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Stellingen 

(1) 
De enorme verschillen in dimensie van het humuszuur die worden verkregen als de 
theorie van de Wit wordt vergeleken met de laagdikten uit dit proefschrift zijn niet 
tegenstrijdig. 

Dit proefschrift (hst 4 en 5) 
De Wit, J.C.M.; Van Riemsdijk, W.H.; Koopal, L.K.; Environ. Sei. Technol. 27, 10,1993 

(2) 
Bij de adsorptie van humuszuur aan de minerale fase in de bodem is het inzichtelijker om 
de adsorptie te beschrijven vanuit het humuszuur (polyelectroliet adsorptie) dan vanuit het 
oppervlak (Langmuir). 

Dit proefschrift (hst 5) 

(3) 
Adsorberen is nivelleren. 

Dit proefschrift (hst 7) 

(4) 
De specifieke eigenschappen van de verschillende humeuze verbindingen in een 
natuurlijke situatie worden veeleer bepaald door andere eigenschappen dan de 
protonaffiniteitsverdeling. 

Dit proefschrift, n.a.v. stelling 6, "Proton & metal ion binding to humic substances", Han de Wit 
(De protonaffiniteitsverdelingen van verschillende humeuze verbindingen zijn sterk vergelijkbaar) 

(5) 
Het spreken over humuszuur als goed gedefinieerd modelsysteem is een contradictio in 
terminis. 

(6) 
De voorloper van CD MUSIC zou logischerwijs LP MUSIC hebben moeten heten omdat 
de lokale potentiaal werd beschreven (local potential). 

Hiemstra, T.; Van Riemsdijk, W.H.; Bolt, G.H.; J. Colloid Interface Sei. 133,1,1989 

(7) 
Het implementeren van de PBC analyse in het CD MUSIC model is een verbetering voor 
het beschrijven van een kristalstructuur afhankelijke ion adsorptie. 

(8) 
Zowel het magnetisch veld van de aarde, als de adsorptie van zwak geladen 
polyelectrolieten aan een tegengesteld zwak geladen oppervlak kan men beschrijven als 
een self constructing systeem. 

Dr. James Jackson; The Royal Institute Christmas Lectures - Planet Earth, an explorers guide 



(9) 
Om de kwaliteit van het onderwijs te handhaven is vernieuwing essentieel. 

(10) 
Net zoals experimentele onderzoekers hun experimenten toetsen aan theoretische 
modellen, zo zouden theoretische onderzoekers hun modellen moeten toetsen met 
experimenten. 

(11) 
Voor het integreren van een apparaat binnen een onderzoeksgroep is een duidelijke 
handleiding evenals een gekwalificeerde beheerder noodzakelijk. 

(12) 
Op grond van de eerste en tweede hoofdwet van de thermodynamica is het voeren van 
een actief milieubeleid dweilen met de kraan open. 

(n.a.v. het afscheidscollege van Hans Lyklema) 

(13) 
Om het fileprobleem op te lossen zou men meer vooruit moeten kijken. 

(Korps Landelijke Politiediensten) 

(14) 
Individualisering is de ondergang van een samenleving. 

(15) 
Gezien de specifieke eigenschappen van de verschillende tandpasta's zou het leiden tot 
een betere mondhygiëne indien regelmatig wordt gepoetst met een andere tandpasta. 

(16) 
Wetenschap leidt hedentendagen tot een nomadenbestaan. 

(17) 
Meten is weten; maar zonder te interpreteren kunnen we er niets van leren. 

(18) 
De belangrijkste tijdschalen waarbinnen experimenteel onderzoek kan plaatsvinden zijn 
afhankelijk van de resolutie van het experiment en de halfwaarde tijd van een AIO/ 
student. 

(19) 
Het aannemen van werknemers op tijdelijke contracten is kapitaalvernietiging. 

Stellingen 

behorende bij het proefschrift "Interactions between humic acid and hematite and their effects on metal ion 

speciation" van Ronald Vermeer, Landbouwuniversiteit Wageningen, 25 november 1996. 



'De wind, die eigenlijk alleen zo nu en dan 
maar eens komt neergestreken, voortdurend 
komende van en onderweg naar elders, maar 
nooit constant op één plaats bezig, draagt 
vlaagsgewijs nu eens verkwikkende, dan weer 
onverkwikkende geuren aan, en soms een 
wolk vlinders of libellen, maar ook wel soms 
een zwerm vogels, - en is hij weer voorbij, dan 
blijft nog geruime tijd alles in de tuin, wat maar 
bewegen kan en door hem is aangeraakt, in 
beweging.' 

'Niets bestaat dat niet iets anders aanraakt.' 

Uit: Jeroen Brouwers, Bezonken rood. 
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Introduction 

Chapter 1 

Interactions between humic acid and hematite 

and their effects on metal ion speciation 

Introduction 

Over the last decades soil pollution has been recognised as a major topic of concern. 
Every now and then, pollution of the natural environment with for example heavy metal 
ions, benzene derivatives, phosphates, fertilisers, herbicides and pesticides has been 
reported and throughout the Netherlands numerous polluted sites have been located. 
The most notorious examples in The Netherlands are the severe soil pollution under a 
newly built residential area in Lekkerkerk 1980 and the cadmium and zinc pollution in 
the Kempen area (1,2). Many of the polluted locations are considered to be so heavily 
polluted that treatment seems inevitable. The cost associated with the recovery of the 
environment are high and have been an issue of political debate. Recently the 
tendency can be observed that the politics and the society in general are not prepared 
to come up with all these expenses. Consequently not all polluted sites can be treated 
and choices have to be made regarding the sites that have to be recovered. These 
choices can only be well considered and justified if we are able to compare the risks 
associated with the different polluted sites. To make a sound risk assessment, 
knowledge of the bio-availability of the pollutants under the different circumstances has 
to be obtained. 

The uptake of contaminants by living organisms mostly occurs by exposure to 
dissolved species. Plants are exposed to pollutants in the soil by their roots and 
animals mainly by drinking contaminated water (including contaminants bound to the 
dissolved soil components) or indirectly by eating contaminated plants or animals. Thus 
the concentration of the contaminants in the aqueous phase is of prime importance. 
These aqueous concentrations are affected by soil factors such as pH, the mineral, 
clay, and organic matter content and the content of the toxic species. Further it is well 
known that the soil can immobilise toxic chemicals by precipitation, adsorption or 
(bio)transformation and that the soil acts as a sort of buffer. The buffer capacity of the 
natural environment strongly influences the impact of toxic chemicals. Buffering in this 
sense is described as storage of the chemicals without a direct effect of these 
chemicals on the toxicity experienced at the contaminated site. Exceedance of this 
capacity may be harmful to the ecosystem because it implies an increased transport 
and an increased bio-availability of the toxic chemicals. 
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It has been generally recognised that not the overall concentration of a pollutant 
controls the toxicity of the contaminated site, but that the concentration of the different 
speciation forms of a pollutant and the bio-availability of each of the different species 
have to be considered. As examples of these effects we can mention the precipitation 
of cadmium hydroxide complexes or the adsorption of cadmium to the soil matrix. 
These processes are reflected in greenhouse experiments that showed that the uptake 
of cadmium by plants did not correlate with the total cadmium concentration but rather 
with the assessable cadmium concentration (3). 

Besides the local interactions between contaminants and the soil components the 
transport of the dissolved species due to the soil water dynamics is an important factor 
when studying the risks associated with contaminated sites. Contaminants can be 
transported by the ground water. The species bound to the soil components that are 
soluble and transportable by the aqueous phase are considered as mobile. Species 
bound to the non-dissolvable or settled particles and the material bound to these 
particles belong to the immobile soil fraction. The transport of contaminants that bind 
strongly to the mobile soil components may be enhanced in the environment, this 
phenomenon is known as colloid facilitated transport. Binding of contaminants to the 
different soil components has often been recognised as a process which controls the 
bio-availability of the contaminants and affects the risks associated with the 
contamination (4-7). For example hydrophobic herbicides as Atrazine or pesticides as 
Tefluthrin may be captured in the hydrophobic cavities of the humic substances (8) and 
thus the transport of these hydrophobic molecules is related to that of the organic 
matter. Murphy et al. (5) pointed out that, due to the partly hydrophobic structure of the 
humic material, adsorption of other hydrophobic organic compounds to the soil matrix 
was increased. Humic acids are generally more hydrophobic than the fulvic acids, thus 
the speciation of hydrophobic pollutants may be related to that of the humic acid 
fraction. Adsorption of the humic acids will thus also immobilise the hydrophobic 
pollutants. Further it has been shown that metal ions form complexes, mainly with the 
functional groups of humic substances (9-11), and that the adsorbed humic matter 
plays an important role (5,12) in contaminant binding to mineral particles. Therefore the 
speciation of the different soil components seems to be of critical importance for a 
better understanding of the speciation of contaminants. Here we will focus on the metal 
ion speciation and in particular that of cadmium ions. 

A schematic diagram of the most significant speciation forms of metal ions is given 
in Figure 1. The metal ions can be dissolved in the aqueous phase (the inner circle), 
where the speciation depends on the environmental conditions (13) (e.g. pH and 
concentration of indifferent electrolyte) and on the concentration of anions (e.g. CI" or 
SO/) and other cations (e.g. Ca2+). The metal ions can also be bound to living 
organisms and non-living components. As an example the binding of cadmium to 
bacterial cell walls (14,15) and the speciation of these cells in general (16) is 
mentioned. Contaminant binding to the non-living components can be separated into 
two classes; binding to the particulate matter, which makes the bound metal ions 
immobile, and binding to the dissolved soil components. Important dissolved 
components are humic substances (the organic fraction) and small oxide and clay 
colloids (the inorganic fraction). Interactions between both dissolved soil fractions may 
influence the speciation of these components. As examples we mention that due to the 
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interactions between hematite particles and humic acid complexes of these 
components may settle or even that settled particles may be dispersed due to the 
adsorption of humics (17,18). Whatever process is dominating depends on the 
environmental conditions. Within this thesis we will focus on the meal ion binding to the 
inorganic and especially to the organic fraction and study the effect on the metal ion 
binding due to interactions between the two fractions. 

Figure 1 : The distribution of metal ions in the natural environment. 

Humic substances are generally seen as important soil and fresh water components 
( 19). They are generally recognised as the component that is often responsible for the 
binding of the major part of the available metal ions, therefore the metal ion adsorption 
onto humics has been studied extensively over the last decades. Humic substances 
can be dissolved or bound to the other soil components. Naturally, the adsorption of 
humic matter onto the mineral particles may influence the speciation and the mobility of 
these dissolved entities and may also influence the binding of metal ions to these 
components. 

To approximate the metal ion binding to the entire soil, the composition of the soil 
has to be studied, the different components have to be characterised, proton and metal 
ion binding to the different components should be measured, and the effects of the 
interactions between the different soil components have to be investigated. Once this is 
achieved we may be able to predict the speciation of the contaminating metal ions in 
polluted soils and make a statement about the risks associated with the contaminated 
sites. 

Humic substances in the environment 

When we are interested in the dissolved components of the natural environment, we can 
not restrict our study to the aqueous phase, since the dissolved species can be found in 
all type of ecosystems. The diagram in Figure 2 shows the different flowpaths of the 
dissolved humic substances in the natural environment. Soil and Peat humic substances 
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found in the different terrestrial systems may leach into the groundwater and can be 
transported until they settle in one of the sediments. The composition of the different 
ecosystems is mainly controlled by a net balance of formation, degradation, and transfer 
of the humics (20-22). The contribution of the latter to this balance is relatively small, 
although it can not be neglected (9,23,24). 

Algea & 
macrophytes 

\ 
*- Lakes • Lacustrine sediments 

Ground water •+ • Streams & rivers ~« • Lotie sediments 

Algea & 
•Peat ua iua i iBB -« seagrasses 

t 
Mosses & 

other plants 

Algea 

Marine sediments 

Figure 2: Diagram of the possible environmental flowpaths of humic substances (23). 

In general Humic substances are described as a mixture of naturally occurring, 
polydisperse, heterogeneous polyelectrolytes (20-22) that can be divided into three 
fractions; fulvic acid, humic acid and humin. These fractions are differentiated on the 
basis of their solubility at different pH (23). Humic acids remain in solution at pH 2 and 
higher, fulvics even at lower pH and humin is not soluble under alkaline or acid 
conditions. Humic substances are predominantly negatively charged due to the 
abundance of carboxylic and phenolic type of groups. Due to the hydration of the charged 
groups and the electrostatic repulsion between the charges the dissolved humic 
substances can be described by an extended conformation (25,26) that adjusts itself due 
to changes in the environmental conditions, resulting in a reduction or increase of the 
electrostatic repulsion and a more tightly or respectively loosely coiled configuration. 

A comprehensive review of the different analytical techniques that can be used to 
characterise the humic substances can be found in reference (21). A first method to 
differentiate between the humics in the different ecosystems is based on the elemental 
content (Table I). Comparison of Figure 2 with Table I shows that the differences in 
input of the humic matter are connected to the differences in composition. A convenient 
method to study the relation between the elemental content and the origin of the humic 
material is based on the graphical method developed by Van Krevelen (27). Van 
Krevelen used diagrams in which the atomic hydrogen to carbon ratio was plotted as a 
function of the atomic oxygen to carbon ratio. These diagrams have been used 
frequently to illustrate compositional differences (28) between fulvic acid, humic acid 
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and humin, and also to show variations in humic substances as a function of their origin 
(29): fresh water, marine water, soil or peat. Other useful analytical techniques are for 
example Fluorescence spectroscopy, UV-Visual spectrophotometry, Infra Red 
spectroscopy, NMR and Potentiometrie titrations. Based on these techniques a sample of 
a specific humic substance can be characterised and classified as one of the above 
mentioned possibilities. To study the interactions of a certain humic acid sample with 
other species present in the system one should know which soil type or ecosystem it may 
represent. 

Table I: Mean elemental compositions of different humic substances from different origin expressed as 
weight percentage. Adapted from Rice et al. (29) (All values are on an ash free basis). 

Element 

C 

H 

N 

S 

0 

Soil 

55.4 

4.8 

3.6 

0.8 

36.0 

Humic 
Fresh
water 

51.2 

4.7 

2.6 

1.9 

40.4 

acid 
Marine 

56.3 

5.8 

3.8 

3.1 

31.7 

Peat 

57.1 

5.0 

2.8 

0.4 

35.2 

Soil 

45.3 

5.0 

2.6 

1.3 

46.2 

Fulvic acid 
Fresh
water 

46.7 

4.2 

2.3 

1.2 

45.9 

Marine 

45.0 

5.9 

4.1 

2.1 

45.1 

Peat 

54.2 

5.3 

2.0 

0.8 

37.8 

Polyelectrolyte properties of humic acids 

Unfortunately a unified structure of humic acid (macro)molecules does not exist. 
Therefore the structure and the geometry of the molecules always has to be 
approximated. To study the adsorption of these natural polyelectrolytes and the 
conformation of the adsorbed molecules and that of the molecules in solution a model 
would be appropriate. Several models have been proposed to describe the humics (21). 
The most frequently cited structures are those described by Ghosh and Schnitzer (26) 
and Cameron et al. (25). More recently computational analytical chemistry has been 
used to calculate a three dimensional structure of humic substances (30). These 
calculations resulted in a more or less spherical structure with a significant amount of 
space within the boundary of the humic acid entities. 

Based on the structural features of humic substances, humic acids molecules are 
often described as fairly flexible polyelectrolytes (25,26,31-33). Chen and Schnitzer (31) 
mentioned that fulvic and humic acids behave like flexible, linear, synthetic 
polyelectrolytes, and concluded that the humics are not exclusively composed of 
condensed rings, but that there must be numerous linkages about which relatively free 
rotation occurs. Ghosh and Schnitzer (26) showed that humic acids can be described 
as flexible linear colloids under the conditions that normally prevail in natural soils. 
Cameron et al. (25) visualised the humic acid molecules in solution as a series of 
charged, occasionally branched strands. They concluded that the strands coil and wind 
randomly with respect to both space and time so that the mean distribution of molecular 
mass is spherical and Gaussian about the centre. Branching results in an increased coil 
density within the molecule giving rise to more compact spheres compared with a linear 
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molecule of equivalent weight. They described the humic acid molecules as a structure 
that is perfused with solvent molecules which are able to exchange with bulk solvent 
molecules. Summers and Roberts (33) studied the effect of preferential adsorption of 
polydisperse humic acid samples on the measured adsorption isotherms and reported 
that previously developed concepts for well defined synthetic polymers (34-37) were 
also applicable to macromolecules of natural origin whose chemical composition was 
less well defined. 

Throughout this study the properties of simple polyelectrolytes will be compared with 
the properties of humic substances. It has to be emphasised that the humics are not 
described as simple polyelectrolytes, only the properties of both components are shown 
to be similar. Naturally the degree of branching affects these similarities, but this was 
shown to be a second order effect. 

Proton and metal ion binding to the different soil components 

Studying metal ion binding the soil heterogeneity is of great importance. Soil usually 
consist of a mixture of organic and inorganic constituents. The inorganic fraction may 
contain silica (Si02), metal(hydr)oxides of iron, aluminium, and manganese, clay 
minerals, and calcium carbonates. Clay minerals exhibit a "constant" negative charge 
on their plates and a variable charge on the edges, whereas the metal oxides and the 
organic fraction have a pH dependent charge. For metal oxides this variable charge 
depends on the pK of the surface sites, for humic substances a range of surface groups 
(carboxylic and phenolic type of groups) with different pK values can be observed. The 
distribution of these pK values is an important factor in metal ion binding. As was 
reported by Kinniburgh et al. (38) cadmium ions were mostly bound to the carboxylic 
groups, whereas the phenolic type of groups also contributed significantly in copper and 
lead binding. 

A well suited method to measure proton and metal ion binding to the different soil 
components is based on Potentiometrie titrations. The proton adsorption isotherms 
have been studied extensively for systems consisting of only one soil component. 
Simply by taking the first derivative of the measured proton titrations of the humic 
substances, insight into the pK distribution of the different groups can be obtained 
(39,40). 

Proton and metal ion binding to humic substances have been discussed extensively 
in literature (41-43) and several models have been proposed. The different approaches 
have led to two major types of modelling, the discrete ligand approach (44-51) and the 
continuous distribution approach (38,52-57). Within the discrete approach the observed 
behaviour is described by assuming the presence of a certain number of different types 
of groups. Each type of groups has a certain affinity and a certain number of 
equivalents per gram of material. The continuous approach assumes a continuous 
distribution of pK values that can be described by an analytical expression or site 
binding isotherm. The latter approach is assumed to be more realistic since humic 
substances are thought to contain a spectrum of different groups. 

From a series of proton adsorption isotherms only apparent affinities can be 
determined due to the electrostatic interactions. To "remove" the electrostatic 
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interaction, a model is required that accounts for the salt effect on the proton adsorption 
(52,58). With such an electrostatic model and under the assumption of random 
heterogeneity, the isotherms measured at different salt concentrations can be 
recalculated. When the electrostatic model is adequate the recalculated isotherms 
should merge into a "Master Curve", which reflects the chemical heterogeneity of the 
material studied. Its derivative can be used as a fingerprint describing the intrinsic 
affinities which in turn are related to the chemical composition (39,40,52). Within the 
proposed electrostatic model the polyelectrolyte character of the humic substances, as 
described above, is not yet incorporated successfully. A first attempt to incorporate the 
polyelectrolyte properties into this model (59) made use of a simple form of the 
description of humic substances as a Donnan gel, as was originally proposed by 
Marinsky and co-workers (43,60). A disadvantage of the followed approach was that 
the humic acid entities were modelled as very small and compact domains with a low 
water content, which is not expected on the basis of the polyelectrolyte character. 
Tanford (67) in his treatment of random coiled polymers has shown that the molecule 
itself occupies only a very small fraction of the volume that it pervades. 

Once the Master Curve is found and an impression is obtained about the intrinsic 
affinity distribution one can look for a way to model the proton and metal ion binding. 
The site binding model which describes the proton and metal ion adsorption within a 
multicomponent system most accurate is the Non Ideal Competitive Adsorption model 
(NICA) (53). The monocomponent equivalent of this site binding model is the well 
known Langmuir Freundlich model. 

Next to the interactions with the humic substances the binding of both proton and 
metal ions to the mineral surface has been investigated thoroughly. The soil particles 
studied most frequently are mineral oxides, especially iron oxides (62-68), and clays 
(69,70). 

The model that describes the ion binding to the oxide surface most accurate is the 
Charge Distribution Multiple Site Complexation model (71) (CD MUSIC) applied by 
Venema et al. (63), for the adsorption of cadmium on goethite. The model concept is 
based on the Pauling concept of charge distribution (72). As described in the one-pK 
model that was introduced by Van Riemsdijk et al. (73) and later reviewed by Koopal 
(74) the charge of an adsorbing ion is distributed over all its ligands both on the surface 
and solution side. The patchwise heterogeneity of the oxide particles can be taken into 
account by considering the structure of the most important crystal planes. 

Overall it may be concluded that the proton and metal ion binding to the single 
components has been evaluated thoroughly. 

Interactions between the different soil components 

A second aspect of interest concerning the speciation within a natural system is the 
interaction between the different soil components. Several authors studied the 
adsorption of humic substances onto mineral particles. Adsorption isotherms of humic 
acid on iron oxides (6,75-77), alumina (78-80) and manganese (81) were reported as 
well as the adsorption onto clays (8,82,83). It is commonly observed that the adsorption 
increases with decreasing pH and in most studies the adsorption was found to increase 
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with increasing salt concentration. The effect of these interactions on the speciation of 
the different components and complexes depends strongly on the conditions and more 
specifically on the conformation of the adsorbed humic acid (18). The relation between 
humic acid and mineral particles was also reported by McKnight et al. (6) who 
investigated the association of humic substances with colloidal particles in a mountain 
stream. A clear correlation between the deposited oxide and the organic carbon content 
was observed. It was mentioned that the iron oxide particles precipitated preferentially 
compared to other oxides. 

Further it has been shown that adsorbed humic material played an important role in 
metal ion binding to mineral particles. The importance of adsorbed humic substances 
was also reported by Beckett et al. (84) who showed that the electrophoretic mobility of 
goethite particles was reduced from a positive to a negative value even with the 
adsorption of very low concentrations of natural organic matter (about 10 mg I'g1 

hematite). The negative particle charge was developed due to the charges associated 
with the adsorbed polyelectrolyte segments extending into the solution. Comparable 
results were mentioned by other authors (85-87). These results suggest that the humic 
acid molecules do not adsorb in a flat conformation as was proposed by Gu et al. (75), 
but form a relatively thick layer of which the conformation adjusts to the local conditions 
(17,18). The latter description seems to be in correspondence with the polyelectrolyte 
adsorption theories (88,89) indicating that these theories can be used to describe the 
polyelectrolyte character of the humic substances. 

Proton and metal ion binding to natural soil and fresh water systems 

The adsorption of protons and metal ions by a natural system is complex and cannot be 
predicted straightforward from studies characterising the single components. Several 
studies have been reported describing metal ion adsorption to mixtures. Hiraide (90) 
described the binding of copper and iron ions; copper was found to be bound mainly by 
the dissolved humics, whereas the iron ions formed complexes mainly with the colloidal 
particles. McLaren et al. (91) and Bibak (92) mentioned that metal ion adsorption 
characteristics of complete soils are controlled to a large extent by their organic matter 
and oxides content, whereas clay minerals are unlikely to have a significant influence 
on the sorption of metal ions. Numerous studies indicated that the adsorption of metal 
ions onto oxides was increased due to the interaction with humic substances (12,19,93-
97). However, these studies did not take into account the charge associated with the 
humics. Only a few studies discussed the additivity of the different components (92,96). 
The calculated additive adsorption capacities of the entire soil, as reported by Bibak, 
were about half of the measured values. These studies indicate that models based on 
the surface chemistry of uncovered oxides or dissolved humic substances may not be 
directly applicable to natural systems. The binding characteristics will be modified due 
to mutual interaction between the different components. Considering the effects of 
specific interactions on the surfaces charge, we tend to ascribe the difference between 
the actual and the non-interacting adsorbed amount to both components. 
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Outline of this thesis 

The aim of the present study is to investigate the effects of the interactions between two 
important soil components, mineral oxides and humic substances, on the proton and 
metal ion binding. A qualitative model will be developed with which the metal ion 
binding to a complicated system can be estimated, based on laboratory experiments 
with the single components of this model soil. The model soil used in this study consists 
of a well-characterised iron oxide (Breeuwsma hematite) and a purified commercial 
humic acid. Both components are characterised by a variable charge and it will be 
shown that the adsorption process affects the degree of dissociation of the individual 
components. 

Throughout this thesis we will model the humic acid molecules as polyelectrolytes 
and we will show that this approach is useful to gain insight into the binding 
characteristics in a mixed system. 

In the first part of this thesis we will introduce the polyelectrolyte adsorption theory and 
describe the Self Consistent Field theory used to model the system. The single 
components will be characterised and classified based on different analytical 
techniques and proton and metal ion titrations (A detailed description of the titration set
up and the procedure used for the data treatment is given in appendix I.). Further the 
adsorption of humic acid onto the hematite particles will be described (chapter 5 and 6) 
and finally the proton and metal ion binding to a mixed system will be discussed, based 
on the single component characteristics (chapter 7 and 8). The content of the different 
chapters is given below. 

In chapter 2 the Self Consistent Field (SCF) theory of Scheutjens and Fleer (98) will be 
extended to describe an oxide surface with a variable charge. This theory is used to 
gain insight into the mechanisms regulating the degree of dissociation of both 
components due to the adsorption of a weak polyelectrolyte onto an oxide surface. 
Although we are aware of the fact that this model is not appropriate for a quantitative 
description, since the number of parameters is too large, we will show that this model is 
very useful to gain insight into the adsorption. It will be shown that due to the specific 
adsorption, extra charges are induced to the surface and the polyelectrolyte molecules. 
The mutual interaction is dominated by the component with the highest charge density, 
as a function of pH, and this component induces extra charge on the other species. 

In chapter 3, the properties of a purified Aldich humic acid are compared with those of 
several more accepted, naturally occurring humic substances. To this aim, PAHA will 
be characterised by Elemental analysis, Fluorescence, UV and FT-IR spectroscopy, 
CPMAS 1H and '3C NMR, Viscosity measurements, Gel Permeation Chromatography 
and Ellipsometry. It will be shown that PAHA can be used as an analogue for natural 
humic substances and is classified as a soil humic acid. 

The volume and molecular weight distribution of PAHA will be determined in chapter 4 
using viscosity measurements in combination with gel permeation chromatography and 
dynamic light scattering experiments. The determined volumes correspond to the 
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Donnan volumes which are used to "remove" the electrostatic interaction in the 
calculation of the Master Curve. At moderate and high salt concentrations ( > 10"2 M) 
the Donnan model in combination with the measured volumes, described the proton 
and metal ion binding very well. At very low salt concentrations (103 M) the measured 
volume in combination with the Donnan model was not suitable and the extension of 
the double layer thickness had to be considered. It will be shown that the Donnan 
volumes as determined by Benedetti (59) are too small and lead to unrealistic small 
radii of the humic acid molecules. The proposed approach leads to larger radii and 
reflects the polyelectrolyte properties of the humic acid molecules very well. The Master 
Curve as determined with the measured Donnan volumes will be presented and 
discussed. Finally the proton and metal ion binding characteristics of the commercial 
humic acid will be compared with a natural peat sample. 

Chapter 5 deals with the adsorption of humic acid onto the hematite particles. The 
effects of changes in the environmental conditions (pH, salt concentration and the 
presence of divalent ions) on the magnitude of the adsorption will be discussed. A 
description based on general polyelectrolyte adsorption characteristics (88,89) will be 
used to explain the level of the different adsorption plateaux and the layer thicknesses, 
as determined with dynamic light scattering. Finally, the observed trends will be 
compared with SCF calculations, which gives insight into the importance of the different 
interaction mechanisms. 

Based on experiments with a mixture of a fulvic acid and a humic acid the occurrence 
of adsorption fractionation will be investigated and the fractionation effect on the shape 
of the adsorption isotherm will be discussed in chapter 6. It will be shown that the larger 
molecular weight fraction adsorbs preferentially. The experiments will be complemented 
with SCF calculations and it will be shown that adsorption fractionation results in the 
commonly observed adsorption/ desorption hysteresis. 

In chapter 7 the proton adsorption onto a humic acid/ hematite mixture will be 
investigated and compared in detail with the proton adsorption to the single 
components. It will be shown that two opposite processes determine the extent of the 
proton adsorption. Due to the adsorption, sites on the humic acid are lost for further 
proton binding. On the other hand, extra protons are adsorbed onto the hematite 
surface. Due to the negative charge associated with the adsorbed polyelectrolyte the 
electrostatic potential in the vicinity of the surface will be less positive or even negative 
resulting in an increased proton adsorption to the oxide. 

Chapter 8 deals with the metal ion adsorption onto the PAHA/ hematite complex. The 
metal ion adsorption to the complex will be explained based on the methods discussed 
in chapter 7, combined with the metal ion binding characteristics of the single 
components. 
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Polyelectrolyte adsorption 

Chapter 2 

Adsorption of weak polyelectrolytes on a surface 

with a variable charge, 

Self-Consistent-Field calculations 

Abstract 

A theoretical model for the adsorption of weak flexible polyelectrolytes onto a surface 
with a variable charge is developed. The model is an extension of the self-consistent 
field theory for chain molecules. The electrostatic double layer is described using a 
multi-Stern-layer model and the degree of dissociation of the chargeable polyelectrolyte 
segments is allowed to vary with the distance from the surface. Results for the decay of 
the electrostatic potential as a function of the distance to the surface and the volume 
fraction profiles of the polyelectrolyte molecules are calculated numerically as a function 
of pH, ionic strength and segment-solvent/ segment-surface interaction parameters. 
Based on these quantities the adsorbed amount, the charge associated with the 
surface and the adsorbed polyelectrolyte are calculated. The importance of different 
interaction mechanisms; pure electrosorption, specific binding and hydrophobic binding 
is evaluated. Both the surface and the adsorbed polyelectrolyte are able to titrate each 
other. Depending on the conditions the charge associated with the adsorbed 
polyelectrolyte molecules compensates or even overcompensates the surface charge. 
The component that dominates the decay of the electrostatic potential determines to a 
large extent the degree of dissociation of the other component. Due to these 
differences in the degree of dissociation of both components the fraction of train 
segments increases with increasing pH, decreasing salt concentration and increasing 
adsorption energy. 
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Introduction 

The adsorption of strong polyelectrolytes onto a surface with an opposite, constant 
charge has been discussed extensively in the literature, both experiments (1-5) and 
calculations (5-7) have been reported. It was discussed that the adsorbed amount often 
compensates, or even slightly overcompensates, the surface charge and that mostly 
the adsorption increases with increasing ionic strength (6). A decreased adsorption with 
increasing ionic strength was considered by Muthukumar (8). This effect can be 
expected when the adsorption is mainly driven by electrostatic attraction, under these 
circumstances salt screens not only the lateral repulsion but also the segment-surface 
attraction. Thus the effect of the ionic strength on the adsorption is determined by a 
subtle balance between coulombic and specific forces. For strong polyelectrolytes and 
surfaces with a fixed charge Van der Steeg et al. (5) introduced the following 
classification. When the electrostatic attraction between both components dominates 
the adsorption process, the adsorption is called screening-reduced. In situations where 
the segments also have a specific (short-range, non-electrostatic) interaction with the 
surface, the force balance is changed. Now the majority of the cases are described as 
screening-enhanced, where the adsorption increases with increasing ionic strength. 

The adsorption of weak polyelectrolytes on surfaces with fixed charges is more 
complicated. The charge density of the polyelectrolytes is influenced by the local 
conditions (pH and salt concentration) and may even increase or decrease upon 
adsorption. Theories of weak polyelectrolyte adsorption have been developed by Van 
der Schee and Lyklema (10) who extended the theory of Roe (11) by incorporating 
electrostatic interactions in the lattice-based models for polymer adsorption, Evers et al. 
(12) and Böhmer et al. (13). The latter theories are an extension of the Self-Consistent-
Field (SCF) theory of Scheutjens and Fleer (14-16). Böhmer et al. (13,17) presented a 
rigorous lattice model for the adsorption of weak polyelectrolytes, and confirmed their 
theoretical predictions by experiments (17). It was mentioned that the adsorption 
occurred in the screening enhanced regime and that the adsorbed layer became more 
extended with increasing ionic strength. A maximum in the adsorbed amount was found 
as a function of pH, at 1-1.5 units below the pK of the chargeable segments of the 
polyelectrolyte. This phenomenon can be explained by an increasing attraction between 
surface and polyelectrolyte with increasing polyelectrolyte charge, which is followed by 
an increased lateral repulsion that builds up when the polyelectrolyte charge increases 
further. Later it was shown by Israels et al. ( 18) that the incorporation of the degree of 
dissociation (a) of the polyelectrolytes, within the Böhmer approach, was not entirely 
correct. Israels et al. showed that a should be incorporated into the effective weighting 
factor and not into the electrostatic potential term as described by Böhmer et al. 
Fortunately the conclusions drawn from the calculations presented by Böhmer et al., 
are not affected by this aspect and are still valid. 

Although the extension of the theory to weak polyelectrolytes has been a major 
improvement, a further extension of the polyelectrolyte adsorption theory is desirable. In 
a variety of applied fields the surface upon which the polyelectrolytes adsorb can not be 
described by groups with a constant charge, but is composed of weak surface groups. 
As examples we can give mineral oxides, edge faces of clay minerals or 
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microcrystalline cellulose. Due to this, the adsorbed amount will be a function of the 
charge density of both components, and the charge density of the surface and the 
adsorbed polyelectrolyte will depend on the adsorbed amount. Regarding these mutual 
influences the theoretical description of weak polyelectrolytes in contact with a surface 
with a variable charge requires a most delicate description. 

Such a description is of relevance for many industrial processes such as food 
technology, pharmacy, paper industry (5), paint production, production of television 
screens, collection of metals in mining industry (19), and the adsorption of natural 
polyelectrolytes onto activated carbon in drinking water treatment (20,21). Regarding 
the widespread use of these systems, a better understanding of the processes, 
controlling the adsorption, is required. 

Early models of polyelectrolyte adsorption ( 12,13) showed that the charge density of 
the weak polyelectrolyte molecules was influenced due to the accumulation of these 
molecules at a surface. Within this study we will show that the charge density of the 
surface also adjusts to the changing local conditions. Both the surface and the 
adsorbed polyelectrolytes will titrate each other. Several interaction mechanisms will be 
discussed to obtain a better insight into such a complicated variable charge systems. 

In the theoretical section the SCF theory is briefly summarised, the incorporation of 
the weak surface charges is carried out, and an evaluation of the potential profile is 
given. We will discuss the charge density of both components due to the interaction as 
a function of the conditions. The effects of specific adsorption and hydrophobicity of the 
polyelectrolyte on the surface charge density will be described. These aspects will be 
shown to be of great importance for the adsorbed amount, the decay of the potential 
profile and the conformation of the adsorbed layer. 

Theory 

Model and system definition 

The SCF theory is a lattice based model. The lattice serves as discrete sites onto which 
polymer units, ions and solvent can take positions. It consists of M parallel layers of 
thickness d. The layers are numbered from z = 1 to z = M. Each layer contains L lattice 
sites. An impenetrable wall is placed at z = 0, representing the surface. At the other 
boundary at z = M + 1, reflecting conditions are assumed. Each lattice site has a 
number of neighbouring sites of which a fraction X0 is found in the same layer and a 
fraction X, in each of the adjacent layers. A molecule of type i has a volume fraction of 
p((z) in layer z and O, in the bulk. The lattice sites in each layer are indistinguishable so 
that a mean-field approximation should be applied. Then only inhomogeneities 
perpendicular to the surface can be considered. 

The surface with surface sites of type S is composed of one type of group, which is 
assumed to be hydrophilic. This group has a variable charge and can be titrated from 
+0.5 to -0.5 (Equation (2.1)), according to the one pK model of Van Riemsdijk et al. (22) 
that was later reviewed by Koopal (23)). 
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SH*+ «± S î _+H+ (2.1) 

The intrinsic equilibrium constant of this acid-base reaction is denoted as Ks. The 
pristine point of zero charge (p.p.z.c.) is at pH = pKs. A polyelectrolyte molecule i is 
considered as a chain of N, segments numbered s = 1 N,. We will consider chains 
composed of two type of segments; U and C, where U stands for an uncharged 
segment and C for an acid segment with a variable charge. The C segment is titrated 
according to equation (2.2). 

CH £ C +H+ (2.2) 

The equilibrium constant of the acid base reaction of the polyelectrolyte segment C is 
denoted as Kc. The other components in the system are water (W), monovalent 
indifferent salt ions (for sake of convenience denoted as Na+ and CI) and protons and 
hydroxyl ions (H+ and OH). Except for the H+ and OH ions all components and the 
polymer segments are equally sized. The protons and hydroxyl ions are point charges 
and are used to define the pH of the system. 

Each segment type x (x = U, C, Na+, CI', W, S (note that in the group of segment 
types x, H+ and OH are not included)) experiences a potential energy ux(z) at a distance 
z-d from the surface. The potential ux(z) is normalised with respect to the bulk solution. 
Thus ux(oo) = o. This segment potential is composed of an excluded volume contribution 
and nearest neighbour and electrostatic contributions. The excluded volume potential is 
linked to the boundary condition, Zp;(z) = 1. Flory-Huggins (24) % parameters are used 
to quantify nearest neighbour segment-segment interactions. The electrostatic 
interactions are incorporated using the multi-Stern-layer model (12,13). The so-called 
two state approach ( 18,25) is used to describe the acid-base equilibrium of the weak 
polyelectrolyte and the surface. With a mean-field approximation the weighted 
probability G^z.s) of finding a segment s of component i in a layer z is calculated using 
a Boltzmann equation (2.3). If segment s of molecule i is of type x: G,(z,s) = Gx(z) and 

Gx(z) = exp(-ux(z)/kT) (2.3) 

where kT is the thermal energy. (Obviously the concentration of S segments in the bulk 
equals zero. Still the weighting factor can be defined with respect to the bulk by defining 
a virtual reference potential for the S segments.) 

To evaluate the statistical weight of all possible conformations a first order Markov 
approach is used. On the basis of these weights equilibrium volume fractions p,(z) («Iv 
for bulk values) are calculated for all components in the system. The volume fraction of 
a specific component both depends on and determines the potential energy. A 
consistent equilibrium solution has to be determined numerically. Once p,(z) and ux(z) 
are determined other thermodynamic properties of the system can be derived. 
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Segment density distribution 

The distribution of molecules, as a function of the distance from the surface, depends 
on the potential profile under the specified circumstances. A segment of type x in layer 
z in internal state ß, (ß = 0, 1) indicating the charge situation, is subjected to a potential 
field, uxp(z), as described in equation (2.4). 

u„,(z) = u'(z) + kTIXx,y((py(z)) - Oy) + i)x,pev|/(z) (2.4) 

For the chargeable polymer units \>co = 0 or u c , = - 1 , for the surface i)so = 1/2 or i)s1 = 
-1/2, a)Na = 1, -ucl = - 1 , \)u = 0 and i>w = 0. Équation (2.4) can be divided into three 
independent parts. The first term, u'(z), ensures, as told above, that all layers remain 
completely filled; it keeps the sum of the volume fractions of all molecules in layer z 
equal to unity. The second term presents the nearest neighbour segment-segment 
interactions, quantified by the Flory-Huggins x„y-parameters. The x^-parameter models 
the hydrophilic and hydrophobic interactions in the system. The sum over y includes the 
surface S and thus the interaction with the surface is included. The third term describes 
the electrostatic interactions. These interactions are proportional to the valence of 
segment type x in state ß and the electrostatic potential in layer z, i|/(z). The contact 
fraction, (px(z)), of a site in layer z with segment x is expressed as: 

(px(z)} = X, px(z-1) + X0 Px(z) + X, px(z + 1) (2.5) 

The acid base equilibrium is modelled in the SCF theory following a two state approach 
suggested by (25) and introduced in the present model by Israels et al. (18). An 
important parameter is the weighting factor Gx(z). This parameter is defined as the 
statistical weight of finding a segment of type x irrespective in which internal charge 
state the segments is. For a two state model Gx(z) is given by equation (2.6). 

G„(z)= X ax /Gx ,p(z) (2.6) 
ß=0,1 

where axP
b is the probability of finding a unit of type x in state ß in the bulk (indicated by 

the superscript b) 

KX + <I> 
a * , i b = l ^ ^ = 1 - « , o b <2 '7) 

By definition the degree of dissociation ax of the segment types U and W equals 0 and 
that of the segment types Na+ and CI' equals 1. 

If Gx(z) and the bulk volume fractions, Ox, are known, the volume fractions of the 
molecules, composed of a single segment can easily be calculated. If molecule i is of 
type x: 
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px(z) = <I»xGx(z) (2.8) 

To model a polyelectrolyte chain, we should at least consider that the different 
segments are connected to each other. A segment s of a chain can only be located in 
layer z if segment s-1 is located in one of the layers z-1, z or z+1. The end-segment 
distribution of a chain of s segments can be expressed in that of a chain with s-1 
segments by use of a recurrence relation (Equation (2.9)), with a starting condition as 
expressed in Equation (2.10). 

G,(z,sl1) = G,(z,s) (G, (Z,S-11) (2.9) 

G,(z,11) = G,(z,1) (2.10) 

The equations (2.11) and (2.12) can be used for the end-segment distribution of the 
polyelectrolyte chain, starting from segment N. 

G1(z,slN) = G,(z,s)(Gl(z,s + 1N> (2.11) 

Gi(z,NIN) = Gi(z,N) (2.12) 

To obtain the volume fraction p;(z,s), both end-point distributions are required. The 
product of both functions and a normalisation constant (CJ, divided by the segment 
weighting factor of segment s (to avoid double counting of this segment), gives the 
volume fraction of segment s of molecule i. 

p ^ s ) ^ 0 ^ 5 1 1 ^ 2 - 5 1 " ) (2.13) 
Gi(z,s) 

The normalisation constant C, depends on the bulk volume fraction and the chain length 
of molecule i. 

C, = * , / N, (2.14) 

Finally the total volume fraction profile of segment x can be calculated by a summation 
over all molecules i and over all segments s. 

Px(z) = I IP i(z,s)6 i
s

x (2.15) 
i s=1 

where Slx
s is a Kroniker delta function, which equals 1 if segment s of molecule i is of 

type x and 0 otherwise. 
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"Surface" charge 

Once the segment density distributions and the weighting factors are known, the 
degree of dissociation, of segment x in layer z as a function of the local conditions, can 
be calculated: 

« b GxB(z) 
a"w-^ïïW (2-16) 

Equation (2.7) can be rewritten, now oc(z) depends on the local proton concentration, 
that can be expressed as a Boltzmann factor of the local electrostatic potential. 

ax.i(z) = K + 0
 x

e-T(z)/kT=' |-ax,o(z) (2.17) 
x H+ 

For the sites in the surface it has to be taken into account that ps(0) equals 1 and that 
the average weighting factor is defined with respect to the bulk, where asp

b, is the virtual 
degree of dissociation in the reference state (y=0). 

By combination with the local segment density, the excess charge per unit area (d2) 
of the polyelectrolyte chains can be calculated. In the following we will discuss both the 
overall charge per unit area per layer as well as the charge per unit area per type of 
molecule per layer. The former can be calculated by equation (2.18) the latter by 
equation (2.19): 

a(z) = XIux peax ,p(z)px(z)/d2 (2.18) 
x p 

fl a)XiPeaxp(z)Pi(z,s) 
s=i x p d 2 

o,(z) = X X I "'p " • « j V ^ 1 ; 6J, (2.19) 

The excess charge per unit area, qexc, associated with the adsorbed polyelectrolyte 
molecules of type i compared to that of the molecules in the bulk, is calculated by Eq. 
(2.20). 

qSSi = Z £ S 2 > „ „ e (ocx,p(z) P i (z ,s ) -< p O^S^ (2.20) 
z s=1 x p v ' 

Electrostatic potential 

The relation between the surface charge and the electrostatic potential of the surface 
has been described by several authors (26-28) and can be formally described as a 
condensor with plate charge o0 and potential drop \|/0. According to the constant-
capacitance model the correlation between the surface charge of an uncovered particle 
and the surface potential is given by Eq. (2.21), where C is a constant capacitance, 
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which is a measure for the properties of the dielectricum in the condensor, according to 
Eq. (2.22). 

o-0 = Vo*C (2.21) 

C = ^ £ L = - (2.22) 
d d 

Within the SCF theory the charge and potential decay can be described as a series of 
parallel condensors , each with its own charge and capacitance. The charge density in 
each layer is calculated following Equation (2.18). All charges are thought to be located 
halfway in-between two successive layers, in-between these charge-planes no 
electrostatic charge is allowed, fully in the spirit of both the lattice and the condensor 
model. This model is usually called the multi-Stern- layer model ( 12,13). 

Within the presented calculations all dielectric permittivities were set to be equal, 
thus the electrostatic potential difference between two successive charge planes varies 
linearly with distance. The electrostatic field strength (Equation (2.23)) at a distance z 
from the surface, 

E(z) = - Éc(z) (2.23) 
e z=o 

and hence the electrostatic potential (Equation (2.24)) between two successive layers 
depends on the total charge in-between these planes. 

v|/(z) - V(z +1) = '7E(x)dx = - SG(Z' ) (2.24) 
z=(z- i)d E z'=0 

Calculation of the bulk properties of the polyelectrolyte 

Following the approach described above it is not possible to calculate the bulk 
properties of the polyelectrolyte molecules accurately. In the bulk the electrostatic 
potential is relaxed (equal to 0) and all polyelectrolyte segments are indistinguishable; 
irrespective of the position of the segment along the chain each segment feels y = 0. 
Only the trivial titration result is obtained. The polyelectrolyte molecules in the vicinity of 
the surface are, however, subjected to the developed potential field. To overcome this 
aspect of the planar SCF lattice theory a second type of calculations is introduced to 
calculate the spatial degree of dissociation of the polyelectrolyte molecules in the bulk 
as a function of pH, salt concentration and bulk concentration. We will calculate the 
properties of the polyelectrolyte by placing these in a lattice with a spherical geometry. 
The structure of non-planar lattice symmetries were first used by Leermakers and 
Scheutjens {29) for the calculation of surfactant micelle. The differences between a 
curved and a planar lattice are that the volume of the lattice layer and consequently the 
number of lattice sites in a layer increase on moving away from the centre. Further the 
number of neighbouring sites A,, in each of the adjacent layers has to be treated 
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