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Stellingen 

De beschrijving van ladingen in het SF-model voor polyelectrolytadsorptie is 

niet discreet genoeg. 

Dit proefschnft, hoofdstukken 2, 3, 4 en 5. 

Geladen diblokcopolymeren met twee wateroplosbare blokken vormen bij 

adsorptie nooit een dikke en sterk geladen laag. 

Dit proefschnft, hoofdstukken 4 en 5. 

In de tijd stabiele multi lagen van polyelectrolyten zijn niet s tabiel in 

thermodynamische zin. 

Dit proefschnft, hoofdstuk 6. 

Het on t s taan van peuken bij he t hakken van glasvezels duidt op een te 

sterke interactie tussen de glasvezelfilamenten. 

Het onder de aandacht brengen van misstanden door middel van publieks-

onvriendelijke acties werkt averechts. 

Het houden van schapen brengt rus t in een stressvol bestaan. 

De ware kattenliefhebber onderscheidt slechts twee soorten: lieve kat ten en 

katten met karakter. 

Het beste begin van de dag is een goede nachtrust . 

Het groepsgevoel wordt versterkt door zich af te zetten tegen een andere 

groep, de "tegenpartij". 

Thee leent zich beter tot koffiepraat dan koffie omdat thee over het algemeen 

in grotere hoeveelheden en heter geschonken wordt. 

Nederlands is uitstekend geschikt om wetenschap in te bedrijven. 

Stellingen behorend bij het proefschrift: 

"Adsorption of polyelectrolytes and charged block copolymers on oxides: consequences for 

colloidal stability" van N. G. Hoogeveen, Landbouwuniversiteit Wageningen, 2 februari 1996. 
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Chapter 1 Introduction 

1.1 General 

Metal oxides and silicates are by far the most common minerals found in 
the earth's crust. The use of metal oxides for industrial applications is 
very diverse, due to the variety of their properties. Huge amounts of oxides 
are used as raw materials for the production of glass (Si02, Na20, CaO, 
AI2O3) and cement (CaO, SiC>2, AI2O3, Fe203). Smaller amounts are used 
in many industrial and household goods like fluorescent lamps (AI2O3, 
Y2O3), ceramic condensers (BaTiOs), television screens (Y2O2S, Fe203, 
C0AI2O4), catalysts (V2O5), batteries (Pb02), cosmetics (Zn02), paper (clay, 
T102), paint (TiC>2, Fe203 , Pb02, Mn02, ZnO), etc. 

Often oxide layers are prepared from colloidal suspensions. For 
example, fluorescent bulbs and tubes are coated with a layer of oxidic 
particles, using flow deposition from a concentrated dispersion (sludge). 
After deposition the solvent is removed by heating and a thin dry coating 
remains. In order to produce layers with the desired properties it is 
mandatory to use stable dispersions, as shown in Fig. 1.1. Fig. 1.1a 
represents the stable situation, which leads to the formation of dense 
homogeneous layers, whereas in Fig. 1.1b the dispersion is unstable, 
resulting in more open, coarse, and inhomogeneous layers. 

For the production of paper, oxides (clay, Ti02) are used as fillers to 

(D ® 

Figure 1.1 The structure of a thin film of oxidic particles formed from a stable 
dispersion (a) and an unstable dispersion (b). 
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Chapter 1 

improve the optical and printing properties. In this case, a somewhat 

unstable dispersion is required because aggregates of oxidic material are 

more easily retained by the relatively rough fibre mat. 

The examples ment ioned above i l lustrate the importance of the 

colloidal stability and the need to control it and, if necessary, to modify it. 

Few systematic s tudies have been carried out to s tudy the colloidal 

stabilisation of aqueous oxide dispersions; a lack of knowledge exists in 

th is field. The aim of the present investigation is therefore to s tudy how 

the colloidal stability of aqueous dispersions can be influenced. 

1.2 Colloidal stability 

The size of oxidic particles in a dispersion ranges from 10~9 to 10 - 5 m, 

which is the typical size range of colloidal particles. These dispersions are 

in principle unstable, since the particles attract each other due to van der 

Waals forces. In order to impart colloidal stability it is necessary to 

provide some sort of repulsion between the particles. In aqueous solutions 

there are two main ways to do this: electrostatically a nd sterically (Fig. 

1.2)1. 

In aqueous solutions oxidic particles usually carry a charge due to the 

protonation or deprotonation of surface groups. The acquired charge 

depends on the pH and the ionic s t rength in the solution, and on the 

na ture of the oxide. Oxides can be characterised by their tendency to take 

up or release protons. A measure for this tendency is the position of the 

pH at which the net surface charge is zero (the so-called iso-electric point 

® 

Figure 1.2 Electrostatically (a) and sterically (b) stabilised particles. 
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or l.e.p.). We t hus may distinguish between acidic oxides (such as Si02, 

i.e.p. = 2), basic oxides (for example, Fe2C>3, i.e.p. = 9), or amphoteric 

oxides [e.g., Ti02, i.e.p. = 6). 

The presence of charge on the surface of a particle leads to the 

formation of a diffuse layer of countercharge (Fig. 1.2a), which ensures 

electroneutrality. When charged particles approach each other, these 

diffuse layers overlap, which causes a repulsive force, which counteracts 

the attractive van der Waals forces. The th ickness of the diffuse layer 

depends on the concentration of ions in the medium; at low ionic s trength 

very thick double layers can be found. Electrostatic stabilisation works 

best when thick highly charged diffuse layers are formed, le., when the 

particles are strongly charged and at a low ionic strength. The dispersion 

will, however, become unstable close to the iso-electric point (i.e.p.), or 

when the ionic strength is high. 

Steric stabilisation is brought about by adsorbing molecules on to the 

surface. These molecules form a protective shea th (Fig. 1.2b) which 

prevents the particles from approaching too closely, since an overlap of 

the steric layers resul ts in a s trong repulsion. The ensuing stability 

depends on the thickness of the steric layer. Long thin molecules like 

polymer chains, which can form thick adsorbed layers, are particularly 

suited a s stabilisers. Polymers are long chain molecules tha t are built 

from a large number of repeating units , called monomers or segments. 

Several kinds of polymers can be used, e.g., neutral polymers, charged 

polymers (polyelectrolytes) and also copolymers, which are polymers 

consisting of more t han one type of monomer. This type of polymer is 

interesting since it allows to combine two or more favourable properties 

into one polymer. Depending on the way the monomers are arranged in a 

copolymer one distinguishes random copolymers (e.g., with a s t ruc ture 

AABAABBBA), diblock copolymers (AAAAAABBBBB), and alternating 

copolymers (ABABABABAB), where A and B represent different monomer 

types. 

Diblock copolymers are expected to be very effective stabilisers for 

dispersions in non-aqueous systems (e.g., the classical "oily" paints)2 . 

From theoretical and experimental studies it has been concluded tha t the 

bes t stability is imparted by a block copolymer with one block t ha t 

anchors strongly on the surface (the anchor block), and one block which 

protrudes far into the solution (the buoy block)3"5. The respective lengths 

of the blocks are important: a long buoy block is favourable because it 
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gives a thick layer, bu t the anchor block should not be too short in order 

to obtain secure a t tachment to the surface. In such systems there is an 

opt imum anchor-to-buoy block ratio, where both the adsorbed amount 

and the stabilising effect is maximal. 

Above, we have indicated that stabilisation of colloids can occur via an 

electrostatic or a steric mechanism. When (charged) oxidic particles are 

s tabi l ised by adding (charged) polymer molecules to t hem, bo th 

mechan i sms could play a role, because the polyelectrolyte chains are 

charged bu t could also provide a steric effect. It now depends on the 

relative importance of both contributions whether we call the stabilisation 

electrostatic, steric or electrosteric. 

1.3 Adsorption of polymers 

Previously, we described how one can modify the stability of particles by 

adsorbing polymer molecules on to them. Their effectiveness depends 

largely on the amount of polymer which adsorbs and on the s t ructure of 

the adsorbed layer. These variables are determined by the interactions 

governing the adsorption. 

Polymer molecules only adsorb at a surface if this process leads to a 

decrease of t he total free energy. For neu t ra l polymers t he major 

contribution to the adsorption energy is the non-electrostatic interaction 

with the surface, arising from, e.g., hydrogen bonding or hydrophobic 

i n te rac t ions . The s t rength of th is non-electrostat ic in teract ion is 

determined solely by the types of polymer, subs t ra te and solvent. We 

found tha t most neutral polymers do not adsorb strongly on oxides from 

an aqueous environment. Hence, these neutral polymers are not very well 

suited to act a s steric stabilisers for oxidic dispersions. 

For charged polymers, also electrostatic interactions affect the affinity 

for the charged oxide surface. When both polymer and subs t ra te carry 

g roups with the same charge sign, the adsorption is counteracted, 

whereas the adsorption is stimulated when the signs are opposite. Since 

the amount of charge on the oxide surface and on the polyelectrolyte can 

be modified rather easily by adjusting the pH and /o r the ionic s trength of 

the solution, we are able to control the adsorbed amount to some extent. 

For this reason we chose to work with charged polymers. 

We studied both homopolyelectrolytes and charged diblock copolymers 

consist ing of one neu t ra l block and one charged block, in order to 
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Figure 1.3 Three possible conformations of block copolymers consisting of a 
charged block and a neutral block adsorbed on oxides. 

evaluate the potential of such copolymers a s s tabilisers for inorganic 

oxidic par t ic les . Such a block copolymer can have th ree possible 

conformations when it adsorbs on a substrate, a s illustrated in Fig. 1.3. 

In Fig. 1.3a, the surface is positively charged, so that the charged block 

is repelled by the surface. If the neutral block adsorbs sufficiently s trong 

(high affinity) and the charged one s t icks out into solution, bo th 

electrostatic and steric stabilising mechanisms could be active, leading to 

electrosteric stabilisation. 

In Fig. 1.3b the surface is negatively charged. Now the charged block 

adsorbs, due to the favourable electrostatic interaction with the surface. If 

the charged block adsorbs more strongly than the neutral block it may 

displace the neutral block from the surface. The latter block will then form 

uncharged hairs which could cause steric stabilisation. Whether or not 

there is also an electrostatic contribution to the stability of the system 

depends on the ne t charge in the system, i.e., t he s um of the surface 

charge and the adsorbed charge. 

In Fig. 1.3c an intermediate situation is sketched in which both blocks 

adsorb on the surface and no hairs protrude into the solution. In this case 

no steric stabilisation takes place and it depends on the ne t charge, 

whether or not the system is (electrostatically) stable. 

From the d iscussion of Fig. 1.3 we can deduce some impor tan t 

parameters which determine the effect of adsorbed (block copolymers on 

the stability of a dispersion. For steric stabilisation it is important to have 

many long tails sticking out into solution. Therefore, knowledge about the 

structure of the layer (which block protrudes into the solution, how thick 

is the layer) and about the adsorbed amount is needed. Electrostatic 

contr ibutions are mainly determined by the net charge of the system; 

s t ructural aspects of the layer will then be less important. The net charge 

is given by the sum of the surface charge and the adsorbed polymer charge 
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[Le., t he adsorbed amount times the charge per polymer molecule). When 

the net charge is zero the surface charge is precisely compensated by the 

adsorbed charge (charge compensation). 

1.4 Kinetics, equilibrium and reversibility 

Another impor tan t pa rameter which mus t not be neglected is t ime. 

Several p rocesses t ake place immediately after mixing polymer a nd 

dispersed particles. The mixing of both solutions takes some time, bu t the 

adsorption of polymer onto the particles is usually even slower. Moreover, 

when the particle dispersion is unstable, the formation of aggregates in 

the solution is also a t ime-dependent process. The kinetics of these 

va r ious p rocesses can be very impor tan t for the ou tcome of a n 

experiment. For example, if the formation of aggregates is very fast 

compared to the adsorption process, then some aggregates will be formed 

before the system can be stabilised, and these aggregates are not easily 

redispersed. 

The adsorption can in itself be thought of to consist of three processes: 

t ranspor t of polymer from the bulk of the solution to the surface of the 

particle, a t tachment to the surface, and reorganisation of the adsorbed 

molecule. By measur ing t he k inet ics of adsorpt ion u nde r var ious 

condit ions, one could deduce which of t hese s teps is mos t t ime-

consuming. 

When the outcome of an experiment depends on the kinetics of the 

various s teps the system is not in equilibrium. In principle every system 

strives to a t tain equilibrium, which is characterised by a minimum free 

energy. The kinetics of a process determine, however, how fast t he 

equilibrium s tate is attained. Up to date, there is no theoretical model yet 

describing the kinetics of polyelectrolyte adsorption. There do exist several 

theoretical models for the equilibrium properties of polyelectrolytes in 

solution and at interfaces2. Such theoretical models are very useful since 

they can help u s unders tand the system better. A comparison between 

theory and experiment is only justified when it h a s been established tha t 

the experimental system has reached its equilibrium state. 

A way to check whether or not equilibrium is attained is by looking at 

the reversibility of the process (see Ch. 3). For example, when after 

adsorption the pH and /o r the ionic strength of the medium are changed, 

the system h a s to adapt itself to the new situation. Then the adsorption 
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after this indirect route can be compared with direct adsorption under the 

required conditions. When the system is in equilibrium both r esu l t s 

should be identical. 

1.5 Aim of the study 

The aim of this s tudy is to find out how the addition of charged polymers 

affects the stability of oxidic dispersions. Moreover, we want to know how 

th is effect on the stability is related to the adsorption properties of the 

charged polymers. 

The central items are: 

- How does the final adsorbed amount depend on the experimental 

parameters (pH, ionic strength, block copolymer composition)? 

- What is the s t ructure of the adsorbed layer and how does it depend on 

the experimental parameters? 

- How does the presence of a layer of adsorbed polymer affect the 

stability of oxidic dispersions? 

- Can we u se charged polymers a nd /o r charged block copolymers to 

control the stability of oxidic dispersions? 

- Are the systems in equilibrium? 

- How well do theoretical (equilibrium) models predict the results? 

In order to answer these questions the adsorption properties of charged 

polymers on oxides and their effect on the stability of oxidic dispersions 

were systematically investigated. Well-defined oxide subst ra tes and well-

charac te r i sed polymer samples were used to limit t he n umbe r of 

uncertainties in the experiments. 

1.6 Outline of the thesis 

In Chs. 2 and 3 we describe the adsorption behaviour of strong and weak 

homopolyelectrolytes on oxides. 

In Ch. 2 we s tudy how the kinetics of the adsorption and the final 

adsorbed amount depend on typical electrostatic parameters such as the 

pH and the ionic s t rength of the solution. Also, we examine how the 

polymer and surface charges determine the adsorbed amount . We show 

tha t upon adsorption overcompensation of the surface charge is found. 

The overcompensated surface charge is part ly neu t ra l i sed by a n 

adjustment of the surface and polymer charges. 
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In Ch. 3 we look a t the reversibility of polyelectrolyte adsorption and 

examine whe ther or not adsorbed polyelectrolyte molecules can be 

d isplaced by o ther polymer molecules coming from the so lu t ion 

(exchange). We show tha t the systems under investigation are not very 

reversible due to slow reconformation processes on the surface and 

evaluate how this affects the s tructure of the adsorbed layer, for which we 

present a model. 

In Ch. 4 the synthesis and the properties of a new type of charged block 

copolymer a re described. We investigate the adsorption of these molecules 

on oxides and deduce in what conformation the block copolymers are 

adsorbed. 

In Ch. 5 we examine the effect of polyelectrolytes and charged block 

copolymers on the colloidal stability of oxide dispersions. Upon adsorption 

of t hese additives both s tabil isation and destabil isat ion can occur, 

depending on the dosage and the properties of the additives. These 

observations are t ranslated into some recommendations for better control 

of the colloidal stability in the presence of charged (block co) polymers. 

Finally, in Ch. 6, we exploit the fact tha t upon adsorption of strongly 

charged polyelectrolyte molecules overcompensation of the surface charge 

occurs . Because of th is overcompensation, addition of positively and 

negatively charged polyelectrolytes (in alternated order) to a solid surface 

leads to the formation of multilayers of polyelectrolytes. 

Such mult i layers can be used to s tudy the complexation between 

anionic and cationic polyelectrolytes, since the (electrostatic) interaction 

between both polymers determines the stability and the stoichiometry of 

the mult i layer s t ruc ture . Knowledge about the in teract ions between 

polyelectrolytes might be informative for the behaviour of complex 

(industrial) dispersions where more t han one type of polyelectrolyte is 

present. 
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Chapter 2 Polyelectrolyte adsorption on oxides: 
kinetics and adsorbed amounts 

We have invest igated t he adsorp t ion of s t rong polyelectrolytes 

(quaternised polyvinyl pyridine (PVP+) and quaternised dimethylamino-

ethyl methacrylate (AMA+)) and of a weak polyelectrolyte (AMA) onto TiC>2 

and S i02, us ing reflectometry. Two characteristic properties, i.e., the 

initial adsorpt ion ra te and the adsorbed amount , were s tudied a s a 

function of ionic strength and pH. Also the effects of the molar mass of the 

polymers, of the type and valence of the ions, and of the surface charge 

and the segment charge were investigated. 

We find tha t the initial adsorption rate is usually determined by the 

rate of t ransport to the surface, and therefore by the diffusion coefficient, 

which depends on the size of the molecule. A polyelectrolyte chain is 

swollen due to the in ternal e lectrostatic repuls ion of t he charged 

segments . The repuls ion can be decreased (and t h u s the diffusion 

coefficient increased) either by an increase of the salt concentration or by 

a reduction of the segment charge, e.g., by changing the pH for weak 

polyelectrolytes. 

The adsorbed amoun t is determined by a ba lance between t he 

interactions in the system. For PVP+ adsorbing on Ti02, these interactions 

are mainly electrostatic, bu t on Si02 also a non-electrostatic affinity of 

PVP+ for the surface plays a role. The adsorption of AMA+ and AMA on 

TiC>2 is purely electrostatic. Upon adsorption of AMA+ the surface is found 

to adjust its charge. In the case of adsorption of AMA both the surface and 

the segment charge are regulated. This regulation process reduces the 

bui ld-up of the electrostatic potential on the surface, and enables more 

polymer molecules to adsorb. 

2 .1 Introduction 

Polyelectrolyte adsorption is a widely s tudied subject because of i ts 

relevance to many industrial applications1-2. The adsorption mechanism 

can be thought of a s a three-step process: (i) t ransport from the bulk to 

the surface, (ii) a t tachment to the surface, and (iii) rearrangements in the 

adsorbed layer. The la t ter p rocess is often quite slow; it could be 

11 
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responsible for the sometimes claimed irreversibility of polyelectrolyte 

adsorpt ion 3 5 . During the initial stages of the adsorption we only see s teps 

(i) and (ii). When all polymer arriving at the surface immediately adsorbs, 

the adsorption rate is transport-limited. This occurs in the initial stages of 

the adsorption of several neutral polymers on SiC>26. As the adsorption 

proceeds, the surface becomes increasingly covered with polymer. At a 

certain point the adsorption will be hindered. The rate of adsorption then 

depends also on the a t tachment process. At an even higher coverage, the 

rate becomes independent of the t ransport process and the a t tachment is 

completely rate-limiting until the plateau value is reached. 

Usually, only the plateau value of the adsorbed amount is studied. The 

adsorbed amount is determined by the balance between all interactions in 

the system. The electrostatic ones, which play a key role in polyelectrolyte 

adsorption, are (i) the interaction between the substrate and the polymer 

segments, and (ii) the mutual interaction between the charged segments, 

which always opposes adsorption. On an oppositely charged surface, 

these interactions favour a flat conformation, in which the segments are 

mainly s i tuated in t rains. In such a conformation the interaction between 

the segments and the surface is maximised. When the surface charge is 

compensated, i.e., when the adsorbed charge is j u s t equal to the surface 

charge, the electrostatic attraction of the segments with the surface is 

ba lanced by the repulsion in the adsorbed layer. In many cases the 

surface charge is overcompensated. The extra polymer charge then causes 

a net electrostatic repulsion, which at low ionic strength can be very high. 

This repulsion prevents strong overcompensation of the surface charge a t 

low ionic s t rength7 . 

Because of t he impor tance of t he e lec t ros ta t ic i n t e rac t ions , 

polyelectrolyte adsorption depends strongly on electrostatic parameters 

such a s the surface charge and the polymer charge, which can both 

depend on the pH, and the ionic s t rength. However, also a non-

electrostatic affinity for the surface and the solvent quality may play a 

role. This make s the adsorpt ion of polyelectrolytes a complicated 

phenomenon. We can illustrate this by focusing on the effects of the ionic 

s trength and the segment charge of a polymer. 

Polyelectrolytes adsorbing on an oppositely charged surface experience 

both an electrostatic attraction with the surface (favouring adsorption) 

and an electrostatic repulsion within the layer (counteracting adsorption). 

Therefore, the effect of addition of salt can be ra ther diverse. Some 

12 
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authors find the adsorbed amount to increase upon addition of sa l t 3 - 8 1 0 , 

o thers find it to dec rease 8 1 0 , and even a maximum as a function of the 

ionic s trength h a s been reported11 . Van de Steeg et al.12 showed that the 

presence of a s trong non-electrostatic affinity favours an increase of the 

adsorbed amount upon addition of salt. It is therefore important to know 

whe the r t h e adsorpt ion is purely e lectrostat ic, or whe the r o ther 

interactions are also present. 

Several a u t ho r s describe the effect of t he segment charge of 

polyelectrolytes adsorbing on oppositely charged surfaces. As discussed 

above, highly charged polyelectrolytes adsorb till charge compensation. 

When the segment charge is lowered, more polymer molecules have to 

adsorb to compensate the surface charge, which leads to a h igher 

adsorbed amount . This continues until a t a certain charge a maximum is 

found; further reduction weakens the electrostatic bond with the surface 

too much, and the adsorbed amount decreases. Such a maximum in the 

adsorbed amount a s a function of the segment charge was found both 

exper imen ta l ly 8 1 0 1 3 1 4 and theoretically12 '15. 

In this chapter we s tudy the adsorption of polyelectrolytes on oxides. 

The main questions in our investigation are: 

(i) Is the rate of adsorption initially limited by the a t tachment process or is 

it determined by the t ransport in solution? 

(ii) How is the adsorption influenced by typical electrostatic parameters 

like pH and the ionic strength? 

(iii) Do the polymer and surface charge change as a result of adsorption, 

and if so, how does this affect the adsorption? 

(iv) Is the adsorption determined by electrostatics alone, or are there 

additional driving forces? 

In order to answer these questions, we measured for s trong and weak 

polyelectrolytes the amount adsorbed on oxides as a function of time. We 

consider two characterist ic parameters : (i) the initial adsorption rate, 

which gives insight into the t ranspor t and a t t achment propert ies of 

polyelectrolytes for a bare surface and (ii) the adsorbed amount after 20 

min., which is indicative for the adsorption capacity, and therefore tells 

something about the interactions in the system. The ionic s trength and 

the pH were the main variables in the experiments. In some cases , 

however, we also varied the type and valence of the cations, the substrate, 

the type and the molar mass of the polymer, and the segment and surface 

charge. 
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2.2 Materials and methods 

2 .2.1 Polymers 

We used quaternised polyvinyl pyridine (PVP+, Rochrom, the Netherlands), 

and un t rea ted and quaternised polydimethylaminoethyl methacrylate 

(AMA and AMA+, respectively). The s t ructural formulas of these polymers 

are given in Fig. 2 .1 . AMA was synthesised by Dr. Arnold's group in Halle 

(Germany) by anionic polymerisation, and AMA+ (trade name Kounan Floe 

K-53PS) was a gift from Dr. Y. Adachi in Tsukuba (Japan). 

Both PVP+ and AMA+ carry a constant charge of one elementary charge 

per segment, indicated by the superscript"+", whereas AMA bears tertiary 

amine groups giving it a pH-dependent charge. We measured this charge 

as a function of pH by a potentiometric titration method. The results are 

presented in Fig. 2.2 for AMA in solutions of 0.009 and 0.08 mol /kg 

KNO3, respectively. Two observations can be made: (i) the pH-range over 

which the amine groups are titrated is much broader t han for monomelic 

species, and (ii) the pKa, which is the pH where half of the groups is 

charged, shifts to a higher value at higher ionic s trength. Both effects 

result from the fact tha t the segments are connected in a chain. In such a 

chain when a group is charged, its electric field hampers the t itration of 

neighbouring groups. Upon addition of salt, the electrostatic interaction is 

screened, which makes the charging of the groups easier. 

Some characteristics of the polymers are listed in Table 2 .1 . The molar 

mass Ms per segment and the molar mass Mw of the polymer for PVP+ 

include the counterion (Br-). For AMA and AMA+ the counterion is not 

CH 2 -CH-

N"CH 3 - I n 

CH2 

CH3 

C 

c=o J 
1 

o 
CH2 

CH2 

N 
/ \ 

CH3 CH3 

CH3 

• CH2 - C 

n c=o J 
O 

CH2 

CH2 

CH3-N-CH3 

CH3 

n 

PVP+ AMA AMA+ 

Figure 2.1 Structural formulas of polydimethylaminoethyl methacrylate (AMA), Its 
quaternised form (polytrimethylammoniumethyl methacrylate, AMA+), and 
quaternised poly-2-vinyl pyridine (poly-l-methyl-2-vinylpyridinium, PVP+). 
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l c = 

0.5 

4 6 8 10 

Figure 2.2 Titration data of AMA at two KNO3 concentrations (Indicated). 

included in Ms and Mw. The value for Mw/Mn of PVP+ was specified by 
the supplier. For AMA this ratio is not known, but since the polymer was 
made by anionic polymerisation we expect it to be rather monodisperse. 
The values for the refractive index increments dn/dc were measured with 
a differential refractometer. Due to differences in the refractivity of 
charged and uncharged groups, dn/dc for AMA was found to depend on 
the degree of dissociation; it varied from 0.14 cm3 /g (uncharged) to 0.21 
cm3 /g (charged). For PVP+ and AMA+ dn/dc is 0.21 cm3/g, independent 
ofpH. 

The polymer concentration in all experiments was 10 mg/kg. 

2.2.2 Substrate 
We used strips of silicon wafers bearing thin layers of TiC>2 or SiC>2 as the 

Table 2.1 Characteristics of the polyelectrolytes 

polymer 

PVP+ 

PVP+ 

PVP+ 

AMA+ 

AMA 

Ms 

(g/mol) 

200 

200 

200 

172 

157 

M w 

(kg/mol) 

2.8 

11.6 
120 

ca. 6 x 10 3 

20 

M w /M n 

1.13 
1.07 

1.03 

polydisperse 

monodisperse 

charge 

constant 

constant 

constant 

constant 

variable 

dn/dc 

(cm3/g) 

0.21 

0.21 

0.21 

0.21 

0.14-0.21 
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adsorbent. The wafers, which are of the Czochralsky-type, were obtained 

from Aurel GmbH (Germany). A Ti02 layer of about 25 nm was deposited 

by reactive sputtering of Ti in an oxygen atmosphere. This was carried out 

at Philips Laboratories in Eindhoven (The Netherlands). A Si02 layer of 

about 100 nm was formed by thermal oxidation a t 1000 °C for 1 hour. The 

iso-electric points (i.e.p.) of these layers are around pH = 4 (Ti02) and pH 

= 2 (SiC>2), a s determined from streaming potential measurements . The 

i.e.p. found for TiC>2 is lower for most crystalline forms of Ti02- Probably 

the Ti02 layer is amorphous. The strips were cleaned with an UV-ozone 

oxidation procedure, and could be used and cleaned many times. 

2.2.3 Other reagents 
All experiments were carried out in a buffer solution. We employed a 

barbital-acetate buffer for the pH-range of 3 - 8.5, and a glycine buffer at 

pH > 8.5. Because these buffers contain only monovalent ions, the ionic 

s t rength of the buffer solutions can be kept constant when the pH is 

varied. The ionic s t rength of the buffer solutions was 0.005 mol /kg . 

Sometimes extra salt (LiCl, NaCl, CsCl, or MgCl2) was added. 

2.2 .4 Reflectometry 
The adsorption measurements were performed in a reflectometer with a 

s tagnation-point flow-cell a s described by Dijt et al.16. For this geometry 

the t ransport of particles to a collector has been described by Dabros and 

van de Ven 1 7 . The flux J of polymer to the surface depends on the 

kinematic viscosity v of the solution, the diffusion coefficient D of the 

polymer, a nd t he difference c^,-cs, where c ,̂ a nd c s a re t h e 

concentrations in the bulk and near the surface, respectively16 

J = k v 1 / 3 D 2 / 3 ( c b - c s ) (2.1) 

Here, k is a constant for a given set-up. It depends on a dimensionless 

s treaming intensity parameter a, on the radius R of the inlet tube and 

the Reynolds number Re, according to 1 6 

k = 0 - 7 7 6 ( 5 ^ / 3 

R 

The principle of reflectometry is a s follows6. A laser emits a polarised 

beam, which is reflected by the silicon wafer in the reflectometric cell. The 

reflected l ight is spl i t ted u p into i ts parallel and pe rpend icu la r 

components, which are detected separately by means of photodiodes. The 
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signal S is then defined as 

S = f-=?- (2.3) 
Rs 

where f is an appara tus constant and R and Rs are the reflectivities of 

the parallel and the perpendicular components . Upon adsorpt ion of 

polymer on the oxide layer the signal changes by an amount AS. The 

relative change in the reflectometer signal AS/S0 is proportional to the 

adsorbed amount r, provided J" is not too high16 

r = J - - ^ (2.4) 

The sensitivity factor As was calculated using the method of Hansen 1 8 , 

which is based on the matrix formalism of Abeles. This factor depends on 

the thickness d o x of the oxide layer and on the indices of refraction: n^ 

for silicon, n o x for the oxide layer, and n s for the solution. Also, the 

refractive index increment dn/dc of the polymer (Table 2.1), the angle of 

incidence 6i a nd the wavelength X of the laser beam mus t be known. The 

values used were n s i = 3.8, n o x = 1.46 (Si02) or 2.3 (TIO2), ns = 1.33, A = 

632.8 nm, 6{ = 75°, d o x = 113 nm (Si02) or 25 nm (Ti02). For this set of 

parameters, As is in the range 0.019 to 0.027 m 2 /mg . 

2.2 .5 Reproducibility 

The measurements were performed in duplicate. The error between two 

measurements taken the same day is usually less t han 10 %, and mainly 

due to baseline drift. The initial adsorption rate is hardly affected by a 

slow basel ine drift and is therefore bet ter reproducible. When the 

experiment is repeated days later, the outcome can quantitatively differ 

from the first result , b u t the t r ends are similar. The reasons for th is 

variation are not quite clear. An illustration of this phenomenon is found 

in Fig. 2.8. The curve for AMA+ (triangles) was measured in one day and 

the deviations are less t han 10 %. The results for AMA (open and filled 

circles) are compilations of many experiments spread over many days. 

Here the error can be as large as 30 %. 

Another source of errors is pH drift. The pH was measured with an 

accuracy of ± 0.05. In regions where the adsorbed amount depends very 

strongly on the pH, even a small drift causes a significant inaccuracy in 

the curves. In Fig. 2.8, this could cause the spread around pH = 7. 
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2.3 Results and discussion 

2 .3.1 Kinetic curves 
In Fig. 2.3 we present typical examples for the t ime-dependent adsorption 

r[t) of PVP+ onto Ti02 a t pH = 8 from solutions containing varying 

amounts of LiCl. In Fig. 2.3a the initial part is given and Fig. 2.3b gives 

the adsorption behaviour for longer t imescales. The curve for 7 = 0.1 

mol /kg lies above the curves for lower and higher ionic s trengths. Clearly, 

the adsorbed amount passes through a maximum as a function of ionic 

strength. This maximum will be discussed later in more detail. 

From such "kinetic" curves two characteristic values can be extracted: 

the initial adsorption rate ( d r / dt)0 and the "final" adsorbed amount. The 

adsorbed amoun t usual ly reaches a constant value after 20 minutes . 

There are cases, however, especially for adsorption on Ti02 at high ionic 

s trengths, for which a slow increase is still observed after 20 minutes. The 

value after 20 minutes is therefore not necessarily an equilibrium value, 

b u t we a s sume t ha t it is an adequate measure of the total amoun t 

adsorbing on a substrate. 

In the following figures these characteristic values are plotted, whereby 

each point is obtained from one "kinetic" curve a s shown in Fig. 2 .3 . First, 

7 = 0.1 mol/kg 

0.005 

1.0 

100 

7 = 0.1 mo l /kg (b) 

0 . 005 

0.4 

1.0 
k r 

time (s) 600 time (s) 1200 

Figure 2.3 The initial part (a) and the curve for longer timescales (b) of typical 
adsorption data of PVP+ on T1O2 at different ionic strength. The polymer concentration 
was 10 mg/kg and the ionic strength 0.005, 0.1, 0.4, and 1 mol/kg, as indicated. In all 
experiments a buffer solution with an ionic strength of 0.005 mol/kg is present; for 
solutions with a higher ionic strength LiCl was added. 
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we illustrate the influence of the ionic s trength and the pH on the initial 

adsorption rate and discuss it in terms of the rates of the t ransport and 

a t tachment processes. Secondly, we present the adsorbed amount after 20 

minutes and analyse it in terms of the interactions present in the system. 

2.3 .2 Initial adsorption rate 
Effect of ionic strength 

Figure 2.4 i l lustrates the effect of the ionic s t rength I on the initial 

adsorption rate of PVP+ (Mw = 3 K or 120 K) at pH = 8 onto TiCh (open 

symbols) and SiC>2 (filled symbols). For TiC>2, the initial adsorption rate 

increases slightly with ionic strength until a t a certain point it drops to 

zero. For SiC>2, a monotonic increase with ionic s trength is observed. The 

curves for T1O2 and Si02 are the same for low ionic strength, indicating 

tha t in this region the adsorption rate is independent of the na ture of the 

subs t ra te . The use of a smaller PVP+ molecule leads to a considerably 

higher initial slope, bu t the drop for TiC>2 sets in at a lower ionic strength. 

In order to explain these data, it is important to know which step is 

ra te determining and how this s tep is affected by the ionic s t rength and 

the pH. As we have described before, the adsorption is t ransport-limited 

when all polymer molecules arriving at the surface adsorb onto it. The 

0.08 

PVP+ 3 K 

0.01 0.1 1 
I (mol/kg) 

Figure 2.4 The effect of the ionic strength at pH = 8 on the initial adsorption rate of 
PVP+ with a molar mass of 3 K (triangles) and 120 K (circles), respectively. The 
substrates used were Ti02 (open symbols) and Si02 (filled symbols). The ionic strength of 
the buffer solution was 0.005 mol/kg and monovalent ions were added to increase it to 
the plotted value. The polymer concentration was 10 mg/kg. 
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adsorption rate dr/dt is then equal to the theoretical flux J , which for 

the s tagnation-point flow-cell is given by Eqs. 2.1 and 2.2. When the 

a t tachment process is slow, the adsorption rate will be smaller. We can 

account for this smaller rate by defining a probability j3 t ha t a molecule 

near the surface adsorbs onto it. The initial adsorption rate {dr/dt)0 is 

then given by 

( dT / d t ) 0 = j9J (2.5) 

The value of j3 d istinguishes between the transport-limited case [p = 1) 

and the attachment-limited case (ji < 1). Note tha t when ji is close to bu t 

not equal to 1, the t ransport rate still strongly influences the adsorption, 

although we define the adsorption to be attachment-limited. 

The t ransport rate is affected by all variables in Eq. 2.2, i.e., v, D and 
cb _ cs - m t h e initial stages, c s is essentially zero. The bulk concentration 

qt, is kept constant a t 10 mg/kg. This concentration is quite low so tha t 

the solution viscosity v is almost tha t of water and therefore we do not 

expect any effect of the factor v1 ' in Eq. 2 .1 . The diffusion coefficient D , 

however, is influenced considerably by the pH and the ionic s trength. A 

polyelectrolyte coil is swollen due to the internal electrostatic repulsion 

between i ts charged segments . When salt is added, this repulsion is 

screened and the polymer coil shrinks, leading to a higher value of D. For 

polymers with a pH-dependent charge, like AMA, the repulsion can also be 

reduced by a decrease in the segment charge upon variation of the pH, 

which also results in a higher diffusion coefficient. 

For t ranspor t - l imi ted condit ions, we expect an increase in t he 

adsorption rate with increasing ionic s trength. For the adsorbent S i02, 

this is indeed found over the entire range of / . For Ti02, however, we see 

tha t ( d r /d t ) 0 d rops above I = 0.3 mol/kg and J = 0.02 mol /kg for PVP+ 

samples with molar masses of 120 K and 3 K, respectively. Apparently, on 

S i02 the adsorption is t ransport-limited over the whole ionic s t rength 

range, whereas on TiC>2 this applies only up to a certain ionic strength. A 

clear indicat ion t ha t the adsorption at low ionic s t rength is really 

t ransport- l imited comes from the observation t ha t in t ha t region the 

curves on Ti02 and Si02 are identical: the adsorption ra te is t hen 

independent of the nature of the substrate. 

In this transport-limited region, we expect the diffusion coefficient to be 

the main variable. We find an increase in the adsorption rate by a factor of 

1.22 over the range J = 0.005 to 1 mol/kg, which implies an increase in 

the diffusion coefficient by a factor of (1.22)3 /2 = 1 . 35 . According to 
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Odijk's theory 1 9 , t he r ad ius of gyration of a polyelectrolyte molecule 

decreases by a factor of 1.2 upon increasing the ionic strength from 0.005 

to 1 mol/kg. Assuming D ~ 1 / i?g, the decrease in the diffusion coefficient 

is of the same order of magnitude as the factor found experimentally. The 

theoretical calculations apply to a polymer with 600 repeating uni ts and a 

persistence length of 1 nra, which is representative for PVP+ with a molar 

mass of 120 kg/mol. 

Kowblansky and Zema20 found that the diffusion coefficient of a partly 

hydrolysed polyacrylamide, with 66% charged groups and a molar mass of 

1500 K, increases by a factor of 1.6 upon increasing the ionic s t rength 

from 0.1 mol /kg to 1 mol/kg. This higher value is probably related to the 

higher molar mass (for longer polymers Odijk's theory predicts a stronger 

dependence of the radius of gyration on the ionic strength), bu t also the 

intrinsic stiffness of PVP+ could be responsible for the smaller change in 

D; upon increase of I an extended conformation is maintained, even 

though the repulsion is decreased. 

The much higher initial adsorption rate for PVP+ of low molar ma s s 

(M w = 3 K) is due to the increased diffusion coefficient for th is shor t 

molecule. Polymer solution theory21 s ta tes tha t the diffusion coefficient 

scales with the molar mass of the polymer as D ~ Mw~?. For neut ra l 

polymers in a good solvent the value of y is known: y = 0.5 for relatively 

short chains (where Gaussian statistics apply) and y = 0.6 for long chains 

(which are swollen through the excluded volume effect). This swelling is 

expected to be even stronger for polyelectrolytes because of the internal 

electrostatic repulsion. Our data suggest y = 0.5 for PVP+ (Mw = 3 K - 120 

K). Hence, no additional swelling is detected. Probably, these samples are 

still in the low-molecular-weight range. 

On Ti02, the a t tachment process becomes rate limiting a t high ionic 

strength. In general, two different reasons for reduced a t tachment can be 

envisioned: 

(i) The polyelectrolyte could in principle adsorb on the surface, bu t it 

cannot get into contact. This happens when there is a steric barrier, e.g., 

by already adsorbed polymers, or an energetic barrier. During the initial 

s tages of the adsorption, the surface is essentially bare, which excludes 

steric h indrance. An electrostatic potential barrier, however, is possible 

when the polyelectrolyte and the surface have the same charge sign. This 

potential barrier will be lower when the ionic strength is increased, 

(ii) An other reason might be tha t the attraction of the polyelectrolyte to 
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the substrate is too small. When a polyelectrolyte hits a surface, it forms a 

n umbe r of contacts . After this initial contact the molecule unfolds, 

thereby increasing the number of contacts and maximising the interaction 

with the surface. When the adsorption energy per contact is small, the 

initial gain is small and some molecules might desorb before they can 

secure their position by the unfolding process. In this case there is not 

really a barrier present, bu t from all polymer molecules bumping against 

the surface only a few stick. 

In the case of FVP+/TiC>2 at pH = 8, a s in Fig. 2.4, the polymer and the 

s ubs t r a t e a re oppositely charged, which excludes the existence of a 

potential barrier. The observed drop in the adsorption rate a t high ionic 

s t rength mus t therefore be caused by too low an (effective) adsorption 

energy. This is probably related to competition of small cations for the 

charged surface sites, which thereby weaken the electrostatic attraction of 

the polymer to the surface. From the fact tha t salt ions act a s displacers, 

we can conclude that the attraction to the surface for PVP+/Ti02 is mainly 

electrostatic. This displacement of PVP+ by salt ions depends on the molar 

mas s . For shor t cha ins (Mw = 3 K) the a t t achment to the surface is 

already affected at J > 0.02 mol/kg, whereas for longer ones (Mw = 120 K) 

an ionic s trength higher than 0.3 mol/kg is needed. 

For PVP+ adsorbing onto Si02, salt ions cannot displace the polymer 

from the surface (see also Fig. 2.7). In this system, a significant non-

electrostatic a t traction exists, which keeps the overall a t traction high, 

even when t he e lectrostatic component is weakened. Such a non-

electrostatic contribution ha s also been found for other quaternary amine 

groups, such a s tetraalkyl ammonium salts adsorbing on s i l ica 2 2 2 3 , and 

is thought to originate from hydrophobic bonding. 

Effect of pH 
In Fig. 2.5 the initial adsorption ra tes of AMA and AMA+ onto Ti02 are 

plotted a s a function of pH. The salt concentrations are 0 .005 mol /kg 

(open symbols) or 0.1 mol /kg (filled symbols, only AMA). For AMA+, two 

different regions can be distinguished. Below the i.e.p. of Ti02 (pH = 4), 

the rate is low (region 1), above pH = 4 the rate is a little higher and about 

constant over the whole pH-range (region 2). For AMA, the curve is more 

complicated and a third region is found. After an initial increase a t pH < 4 

(region 1), the rate s tays constant up to pH = 6 and then an increase is 

observed, which is ra ther strong at / = 0.005 mol /kg and only weak for 
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pH 11 3 * 5 
i .e .p. 

Figure 2.5 The effect of pH on the Initial adsorption rate of AMA (circles) and AMA+ 
(triangles) on TIO2. The ionic strength was 0.005 mol/kg (open symbols). For AMA also a 
curve at an ionic strength of 0.1 mol/kg (filled symbols) is presented. The polymer 
concentration was 10 mg/kg and the buffer concentration was 0.005 mol/kg. 

The curves can be split up into regions depending on whether the attachment step or 
the transport step is supposed to be rate limiting. These regions are represented by 
dashed and solid parts of the curve, respectively (see text). 

J = 0.1 mol /kg (region 2). Beyond a certain pH (= 8 for I = 0.005 and = 9 

for J = 0.1 mol/kg) the rate suddenly drops to zero (region 3). 

When the results for AMA+ are compared with those for AMA the most 

striking feature is the much lower rate of adsorption for the former. This 

originates from the high molar mass (Mw = 6 x 10 3 K) of AMA+, which 

corresponds to a small diffusion coefficient. 

The diffusion coefficient of AMA+ is not affected by the pH, since it 

bears a cons tant charge. Therefore, for transport-limited adsorption of 

AMA+ the adsorption rate mus t be independent of pH. A constant rate of 

adsorpt ion is found a t pH > 4, i.e., when the subs t ra te is negatively 

charged. From the fact tha t the rate is independent of the surface charge 

of the adsorbent TiC>2 (as long as it is negatively charged) we can infer tha t 

the adsorption rate is transport-limited in the whole range of pH > 4. 

At pH < 4, the net charge of both Ti02 and AMA+ is positive. In this 

case both mechanisms for a reduced attachment, as described above, can 

h inder adsorpt ion and the ra te is a t tachment- l imited. Despite t he 

unfavourable electrostatic interaction, adsorption does occur, which 

points to a net attraction between polymer and surface. The na ture of this 
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at t rac t ion can be non-electrostat ic, b u t it can also resul t from a n 

electrostatic interaction if the charge distr ibution on the surface is 

heterogeneous. We discuss the nature of this attraction later. 

Upon closer inspection of the effect of the pH on the adsorption rate of 

AMA onto Ti02, we can again interpret region 1 to be attachment-limited 

and region 2 to be transport-limited. Region 3, which is non-existent for 

AMA+, mus t be due to the variation of the segment charge with the pH. At 

high pH, AMA is deprotonated. From the titration behaviour (Fig. 2.2), we 

see tha t a t pH = 8 and I = 0.1 mol/kg the segment charge in the bu lk is 

only 12%, and a t pH = 9 and I = 0 .005 only 3%, which causes the 

electrostatic a t t raction to the surface to become ra ther small and the 

adsorption attachment-limited. In this s i tuation the small cations take 

over in compensat ing t he surface charge. The polyelectrolyte does not 

adsorb below a certain segment charge, i.e., above a certain pH. At high 

ionic s trength this desorption pH is lower, due to the higher concentration 

of competing salt ions. From the observation tha t at high pH AMA does 

not adsorb (see also Fig. 2.8), whereas AMA+ does, we infer t ha t the 

adsorption of AMA and AMA+ results from electrostatic interactions: no 

significant non-electrostatic interactions occur. 

In region 1, the net charge of both Ti02 and AMA is positive and a 

potential barrier hinders adsorption. At high ionic s trength this barrier is 

lowered, leading to an increase of the sticking probability /J (see Eq. 2.5) 

and a lower pH for the transition of attachment-limited region (region 1) to 

t ransport limitation (region 2). 

In region 2 the t ranspor t process is the determining factor and the 

observed behaviour is most likely caused by changes in the diffusion 

coefficient upon variation of the pH. The titration data of AMA (Fig. 2.2) 

can be compared with the observed changes in the adsorption rate. For 4 

< pH < 6 the initial adsorption rate (Fig. 2.5) and the degree of dissociation 

(Fig. 2.2) are approximately constant. For higher values of the pH there is 

a large change in the initial adsorption rate, which coincides with the 

region where deprotonation of AMA takes place. The adsorption rate of 

AMA at I = 0.005 mol/kg increases from 36 to 56 x 1 0 3 m g / m 2 s between 

pH = 6 and pH = 9, which corresponds to an increase in the diffusion 

coefficient by a factor of 1.9. In this pH range the charge of the polymer 

drops from 90 % to 3 %. At / = 0.1 mol/kg, the smaller rate increase from 

pH = 6 to pH = 8 amounts to a change in the diffusion coefficient by a 

factor of 1.1, which goes along with a decrease of the charge from 97% to 
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26%. 

An impor tan t effect of the segment charge was also observed by 

Kowblansky and Zema20 , who found tha t the diffusion coefficient for a 

part ly hydrolysed polyacrylamide depends strongly on the degree of 

hydrolysis, and therefore on the polymer charge. For polymers with a 

degree of hydrolysis of 0.6% and 66%, respectively, t he diffusion 

coefficient changed by a factor of 1.6 at I = 0.1 mol/kg and by a factor of 

1.3 a t I = 0.5 mol/kg. From both Kowblansky's work and ours , we find 

tha t the effect of the segment charge is smaller a t high ionic strength. This 

is to be expected since a t higher ionic strength the repulsion between the 

charged segments in the chain is screened. However, the factor by which 

the diffusion coefficient increases is smaller for AMA (this work) t h an for 

PAM20. This might be caused by two effects: (i) the molar mass of the PAM 

samples used in ref. [20] is much larger than that of our AMA, and (ii) the 

charges on PAM are relatively close to the backbone, whereas for AMA 

they are more d is tant and give rise to a smaller internal repulsion. The 

effect of screening by salt ions can also be deduced from a comparison of 

the initial adsorption rates at low and high ionic s trength (at a constant 

segment charge). At pH = 4 AMA is fully charged at both ionic s t rengths. 

Going from the lower curve to the upper one at pH = 4, the increase of 

( d r /d t ) 0 corresponds to an increase in the diffusion coefficient by a factor 

of 1.6. 

2.3 .3 Adsorbed amount 
In this section the adsorbed amount of polyelectrolyte as a function of the 

ionic s trength and the pH is discussed. As mentioned earlier, we take the 

amoun t after 20 min. a s representative for the p lateau value of the 

adsorption isotherm. The effect of the ionic strength was studied for PVP+ 

adsorbing on both T1O2 and Si02- In these experiments besides the salt 

concentration also the type of cation (Fig. 2.6) and the molar mass were 

varied (Fig. 2.7). The effect of the pH on the adsorption was investigated 

for AMA and AMA+ adsorbing on TiC>2 (Fig. 2.8). From the adsorption 

properties of the constantly charged AMA+ we find the effect of the pH on 

the surface charge, whereas from a comparison between AMA and AMA+ 

we can deduce the effect of the segment charge on the adsorption. We 

discuss how the various parameters influence the adsorption and thereby 

interpret some main t rends. 
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Effect of ionic strength 

Figure 2.6 i llustrates the effect of the addition of salt on the adsorption of 

PVP+ (M w = 120 K) at pH = 8 onto TiC>2 as a function of the concentration 

of several cations: LiCl, NaCl, CsCl and MgC^. In all cases also a buffer 

with an ionic s t r eng th of 0 .005 mo l /kg was p resent . Addition of 

monovalent cations causes an increase in the adsorbed amount until a 

maximum is found around I = 0.2 mol/kg. At still higher J the adsorption 

decreases steeply to zero around 1 = 1 mol/kg. No influence of the type of 

(monovalent) ion is observed. When MgCl2 is added, only a decrease in the 

adsorbed amoun t is found. No adsorpt ion is left when the Mg2+-

concentration exceeds 0.03 mol/kg. 

As discussed before, for adsorption on Ti02 the principal interactions 

a r e e l e c t ro s t a t i c . A n e t e l ec t ros ta t i c r e pu l s i on a r i s e s w h e n 

overcompensation of the surface charge occurs. Addition of salt screens 

th is repulsion, which t ends to increase the adsorbed amount . The 

electrostatic a t traction between polymer and surface, however, is also 

weakened, because the cations compete with the polymer for the negative 

surface sites. This gives a tendency to decrease the adsorbed amount. It is 

difficult to predict what the net effect will be. In Fig. 2.6 we see tha t the 

adsorp t ion in t he p resence of monovalent ions p a s se s t h rough a 

1.2 
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Figure 2.6 The effect of the ionic strength and the type of cation on the amount of 
PVP+ (Mw = 120 K) adsorbed onto Ti02 at pH = 8. The cations added were LiCl 
(triangles), NaCl (circles), CsCl (crosses) and MgCl2 (squares). In all cases a buffer 
solution with an ionic strength of 0.005 mol/kg was present. The polymer concentration 
was 10 mg/kg. 
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maximum. Apparently, a t low I the repulsion is affected most strongly, 

whereas a t higher I the attraction disappears. 

When the type of the ion (at given valence) h a s a significant effect on 

the adsorption of a polyelectrolyte, the ion must have a specific interaction 

with either the polyelectrolyte or the subs t ra te . In our system several 

monovalent cations were used and no effect is found. We infer tha t there 

is no specific interaction between Li+, Na+, or Cs+ and TIO2. For MgCl2 we 

have an asymmetric combination of ions. In this case the screening of the 

negative surface s i tes by Mg2 + (and t h u s of the at traction) will be 

enhanced, whereas the effect on the repulsion in the adsorbed layer (due 

to Cl~) is identical. Therefore, the adsorption is less t han in the presence 

of a monovalent salt. Whether or not Mg2+ h a s a specific interaction with 

TIO2 could only be seen when several divalent cations are used. We have 

not carried out such experiments. 

Figure 2.7 illustrates the effects of chain length for PVP+ (3 K, triangles, 

and 120 K, circles) and substra te (Ti02, open symbols, and Si02, filled 

symbols) on the (monovalent) salt dependence at pH = 8. The upper solid 

curve, for PVP+ 120 K on TiC>2, is reproduced from Fig. 2.6 (without da ta 

points). For SiC>2 a s the subs t ra te the adsorbed amoun t increases 

monotonically with ionic s t rength. For M w = 120 K th is increase is 

gradual till J = 0.3 mol/kg and then it becomes steeper. A smaller polymer 

gives a similar shape of the curve, bu t the total adsorbed amount is less. 

The curves for PVP+ on Ti02 display a maximum. For M w = 3 K this 

maximum is s i tuated a round I = 0.05 mol/kg, and for M w = 120 K it is 

found around 0.3 mol/kg. 

The a t t rac t ion of a polyelectrolyte to a s ubs t r a t e can be e i ther 

electrostatic, non-electrostatic, or result from a combination of these two. 

As seen above, the adsorption of PVP+ on TiC>2 is mainly electrostatic in 

na tu re . In th is case desorption occurs at high I. Adsorption on Si02, 

however, is enhanced by addition of salt over the entire range of the ionic 

s t rength . Apparently, in th is case there is also a non-electrostat ic 

interaction. At high salt concentration the overall attraction remains high, 

even though the electrostatic par t of the a t traction is screened. The 

screening of the electrostatic repulsion is now the dominant effect and this 

gives rise to a higher adsorbed amount . A similar t rend was found for 

polystyrene sulfonate (PSS) adsorbing on polyoxymethylene crystals9 . For 

th is system a non-electrostatic attraction is the only driving force for 

adsorption. 
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Figure 2.7 The effect of ionic strength on the adsorbed amount of PVP+ at pH = 8 with 
a molar mass of 3 K (triangles) and 120 K (circles), respectively. The substrates used 
were T102 (open symbols) and SiC-2 (filled symbols). The curve for PVP+ (Mw = 120 K) on 
Ti02 is the same as in Fig. 2.6; for clarity the data points are omitted. The ionic strength 
of the buffer solution was 0.005 mol/kg and monovalent ions were added to increase it to 
the desired value. The polymer concentration was 10 mg/kg. 

For both subst ra tes the curve for PVP+ 3 K lies below the one for PVP+ 

120 K. The reason is that a smaller polymer adsorbs with less segments in 

contact with the surface, and therefore can compete less effectively with 

the cations. The attraction is t hu s weaker for the shorter polymer. Since 

the decrease in the adsorbed mass for TiC>2 at high ionic s t rengths results 

from the competition between polymer and salt ions, the maximum occurs 

a t a lower ionic s trength for the smaller polymer, because of the lower 

n umbe r of contacts with the surface. The decrease in the adsorbed 

amount beyond the maximum is gradual for the short polymer and ra ther 

steep for the long one. This gradual decrease in the adsorbed mass upon 

reduction of the segmental adsorption energy is typical for oligomers; 

PVP+ 3 K is a very short chain, containing only 14 monomelic uni ts . 

Effect of the pH 
In Fig. 2.8 we present the results for AMA and AMA+ adsorbed onto TiC>2 

as a function of pH. These data allow u s to investigate the effects of the 

surface charge and the polymer charge. The ionic s t rength was 0 .005 

mol /kg (AMA and AMA+) and 0.1 mol /kg (only AMA). For AMA+ a virtual 

l inear dependence of the adsorbed amount on pH is obtained over the 
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7 pH 9 

Figure 2.8 The effect of pH on the amount of AMA (circles) and AMA+ (triangles) 
adsorbed onto T102- The ionic strength was 0.005 mol/kg (open symbols). For AMA also 
a curve with an ionic strength of 0.1 mol/kg (filled symbols) is given. The polymer 
concentration was 10 mg/kg and the buffer concentration 0.005 mol/kg. 

whole pH range. For AMA at / = 0.005 mol/kg, the adsorption increases 

slowly until it shoots up around pH = 7. Around pH = 8.5 a maximum is 

reached, after which the adsorption drops to zero. Addition of sa l t 

enhances the adsorption at pH < 7. At pH > 7, however, the amount is 

lower and a shift in the maximum to a lower pH value (around 7.5) is 

observed. Surprisingly, a t pH < i.e.p. also some adsorpt ion occurs , 

although both the surface charge and the polymer charge are positive. 

Effect of the surface charge 
The pH affects both the segment charge of AMA and the surface charge of 

HO2 . In order to s epara te these two factors we consider first the 

adsorption of the constantly charged AMA+. The adsorbed mas s of th is 

polymer (and also of other constantly charged polyelectrolytes like PVP+ 

and PSS - adsorbing on Ti02) increases linearly with the pH (Fig. 2.8). 

Such a l inear dependence on the pH was also reported by Gebhardt and 

Fue r s t enau 2 4 for polyacrylic acid adsorbing on hematite. The adsorbed 

charge crads for a polymer with a molar mass per segment Ms a nd a 

degree of dissociation a is given by 

F a 
'ads = r-Mc 

(2.6) 
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