
Proton and Metal Ion Binding to Humic 
Substances 

Han de Wit 

CENTRALE LANDBOUWCATALOGUS 

0000 0426 5175 



Promotor: dr W.H. van Riemsdijk 

hoogleraar in de bodemscheikunde 

Co-promotor: dr ir L.K.Koopal 

universitair hoofddocent bij de vakgroep Fysische en 
Kolloïdchemie 



J.C.M . de Wit 

Proton and Metal Ion Binding to Humic Substances 

Proefschrift 

ter verkrijging van de graad van doctor 

in de landbouw- en milieuwetenschappen 

op gezag van de rector magnificus 

dr. H.C. van der Plas 

in het openbaar te verdedigen 

op woensdag 23 december 1992 

des namiddags te vier uur in de Aula 

van de Landbouwuniversiteit te Wageningen. 

l /v^ ^ÙiPClt ft 



CIP-gegevens Koninklijke Bibliotheek, Den Haag 

De Wit, J.C.M. 

Proton and metal ion binding to humic substances / J.C.M. 

de Wit. - [S.I. : s.n.] 

Thesis Wageningen. - with réf. - With summary in Dutch. 

ISBN 90-5485-057-4 

Subject headings: ion binding; humic substances. 



,j//),r'o>t /Z?J 

Stellingen 

Toen zond de Here God hem weg uit de hof van Eden 
om de aardbodem te bewerken, waaruit hij genomen was. 

(Genesis 3 vers 23). 
1. Uit Genesis 3 vers 23 kan geconcludeerd worden dat humus de bron is 

van het menselijk leven. 

2. Het extraheren en zuiveren van humeuze verbindingen uit de bodem 
leidt tot veel kleinere moleculen dan die in het natuurlijk milieu 
voorkomen. 

3. Gezuiverde humeuze verbindingen zijn oligo-electrolieten. 
Bartschat et al, Environ. Sei. Technol. 1992 26:284-294, dit proefschrift 

4. Deze oligo-electrolieten kunnen beschouwd worden als de bouwstenen 
van de humeuze verbindingen die in het natuurlijk milieu voorkomen. 

5. Hoewel gezuiverde humeuze verbindingen polydisperse mengsels zijn 
van verschillende moleculen kan het effect van de variabele lading op 
ionbinding goed beschreven worden met een model waarin ze 
beschouwd worden als rigide bollen of cylinders die gekarakteriseerd 
worden door één bepaalde gemiddelde straal. 
Dit proefschrift. 

6. De protonaffiniteitsverdelingen van verschillende humeuze verbindingen 
zijn sterk vergelijkbaar. 
Dit proefschrift. 

7. De binding van protonen en metaalionen wordt in belangrijke mate door 
het variabele ladingskarakter van de humus- en fulvozuren bepaald. 
Dit proefschrift. 

8. Onder een aantal goed gedefinieerde omstandigheden kunnen multi-
component vergelijkingen versimpelen tot lineaire en Freundlich 
vergelijkingen. De constanten van deze vergelijkingen zijn gecompliceerde 
parameters. 
Dit proefschrift. 

9. De binding van "trace metals" aan arme zandige bodems kan meestal 
beschreven kan worden met een pH afhankelijke Freundlich vergelijking. 



10. In zure en/of calcium rijke bodems valt de competitie tussen 
verschillende "trace metals" voor de beschikbare bindingsplaatsen te 
verwaarlozen. 

11. Een extra uitspoeling van "trace metals" als gevolg van adsorptie aan de 
opgeloste bodem organische stof valt meestal te verwaarlozen. 

12. Wetenschappers vinden hun eigen onderzoek science, dat van anderen 
fiction. 

13. 90 % van de wetenschappelijke artikelen zijn overbodig en dragen niet bij 
aan de voortgang van de wetenschap. 

14. Iemand die voor 90 % gelijk heeft wordt eerder geloofd dan iemand die 
100 % gelijk heeft. 

15. Leden van de promotiecommissie die veel vragen stellen over de 
stellingen hebben het proefschrift meestal slecht gelezen. 

16. Beter dan docenten zijn studenten in staat de kwaliteit van het onderwijs 
te beoordelen. 

17. Het, als jonge onderzoeker, verkrijgen van een vaste positie aan een 
universiteit, is even moeilijk als het ontslaan van een niet functionerende 
universitair docent of hoogleraar. 

18. De grote aandacht voor vrouwelijke wetenschappers tijdens congressen 
wekt de indruk dat vrouwen eminente wetenschappers zijn. 

19. Het wordt nooit meer zoals het vroeger ook niet was. 
(vrij naar Lany Slobbe) 

20. Wie het gemak niet zoekt is lui. 
(Jan Oudkerk) 

21. De kunst van wetenschap is het weglaten. 



Abstract 

Wit, J.C.M, de, Proton and Metal Ion Binding to Humic Substances. 
Doctoral thesis, Wageningen Agricultural University, The Netherlands. 255 

pages. 

Humic substances are polydisperse mixtures of organic molecules 

which at least to some extent determine the mobility and bioavailability of 

heavy metals in soils, sediments and aquatic systems. In order to make a 

sound risk assessment of the fate of trace metals a good conception and 

preferably a sound description is essential. In this thesis mechanistic 

models are presented that explicitely take into account the dominant 

factors that determine metal ion binding. These factors are the chemical 

heterogeneity of the humic substances, the variable charge character, and 

competitive binding of ions. 

The description of the proton binding behaviour, in absence of metal 

ions, forms the basis of the metal ion binding model. The proton binding 

is described with analytical expressions for continuous heterogeneous 

ligands in combination with a double layer model to account for the 

electrostatic effects. The parameters for the proton description are obtained 

from the analysis of proton titration with the so called mastercurve 

procedure. 

In order to describe metal ion binding an approximate binding 

stoichiometry is assumed, in which upon the binding of one metal ion, x 

protons are released in solution. With respect to site competition two 

different limiting cases have been considered. In the fully coupled case it 

is assumed that the different ions bind to the same sites and that the shape 

of the affinity distribution is the same for all ions. In the uncoupled case 

each ion has its own binding sites and the affinity distribution may differ 

for different ions. Both models are capable of describing competitive ion 

binding. The uncoupled model has the advantage of a lower number of 

parameters that have to be specified. 

Additional index words: humic acids, fulvic acids, metal ion adsorption, 

chemical heterogeneity, affinity distribution, speciation 
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Voorwoord 
Hoewel mijn naam als enige op de kaft staat is dit proefschrift het 

resultaat van een goede samenwerking. Eenieder die aan de totstand­
koming van dit proefschrift heeft bijgedragen wil ik bij deze bedanken. 

Als eerste wil ik mijn promotoren Willem van Riemsdijk en Luuk 
Koopal bedanken. Het is prettig begeleiders te hebben die elkaar volledig 
aanvullen en de tijd nemen voor uitputtende discussies. Willem en Luuk, 
vaak leverde ik 's middag tegen vijven een nogal lijvig concept in. 
Ondanks drukke werkzaamheden en wat gesteun en gekreun, hadden 
jullie het de volgende dag reeds bekeken. Hoewel ik me realiseer dat dit 
ten koste ging van andere zaken (o.a. sectie, burostoelen voor de aio's van 
fysko, vrije tijd, familie) heb ik het zeer op prijs gesteld. 

Gelukkig hoefde ik door de aanwezigheid van lot- en kamergenoot 
Maarten Nederlof de wetenschappelijke honger van de begeleiders niet in 
mijn eentje te stillen. Maarten, ik heb met veel plezier de afgelopen jaren 
een kamer met je gedeeld. Het was prettig om onder het genot van vele 
koppen koffie de voortgang van ons onderzoek te bespreken. 

Dit onderzoek maakte deel uit van een door de EEG gefinancierd 
onderzoeksproject waarin werd samengewerkt met David Kinniburgh en 
Chris Milne van de British Geological Survey in Wallingford. David and 
Chris, I thank you for the comprehensive and high quality dataset you 
have collected, for the warm welcome in England and for the good 
cooperation over the last 5 years. 

Naast Jaap Dijt, Marion Bloem, Yde Hamstra, Stefan Gruijters, Mari 
Marinussen, Christel Verhuist, Karin Ordelman, Wendela Schlebaum en 
David van den Burg die in het kader van een afstudeervak aan dit 
onderzoek hebben meegewerkt, bedank ik de medewerkers van de 
vakgroep Bodemkunde en Plantevoeding, en met name de bende van 
Frans (de sectie bodemhygiëne), het secretariaat en Kees Koenders, voor 
een prettige sfeer op de vakgroep (en daarbuiten). 

Mijn ouders hebben me gestimuleerd en in staat gesteld om een 
universtaire opleiding te volgen. Bedankt voor de ondersteuning die jullie 
me hebben gegeven. Daarnaast dank ik jullie, Edward Scholten en Wim 
van der Ploeg voor de hulp bij het ontwerpen van de voorkant. Martine 
(Stimu-)Lans, bedankt voor het zorgen dat ik me naast mijn werk ook met 
andere zaken heb bezig gehouden. 

Han de Wit 
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Introduction 

For plant nutrition the role of the organic matter in the cycle of major 

elements like C, N, S and P is of great importance and as a consequence, the 

relation between the organic matter content and soil fertility has been an 

important research topic from the early ages of soil and agronomic sciences 

on (eg. 1-16). The acid buffering capacity and the cation exchange capacity 

are other important functions of the soil organic matter (eg. 10-17). Binding 

of micro-nutrients, trace metals, pesticides and other toxic compounds to 

organic matter, together with binding to clay minerals and hydrous oxides, 

highly controls the chemo-stat of soil systems and the bio-availability and 

mobility of these compounds (13-18). 

In many areas in the world deficiencies of micro nutrients limit plant 

growth which results in low crop yields (14,19). In the industrial world the 

use of fertilizers has solved the problems of a deficiency. Unfortunately in 

this civilized world the problems of deficiency are often replaced by problems 

of overabundance of micro nutrients and by soil pollution due to excessive 

use of fertilizers and pesticides, industrial activities and dumping of waste 

materials (20-30). To analyze the fate of micro-nutrients and the risks of 

hazardous and toxic compounds their binding properties to the solid phase 

and to colloidal particles in the soil solution should be well understood (31-

32). The aim of this thesis is to contribute to this understanding, with specific 

reference to the role of the soil organic matter. 

In this study the binding of protons and metal ions to humic 

substances is investigated. Humic substances are mixtures of complex organic 

substances which are dissimilar to the biopolymers of microorganisms and 

higher plants. Despite a major research effort (eg. 12-13, 15-18, 32-41) the 

properties of humic substances and their ion binding behaviour are not yet 

well resolved. In this first chapter the geochemistry of humic substances, their 

properties and the state of the art of the description metal ion binding to 

humic substances are addressed. 

In the next chapters models are developed for competitive ion binding 

over a large range of conditions such as pH, ionic strength and composition 

of the solution. 



Table 1. Definitions after Stevenson (16). 

Term Definition 

Organic Residues 

Soil Biomass 

Humus 

Soil Organic Matter 

Humic Substances 

Nonhumic Substances 

Humin 

Humic Acid 

Fulvic Acid 

Hymatomelanic Acid 

Undecayed plant and animal tissues and their partial decomposition 
products. 

Organic matter present as live microbial tissue. 

Total of the organic compounds in soil exclusive of undecayed plant and 
animal tissues, their "partial decomposition" products, and the soil 
biomass. 

Same as humus. 

A series of relatively high-molecular-weight, brown to black coloured sub­
stances formed by secondary synthesis reactions. The term is used as a 
generic name to describe the cellaret material or its fractions obtained on 
the basis of solubility characteristics. These materials are distinctive to 
the soil (or sediment) environment in that they are dissimilar to the 
biopolymers of microorganisms and higher plants (including lignin). 

Compounds belonging to known classes of biochemistry such as amino 
acids, carbohydrates, fats, waxes, resins, organic acids, etc. Humus 
probably contains most, if not all, of the biochemical compounds 
synthesized by living organisms. 

The alkali insoluble fraction of soil organic matter or humus. 

The dark-cellaret organic material which can be extracted from soil by 
various reagents and which is insoluble in dilute acid. 

The cellaret material which remains in solution in after removal of humic 
acid by acidification. 

Alcohol soluble portion of humic acid. 

Humic Substances 

In the soil ecosystem a large variety of different organic substances is 
present (eg. 12-13, 15-16, 18, 33) and these substances can be divided into 
several fractions. The diagram in Table 1 gives an overview of a classification 
of the organic matter by Stevenson (16). Part of the organic matter is present 
as microbial tissues. Depending on the definitions chosen, the soil biomass 
consists also of the sub soil part of higher plants and of the soil fauna. The 
remainder of the organic matter is "dead" organic matter, which can be 
subdivided into the organic residues and the soil organic matter or humus. 



The organic residues are undecayed plant and animal tissue and their partial 

decomposition products. The humus or soil organic matter is defined as the 

total of the organic compounds minus the biomass and the organic residues. 

The humus fraction consists of the non-humic substances and the 

humic substances. The non-humic substances are compounds which belong 

to known classes of biochemistry, such as amino acids, proteins and enzymes, 

lignin, carbohydrates, fats, waxes, resins and simple organic acids like citrate 

and malonic acid. The non-humic substances are formed as decay products 

and by active excretion by micro-organisms and plant roots. The excreted 

acids play a role in the weathering of minerals (eg. 14-16,42) and amino acids 

and enzymes are of importance both for the formation of the organic matter 

and for its degradation and mineralization. 

The humic fraction is a group of complex, brown to black cellaret and 

relatively high molecular weight organic compounds which are dissimilar to 

the biopolymers of microorganisms and higher plants. Humic substances is 

a general term used for the dark material which is extracted from the soil by 

using extraction techniques. In practice a distinction between non-humic and 

humic substances cannot always be made. The extraction techniques are in 

general non-specific and, at least to some extent, the humic fraction will 

contain some non-humic substances. 

The humic substances can be further fractionated on the basis of their 

solubility characteristics. The fraction which is not soluble in base is the 

humin fraction, whereas the humic fraction and the fulvic fraction are soluble 

in base. After treating the extract with acid the humic acids precipitate and 

the fulvic acids remain in solution. 

In contrast to the mineral soil constituents such as hydrous oxides and 

clay minerals, the definitions of the fractions of the organic matter do not 

refer to specific chemical structures. The definitions are operational and each 

fraction is a complex and polydisperse mixture of different organic comp­

ounds. 

Because the mineral constituents disturb measurements and influence 

the behaviour of the organic matter it is essential to study "purified" organic 

matter extracted from the soil systems in order to obtain a first insight in the 



characteristics and properties of the organic matter itself. Since the humin 

fraction is defined as the fraction that stays behind, in most cases the 

"purified" organic matter studied are the fulvic acid and the humic acid 

fractions. However, due to the use of material from different sources, 

obtained by different fractionation procedures, the obtained, sometimes 

conflicting results, can not be easily compared. The last decade the Interna­

tional Humic Substance Society (IHSS) has stimulated the standardization of 

extraction procedures and standard and reference materials has been made 

available to researchers worldwide (38,43-50). In this way the IHSS hopes to 

advance the knowledge, research and applications of humic substances 

(38,51). 

Humic Substances in The Environment 

Although historically most of the research on humus and on humic 

substances has been performed by soil scientists (e.g. 43), these substances are 

not typical for soils, but are found in all type of ecosystems (13,18,34-35,36-

37,52). The diagram in Figure 1 gives the different flowpaths of humic 

substances in the environment. The amount of humic material in a system is 

determined by the net balance of formation, degradation or transformation, 

addition, removal and transfer (16,18,34,37,53). In soil systems the addition 

of organic matter from other systems is negligible and organic matter content 

is mainly determined by the net balance of formation and degradation. The 

contribution of the transfer to other systems to the balance is relatively small, 

but cannot be neglected since it forms an important source for aquatic 

systems like streams and rivers and for ground water (34,37,54-56). 

The organic matter and the humic substance content of soils depend 

on various soil formation factors such as climate, time, topography, 

vegetation, parent material and land use (16). The major sources for the 

humic material are plants and mosses. The "fresh" organic residues can be 

decomposed rather easily, whereas the resistance of humic material for 

decomposition is large. The synthesis of humic substances is very complex 

and not yet well resolved (12,16,18,41,57). In general one can say that humic 

substances are formed by polymerization and condensation of decomposition 
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Figure 1. Diagram of the many possible environmental flowpaths of humic substances (18). 

products or of resynthesis of humic substances. The decomposition products 

may originate both from fresh organic material and from degradation of 

existing humic substances. Micro-organisms are assumed to play an 

important role in the formation of humic material. The micro-organisms form 

the decomposition products actively. Inactively they may catalyze the 

condensation processes, for instance by the excretion of extracelluar enzymes. 

In soil systems and in sediments the humic substances are predomi­

nantly insoluble and associated to the mineral phases (12-16,53). Although 

our prime interest in the proton and metal ion interactions originates from 

the field of soil pollution, ion binding is also of great importance for the soil 

formation. The stability of the organic matter/mineral complexes and the 

solubility of the humic substances depend strongly on the pH and on the 

type and amount of ions present (16,37,58-62). 

The association of organic matter with minerals influences both the 

properties of the mineral surfaces and of the organic matter, which makes 

that the properties studied for the individual soil constituents cannot be 

simple added to obtain the properties of the system as a whole. Nevertheless 



following the well accepted deterministic scientific approach, knowledge of 

the individual constituents is essential in order to understand the more 

complex system. This is the excuse for this thesis in which we only study 

purified humic substances. 

The humic material can migrate to deeper parts of the soil by 

bioturbification by soil organisms and by leaching of soluble organic matter 

(16,54,63). This migration facilitates the transport of hazardous compounds 

bound to the humics and should be taken into account in a risk assessment. 

A large migration of organic matter is observed in podzols, which have 

distinct B horizons in which sesquioxides and organic matter are the major 

accumulation products (16,53). 

The dissolved organic carbon (DOC) content of soil water changes with 

depth. The median concentration of the dissolved organic carbon decreases 

from 20 mg C/l in the A horizon to 2 mg C/l in the C horizon (54). In 

general the solubility of fulvic acids is larger than that of humic acids and as 

a consequence the humic acid/fulvic acid ratio decreases with depth. 

The organic carbon in ground water depends on the type aquifer. In 

most aquifers the DOC concentration is less than 1 mg C/l (64). Higher DOC 

concentrations originates form aquifers receiving their recharge from 

organically rich waters, for instance from peatlands and swamps. The humic 

fraction of the DOC is highly determined by the origin of the recharge water 

and varies from 10-90 % (63,54). 

In soil the humic substance are predominantly autochthon; they are 

formed locally. In all other systems allochthonous humic substances; 

originating from different systems form a major fraction of the total amount 

of humic substances. In most aquifers the humic substances in ground water 

originate from the overlying soils. In some sediments organic matter is 

deposited with the sediment. This kerogen rich sediments may result to very 

high DOC values (54). 

In aquatic systems the allochthonous humic substances originate from 

soil or from connecting lakes and streams (37,55-56,65). The soil humic 

material is added via surface runoff or via ground water. In running water 

like rives and bogs the allochthonous humic material predominates. In lakes 

8 



and in lake sediments a considerable fraction of humic substances is 

autochthonous and is formed from algae detritus. The dissolved organic 

carbon in aquatic systems range from 0 to 50 mg C/l. The DOC and its 

humic fraction is not constant but varies in time and in space. Tipping and 

Woof (66) found that humic carbon comprised 60-70% of the DOC in winter 

and early spring, but only 30-40% in summer. During the season of thermal 

stratification the concentration of DOC in the lower stratas is more constant 

but somewhat lower than in the upper stratas (65). 

The aquatic humic substance are rather small, have a low molecular 

weight, and the fulvic acids strongly dominate over humic acids. In 

sediments humic substances undergo diagenetic changes. These changes 

include a gradual decrease with depth of burial of humic and fulvic acids 

and a concomitant increase of humin. 

Like in soil systems, in aquatic systems humic substances play an 

important role in the geochemical cycling of macro and micro nutrients and 

in controlling the free concentration toxic compounds. The significance of the 

organic matter fraction can be illustrated from the work of Verweij (67) on 

the copper speciation in lake Tjeukemeer. In this alkaline, humic-substance 

rich, polder lake in the northern Netherlands the binding of copper to the 

humic substances has reduced the free copper concentration so much that it 

became a limiting factor for the growth of algae. This while on the basis of 

the total copper concentration, copper toxicity was expected. 

In estuaria the concentration of humic substance ranges from 

undetectable to 2 mg/1 and the bulk of the humic substance is allochthonous 

and derives from input of rivers (68). In open sea water the concentration 

rarely exceeds 0.25 mg/1 and part of the humic substances are formed from 

the free radical auto-oxidative cross-linking of unsaturated lipids released 

into the water by plankton (69). Due to the higher ionic strength in marine 

systems the humic substance will contract, and form condensed structure. 

The high salt level also promotes aggregation of humic molecules. 

Humic substances in marine sediments originate both from marine and 

terrestrial sources (70). The formation and evolution of humic substance in 

sediments is believed to be the key in understanding the mechanisms by 



which kerogen forms. Because knowledge on the formation of kerogen is 

important in order to estimate the petroleum potential of sediments, further 

research in this area is both of economic and scientific interest (70,71). 

Properties of Humic Substances 

A comprehensive review of the different techniques that can be used 

to characterize the humic material can be found in Humic Substance II, In 

search of Structure (39). Unfortunately a unified structure for humic 

substances does not exist. Humic substances are complex mixtures of 

(macro)molecules, with a composition that changes in time and space. 

Techniques to study the structural properties of molecules are often 

developed for mono disperse systems. The interpretation of the obtained data 

on humic substances is highly restricted (39,72). On top of that the techniques 

often influence the structure of the humic substances. 

A first and rather simple procedure to characterize humic material is 

the elemental analysis. Table 2 gives the results of a statistical evaluation of 

the elemental composition of a large number of humic acids and fulvic acids 

isolated from environments all over the world. On a weight basis C and O 

are the most important elements. For humics the contribution of C, S and N 

elements is larger than that of fulvic acids. The content of H is about equal 

and the content of O is smaller. 

For most fulvic acids the molecular weight ranges from 500-5000 

g.mol"1. The molecular weight of humic acids is larger than that of fulvic 

acids and range from 1500 up to >105 g.mol-1 (13,16,37,39,74). The low 

molecular weight humic molecules are more or less flexible cylinders or more 

compact globular particles or ellipsoids. The high molecular weight molecules 

are large enough to form random coils or gels, structures that may easily 

change their conformation as a function of the environment conditions. 

However when the cross linking between the chains and the hydrophobicity 

of the molecules is large the high molecular weight molecules may be fairly 

condensed and rigid (39). 

10 



Table 2. Mean elemental composition of humic and fulvic acids from different sources expressed 

as weight percent (73). 

Element 

C 

H 

N 

S 

0 

Soil 

55.4 

4.8 

3.6 

0.8 

36.0 

Fresh­
water 

51.2 

4.7 

2.6 

1.9 

40.4 

Humic 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 

Fresh­
water 

46.7 

4.2 

2.3 

1.2 

45.9 

Fulvic Acids 

Marine 

45.0 

5.9 

4.1 

2.1 

45.1 

Peat 

54.2 

5.3 

2.0 

0.8 

37.8 

Another important characteristic of humic substances is type and 

content of the functional groups (13,16,37,39,75-77). The functional groups are 

of great importance since ion binding occurs at the functional groups of the 

humic substances. In Table 3 an overview is given of the some of the 

different functional groups encountered in humic acids. The functional group 

content of humic substances ranges from 1 to 10 eq.kg"1. Per unit mass the 

functional group content of the fulvic acids is larger than that of humic 

acids. 

Metal Ion binding to Humic Substances 

A general accepted picture is that metal ions form complexes with the 

functional groups of humic substances (16,37,75,78). A first characteristic of 

metal ion binding is the stoichiometry of the binding to the sites. The metal 

ions can be bound in various ways, for instance by forming mono dentate 

complexes to a single site or multi dentate complexes to structure in which 

several functional groups are coordinated. 

The reactivity of a functional group depend on its type and its 

environment. For the bulk of the metal binding the -COOH and the -COH 

groups are of importance. At very low concentrations binding mainly occurs 

at sites which have a high and specific affinity. Among these high affinity 

11 



Table 3. Some important Structural Groups of Humic Substances (16). 

Amino 

Amine 

Amide 

Alcohol 

Aldehyde 

Carboxyl 

-NH 2 

H 
R-C-NH, 

H z 

»0 
R-C-NH2 

R-CH20H 

H 
R-O0 ,R-

R-C-OH.R-

-CH0 

-C00H 

Anhydr 

Im in e 

Imino 

Ether 

Ester 

ide 

0 0 
1 « 

R-C-0-C-R' 
H 

R-ONH , R-CHNH 

=NH 

R-CH2-0-CH2-R' 

R-C-O-R' , R-C00R' 

0 0 

Carboxylate ^f \Q 
i on R-C kR-C00" 

Enol 

Ketone 

R-CH=CH-0H 

R-C-R', R-CO-R' 

Quinone 

Hydroxyquinone 

0 Cf 
OH 0 

OH 
II II 

Keto a c i d R-C-C00H 

Pept ide 

Unsaturated 
carbonyl 

H H H 
-C=C-C=0 

H ,0 ,ü "> 
H Nv JC--L S. ! 

X ' \ /C00Hi 
R H / C^ i 

_ / V H 

sites there are nitrogen or sulphur containing functional groups and 

coordinated sites such as phthalic acid or salicylic acid type of groups 

(16,37,41). Owing to the different types of functional groups in humic 

substances (16,37,75-76,79), humic substances are heterogeneous ligands. This 

chemical heterogeneity is the second characteristic which determines the metal 

ion binding. 

A third factor to be considered is the competition between different ions 

(e.g. 31,37,79). In aqueous systems protons (or hydroxyl ions) are by 

definition present. Because protons largely determine the state of the 

functional groups and the charge of the humic substances, at least a proton 

effect on the metal ion binding is to be expected. Additionally in soil 
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solutions a cocktail of different ions are present which bind to the humic 

substances. Think for instance of cations such as Ca2+, Mg2+, and Al3+ ions and 

of heavy metal ions such as Cu2+, Cd2+ and Zn2+. 

The fourth factor that influences metal ion binding is electrostatics 

(37,79-82). Humic substances have a pH dependent negative charge, due to 

the dissociation of the functional groups. The negative charge promotes the 

adsorption of cations in two ways. First of all the concentration of the cations 

in the double layer around the humic colloids is larger than in the bulk, due 

to coulombic interactions. The binding by coulombic interaction is non­

specific and depends only on the valency of the ion. The second effect is that 

a higher concentration of metal ions near the functional groups will result in 

a larger specific binding than expected on the basis of the concentration in 

the bulk solution. 

The electrostatics or variable charge effects do also influence the 

secondary properties of the humic molecules like their conformation and the 

aggregation of molecules in larger complexes (37,39,59). Both conformational 

changes and aggregation will in turn affect the metal ion binding (and vice 

versa). 

Modelling Ion Binding to Humic Substances 

A model for metal ion binding should in principle be able to describe 

and to predict binding for a wide range of conditions with respect to pH, 

solution composition and ionic strength. The complexity of the systems is 

such that a strictly thermodynamic model is not feasible (36,37,41) and a 

quasi particle approach should be used. In a quasi particle approach a 

mathematical description is chosen in which the complex mixture of humic 

molecules is replaced by a set of hypothetical particles, whose behaviour 

mimics closely that of the actual mixture (83). The quasi particle models 

range from simple empirical models, consisting of fitted binding and 

exchange relations to more mechanistic models in which several of the factors 

mentioned above are explicitly taken into account. In every quasi particle 

model several arbitrary assumptions have been made which depend on the 

purpose of the model and on the good taste and scientific background of the 
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scientist. As a consequence all models are on the edge of science and fiction. 

Nevertheless the value of a model increases when the number of adjustable 

parameters is small and it still allows for the prediction of the outcome of 

experiments it was not calibrated on. 

The major advantage of binding models is that they provide a basis for 

the calculation of the speciation of ions in the environment. Although the 

results should be examined carefully, the calculations are essential for a 

sound risk assessment. Models can also be used to design new experiments, 

which in turn help to make a further selection between different models. 

In literature a large number of different quasi particle models have 

been proposed (eg. 16,36-37,40-41). On the basis of the way the binding 

models treat heterogeneity and electrostatics a simple subdivision into four 

classes of models can be made: 

1. discrete heterogeneous, non electrostatic models 

2. continuous heterogeneous, non electrostatic models 

3. discrete heterogeneous, electrostatic models 

4. continuous heterogeneous, electrostatic models 

In the first and largest class a discrete number of different site types 

is assumed to be present (eg. 86-133). The different sites types in the model 

can be part of a larger molecule or can be present as a mixture of simple 

ligands in the solution. The stoichiometry of the binding equation depends 

on the type of the sites and often both mono and multi dentate binding 

equations are used. In some of these models both the constants of the binding 

equations and the fraction of the different site types are fitted. In others the 

constants are chosen equal to constants for corresponding simple organic 

ligands, and only the contribution of the different site types are fitted. As 

long as the number of ligands is large enough a "good" (mathematical) 

description is obtained. For the discrete heterogeneous mixture models the 

extension to multi component binding is straightforward and every site may 

have a different stoichiometry. 
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An alternative for the use of complex mixture of different ligands is to 

limit the binding to only one or a few ligands with a given stoichiometry and 

to analyze the binding coefficients (86-114). The value of the binding 

coefficients depend on factors like electrostatics, chemical heterogeneity, 

competition and true stoichiometry of the binding. As a consequence the 

value of the coefficients (or conditional "constants") is in general a function 

of the environmental conditions. When conditions exist over which the 

coefficients are constant over a large part of the binding curve, a simple 

model can be used to describe the data. In general, however, the distribution 

of the conditional constants is continuous and a description on the basis of 

a continuous (apparent) heterogeneity seems logical (134-138). 

For continuous affinity distributions the overall binding equation is in 

general a complicated expression which can only be solved numerically. 

However for a few, fairly realistic distribution functions analytical solutions 

are known (139-141). The advantage of the models for continuous 

heterogeneity is the small number of parameters involved. In many cases 

only two parameters, suffices to describe the binding; a parameter that 

determines the width of the distribution and a median affinity constant. 

Disadvantages are that the extension to multi component binding is compli­

cated and in most cases for all sites the same type of binding equation should 

be used (142). 

In the electrostatic binding models the coulombic interactions are 

explicitly taken into account (79-82,143-157). In these models it is assumed 

that the electrostatic effect predominates the observed non ideality of the 

binding. The magnitude of the electrostatic interactions depend on the shape, 

size, nature and conformation of the humic particles. Consequently the poly 

dispersity of humic substances and the structure of the humic molecules are 

important. In order to simplify this situation the humics are treated as 

averaged sized particles which have a simple poly dispersity or are mono 

disperse. 

The electrostatic binding models combine a description of the 

electrostatic effects with a description of the site binding. Like for the non 

electrostatic binding models most research groups use a discrete heterogen-
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eous site binding model (80-82,143-155), while only a few use a continuous 

heterogeneous model (79,156-157). 

The mechanistic nature of the electrostatic models makes that they 

allow for prediction of the binding behaviour for different environmental 

conditions. If the model for the electrostatic interactions is correct, the affinity 

constants in the site binding model are intrinsic and can be related to the 

chemical structure of the groups. Nevertheless since quasi particle models are 

by definition over simplifications, one should interpret the results with care. 

Present Approach 

In this thesis models for competitive binding have been developed 

using advanced data analysis techniques (79,156-159) to select appropriate 

models and to determine model constants. In order to avoid a priori 

assumptions as much as possible we start with the analysis of proton 

binding. Proton binding has the advantage of a simple stoichiometry and is 

a mono component binding process when it is measured in an indifferent 

electrolyte. In chapter 2 a procedure for the analysis of proton binding data 

is presented that allows for the assessment of a model for the electrostatic 

effects followed by the determination of the proton affinity distribution. In 

the chapters 3 and 4 the procedure is applied to proton binding data for 11 

different humic substances. The obtained distributions for this samples 

indicate that a continuous heterogeneous binding model is the most 

appropriate choice. 

In the chapters 2, 5-6 we work out 2 models for competitive metal ion 

binding to humic substances and apply them to experimental data for 

cadmium and calcium binding. In both models analytical binding expressions 

for continuous heterogeneous ligands are used, and the electrostatic effects 

are incorporated on the basis of the double layer model which was assessed 

on the basis of the proton binding data. 

The two models differ with respect to competition between metal ions 

and protons and with respect to the correlation between the proton and the 

metal affinity distribution. In the so called uncoupled binding model it is 
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assumed that the affinity distributions for the metal ions and the protons are 

fully independent and that the sites for metal ions differ from the proton 

sites. Metal ion and proton do only interact via the electrostatics. In the fully 

coupled adsorption model both the metal ion and the proton compete for the 

same surface sites and the shape of the metal and proton distributions are 

assumed to be identical. Only their position on the log K axis differs. 

In the chapters 7 and 8 a set of analytical equations for multi 

component binding are derived, in which the affinity distribution may differ 

from one component to another. The intriguing features of these equations 

are illustrated on the basis of model calculations. We did not yet apply these 

equations to experimental data, but consider this an interesting future 

challenge. 
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Ch ap t e r ZÀ 

Analysis of Ion Binding on Humic Substances 
and the Determination of Intrinsic Affinity 

Distributions 

Abstract 

Humic substances are characterized by a variable electric potential and by a 

variety of binding sites leading to chemical heterogeneity. Binding of ions to these 

substances is influenced by both factors. A methodology based on acid-base titrations 

at several salt levels is presented that allows for the assessment of an appropriate 

electrostatic double layer model and the intrinsic proton affinity distribution. The 

double layer model is used for the conversion ofpH to pHsfor each data point, where 

Hs is the proton concentration in the diffuse layer near the binding site. It is shown 

that with an appropriate double layer model the proton binding curves at different 

salt levels converge into one 'master curve' when plotted as a function of pHs. The 

intrinsic proton affinity distribution can then be derived from the 'master curve' 

using the LOGA method. 

A rigorous analysis of metal binding to humic substances is complex and in 

practice is not feasible. Under two different (simplifying) assumptions, namely fully 

coupled and uncoupled binding, it is shown how intrinsic metal ion affinity 

distributions can be obtained. Model calculations show that apparent metal ion 

affinity distributions do not resemble the intrinsic metal ion affinity distribution. 
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Introduction 

Interactions between metal ions and organic materials such as humic 

substances determine to a large extent the bio-availability and mobility of 

heavy metal ions. For example, the binding of metal ions onto insoluble soil 

organic matter will strongly reduce the availability of heavy metal ions, 

whereas complexation with dissolved organic matter will enhance the metal 

ion mobility (1-4). 

Research on the chemical structure and genesis of humic material has 

shown that both the structure and origin of humic material are very diverse 

(5-7). Humic acids and fulvic acids are mixtures of complex heterogeneous 

organic polyelectrolytes. Their acid-base properties are determined by a 

variety of functional groups (2-8). In principle, each specific type of group in 

a given local molecular structure has its own intrinsic affinity for the binding 

of a proton or metal ion. Ion binding to humic and fulvic acids is therefore 

characterized by a distribution of intrinsic affinity constants. 

In general, natural organic matter has an overall negative charge 

caused by the dissociation of the functional groups or the desorption of 

protons (7,9-11). This charge leads to an electric field, which depends on the 

magnitude of the charge, the geometry of the organic colloid and the ionic 

strength. The electric field in turn affects the adsorption of protons and metal 

ions. For the description of the overall adsorption of ions on organic matter 

both the chemical heterogeneity, characterized by a distribution of intrinsic 

affinities, and the electrostatic effects are of prime importance. 

In environmental and soil sciences, the main interest is focused on the 

adsorption behaviour of trace metal ions (3-4). Because protons (or hydroxyl 

ions) are always present in aqueous solutions, they determine the state of the 

surface sites. Knowledge of proton adsorption is therefore of critical 

importance for understanding the adsorption of other charged components. 

The addition of metal ions to humic material in solution will not only 

lead to metal ion adsorption, but also to a change in the protonation of the 

surface, due to electrostatic interactions and/or competition (10,12,13). A 

rigorous analysis of metal adsorption data is extremely complex, if not 

impossible. In order to be able to describe metal ion adsorption it is therefore 
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necessary to make some assumptions about the nature of the adsorption 

process. 

In this paper, a general description of proton adsorption and a new 

method for the analysis of proton adsorption data are first presented. In 

general, proton adsorption isotherms depend on the ionic strength due to 

electrostatic effects. In our analysis, the electrostatic effects are eliminated 

from the isotherm using a model for the electric double layer. Ideally, if an 

appropriate electrostatic model is used, the dependency of the isotherms on 

ionic strength should vanish and the corrected isotherms will merge into a 

'master curve' (14). 

The 'master curve' then only reflects the effects of chemical 

heterogeneity on adsorption. The intrinsic proton affinity distribution can be 

obtained from the 'master curve' using an approximate method as suggested 

for example by Nederlof et al. (25) and Koopal et al. (16). 

In the second part of the paper, metal ion adsorption is discussed. In 

order to describe metal ion adsorption, assumptions about the nature of the 

adsorption process have to be made. Two limiting cases are considered, 

namely the case in which the proton and metal ion affinity distributions are 

fully correlated and the case in which the affinity distributions are fully 

independent. On the basis of model calculations both situations are 

compared. It is demonstrated that it can be checked whether or not it is 

justified to use the limiting situations for the description of metal ion 

adsorption. 

Charging of a Heterogeneous Polyelectrolyte 

Complexation Model 

Consider an ensemble of identical acid organic polyelectrolytes, with 

n different types of functional groups, each type i with a proton association 

reaction given by: 
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s.cr+H* S.OH (1) 

Equation 1 can be characterized by an intrinsic equilibrium constant Kj H
,nt 

(17): 

lv-int _ 
{S;OH} 

/ F ^ 

V R T / 
{S.O-}[H*]exp 

Or by an apparent or conditional affinity coefficient Kj H
app: 

{SOH} 

(2) 

i,H 
{S.O-}[H1 

(3a) 

which equals: 

K j = K;;nH-exp RT 

(3b) 

The Boltzmann factor exp(-Fips/RT) accounts for the electric field 

around the charged groups; ips is the potential at the location of the 

functional groups of the polyelectrolyte relative to the potential in bulk 

solution. Equation 2 applies to the situation where all surface groups 

experience the same average tys. In the case of a (partially) penetrable 

polyelectrolyte this implies a constant potential throughout the penetrable 

domain of the polyelectrolyte, whereas for an impenetrable particle it implies 

a smeared out surface potential. 

The braces {} in Eqns. 2 and 3 refer to site densities, the brackets [] to 

concentrations. This implies that apart from the coulombic interactions, ideal 

behaviour of both the polyelectrolyte and solution is assumed. In the case of 

non-ideal solution behaviour, the solution concentrations can be replaced by 

their activities. For the calculation of the activity coefficients, use can be made 

of, for example the Davies Equation (18). In contrast with KiH
app/ K^H"1' *S n o t 
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experimentally accessible as it is a function of tys. 

The degree of protonation or degree of association, 0; H, for a group of 

type i can be expressed as: 

0. 
{S;OH} 

i,H 
{S.OH}+{S.CT} 

(4) 

Combination of Eqns. 2 and 4 leads to: 

K»'[H+]exp 
I *% 

9 . H = 
RT 

l + K;£[H*]exp 

In order to simplify Eqn. 5 we define H s as: 

H s H [H*]exp 

f F ^ 
(5) 

RT 

RT 
(6) 

H s is the proton concentration at the location of the binding sites. 

Substitution of Eqn. 6 in Eqn. 5 leads to an adsorption equation for the 

protons which is mathematically equivalent to the Langmuir adsorption 

isotherm: 

K intTT 

e.„ = - ,,H s 
i,H 1+K£Hs 

(7) 

Eqn. 7 (or Eqn. 5) essentially describes the adsorption on a homogene­

ous surface. For a heterogeneous surface it represents the adsorption on a 

specific type of surface group and is therefore called the local isotherm. 

For a heterogeneous particle with a discrete affinity distribution, the 

overall degree of protonation, 0, H, is given by the weighted summation of the 

degree of protonation of the different types of sites: 
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etH = E f 0 H
 (8) 

t,H i—i i i,H 

where f; is the fraction of proton sites of type i with respect to the total 

number of proton sites. 

For a continuous distribution of affinities, 0 tH is given by: 

0t,H = f e f e H s ) f(iogK;H<) d(iogK;;H') (9) 

where f(log KjH
mt) is the normalized distribution function of the intrinsic 

proton affinity constants and 8(log K; H
int, Hs) is the local adsorption isotherm, 

for which Eqn. 7 will be used. The proton adsorption in absolute quantities 

is found by multiplying 8 tH by the maximum adsorption, THmax. 

Again it is stressed that Eqns. 2-9 are derived with the assumption that 

near each functional group, the same average \ps holds. If ips is not the same 

near all functional groups, KJH1"' (Eqn. 2) has to be redefined. When the 

particles are identical, but there is a potential profile over the surface or in 

the penetrable domain of the polyelectrolyte, Kj H
,nt is defined as: 

{SOH} 
K'lnt= ' 

''" / c„. \ (10) 
{S.O-}x[H

+]exp 
^ „ 

RT 

where the subscript x indicates a certain position inside the polyelectrolyte 

or at its surface. As a consequence 0i/H (Eqn. 7) has to be replaced by Q, lu. To 

obtain 0 tH one has to integrate twice, once over the intrinsic affinity and once 

over the position variable x. 

In the case of considerable polydispersity (in particle size) at least a 

double integral results. The overall relative adsorption for the mixture, 0TH, 

is obtained by integration of QKH over the particle distribution. 

For the moment these complications will be neglected and humic 

substances will be treated as an ensemble of identical heterogeneous 

polyelectrolytes for which an average potential holds near all groups. Under 
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