication may arise from the fact that desorption is a very slow
process. Van der Schee (3) reports that for the Agl - polylysine system
desorption takes well over five days, whereas adsorption equilibrium is
established in one day. In view of these arguments we conclude that
incomplete resuspension is not necessarily responsible for  the
difference between adsorption and desorption in fié. 2. The other
explanaticons could well account for the incomplete desorption. In any
case, the adsorption of PSS onto POM crystals may be considered to be

virtually reversible.

20 10> monomole / 9

15 A/ M:GSO kg imole
//’

-]
or T

5 _A%rgrp‘“’3‘ Figure 3: Adsorption  isotherms

FAr,D’"rfﬁ of PSS on POK crystals, in the
1

presence of 0.55 M Nall, for

1 3 three molecular weights.

0 % 50 75 100ppm
9,
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Adsorption isotherms

In figs. 3, 4 and 5 we present adsorpticn isotherms of PS5 on POM
single crystals, for three molecular weights and at three different NaCl

concentrations.

10t g
Figure 4: Adsorpticn isotherms
L L i at 1.04 M NaCl.
0 100 200 " 300 ppm

*

Note the different ordinate scales in these three figures. Obviously,
the ad sorbed agount not only increases with polyelectrolyte
concentration and molecular weight, but alsce with ionic strength.
Substantial adsorption does mnot occur for salt concentrations below
0.5 M, and all isotherms are of the low affinity type. Similar results
were obtained by Marra et al. {B), for PSS (from the same supplier) on
preheated silica, at comparable salt concentrations. Apparently, in
beth systems the adscorbent-adsorbate interaction is weak, and the mutual
repulsion between charged segments at low salt concentrations
effectively counteracts the adsorption forces. Significant adsorption
occurs only when the segmental charges are effectively screened, at high
salt concentration.

One would expect, therefore, that for systems with high affinity
between segments and substrate the isotherms are less rounded. We
checked this for the high-energetic, positively charged hematite

gurface. The adsorption of PSS (M = 690 kg/mole) was again measured in
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Figure 5: Adsorption  isotherms
" L 1 at 2.18 M NaCl.
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the presence of NaCl, at high and low ionie strength. In the latter
case, the sum of NaCl and (initial) PSS concentration was kept constant
along the isotherm (iscionic conditions). Keeping the concentration of
NaCl constant at a level of C.01 M would lead to variations in the ionic
strength of up to 30 %, due to the contribution of the PSS itself. In
fig. 6 +two adsorption isotherms on hematite are given. In both cases
high-affinity isotherms are chbtained. The adsorbed amount is highest at
1 M NaCl. At this salt concentration, the non-electrostatic interaction
probably dominates the affinity between surface and polyelectroiyte. Cn
the other hand, at low ionic strength the electirostatic contribution
becomes more important. Yet the adsorbed asmount is lower than at high
ionic strength, because diminished screening of the polyelectrolyte
charges results in enhanced segment-segment repulsion. Apparently,
strong adsorbent-adsorbate interactions, whether of electrostatic or of
non-electrostatic nature, give rise to high-affinity isotherms.
Literature datas on polyelectrclyte adsorption onto high-energy surfaces,
that carry a charge of opposite sign to that of the polyelectrolyte,
corroborate the results found for hematite. Takahashi et al. (6) give

adsorption isotherms for PSS {from the same source as ours) on platinum,



at NaCl concentrations as low as 0.1 M. Peyser and Ullmann report

polyvinyl pyridine to adsorb readily onto silicate glass at the same
ionic strength (0.1 M HCL} (4). Adscrption measurements by Van der
Schee and Lyklema (5), with positively charged peolylysine on negative
Agl, were carried out at 0.01 M HNO, , whereas Adam and Robb {7) =dsorbed
PSS (same manufacturer as ours) onto CaCC, from pure water. All these
isotherms are of the high affinity type. Moreover, in line with our
results on hematite (fig. 6}, both on silicate glass (4) and on CaC04
(7) high-affinity isotherms are found at high ionic stremgth (0.9 M HC1
and 0.5 M NaCl, respectively). This indicates that alsc in these
systems the electrostatic contribution +to the adsorbent-adsorbate

affinity is augmented by a significant non-electrostatic term.

20} x10-° monomote ‘g
r
1M NaCl
.-—o""'-_-o_-o—_
15/
10} Figure 6: Adsorption isotherms
[Na'] =0.01m of P38 (M = 690 kg/mole) on
‘:',.-|:r--'-"='""“"'_'n"-_':'_—:I hematite, at icmic strength
/n-"
sf 0.001 M (pH =6.2) and 1M
(pH = 6,.6). The curve at 0.01 M
applies to isoionic conditions
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Theoretical calculations according to the models of Hesselink (2)
and Van der Schee (3,8)  confirm the important Trole of salt
concentration, surface charge and adsorption energy in <the =adsorption
process. However, theoretical isotherms are always of the high affinity
type. The models do not predict the rather strong concentration
dependence found for the PCM-PSS system (fig. 3, 4, 5) and for the
silica-PSS system (8).
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An alternative explanation for rounded isotherms could possibly be
related to hetercdispersity of the adsorbate. It has been shown that
for heterodisperse polymer the shape of the isotherm is influenced by
the displacement of short chains by larger cnes. Our PSS samples,
though, are warranied as GPC standards. Therefore, heterodispersity
does not seem a likely explanation for the low affinity isotherms found
on POM and =silica. Moreover, with heterodisperse polyelectrolyte
high-affinity isotherms are sometimes also found. This was demonstrated
by Adam and Robb (7) with a heterodisperse PSS sample on CaCO.
Apparently, with polyelectrolytes high affinity isotherms are measured
irrespective of the H“/Mn ratio, provided the surface-adsorbate

interaction is strong enough.
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Adsorption as a function of molecular weight

In the discussion of figs. 3%, 4 and 5 it was already mentioned that
adsorption of PSS on PCM crystals depends strongly on the melecular
weight of the adsorbate. We checked this aspect in more detail and

measured the adsorbed amount of ten PS5 samples at a constant
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equilibrium concentration (67 ppm} for three ionic strengths. The
results &are collected in fig. 7. The adsorbed amcunt at the reguired
bulk concentration was determined by interpolation from five
experimental points of the isotherm, Each point in fig. 7 represents
the average of at least two, but usually more of such determinations.
Fig. 7 also contains results for the PSS samples that were considered
unreliable on the basis of characteristics measured with elemental
analysis, UV spectroscopy and viscometry. The uncertain parts of the
curves in fig. 7 are dashed. The unrealistic low intrinsic viscosity
found for +the sample of nominal M = 1060 kg/mole is reflected in the
adsorbed amount which is, at any ionic strength, smaller than that for
M = 690 kg/mole. For the samples with M between 3t kg/mole and
690 kg/mole the adsorbed amount increases roughly linearly with log M.
For the 1lower molecular weights +the dependency seems to be weaker.
However, we do not want to aseribe too much importance +to +this last
conclusiogn, in view of the uncertainties about these low M samples.
Thus only data obtained with the five samples of M Ybetween 31 kg/mole
and 690 kg/mole will permit straightforward interpretation. These
results are confirmed by measurements of Marra et al. (8). For the
adsorpticn of PS5 (31 kg/mole € M £ 354 kg/mole) on preheated silica,
these authors alsc reported a strong, more or less linear dependence
upon locg M.

The strong increase of adsorption with molecular weight is another
indication of a relatively weak adsorbent-adsorbate interaction. If
energetic effects are small, +the adsorption entropy determines the
adsorption to a large extent, and many segments will be present in loops
and tails. This is a well-known situation for uncharged polymers (1).
Varjations in adsorption entropy, due to differences in chain length,
wiil then affect the adsorbed amount largely. Van der Schee and Lyklema
(5} and Tekahashi et al. (6) report data on the molecular weight
dependence of the adsorption on AgI and platinum, respectively. From
these results not only the high affinity character of the isotherms is
evident, but alsc the near invariance of the results with molecular
weight. The 1latter feature, in particular, indicates that the surface
plays a dominant role in the adsorption process. Probably, in -
Van der Schee's and Takahashi's systems most segments of the adsorbed

polymer chain are in direct contact with the adsorbent. In that case,
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variations in adsorpticen entropy arising from differences in chain
length would only be of secondary importance. The data of Adam and Robb
(7) give no useful information on the molecular weight dependence of the
adsorption on Caco3. The porosity of thé adsorbent will favour
adgorption of shorter molecules, that penetrate more easily into the
narrow pores. Kinetic effects can therefore not be excluded.

When the surface is uncharged, Hesselink's theory {2) predicts a
strong increase of adsorption with molecular weight. From the tabulated
results an approximately linear dependence of adsorption on ¥M can be
inferred. Calculations by Marra et al. (B), using Van der Schee's
model (3), yield a linear relationship between adsorbed amount and
log M. Hence, both theories corroborate the strong dependence of
adsorption on molecular weight +that is experimentally obtained for
uncharged, low-energy surfaces at high ionic strength. In effect, under
these conditions the molecular weight dependence of polyelectrolyte
adgorption theories resembles that of the parent models for uncharged
pelymers; Hesselink's theory is based on Hoeve's model, predicting a
' asquare root dependence of adsorption on chain length, and that of
Van der Schee wuses the Roe theory, giving approximately a linear
relation between adsorbed amount and log M (1). With Van der Schee's
model, the near-invariance of adsorption with molecular weight on
high-energy surfaces that are oppositely charged to the polyelectrolyte
is also found (3}.

Adsorption as a function of ionic strength

The influence of the salt concentration upon the adsorption of PSS
onto POM crystals was already shown in the previous figures. More
detailed results are presented in fig. 8, in which the experimental
points (st a constant polyelectrolyte concentration of 67 ppm) were
determined in the same way as those of fig. 7. Obviously, a roughly
linear relationship exists between  adsorbed amount and NaCl
concentration, as a result of enhanced screening of segment-segment
electrostatic repulsion by the indifferent electrolyte. These results
may be compared with literature data. With PSS on preheated silica

Marra et al. (8} found the same trend of adsorbed amount increasing
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linearly with ionic strength., On the cther hand, for PSS on platinum
(6) and polylysine on Agl (3), the effect of salt concentration ¢_ is
much smaller: for PSS on platinum the adsorption is linear in fcs, for
polylysine on Agl +the adscrbed amount is proportional to ics. The
weaker dependence of adsorption upon ionic strength for these surfaces
can be explained as a consequence of two counteracting effects of the
indifferent electrolyte. Screening of the surface and the segmental
charges will diminish both the mutual repulsion of charged monomers and
the attraction between segments and surface. Adsorption is enhanced by
the first effect, whereas the second one works in the opposite direction
(slthough the effect is small if the adsorption energy is high enough).
The difference in 1icmic strength dependence of the adsorption on Agl
(3,5) and platinum (6), a= compared to POM (fig. 8) and silica {8), may
thus be explained by +the presence or absence of a surface charge,
leading to a high affinity. Hence, these experiments once more indicate
the profound effects of an electrestatic contribution to
adsorbent-adsorbate affinity in polyelectrolyte adscrption. In the
results of Peyser and Ullmann (4) the ionic strength effect cannot be

interpreted unambiguously, because the added electrolyte, HCl, will
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influence the charge density of the glass surface emplayed.

Hesselink (2) tabulated theoretical data based or his model for the
adsorption of polyelectrolytes, at two different ionic strengths. For
an uncharged surface the adsorbed amocunt was found to increase strongly
with +the salt concentration, whereas the dependence became much weaker
if the surface carried an oppocsite charge. These results are
corroborated qualitatively by Van der Schee's model (3,8). On an
uncharged, low-energy surface a linear relationship between adsorption
and ionic strength was established (8). A much weaker dependence is
predicted for a high-energetic, oppositely charged surface (3). In a
general sense, the results with both medels agree with our experiments
and with the literature data discussed above.

Conclusions

Substantial adsorption of PSS on POM single crystals occurs anly at
high =salt concentrations. The adsorption is characterized by
low-affinity isotherms and an approximately linear dependence on log M
and on NaCl concentration. These festures are characteristic for
adsorption on uncharged, low energy surfaces and were elso reported by
Marra et al. (8) for PSS on preheated silica. With high energy
surfaces that have a charge which is opposite in sign to that of the
adsorbate, such as hematite, silicate glass, AgIl, platinum and CaCO3,
always high affinity isotherms are found. Moreover, for the latter
surfaces the dependence of adsorption upon molecular weight and salt
concentration is much weaker than in case of an uncharged low-energy
surface.

The different behaviour on the +two +types of surfaces can be
explained qualitatively in terms of the difference in
adsorbent-adsorbate affinity {including electrostatic terms). With a
high-energy, oppositely charged adsorbent, most segments lie flat on the
surface. The strong interaction between surface and polyelectrclyte
segments dominates the adscorption free energy and variations in the
polyelectrolyte concentration, molecular weight and ionic strength are
only of secondary importance. In the other case, when the attraction of

the surface for the polyelectrolyte segments is weak, many gsegments will
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be present in loops and tails. Entropic terms then dominate the
adsorption free energy, and a much stronger dependence of the adsorption

upon the sxperimental variables mentioned above is expected.
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CHAPTER 5

Polyelectrolyte Adsorption
I. a New Lattice Theory

Introduction

Upon adsorption from solution, the conformation of chain molecules
changes  drastically. This  conformational transition contributes
significantly to the free energy and should be taken into account
explicitly in any adsorption theory. For adscrption of uncharged
polymers, several models have been proposed in the litersture. A
comprehensive review is given by Fleer and Lyklema (1}. Adsorption of
flexible polyelectrolytes has much in common with adsorption of
uncharged polymers. However, +there &also exist distinct differences.
The most prominent one is the occurrence of long range electrostatic
interactions whereas for uncharged pelymers only nearest-neighbour
interactions play & role.

From any of the meodels for wuncharged polymer a theory for
polyelectrolyte adsorption may be developed by incorporating the
electrostatic free energy AF, in the partition function of the system.
The usual procedure is to consider the total energy of the system as the
sum of a non-electrostatic term (which is assumed to be unaffected by
the presence of charges) and AF,. About ten years ago, Hesselink (2,3)
developed the first primitive model by extending Hoeve's theory (4) for
the adsorption of uncharged polymers. Very recently, Van der Schee and
Lyklema (5,6) presented a more elaborate model, based on the Ilattice
theory of Roe (7). We start with a short summary of Hesselink's theory,
after which a discussion is given of the new lattice theory.

Some of the predictions of these thecries have been published. TFor
example, theoretical isotherms have always a high affinity character.
The molecular weight dependence is weak &t low ionic strength on a
nigh-energy surface carrying a charge of opposite sign to that of the

polyelectrolyte. COn the other hand, on uncharged, low-energy surfaces
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at high ionie strength the adsorbed amount increasea rather strongly
with molecular weight. The same trend is found with respect to the
ionic strength dependence: on low-energy surfaces the effect of
indifferent electrolyte concentratioen is much stronger than on
high-energy surfaces. However, a systematic study of the effects of
ionic wetrength, surface charge, chain length, ‘non-electrostatic
surface-segment and segment-sclvent interactions has, so far, not been
reported.

In this paper we present systematic calculations based on the new
lattice theory. To +this end, the model was extended to account for a
charge-free Stern layer adjacent to the surface. We find that the
adsorption behaviour is determined firet of all by the ionic strength.
The non-electrostatic surface-polyelectrolyte interaction is a second
important variable, whereas the non-electrostatic segment-solvent
interaction and the chain length only play a role at high salt
concentration. The polyelectrolyte concentration has hardly any
influence at all. On charged adsorbents, we have the intrinsic surface
charge as an additional parameter. When the surface and the
polyelectrolyte are oppositely charged and when the adsorption is well
below monolayer coversge, each additionsl elementary charge on the
surface results in additional adsorption of one gegment (for a
polyelectrolyte with univalent charge—groupa). Apparently, under these
conditions, the effects due to the mechanism of charge compensation and

to the other adsorptive forces are additional.
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Models for polyelectrolyte adsarption

Generally, an adecrbed chain can be considered as a sequence of
alternating trains (in which all segments sre in direct contact with the
surface) and loops consisting of non-adsorbed segments. The segments at
either end of the molecule may form free dangling tails. In fig. t, a
conformation of an adsorbed chain in a lattice model is given
schematically. In a system with mutually interacting polymer chains,
neglect of end effects (tails) greatly simplifies the statistical
treatment of polymer adsorption. For this case, only the theory of
Scheutjens and Fleer {8) accounts fully for conformatioms in which tails
occur. Unfortunetely, the numerical complications arising with this
modél are considerable, especially if electrostatic terms are included.
Tails are neglected in the polymer adsorption theories that are used in
the present paper as parent models in the analysis of polyelectirolyte
adsoption. In these models the adsorbed layer is assumed to consist of
loops and trains only.

Characteristic parameters of the adsorption layer, e.g., adsorbed

amount &nd layer thickness, follow from the partition function Q. In

. general, Q contains a permutation factor accounting for the possible

chain conformations {conformational entropy) as well as energy
contributions. Electrostatic effects are incorporated by adding the
electrostatic free energy AF; (with respect to a suitable reference
state} to the non-electrostatic term AF,. which follows from the parent
model for uncharged polymer:

AFy = AFpe + AFg (11

AF, 1is obtained from the electrical potential y(x) in the system (x
being the distance to the surface} by means of a charging process (9).
Hence, the first step in any analysis should be the evaluation of such a

potential function.
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Hesselink's model

Heaselink incorporates electrostatic interactions in Hoeve's model
for adeorption of uncharged, flexible polymers. Hoeve's analysis (4)
can be summarized as follows. The starting point is +the opartition
function q of an isclated chain at an interface, which contains the
adsorption energy and is a funciion of the average bound fraction p.
The ‘excluded volume of loop segments is neglected. For a system of n
chains, of which n. are adsorbed and n, are free in solution the

canonical partition funection Q@ can be written as:

Q= nU},:n* ﬂ(nc,p}exp[-AFm(nc,p)/kT] [2]
where the factor Q(nu,p) accounta for the number of ways in which ng
adsorbed molecules {each with partition function ¢) and n, molecules in
solution can be arranged. 0 contains q and is, therefore, a function of
P It is not a purely entropical factor because of the adsorption
" energy terms in q. The exponent in the Boltgmann factor represents the
free energy of mixing of segments and solvent molecules, but not the
adsorption energy. Using the Flory-Huggins theory (10), Hoeve evaluates
AF, by assuming an exponential segment concentration profile in the loop
layer. The gummation in egq. [2] extends over all posaible combinations
of n, and n,, under the constraint that ng + n, is constant.

Hesselink (2,3) introduces the electrostatic contribution AF, to
the adsorption free energy in Hoeve's partition function. AF, is
evaluated from the potential function ¢(x). For the purpese of
calculating Y{x) Hesselink assumes & step function for the volume

fraction ¢ of segments as a function of x:

= ¢¢ = PrnOVO/Aro 0 = x £ Ty
= ¢; = {(1-plrnyv, /At ) r, € x % ttrg 3]
=0 x > t+r

[+]

where r is the number of segments in the polyelectrolyte chain, v, the
segmental volume, t the thickness of the loop layer, r, the thickness of
the layer of adsorbed trains, ¢, the volume fraction of segments in the
train layer and A the surface area. The average segment volume fraction

in the loop layer, ¢; , is assumed to be identical to that in a
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polyelectrolyte coil in solution according to the Hermans-Overbeek model
(11). Usually, this volume fraction is very low and, consequently,
irreslistically high values may be found for the layer thickness t at a
given gmount adsorbed. The use of & step function for the loop layer
implies a uniform loop size and constitutes a serious limitation on
Hoeve's statistical treatment. Hesselink now proceeds by situating the
surface at x = r,, and combines the train charges with the intrinsie
surface charge into one overall charge density o¢,. The bulk solution is
assumed to be dilute in polyelectrolyte and the segment-free solution
between the coils is taken as the reference phase for -the potential. If
the potentimls remain below 50 mV, the Debye-Hiickel {DH} approximation

may be applied to find the expression for y(x) (2,3):

Vix) = yoexpl-cix-ry)} +
- Igggl-[exp(—Kt)sinh{K(x-ro)} +
exdv, (]
+ exp{-k(x-ry)} - 1] I, < % 5 t4r,
Yix) = p(t+r yexpl-c{x-t-ry } x > terg

In this equation y, is the potentisl at x = r,, 1 the valency of a
polyelectrolyte gegment (including the sign), o the degree of
dissociation of the segments, & the proton charge and e the dielectiric
permittivity, considered +to be constant throughout the system. The

reciprocal thickness of the electical double-layer, k, is given by:

k? = 2nie2/€kT [5]1
with n_ the number concentration of positive or negative small ions in
the b;lk golution, in between the polyelectrolyte coils. AF_. is
calculated from W(x) via a charging process (9}; procedure and outcome
are given by Hesselink (2,3).

The resulting expression for AF, is now substituted inte the
partition function Q (eq. [2]), replacing AF, by AF + AF,. Hesselink's
expression for AF, is slightly modified as compared to the one given by
-Hoeve, due to the assumption of a step function for the segment
concentration profile (eq. [3]3. Taking into account that
n, +n,= constant, Q is simultaneously maximized with respect to ng; and
p (81nQ/én, = O and &1n@/8p = 0). This results in the equation for the

adsorption isotherm:
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1] [6]

9= ¢ + th /T, = tpexplrin + In(1-pB) + 2xpd -

which is implicit in 6, the number of segments adsorbed per surface
site. In this equation, ¢, represents the volume fraction of
polyelectrolyte in the bulk sclution. In the expconent,. the first three
terms arise from non-electreatatic contributions in the model. The
parameter n ia a measure for +the non-electrostatic affinity between
surface and adsorbate (see also eq. (9], below) and X is the
Flory-Huggins interaction parameter {10). The last term expresses the
electrostatic effects, cg being the overall charge demsity in the first
layer due to the combined effect of intrinsic surface charge (Uo) and
trains (taepd).

Results obtained from Hesselink's adsarption equation {eq. [6]) for
negatively charged, univalent, strong polyelectrolyte (t= -1, a = 1)
have been presented by the auther {(3). Adsorption isctherms for long
chaing are always of the high-affinity type. Tabulated results for an
uncharged surface indicate a linear dependence of adsorption on vr.
This is a typical feature of Hoeve's parent model, preserved despite the
simplification introduced by Hesselink. The slope of a plot of 6
against ¥r decreases with increasing non-electrostatic affinity of the
surface for the adsorbate. However, no results were given for the
molecular weight dependence on a positive surface. The effect of
variations in the ionic stremngth is weaker in the case of strong
adsorbent-adsorbate affinity, bath for non-electrostatic interactions,
represented by n, and for electrostatic interactions due to the presence
of a pogitive intrinsic surface charge.

For the +thickness t of the adsorbed Ilayer Hesselink obtains
unrealistically large values, of +the order of 10 um. This is a

consequence of the simplification introduced with eg. [3].

A new lattice model

Our approach is baged on Roe's 1lattice medel for adsorption of
uncharged polymer (7). If z is the coordination number of the lattice,

each site has Aoz neighbours in the same layer and Az in  each of the
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adjacent layers (Xg+ 23, = 1). The layers are numbered i = 1,2,...,m
where i = 1 is the layer adjacent to the surface. The distance between
the lattice layers equals Ty and a lattice site has an area rg. When
adsorption occurs, the segmental concentration is highest in layer 1
vhereas in layer m+l, m+2, etc. it equals the bulk concentration. 1In
each layer parsllel to the surface we aggume random mixing (mean field
approximation). The volume fraction of pegments in layer i is indicated
by ¢j. The general expression for the (maximum term of the) partition
function Q is:

0 = 2io; Dexpl-aF  ({6; 1) /kT] (71

where {{¢il) is the number of ways in which a segment concentration
profile {¢i§ with ({free) energy AF. can be obteipned. In contrast to
Hoeve's model, Q is a purely combinatorial factor répresenting the
conformational entropy and the entropy of mixing of segments and
solvent. AF. contains the adsorpiion energy, the contact (free) energy
" of segments and solvent and, for polyelectrelytes, the electrostatic
free energy A¥, as independent terms. The contribution of each polymer
segment to by is assumed to be independent of ita position along the
chain (e.g., in the middle part or near one of the ends). This
assumption is equivalent to the neglect of tails (1,8). Contrary to
Hoeve (4), Roe (7) considers an open system with the chemical potentials
in the bulk solution constant. The partition function Q iz maximized
with respect to ¢, to give the equilibrium segment concentration profile
[¢i]. For the case that AF, = 0, the resulting equation was given by
Roe (eq. [29] of ref. (7)). Adding a term 68F,/8¢; to the result, we

can write:

sar. ({e; b
Terg, A0+ (g0 6y ¢

In{¢a/(1=43} + Inl(1-9,)/b;} + (8]

(1-1/E) [In(<d,>/95) + <pi/<d;>> - 1] = 0 (i=1,2,...,m

In this equation 6; ; is the Kronecker delta (61 g =1fori=1 and O
’ r
for i #1) and Xg a dimensionless adsorption energy parameter, related

to Hesselink's adsorption energy parameter n by:
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n=Xg = Xsc [2]

where x.. is the eritical adsorption energy parameter, defined as
Xge= —1n(1-11) {7,8). The angular brackets denote averages over the

layers i-1, i and i*1. For example, <¢;,> is given by:

<¢i> = l1¢i—1 + k0¢i + A1¢i+1 [10]

and <¢i/<¢i>> is a similar average of ¢if<¢i>. For wuncharged polymers
the electrostatic term vanighes and the segment prefile [¢i} is obtained
as the sclution of the m simultaneous equations as given in [8].

For polyelectrolyte adserption, we have +to find first  the
electrostatic term AF, as a function of {¢i]. It is calculated assuming
that the segmental charges may be considered to be smeared out in planes
parallel to the surface, through the centers of the lattice cells {plane
charges). The distribution of the small ions, considered as point
" charges, is governed by the potential due to the charged planes and the
surface charge.

In fig. 2 we give a schematic representation of the potential profile
for a negatively charged polyelectrolyte, near a positive surface and in
the bulk solution. If the potential distribution in the system is
known, AF, follows from a charging process (9). We first evaluate the
contribution AFéi) due to only the polyelectrclyte charges in layer i.
To this end we envisage & charging process, in which charged segments

are transferred from the bulk solution to layer i (5):

o5 51
iy . 2 [
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The first term on the right hand side represents the charging of layer i
and the second one stands for the de-charging of a bulk layer. We
consider an open system and therefore the potential ,, at the position
of plane charge in the ©bulk solution, remains constsnt during the
process. Eq. [11] representa the charging of plane i, starting from the
plane charge density in the bulk, v, , to the final value v¢;. o, and o

are defined as:
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Cx = Tue¢,/rg

[12]
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Figure 2: Schematic potential profile for a negatively charged
polyelectrolyte near a positive surface (layer i = 1, 2, ..., m), and in
the bulk solution (layer i = m+1, m+2, +s++). The distance between the
lattice layers equals 1. Adjacent to the surface a Stern layer of

thickness r, = r /4 is assumed.

At any moment during the charging process, the plane charge density and

the potential at the position x = x; of plane i are given by ¢' and L

respectively. The final values are o; and ¢;. ¢; corresponds to the
pesk in fig. 2 at distance x = x; from the surface, at the centre of
layer i. Note that AF, as given in [11] is expressed per surface

gite, with area The free energy is an additive quantity, and

o"
therefore [11] nay be generalized for m lattice layers. By combining

the integrals we obtain:
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Oi
m
tp, = £ f Wl - ¥, de" [13]
i=1 g,

According to eq. [8], we do not need AF, itself, but only the derivative
54Fg/6¢4. With [12] we nhave 64F./6¢; = (rae/r2)6aF./éo; . Hence:

SOF/8¢; = Toe{ly - ) (i=1,2,...,m [14]

which may be inserted into eq. [8]. The only remaining problem is to
find the potential profile [wi} (the peak values in fig. 2), given the
segment concentration profile {¢i}.

We congider the potentiel in an array of plane charges (fig. 2).
First we have to define a suitable reference state. An obvious choice
would be a polyelectrolyte-free =salt{ sclution separated from the
polyelectrolyte system by a membrane. In such a solution the potential
is zero by definition. However, the salt concentration in it is related
" to the composition of the polyelectrolyte solution, through a Donnan
equilibrium, and therefore unknown & priocri. We choose the reference
potentisl at some position in the bulk polyelectrclyte solution. In a
lattice model, this bulk solution conasists necessarily alse of lattice
layers in which the potential and the concentrations of =small ions vary
periodically (see fig. 2). Adsorption experiments sre usually carried
out at polyelectrolyte concentrations in the bulk solution that are
below 1000 ppm (v/v). This implies low plane charge densities o, =and,
consequently, low potentials. By application of the DH approximation in
the lattice model for the bulk sclution it can Dbe shown that the
positive and the negative small ions {including those originating from
the polyelectrolyte) are at their stoichiometric concentrations at a
potential ¥ that is given by {5):

¥ = o, /ex’ry [15]

¥ as calculated from eq. [15] is some average of the periodic potential
function in the bulk splution (fig. 2). We take E as the reference
potential. The recipreccal shielding lemgth « in [15] is defined as a

function of stoichiometric concentrations (n,, n_) of small iomns:
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«? = (o, + n.)e’/ekT [16]

Thigs expression for «k differs from that in eq. [5], as the latter is
given in terms of the concentration of the added indifferent electrolyte
only, not including the counterions of the polyelectrolyte.

Having defined the reference potentiasl, we can immediately write
down the Poisson-Boltzmann (PB) equation for the potentisl ¢(x) at a

distance x from the surface:

Aty (xy/ax? = =2 [0 expli-e (y(x) -9} /kT} +
e (171
- n_exple (¥ (x}-$) /kT}]

In the case of high potentials {(occurring locally at low iomic strength)
eq. [17] must be solved for y{x) by numerical integration. In many
cases, especially for high salt concentrations, the potential remains
1ow4 throughout the system and an analytical solution of [17] can be
obtained using the DH approximation. Linearization of the PB equation
[17] and substitution of ¢ {eq. [15]), with the expression for x given
in [16], vields (5):

a2y (x) /ax” = <2 (x) 18]

This simple form, in which ¥, o, nor r, occur explicitly, is obtained by
virtue of the choice for the reference state. If only one charged plane
would be present at x = x4, solution of eq. [18] using the appropriate
boundary conditions at x = 0, x = x4 and x = =, yields:

Wix) = Eﬁ%-[exp(—xlx—le) + exp{—m{x+xj)}] [19)

The second term on the right hand side of eq. [19] may be regarded to

represent the effect of image charges. If the surface charge o, is zero

Q
the potentiml at the planes {at x = ir,) follows by summing the

contributions due to all plane charges in the system:
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¥

g.
g 1 - _ - i4—
jEI Tre [exp( KI0|i jly + expf Kr,(i+j-1)}] [20]
where the superscript p denctes the contribution due to the presence of
polyelectrolyte. The potential at the position of a plane charge in the
bulk solution follows as a summation of symmetric plane potentials:

a

Uy = 52 I expl-xrglp)) =
* © 2KE petw o

9% 1 + exp(-Krg}
2ke 1 ~ exp(-Kryl) [21]

The medel mey be extended by introducing a charge-free Stern layer
with a thickness rg. We assume rg £ r,/2. Applying the appropriate

boundary conditions, we obtain for w?:

e 93 L .
¢i = j§1 5;;-[exp(—mr0|1-3|) + exp(2Kr5)exp{—Kr0(1+J—1)}] [22]

BEg. [22] gives the potential due to the polyelectrolyte charges. I1If the
surface is charged, an additional contribution wg should be considered.
This contribution follows from egq. [19] by substituting x;=0, o4=0,

J
and tsking into account the presence of a Stern layer:

wg = %g-exp{—K(xi-rs)} = %g—exp(xrslexp{—xro(i-1/2)} [23]
The potential ¥; to be used in [14] is the sum of ¢E and wi as given in
[22] and [23]. For the computations, the summation in [22] may be split
up in the parts 1<{j<m and j>m. For +the second part en analytical
selution can be found, representing the contribution of the bulk
solution to Vi

In the case of strong adsorption at low ionic strength, the
potential in the first layers near the surface may be locally teoo high
for the DH approximation to be valid. For these layers the PB equation.
is solved by numerical integration from one plane charge to the other.
In the outer layers the DH approximation can still be applied.

Egs. [22] - [23] express {; as = function of all plane charges. By
means of [12] 161}, and hence {wi], ig immediately found as a function

of the segment concentration profile {¢i}. Substitution of §; in [141
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and combination with [8] yields a set of m implicit equations from which
meﬁmmtmmwwnmnwﬁﬂehﬂmqbemhﬁ numericselly. The

excess surface coverage 9., now follows as:

8 = (¢i_¢*) [24]

ex i

® ME

1

This quantity becomes equal to ¢ (eq. [6]) only in case of strong
edgerption from dilute solution. Direct evaluation of 6, however, is
not possible in the present model since ¢; is made up of contributions
due to segments of adsorbed as well as unadsorbed chasins, which cannot
be distinguished. This limitation is inherent to the Roe model. The
root-mean-square thickness of the adsorption layer t,..., expressed in

numbers of lattice layers, is given by:

2 1 T .2
trms = —e;-; ]_E]_ 1 (¢i—¢*) [25]

Results and discussion

Some preliminary results obtained with the lattice theory for
polyelectrolyte adsorption have been published Dbefore, for a rather
limited choice of parameters. One set of results (5,6) applies to
adgorption at low ionic strength on a high-energy surface carrying a
charge of opposite sign to that of the polyelectrolyte, and in sancther
paper {12) data were given for adsorption at high ionic =strength on an
uncharged, low-energy surface. In these computations, the effect of the
Stern layer was not considered. We present here a selection of
predictions obtained by varying systematically the relevant parameters,
taking into account the presence of a Stern layer. One purpose is to
show the typical differences in adsorption  behaviour at  high
surface-polyelectrolyte affinity, as compared to situations where
adsorbent-adsorbate interactions are weak. In the first case adsorption
occurs at low ioniec stirength and is characterized by high-affinity
isotherms, flat adsorbed layers and weak dependence upon molecular
weight &and salt concentration. In the second situation substantial

adsorption occurs only at high ionic strength and is distinguished by
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thicker adsorbed layers and stronger effects of molecular weight and
ionic strength.

The first task is to select the various parameters. With uncharged
polymers, five parameters determine the adsorbed amount 6gy, expressed
in equivalent menolayers or segments per surface site. These are the
lattice parameter 1}y, the number of segments per chain r, the
Flory-Huggins parameter X, the adsorption energy parameter Xg and the
volume fraction ¢, of polymer in the bulk solution. €,y does not depend
on ro. The surface area r% of the lattice cell is merely needed to
convert the theoretical adsorption {segments per surface site) inte
experimental units (monomole/m?). In the analysis of polyelectrolyte
sdsorption, & realistic choice for r, is far more important because here
the interlayer distance affects directly the potentisl profile in the
adsorption layer, and thus alsc the theoretical adsorption 9.,. For a
larger r, lower potentials develop and, consequently, greater values are
found for 6g4 . Apart from r,, we have with polyelectrolytes ancther
three parameters that are entirely due +to the electrostatics: the
' Sternlayer thickness r,, the surface charge density o, snd the salt
concentration c.

We do not treat Ag, r, and r; as adjustable parameters. For Ao we
take a value of 0.5, corresponding to0 a hexagonal lattice. The
parameter r, is related to the separation between neighbouring charges
on the polyelectrolyte. According to the concept of counterion
condensation (13), the distance between two effective charges of a
highly charged polyelectrolyte equals the Bjerrum length, which is
0.7 nm if the dielectric permittivity ¢ is taken as that of pure water.
However, the dielectric permittivity at the position of a segment is
determined not only by the medium, but also by +the twe neighbouring
gsegments on the chain, which have a much lower value cf €. This results
in a lower average value for ¢ (14) and, consequently, a larger Bjerrum
length is found. 1In the calculations presented here we adopt a value of
1 nm for r,. In this way, r, does not depend on the chemical nature of
the polyelectrolyte concerned.

The Stern layer thickness rg mainly affects the potential in the
vicinity of +the surface, =znd adjustment of this parameter may be
effectively counterbalanced by variations in the adsorption energy xg-

For rgy we take a value corresponding approximately to the radius of a
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hydrated counterion: rg = 0.25 mm.

We studied the effects of the remaining five parameters on
polyelectrolyte adsorption by considering the dependence of 8., upon b,
c, and r. These mre the relevant relationships from an experimental
peint of view, because the adsorbed amount can easily be determined as a
function of polyelectrolyte concentration, ionic stremgth and molecular
weight. For the other three parameters (og, Xg and %) we choose two
values, each of which corresponds more or less to reagonable extremes in
experimental situations. The surface charge density Oy is either taken
to be gero (uncharged surface) or 0.25 elementary charges per lattice
site (Uo = + 0.04 C/mz, typical of a highly charged surface). For the
non-electrostatic adsorption energy we use X5 = 0.5 (not too far above
the critical value 0.288) and Xg = 4 (strong adsorption). For the
segment-solvent interaction it is difficult to make a choice which is
supported by experimental evidence. Measurement of the second virial
coefficient in polyelectrolyte =solutions gives always an effective
interaction parameter, in which the electrostatic interaction is
included. Most polyelectrolytes would not be soluble in water if the
charges were absent, and therefore X is probably high. We take as
representative values X - 0.5 (a relatively good solvemt for a
polyelectirolyte) and X = 1. The latter value corresponds to a
pelyelectrolyte for which phase geparation occurs at a salt
concentration around 4 WM, such as polysiyrene sulfonate in
NaCl-solutions (15,16). Calculations were carried out for & negatively
charged, strong polyelectrolyte {t = -1, @ =1) in the presence of
univalent indifferent electrolyte. In most cases the DH approximation
could be applied. However, for strong adsorption (x, = 4) at low salt
concentration {cg S 0.1 M) high potentials develop and the PB equation
was solved by numerical integration. Hence, all Tresults may be
considered as having been obtained with the full PB-equation.

Typical segment concentration profiles are givem in fig. 3, with a
logarithmic scale for ¢;. We compare an uncharged polymer with a
strongly charged polyelectrolyte. The data in fig. 3Ja represent
adsorption at low ¢, on a high-energy, charge bearing surface, whereas
fig. 3b applies to high cg and a low-energy, uncharged surface. The
minimum in the profiles is a consequence of repulsion between unadsorbed

chains and the covered surface, of which the overall charge has the same
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Figure 3: Segment concentration profiles in the

negatively charged, strong polyelectrolyte

(T
 uncharged surface {a} and on a positively charged surface (b). The

adsorption layer, for

=-1, @ =1), on an

root-mean-square thickness of the adsorption layer t .. is indicated in

the figures. r = 500, X = C.5.

sign as the polyelectrolyte. It is more pronounced when Xg is high and

¢g low. Note, however, that the ninimum

logarithmic scale for -

noticed with a linear scale for ¢j.

is

only obvious with a

even in fig. 3a it would hardly have been

f

For each pegment profile the corresponding root-mean-square layer

thickness t,;. is indicated in the figure.

The values found are of the

order of 2 nm, which is far more realistic than the enormous thicknesses

obtained with Hesselink's model. Clearly, the fact that in cur model no

a prieri assumptions are required

the

segment concentration

profile constitutes a major improvement over Hesselink's theory. We

observe in fig. 3a that t gy is much smaller

for the polyelectrolyte

than for the uncharged polymer. This points to a very flat conformation

at low salt concentrations. At high cg, typg for the polyelectrolyte is

only slightly below the value for

the uncharged polymer (fig. 3b},

indicating a similar conformation of the adsorbed chains with more and
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longer loops. Yet, the segment profile differs significantly from that
of uncharged polymer. Apparently, complete screening of  the
segment-gsegment repulsion does not oecur, not even at eelt

concentrations as high as 3 M.

Bex [ .

0,=0.25 charges/site

04r cs=0.01 M
Xg=b

0.3+

02— 0o= 0
Cg= 1M
xs.—.O.S

01

0 Z 4 6 8 10210 pprn
‘P*

Figure 4: Adsorption isothermz on low- and high-affinity surfaces.
T=-1, a=1, r= 50 and x = 0.5,

In fig. 4 we give adsorption isctherms that apply teo twe  widely
different situations: adsorption at . low ionic stremgth on a
high-energy, stirongly charged surface, as compared to adsorption at high
¢cg on a low-energy, uncharged surface. Although the adsorbed amounts
differ significantly, the shape of the igotherms is nearly the same.
Beth isotherms exhibit a high-affinity character. Effects of the
various parasmeters show up only in the plateau value of +the isotherms.
In the next figures, we discuss the dependence of the adsorbed amount on
the salt concentration and the chain length, at ¢, = 0.00004 and at
$e = 0.001. Results for different values of ¢, are essentially the

same, as can be seen clearly in fig. 4.
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Figure 5: Adsorption as a function of ionic strength on an uncharged
surface (m) and on a positively charged surface {b). The bulk solution
concentration ¢+ is 40 ppm  {dashed curves) or 1goc ppm (full
curves)., T = -1, a =1 and r = 500,

Plote of €ex ve. log c are given in fig. 5. In the curves two
regimes can be distinguished. For cg £ 0.01 M the dependence of Ggy
upon log ¢ is weak and the effectis of variations in y are small. On an
uncharged surface {fig. 5s) at low yg hardly any sdeorption is found
under these conditions. Adsorption at low ¢, occurs only if either
strong electrostatic interaction (1arge, positive 00) or a strong
non-electrostatic affinity (high x.) is present. In this region of low
adsorption, an increase of the surface charge from gero to 0.25
elementary charges per surface site gives rise to an additional
adsorption of 0.2% polyelectrolyte segments per =site. Hence, each
additional elementary charge on the surface leads to an extra adsorption
of one segment.

At high ionic strength (¢ 2 0.1 M) a much stronger dependence of
8ax upon log cg is found. Alse the effects of variations in y are more
proncunced, whereas those of Xg remain invariably strong. At high x¢
and high cg the effect of the surface charge is weak; in this case the

non-electrostatic part of the affinity dominates the adsorption process.
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The trends observed in fig. 5 are interpreted as follows. At low
¢z, the segment-segment repulsion almost completely offsets the driving
force for adsorption arising from non-electrostatic sgegment-surface
interactions. Then the adsorption is weak and nearly invariant with X
and c¢g, whereas the twe contributions to the adsorbent-sdsorbete
affinity, determined by o, and X5 influence the adsorbed amount
independently. Screening of the segment-segment repulsion at high ienic
strength presents the main cause for the stronger dependence of the
adsorption upon cg and X, both for uncharged and for positively charged
surfaces. Apparently, at high ¢y interactions of the polyelecirolyte
with the solvent become a more important factor in the adsorption
process, Jjust as for uncharged polymers. When also Xg is high, the
surface charge is seen to have only a weak effect on +the adsorption,
which is well above monolayer coverage. In thia situation, it could be
envisaged that the adsorption is restricted by the excluded volume of
the already adsorbed segments rather than by electrostatic
segnent-segment repulsion. The effective mnon-electrostatic excluded
volume is related to the segment-solvent interaction parameter X. Our
interpretation is, therefore, in line with the observation in fig. 5
that under these conditions the adsorption is strongly effected by the
value of X.

In fig. 6 we give the adsorption 6., @8 a function of log r, at low
ionie strength (C.01 M), again for an uncharged (fig. 6a) and for a
positively charged surface {fig. 6b). Note that the ordinate scale has
been expanded by a féctor three as compared to fig. 5. As before, the
polyelectrolyte concentration hardly affects the resulis. At low cg,
the effect of segment-solvent interactions (x) ie of minor importance
and an increase of the surface charge results in an equivalent
additional adsorption (see also fig. 5). The adsorbed amount at this
low ionic strength does not depend on the chain length for any value of
X, Xg and O, This can be explained as & con2equence of strong
segment-segment repulsion, which overrules completely the effects due to
changes in the conformational entropy. It also correlates with the
observation made in the discuseion of fig. 3a, that at 1low ionic

strength the adsorbed chains lay essentially flat on the surface.
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Figure 6: Adsorption as a function of chain length at ¢, = 0.01 ¥, on an
uncharged surface {a) and on a positively charged surface (b). The bulk
solution concentration ¢, is 40 ppm (dashed curves) or 1000 ppm
(full curves). T = - and @ = 1,

The dependence of 8., upon log r at high cg {1 M) is illustrated in
fig. 7, with the ordinate scale the same as in fig. 5. In line with
fig. 5, at c; = 3 M the effect of X upon the adsorbed amount is stronger
as compared to the situation &t ¢ = 0.01 M (see also fig. 6).

Once more, at high c. equivalent adsorption in relation to the surface
charge is found to cccur only at low X5 . Contrary to the situation at
low ¢, a significant increase is now found for B8,, as a function of
log r. This confirme results of Marra et al. (12) and may be ascribed
to enhanced screening of the segmental charges, as a consequence of
which conformational entropy terms become relatively more important in
the adsorption free energy. In this  respect, adsorption of
polyelectrolytes at high =salt concentrations resembles to some extent
that of uncharged polymer, although quantitative differences remain {see
also the discussion of fig. 3b). In the Roe-theory, the parent model
for our polyelectrolyte adsorption theory, end effects (tails) are
neglected. For uncharged polymers, Scheutjens and Fleer {8) showed that

this results in a weaker dependence of adsorption upon r as compared to
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Figure 7: Adsorption as a function of chain length at ¢, 1M, on an
uncharged surface {a) and on a positively charged surface (b). The bulk
solution concentration ¢, is 40 ppm (dashed curves) or {000 iyl

{full curves). T = -1 and @ = 1,

their model in  which tails are properly taken into account.
Consequently, we expect that our present model underestimates the
dependence of 6,, upon chain length at high ionic strength, especially

for long chains.

Conclusions

By incorpoerating an electrostatic contribution into the Roe theory
for the adsorpition of wuncharged polymers, a new lattice theory for
polyelectrolyte adsorption could be formulatea. The model is much more
sophisticated than a previous one of Hesselink, because no a priori
assumption for the segment concentration profile is required and the
excluded volume of loop segments is taken into account. Yet it has st
least two disadvantages. Tne first is +that +the Hoe model neglecis
tails, which may be important at high salt concentrations. This could

be improved only by replacing the Roe model by +the Scheutjens-Fleer
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model. The latter accounts properly for the occurrence of tails. Some
preliminary results have been obtained with such an analysis, but so far
numerical complications prevented systematic calculations. The second
problem is the use of a mean field spproximation. This may be justified
in +the adsorbedéd layer, where the segment concentration is relatively
high, but is dubious for the bulk of the solution where the individual
coils do not overlap. Therefore, the dependence of the various adsorbed
layer characteristics on the bulk solution concentration could be less
reliable in the present model.

Qualitatively, both Hesselink's model and ours predict the same

trends: a relatively strong increase of adsorption with r and c_. for

s
low-energy, uncharged surfacea at high ionic strength and a much weaker
dependence of +the adsorbed amount upon r in case of a high-energy
surface carrying a charge of opposite sign to that of the
polyelectrolyte.
Systematic calculations with the new lattice model show that the
ionic strength determines how the adsorbed amount varies with the =salt
- concentration and the chain length. In both cases the strongest
dependence is found at high og. Non-electrostatic segment-solvent
interactions (X} are also more important under these conditions. The
non-electrostatic surface-polyelectrolyte affinity (x.)} always has a
pronounced influence. In the presence of a surface charge of opposite
sign to +that of the polyelectrolyte, each elementary charge on the
surface corresponds with the adsorption of one segment. Only for a
high-affinity surfece at high ¢, is this charge compensation not found,
because in this situation the hard core excluded volume of the segment
rather than the electrostatic repulsion limits the adsorption. For the
thickness of the adsorbed layer we obtained 2 to 5 mm with the new
lattice model, which is more realistic +than previous results of

Hesselink.
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CHAPTER 6

Polyelectrolyte Adsorption
IT. Comparison of Experimental Results for Polystyrene Sulfonate,
Adsorbed on Polyoxymethylene Crystals,
with Theoretical Predictions

Introduction

In the preceding paper {1) we discussed two models for adsorption
of flexible polyelectrolytes, one due to Hesselink {2,3) and the other
to Van der Schee and Lyklema (4,5). Here we will only consider the
latter one which is more elaborate and incorporates some fundamental
improvements as compared to Hesselink's approach. It is based on Roe's
" lattice theory for adsorption of uncharged polymer (6). The
electroatatic contribution is evaluated by assuming the polyelecirolyte
charges to be smeared out in planes parallel to the surface. From the
potential at the position of the planes the electrostatic contribution
to the overall free energy of adsorption is calculated. Minimization of
the overall adsorption free energy yields the segment concentration
profile in the layers near the surface. From this the excess adsorbed
amount follows readily.

The thecry has been compared with  experimental data by
Van der Schee and Lyklema (5}, who adsorbed polylysine {at pH 1, where
it is positively charged) on negative AgJ, and by Marra et al. (7)
using homodisperse polystyrene sulfonate (PSS} on preheated silica.
With polylysine on Agl adsorption occurs already at low salt
concentration and the effects of polyelectrolyte concentration, ionic
strength and molecular weight are weak. For the adsorption of PSS on
ailica a high salt concentration is required and the dependence upon
polyelectrolyte concentration, ionic strength snd molecular weight is
much stronger. Qualitatively, the experimental dependences on salt
concentration and molecular weight were confirmed by the theoretical

caleulations {5,7). THowever, the shape of the theoretical (sharp)
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isotherms did only agree with results for polylysine on AgI (5). For
PSS on silica rounded isotherms were found (7).

As 8 further +test of the +theory, we carried out adsorption
measurements with polyoxymethylene (POM) ecrystals as the adsorbent.
These can be obtained in the form of hexagonal platelets of uniform
thickness, and have a chemically homogeneous surface (consisting
entirely of ether groups) that carries virtually no charge. This is
important, because the presence of a surface charge might give rise to
complications: adsorbed polyelectrolyte affects the activity of
potential determining ions near the surface (Donnen effect) and probably
also their specific adsorption behaviour. From the adsorption platean
of a mnon-ionic surfactant a wvalue of 60 m2/g was derived for the
specific surface area of POM crystals suspended in water. The methods
of preparation and characterization of the crystals are given more
extensively elsewhere (8).

As the adsorbate we used P33, a strong polyelectrolyte that can be
purchased in +the form of homodisperse samples. With such a strong
polyelectrolyte the charge density elong the chain does not depend upon
the local segment concentration. Also, we do not have Yo account for
heterodispersity as a possible cesuse for roundedness of the measured
isotherms (9). Ten samples were obtained, which we characterized with
variocus techniques. The resulis heve been reported before (10): five
of the ten samples {ex Pressure Chemical Co.) are not sufficiently
reliable on account of the characteristics (elemental analysis,
extinction coefficient, viscoity) examined. The remaining five samples
are those of M = 31, 83, 177, %54 and 690 kg/mole.

The adsorption of PSS on POM crystals was measured as a function of
chain length, expreased in the number of segments r, salt concentration
e and polyelectrolyte concentration in the bulk solution ¢, {(v/v). The
experimental procedure and a qualitative discussion of the results have
been presented before {11}. Substantial adsorption occurs only at high
ionic strength and +the measured isotherms are rounded. The adsorbed
amount increases approximately linearly with c¢g and log r. These
features were also reported by Marra et al. (7} for PSS on silica, and
contrast sharply with the data of Van der Schee and Lyklema (5) for
polylysine on Agl. We explained the results in terms of differences in

the adsorbent-adsorbate affinity {(11). Strong interaction 1is expected



Page 77

vetween polylysine and (oppositely charged) AgI, whereas much weaker
attraction will occur between PSS and silica (carrying a small charge of
the same sign as PSS) or POM. POM is an uncharged adsorbent of organic
nature. Consequently, electrostatic interactions with the
polyelectrolyte are abgent and non-electrostatic interactions sre not
expected to be very strong, due to the weak dispersion forces +that are
generally found for organic materials. In the preceding paper (1) we
presented systematic calculations that confirm these trends.

In order to compare qualitatively our experimental datas with the
theory described in the previous paper (1), we have te assign physically
realistic values to the various parsmeters. The most important ones are
the dimensions of the lattice cell and +the non-electrostatic
polymer-golvent interaction parameter. It is found that a reasonable
choice for these parameters can be made, such that the theoretical medel
predicts the measured increase of the adsorbed amount with cg and log r.
The quantitative difference ©between theory and experiment amounts to
only 35 &. This is acceptable, considering the large number of
parameters involved and the uncertainty in their estimates. Moreover,
it is not certain that the same specific surface area applies for PSS

and for the nonionic surfactant used before (8).

Choice of parameters

The lattice theory for polyelectrolyte adsorption is characterized
by nine parameters (1). Twe of these, the fraction )y of nearest

neighbours of a site in the same layer and the edge r of the lattice

a
cell, characterize the lattice. Four additional parameters are required
for the description of  the polyelectrolyte solution: the
polyelectrolyte concentration ¢,, the salt concentration ¢, the number
r of segments per chain and the non-electrostatic segment-solvent
interaction x. The presence ¢f an adsorbing surface is accounted for by
the remaining three parameters, the surface charge density o,, the
thiclkmess rg of the charge-free Stern layer adjacent to the surface and

the adsorption energy xg-
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The geometry of the lattice is completely determined by the
parameter Age For a lattice with coordination number z, esch site has 2
neareat neighbours, of which Mz are situated in the same lattice layer
and Az in each of the two adjacent layers (Ay + 21, = 1). Variations
in the lattice geometry are only of minor importance in the theory (6).
Therefore, we consider only a hexagonsl lattice, for which g * 0.% (and
z = 12).

¥hen the dimension r, of the lattice cell is kmown, theoretical
adsorption data (Gex, in equivalent monolayers or segments per surface
site) may be compared to experimental rTesults (I',. in monomole/g),
provided the specific surface area of the adsorbent is lkmown. For
uncharged polymera 6., itself does not depend on rg. However, for

polyelectrolytes the electrostatic interactions depend on r, and,

o
therefore, the value ascribed to r is far more important. The

segmental charges are thought to ge smeared out in parallel planes
situated at the center of the lattice cells, and the separation r,
between these planes affects the potential in the system and thus also
Bex. In order to estimate r,, we first consider the unperturbed
persistence 1length of the PS3 chain. This parameter represents the
intrinsic stiffness of the chain and is a measure for the length of a
chain part that is completely flexible. This length is related to r,
since the model chain is also assumed to be completely flexible.
Stigter (12) gives a value of 1 nm for the persistence length of an
unperturbed PSS chain. A distance of 1 mm along the  backbone
corresponds to four monomeric units, as the effective length of two C-C
bonds is arpund 0.25 nm. Due to the large side groups a sequence of
four monomeric unites constitutes a roughly isotropic lattice cell.
Hence, we assume that one theoretical segment corresponds to four
monomeric units. From the specific volume of PSS (1%), a monomer volume

of 0.2 om? is calculated, giving a volume of 0.8 nm>

3

for a theoretical
segment. The edge of a cubic of 0.8 nm” is 0.93 nm, which we adopt as
the value for r,. The latter value agrees well with the persistence
length given by Stigter, &nd we conclude that our estimation is
internally consistent.

One would expect that a lattice cell containing four monomeric
units also comprises four elementary charges, since PSS is a strong

polyelectrolyte. Manning (14) showed, however, that the charge density
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along a linear polyelectrolyte cannot exceed a critical value. This
limiting charge density corresponds to a minimum separation between
successive charges that is equal to the Bjerrum length b. For a chain
on which the spacing betweeﬁ the charges is pmaller than b, it is
envisaged that counterion condensation occurs until the effective charge
distance equals b. If the relative dielectric permittivity ¢, around a
segment is taken as that of water, b = 0.71 nm. In a polyelectrolyte
chain, though, a2 monomeric unit is not entirely surrounded by water. At
least two of its nearest neighbours are chain segments, and the relevant
value for e, is some average of the value for water (e, = 80) and that
of the styrene sulfonate unit (15). For the latter, ey = 8 gpeems to be
8 reasonable estimate {16). 1In a hexagonal lattice, there are twelve
nearest neighbours of which at most ten contain solvent, so we find as
the maximum value for +the aversge relative dielectric permitivity:
Er = (2%8 + 10®80)/12 = 68. The minimum Bjerrum length is, therefore,
b = (BO/68)}*0.71 = 0.84 mm, which differs not too much from r,. We
conclude that three of the four monomeric units in a lattice cell can be
congidered to be effectively uncharged due to¢ counterion condensation.
Since there is left one elementary charge per segment, we have
effectively @ = 1, also for the model chain.

In a polyelecirolyte solution the first parameter to congider is
the concentration of the polyelectrolyte. Experimentally it is used in
units monomole/l, whereas in the model it is expressed as the
dimensionless  volume fraction. The conversion factor ©between
experimental and theoretical units is the specific volume of the
monomweric unit. For NaPSS, Boyd {12) gives a value of 112 ml/monomole.

As the indifferent electrolyte we used NaCi. Contrary %o the
polyelectrolyte segments, the small ions are treated =s point charges in
the model; +their concentration is expressed in mole/l.

The number of lattice cells r occupied by a PSS chain is M/4M_ .,
where M is the molecular weight as specified by the manufacturer,
excluding the sodium counterion, and M, (= 0,196 kg/mole) the
molecular weight of the monomeric unit, also without the counterion.

The interaction of a polyelectrolyte segment with the solvent (a
solution of indifferent electrolyte in water) includes an electrostatic
and a non-electrostatic component that are, to a first approximation,

mutually independent. The first is accounted for by smearing out the
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segmental charges in parallel planes and solving the resulting
Poisson-Boltzmann equation for the potentiaml (1), whereas the latter is
chargcterized by +the Flory-Huggins x-parameter {(17). The two
contributions to the segment-solvent interaction cannot be distinguished
experimentally. In order to find X, measurements have to be carried out
that can be interpreted using a model in which non-electrostatic and
electrostatic segment-solvent interactions are treated separately. Such
a medel is given by Van der Schee for the description of phase
separation in polyelectrolyte solutions (4). Experimental data on the
phase separation behaviour of PSS are available from Takahashi et al.
(18).

Van der Schee's analysis of phase sepsration in polyelectrolyte
solutions is based on Flory's model for uncherged polymers (i7). 4
solution containing uncharged polymer may separate into two coexisting

phases of different compoeition, when x is above a critical value X r:
Xop ® (1 + 1/¥n)? /2 [1]

For long chains, Xgr = 0.5. Flory's lattice model for the polymer
solution was extended by Van der Schee (4) to include polyelectrolytes.
This can be achieved in a very simple way when the Debye-Hiickel (DH)
approximation mey be applied (potentials lower than 50 mV throughout the
system). It was shown that the Flory expression for the free energy of
mixing remains valid for polyelectrolytes, provided that y is replaced
by an effective Xx-parameter ¢ which incorporates the

non-electrostatic interaction parameter {(x) and an electrostatic term

(£):

Xegg = X ~ & (2]

Again the conditions under which phase separation occurs can be
predicted using eq. [1]: Aoff > Xor = 0.5 for long polyelectrolyte
chains.

With polyelectrolytes in water yx may be large  because a
polyelectrolyte segment, apart from +the charged group, is usually
hydrophobic. The electrostatic segment-solvent interaction improves the

solubility of the polyelectrolyte, so that £ is positive and x ¢¢ < X.
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Smearing out the segmental charges in planes parallel to the surface,
through the center of the lattice cell yields:

. ale? 1 + exp(-kzy}
dexxlkr 1 - expl-kzp)

(3]

where ¢ is the proton charge and « the reciprocal thickness of the
electrical double layer: ’

«? = (n} + nhe’/ekT [4]

expressed in terms of stoichiometric concentrations of small ions in the
reference phase (ﬁ:, i'). This reference phase may be either one of the
two coexisting phases, each of which has its own concentrations of
polyelectrolyte and small ions. Consequently in eq. [4] we face one of
the major imperfections inherent to the DH-approximaticn: the equationa
are not invariant with the choice of the reference phase. Only at very
low ¢, where the concentrations of indifferent electrolyte and
" polyelectrolyte are comparable, will this have practical implications.
Eq. [3] was made available t¢ ws by Van der Schee in a personal
communication. In his thesis (4), a different expression for £ is given
applying to completely homogeneous polyelectrolyte solutions (the
classical Donnan model}. Here it seems more appropriate, though, to use
a mode]l for the solution in which +the charges are concentrated on
parallel plates, since that approach is alsoc used for the
polyelectrolyte adsorption theory. The derivation of Eg. [3] will e
published separately.

As stated above, incipient phase separation occurs if Xggge = 0.5

Qr.

X;O.S-‘-E [5]

For very long PSS moleculea, in NaCl solution at 25 9C, Takshsashi et al.
{18) reported the onset of phase separation at 4.2 M NaCl. Assuming
@ =1 and r, = 0.93 nm we obtained from eq. [3] £ = 0.33, so that ¥ is
found as 0.83. This value is, strictly speaking, only valid at 4.2 M
NaCl, whereas our adscrption experiments were carried out at lower icnic

strength (0.5M = c, £ 3.5 M). Properties of the solvent obviously
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change with c and it could be envisaged that, apart from &£, also the
non-electrostatic component x varies with the ionic strength. However,
we do not have any independent information on this dependence, and
therefore we will assume a constant value, X = 0.8, which is slightly
below that at the onset of phase separation. At any rate, it is clear
that even at high c¢g electrostatic interactions cannot be neglected in
polyelectrolyte solutioms, £ being around 0.3 in 4 M KeCl.

In the presence of an adsorbing surface, alsc the remaining three
parameters (o,, ry and xs) are needed to describe the system completely.
POM crystals, of which the surface consists entirely of ether groups
(-CHZO—), are essentially uncharged (8) and therefore we take gy = 0.
The thickness of the Stern layer may be estimated from the hydrated
radius of the ka' ion, given by Robinson and Stokes {19) as 0.33 mm.
Upon adsorption partial dehydration cccurs and for r, a value lower than
0.33 nm ie  expected. We mssume r; = 0.25 om. Finally, the
non-electrostatic adsorption energy parameter X cennct be estimated a
priori. Recently, (ohen Stuart et al. {20) proposed a methoed to assess
" Xg by displacing adsorbed polymer from the surface by low molecular
weight competing substances. However, the procedure is laborious and,
so far, has only been applied for uncharged polymers. We regard Xg; as
an adjustable parameter, choosing that value that gives a reasonable fit
between theory and experiment. The adoptea value is 0.65, correaponding
to a low adsorption energy. This is not surprising for an organic
surface with weak disperszion forces. For the high-energy surface of
AgI, Van der Schee and Lyklema (5) use x, = 4.86.

Experimental adsorption data {(T) are obtained in moncmele/g,
whereas theoretical calculations yield the adsorbed amount (Bex) in
equivalent monolayers or segments per surface site. The trends in T may
be compared directly to those in €,,. However, in order to relate the
experisental adsorption quantitatively to theoretical data, we need the
adsorbed smount, in monomole/g, that corresponds te a complete monolayer
of lattice cella (I ). One segment per lattice site corresponds to
four monomeric units per 0.932 m? or 7.68 ® 1076 monomole/mz. Since
the specific surface area of the POM crystals is 60 m?/g,
Tmon = 4.61 % 10™% monomole/g, which can be used as the conversion

factor between 8, and I'.
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Resulte and discussion

In figs. 1-3 we compare experimental adsorption data (dashed
curves), obtained for NaPSS on POM single cryatals in the presence of
KaCl, with the predictions of the lattice model (full curves). We use
two different ordinate scales, the left one for - the experimental
adsorption T, in monomole/g =and the right one to represent the
theoretical results 0Ogy, expressed in egquivalent menmolayers. In this
way we avoid the explicit use of the conversion factor I'yon» Which might
well be wrong by 50 %, snd yet theoretical and experimental trends can
be compared directly.

,/’/f 410
70k x 10 mono molelg yd 0.
r

80 Jos
sok Figure 1: Adsorption as a
log function of ionic strength at
“0F ¢y = 67 ppm. Full curves
indicate theoretical results
o+ H04 (8. in equivalent monolayers)
and dashed curves represent
- experimentsl data {r, in
ol 1 wonomole/g) . The values
assigned to model parameters are

s | ) given in the text.

The dependence of the adsorption on the salt concentration cg 1is
given in fig. 1. At constant polyelectrolyte concentration, ¢ is
varied between 0.5 M and 3.5 M for three molecular weights. The
conversion factor between the number of segments r per chain and the
molecular weight M was taken as My, (r = M/4M ), as discussed above.
We see a roughly linear increase of the adsorption with ¢, both
experimentally and theoretically. The experimental result was described

before {11) =s typical for adsorption on a low-energy, uncharged
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surface. Under these conditions a high ionic strength is required for
any adsorption to occur at all.

The theorstical curves in fig. 1 reproduce the increasse of the
measured adsorption with c¢; satisfactorily. This supports the way in
which the electirostatic interactiona are incerporated in the theoretical
model, However, it is observed that the experimental ionic strength
dependence is somewhat stronger than the theoretical one. As a
consequence we found good agreement either at low ¢ (r = 40, 880) or st
high ¢4 (r = 226). A possible reagon for this discrepancy is a solvent
quality that varies with the salt concentration: the non-electrostatic
interaction between segments end water is probably different from that
between segments and hydrated salt iong. If we would assulme an increase
of X with increasing ¢g, the theoretical curves would become steeper and
the agreement with experiment would improve. Similarly, X5 could be =
function of salt concentration. Since we have ne independent evidence
for the dependence of X or X on ionic strength, we will not pursue this
point any further.

70} % 10°% monomole 19 S

60 7 Hos

Figure 2: Adsorption as 8
function of chain length at
$4o = 67 ppm. As in fig. 1, full
curves are theoretical results

and dashed curves are

L i | L experimental.

In fig. 2 we give the mdsorbed amount as a function of the c¢hain
length at three salt concentrations. Experimentally, a distinct

increase of the adsorption with r is obtained and the theoretical
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caleculations confirm +this trend. The increase is related to the low
affinity of the segments for the POM surface (11). The increase of the
experimental adsorption with the chain length is stronger than that
predicted by theory. Especially at the highest ionic strength, where
the adscrbed amount is also highest, the theoretical curve levels off
too strongly for large r. This feature is probably e consequence of the
use of the Roe model for uncharged polymer (6) ms the bagis of the
present theory. In his analyais Roe neglects the occurrence of free
dangling tails at either end of &n adsorbed polymer molecule.
Scheutjens and Fleer (21) demonstrated that for lomg chains this
simplification results in serious underestimation of the adsorbed
amount. With polyelectrolyte adsorption +this effect will be most
pronounced at high ¢,, where the electrostatic repulsion between
segments becomes small and the structure of the adsorption layer is very
similar to that of uncharged polymer (1). A major improvement in the
theory would be the replacement of Roe's model by that of Scheutjens and
¥Fleer (21), in which tails are explicitly accounted for. Although this
" can be dome in principle {4,5), so far the numerical complications of
the extended Scheutjens-Fleer model have not been solved completely.

For the lower salt concentrations the theoretical curves are higher
than the experimental ones. In the discussion of the dependence of the
adsorption on c¢., we menticned already that a better sgreement would be .
abtained if x and/ar Xg are considered a function of cg.

In fig. 3 the dependence of the ad sorbed amount on the
polyelectrolyte concentration is presented, for three salt
concentrations and r = 226. The measured isctherms are rounded, whereas
theoretically high-affinity isotherms are obtained. We described the
experimental igotherms before {11), and explained their low-affinity
character as a consequence of weak interaction with the low-energy,
uncharged POM surface. Theoretically, always flat isotherms are found,
irrespective of the surface-polyelectrolyte interaction and the iomic
strength (1). The poor sagreement between theory and experiment in
fig. 3, and in particular the fact that roundedness is not found in the
theoretical isotherms, may be a consequence of the application of the
lattice model for the bulk solution. This is only justified in case of
significant  interpenetration of the  individual polyelectrolyte

molecules, which is not likely to occur at the volume fractions where



Page 86

410
70t x 107° monomole /g o
ex
r
eor _- o8
501 g
rd
e 22M NoCt oo
40
4
/
J oy
0 =705 M 04
L”" - Figure 3: Adsorption as a
- /’
x yd function of polyelectrolyte
-7 —-0.2
” ! - 0.54 M concentration for r = 226. Full
|~~~ curves are theoretical, dashed
\ ! 1 curves experimental.
100 200 300 ppm

sdsorption experiments are carried out (¢, < 500 ppm). Therefore, the
poor sgreement obtained as to the shape of the isotherme is perheps a
fallacy of the theory, due to the description of the bulk solution with
a lattice model, even at low ¢,. In this way a wrong concentration
dependence could be introduced. However, at present it seems difficult
to improve the theory in this respect.

So far, we have cnly compared the general trends of the adsorbed
amount as a function of icnic strength, chain length and solution
concentration. A more quantitstive comparison is possible by relating
the left hand side and right hand side ordinate scales of figs. 1 - 3 by
means of the conversicn factor I'yop. In this way it is found that
theoretical and experimental adsorption data differ by about 35 #. This
result is encouraging in view of the large number of model parameters
and the approximations involved jn their assessment. Also, the specific
surface area of the POM suspension might be =subject to considerable
ETrOT. This is illustrated by the fact that we found previously a
geometric surface area of 150 m2/g, whereas BET analysis of nitrogen gas
sdsorption dats yielded 30 m?/g (8). In suspension the surface area was

obtained from the adsorption plateau of a non-ionic surfactant, giving
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60 mz/g.

Our results are in line with those of Marra et al. (7) for PS8 on
preheated silica. In both cases the model qualitatively confirms the
megBured dependence of adsorption wupon ionic strength and molecular
weight. Rounded isotherms cannot be reproduced with the model, neither
with the set of parameters applied by Marra et al., nor with the values
reported in this paper.

Conclusions

Experimental adsorption data obtained for PSS on POM single
crystals in concentrated NaCl solutions are compared with a new lattice
theory for polyelectrolyte adsorption. The model involves nine
parameters. The most important of these are the size of a lattice cell
Ty, which affects the electrostatic interactions, the non-electrostatic
polymer-solvent interaction parameter X and the segmental adsorption
energy parameter xc. The edge r, of the lattice cell was estimated by
combining the persistence length of the PSS chain with the specific
volume of a monomeric unit. We concluded that each cell contains four
monomeric unita. Effectively, only cne of these four monomers carries a
charge, due to the occurrence of counterion condensation. Therefore the .
degree of dissociation of the model chain is still unity. The value of
X was estimated from s theoretical interpretation of phase separation
data, giving ¥ 2% 0.8. All errors in the parent model for the solution
and in the way electrostatic interactions are incorporated, will
accumulate in +this value for X. We therefore use it merely as a first
estimate. PFinally, Xg was treated as an adjustable parameter.

The measured increase of the adsorbed amount as a function of ionic
strength and molecular weight is qualitatively reproduced by the theory.
This shows that the combination of electrostatic interactions and
conformational statistics is, in principle, correctly accounted for in
the model. Yet, the experimental dependence is in both <cases somewhat
stronger than predicted theoretically. With reapect +to the ionic
strength dependence, this might be a consequence of varistions in X or
¥g upon changing the salt concentration. In the simple model applied in

this paper, xg snd y were considered constant.
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Theoretical 6oy - r curves level off for high r, probably because
the occurrence of tails at either end of an adsorbed polyelectrolyte
chain is neglected in the model. At high ¢4 this effect is most
pronounced. Under these conditions segment-segment repulsion is small
and the asdsorbed chains behave more or less like uncharged polymer, with
a large part of the segments in loops and tails. Neglect of tails is
inherent to Roe's theory for adsorption of uncharged polymer, used as
the parent meodel in +this analysis of polyelectrolyte adsorption.
Replacement by the theory of Scheutjens and Fleer, in which tails are
explicitly accounted for, would probably improve the theoretical results
in this respect.

Experimental adsorption isotherms for PSS on POM crystals are
rounded, whereas theoretically high-affinity character is expected. The
discrepancy may be due to the assumption of a lattice medel for the bulk
solution, despite the very low concentration of polyelectrolyte used in
adsorption experiments (< 500 ppm).

For a quantitative test of the theory we used I, , the adsorbed
" amount in a complete monoclayer expressed in monomole/g, as the
conversion factor between theoretical units (equivalent monolayers) and
experimental units (monomole/g). The difference between theory and
experiment turned out to be of the order of 35 %, which is satisfactory
in view of the wuncertainties in the various parameters and in the

specific surface area of the adsorbent.
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SUMMARY

The objective of +the present work was +to collect systematic
adsorption data for a well-defined polyelectraolyte on an uncharged,
homogeneous surface, and to compare these with the new theory that was
recently developed by Van der Schee.

In chapter 1 we shortly describe which factoras determine the
adsorption equilibrium. Understanding these in relation to their
interplay is, ultimately, of great importance in numerous practical
applications of adsorbing polyelectrolytes. Subsequently, we introduce
the model system: polyoxymethylene (POM) single crystals as the
adsorbent and polystyrene sulfonate (PSS} as the adsorbate.

The preparation and characterization of the adsorbent is discussed
in chapter 2. Single crystals of POM are flat, homogeneous and

" essentially uncharged, and offer a large gpecific surface area. Since
they can be prepared reproducibly and in large amounts, they constitute
a suitable model substrate in systematic adsorption studies. The
crystallization procedure is discussed in some detail. The thiclmess of
the crystals i=s obtained from EM and SAXS measurements, the resulis
being in excellent mutual agreement. Combining this thickmees with the
crystal density the geometrical surface area is found to be 150 mzfg.
This is compared with the surface area obtained by BET analysis of
nitrogen adsorption (30 mz/g) and with the surface area that follows
from adsorption of polyoxyethylated nonyl phenols from ageous solution
(60 mz/g). The discrepancy in the results is expleined in terms of
different degrees of aggregation of POM crystals in the dry state and in
suspension. Finally, some yreliminary results of albumin and PSS
adsorption are discussed.

We characterized ten commercial samples of homodisperse PSS by
elemental analysis, measurement of the extinction coefficient and
viscometry. From the results, presented in chapter 3, we conclude that
only five of them are sufficiently reliable. For these the degree of
sulphonation is 97.5 %, the extinction ccefficient at X = 226 nm amounts

to 11,600 H"lcm'l, and the intrinsic viscosities in 0.5 M NaCl conform
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to the Mark-Houwink relation with K = 1.087 g/g and a = 0.764.

Systematic measurements of adsorption as a function of
polyelectrolyte concentration, chain length and ionic strength are
reported in chapter 4. Substantial adsorption occurs only at high ionic
strength, as a consequence of the low affinity of the PSS for the POM
surface. Adsorption isotherms are rounded. The sadscrption increases
more or less linearly with increasing ionic strength, and alsc we find a
relatively strong dependence upon the molecular weight. From a
comparison with sdsorption resulte on hematite and with literature data
on other systems, clear irends emerge as to the reletion between
adsorption characteristics and the affinity of the polyelectrolyte for
the surface. This affinity may have both electrostatic and
non-electrostatic componenta. With increasing affinity, isotherms
become flatter, the molecular weight dependence weaker, and the effect
of ionic strength sasmaller. Desorption experiments showed that the
adsorption of PSS on POM is essentially reversible.

Chapter 5 deals with polyelectrolyte adsorption theories. These
may be derived from models for adsorption of uncharged polymers by
incorporating the electrostatic free energy in the partition function of
the systemn. We show in some detail how the lattice model of Roe for
adsorption of uncharged polymers is extended to polyelectrolyte
adsorption by Van der Schee. Systematic calculations based upon the new
theory were performed. Major features are the high affinity character
of adsorption isctherms, under =&all1 conditions, and +the profound
influence of the ionic strength upon the adsorption behaviour. At high
salt concentration, the adsorption increases more strongly with ionic
strength and molecular weight than at low salt concentration, and aleo
the non-electirostatic segment-solvent interactions, expressed in the
X-parameter, are more important. The non-electrostatic
surface-polyelectrolyte affinity parameter Xg has a marked effect for
any ionic strength. When either X5 or the salt concentration is low,
the asdsorption remains well below monolayer coverage. In that situaticn
the presence of a surface charge of opposite sign to that of the
polyelectrolyte gives  rise to an edditional adsorption of one
(univalent) segment per elementary charge on the surface (charge
compensation). For the thickness of the adsorbed 1layer we find
2 - 5 am.
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Finelly, in chapter 6 we compare experimental adsorption data for

PSS on POM crystals with & recent lattice theory for polyelectrolyte
adsorption. The dimensions of a lattice cell are estimated from the
specific volume of the PSS monomer in combination with the persistence
length of +the chain, and the nen-electrostatic gsegment-solvent
interaction parameter x is assessed from 1literature data on phage
separation. Qualitatively, the model reproduces the measured increase
of =adsorption with ionic strength and molecular weight. However,
experimentally the adsorption increases more strongly than
theoretically. For the ionic strength dependence we ascribe this to
some variation of the solvent quality (X) or the segment-surface
interaction (X¢) with the selt concentration. The theoretical increase
of adsorption with molecular weight is probably too weak because the
occurrence of free dangling tails at either end of an adaorbed chain is
neglected in the Roe model. Experimental isoctherms are rounded, whereas
theoretically high-affinity isotherms are found. This may be &
congequence of applying a lattice model for +the ©bulk solution. The
" quantitative difference between experimental and theoretical adsorption
ig around 35 §, a satisfactory result in regard of the large number of
model parameters and the uncertainties in their estimated values.
Mereover, also the specific surface area of the adsorbent is liable to

considerable error.
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SAMENVATTING

In dit  proefschrift worden systematische edsorptiemetingen
beschreven, uitgevoerd met een goed gedefinieerd polyelectrolyt en een
adsorbens wearvan het oppervlak homogeen iz en ongeladen. De
belangrijkste doelstelling van het werk bestast in de vergelijking van
experimentele resultaten met een nieuwe theorie, die onlangs door
Van der Schee is ontwikkeld.

In hoofdstuk 1 beschrijven we kort de factoren die het adsorptie
gedrag van polyelectrolyten bepalen. Een goed begrip hiervan em van hun
onderlinge samenhang is uviteindelijk van groot belang in vele praktische
toepassingen van adsorberende polyelectrolyten. Vervolgems introduceren
we het gebruikte modelsysteem: polyoxymethyleen (POM) eenkristallen als
adsorbens en polystyreensulfonaat (PsSs) als adsorbaat.

Bereidingswijze en karakteristieken van het adsorbens komen san de
orde in hoofdstuk 2. Het oppervliek van PQM-eenkristallen is vlsk,
homogeen en praktisch ongeladen, en de Kriatallen bezitten een groot
specifiek oppervlak. Als modelsysteem in systematische
adsorptiemetingen zijn ze mede aantrekkelijk omdat bereiding in grote
hoeveelheden op reproduceerbare wijze kan plaats vinden. Het
kristallisatieproces wordt uitvoerig besproken. Meting van de
kristaldikte door middel wvan EM en SAXS leverde vrijwel hetzelfde
resultaat. In combinatie met het soortelijk gewicht van de kristallen
volgt een waarde van 150 mz/g voor het gecometrisch oppervlak. We
vergelijken dit met de uitkomst verkregen door  BET-analyse van
N,-adsorptie (30 n?/g) en met het oppervlak dat volgt op grond van
adsorptiemetingen met polyoxyethyleennonylphenol in waterige oplossing
(60 m?/g). De sterk uiteenlopende resultaten vinden waarschijnlijk hun
verklaring in een verschillende mate wvan aggregatie van droge POM
kristallen in vergelijking met de toestand in suspensie. Dit hoofdstuk
wordt besloten met een kort verslag van voorlopige adsorptiemetingen met

albumine en P33.
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We karakteriseerdem tien commercieel verkrijgbare, homodisperse
P3S5-monsters door middel van elementen-asnalyse, bepaling van de
extinctiecoefficient en viscosimetrie. Op grond van de bevindingen,
zoals weergegeven in hoofdstuk 3, kan worden geconcludeerd dat slechts
vijf monsters voldoende betrouwbaar zijn. De sulfoneringsgread hiervan
bedraagt 97,5 € en de extinctiecoefficient 11.600 M lem™! (A = 226 mm).
De intrinsieke viscesiteiten in 0,5 M NaCl voldoen san de Mark-Houwink
relatie met K = 1,087 g/g (molecuulgewicht in kg/mol) en a = 0,764.

Systematische adsorptiemetingen als functie van de
polyelectrolytconcentratie, ketenlengte en ionsterkte worden behandeld
in hoofdstuk 4. Alleen bij hoge ionsterkte is adsorptie meetbaar. Dit
is het gevolg van de lege affiniteit van het PSS voor het POM-oppervlak.
Adsorptie-isothermen hebben een ronde vorm. De adsorptie neemt min of
meer lineair +toe met oplopende zoutconcentratie, en ook vinden we een
relatief sterke afthankelijkheid van het molecuulgewicht. Een
vergelijking met adsorptiemetingen op hematiet en met resultaten uwit de
literatuur geeft een duidelijk beeld van het verband tussen trends in
het adsorptiegedrag en de affiniteit van het polyelectrolyt voor het
oppervlak. Deze affiniteit heeft  zowel electrostatische als
niet~electrogstatische componenten. Met toenemende affiniteit worden de
isothermen vlakker, vermindert de molecuulgewichtsafhankelijkheid en
wordt de invlced van de ionsterkte kleiner. Desorptie-experimenten
tonen aan dat adsorptie van PS5 op POM kristallen reversibel is.

Hoofdstuk S handelt over theoretische modellen vooT
polyelectrolytadsorptie. Deze =zijn =zonder ultzondering gebaseerd op
theorieen voor de adsorptie van ongeladen polymeren, door uitbreiding
van de toestandssom van het systeem met een term voor de
elecirostatische vrije energie. Wij gean in detail in op de
adsorptiethecrie die Van der Schee ontwikkeld heeft, uitgaande van het
roogstermodel van Roe veoor ongeladen pelymeren. We geven resultaten van
systematische berekeningen met de nieuwe theorie. Belangrijke
uitkomsten zijn het hoge-affiniteitskarskter van de
adsorptie-isothermen, onder alle omstandigheden, en de uitgesprcken
invlged van de ionsterkte op het adsorptiegedrag. Bij hoge
zoutconcentratie mneemt de geadscorbeerde hoeveelheid sterker toe met de
ionsterkte en de keteniengte dan bij lage zoutconcentratie. Dok de

niet-electrostatische wisaelwerking tussen polyelectrolyt en
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oplosmiddel, uitgedrukt in de x-parameter, is dan belangrijker. De
parameter Y¥g, die de niet-electrostatische affiniteit tussen oppervlak
en polyelectrolyt weergeeft, heeft grote invloed bij iedere ionsterkte.
Voor 1lemge Xg of lage zoutconcentratie blijft de bedekking van het
oppervlak met polyelectrolyt ver beneden de complete monolaag. In die
situatie 1leidt de aanwezigheid van een oppervliaktelading met een
ladingsteken dat tegengesteld is aan dat van het polyelectrolyt tot een
extra adsorptie van een segment per elementairlading op het oppervlak
(ladingscompenaatie). Voor de dikte van de geadsorbeerde laag vinden we
een waarde van 2 - 5 nm.

Tot slot vergelijken we in hoofdstuk 6 experimentele
adsorptiegegevens voor PSS op POM kristallen met de recente
roostertheorie voor polyelectrolytadsorptie. Hiertoe worden eerst de
afmetingen van de roostercel geschat op grond van het specifiek volume
van een PSS monomeer, in combinatie met de persistentielengte ven de
keten. Een Ybenadering veoor de parameter X. de niet-electrostatische
wisselwerking  tussen  polyelectrolyt en  oplosmiddel, volgt |wit
" literatuurgegevens over fasescheiding. Kwalitatief reproduceert het
model de gemeten toename van de  adsorptie met ionsterkte en
molecuulgewicht. Experimenteel neemt de adsorptie echter aterker toe
dan theoretisch. Wai betreft de afhankelijkheid wvan de ionsterkte
schrijven we dit toe aan een mogelijke variatie van de
oplosmiddelkwaliteit (x) of de affiniteit tussen polyelectrolyt en
oppervlak (Xg) met de zoutconcentratie. De theoretische toename van de
adsorptie als functie van de ketenlengte is waarschijnlijk te zwak omdat
het voorkomen van vrije staarten aan de uiteinden van een geadsorbeerde
keten wordt verwaarloosd in het model van Roe. Experimentele isothermen
zijn romd van vorm, terwijl theoretisch isothermen worden gevonden die
wijzen op een hoge affiniteit tussen polyelectrolyt en oppervlak.
Mogelijk is dit een gevolg van het feit dat de bulkoplossing'wordt
beschreven met een roostermodel, ondanks de lage  polyelectirolyt
concentraties hierin. Kwantitatief bedraagt het verschil tussen
experimentele en theoretische adsorptie ongeveer 35 %. Dit is een
bevredigend respultaat, gezien het grote aantal modelparemeters en de
onzekerheid in de geachatte waarden hiervoor. Bovendien kan de
onbetrouwbaarheid in het specifiek oppervlak in het algemeen zeker 30 %

bedragen.



Page 96

CURRICULUM VITAE

Joe Papenhuijzen werd op 30 mei 1956 te 's-Oravenhage geboren. Hij
behaalde dzar in 1974 het gymnasium-f diploma saan het Christelijk
Gymnasium Sorghvliet. Aansluitend begon hij =zijn studie aan de
Landbouwhogeschool +te Wageningen, in de Moleculaire wetenschappen. In
maart 1987 slaagde hij {met lof) wvoor het ingenieursexsmen, met als
hoofdvakken Fysische chemie en Biochemie, en als bijvak Proceskunde.

Per 1 mei 1981 trad hij voor een periode van drie jaar in dienat
van de Landbouwhogeschool bij de vakgroep Fysische en Kolleidchemie. In
dege periode verrichtte hij cnder begeleiding van Prof. Dr. G.J. Fleer
en Prof. Dr. B.H. Bijsterbosch het onderzoek waaruit dit proefschrift
is voortgekomen.

Sinds 16 juni 1984 is hij werkzasam op de Afdeling Analytical

" Measurements van Qceé-Nederland B.V. te Venlo.



