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Summary

In soil and aquatic environments, mineral surfaces are coated with natural organic matter

such as humic substances to a large extent. Adsorbed humic substances strongly alter the

physical and chemical properties of mineral particles. In this thesis, the influence of ad¬

sorbed humic substances such as humic and fulvic acid on metal cation sorption to min¬

eral surfaces is investigated. Colloidal hematite is used as a representative of a mineral

sorbent. The main objectives of this study are (1) to extensively characterize the soil hu¬

mic and fulvic acids used, (2) to measure proton, Cu(II), and Pb(II) binding to humic and

fulvic acids as well as to colloidal hematite, (3) to accurately describe proton, Cu(II), and

Pb(II) binding to organic and inorganic sorbent materials with models using model pa¬

rameters which are in good agreement to characterization results, and (4) to measure

metal cation binding to an organic matter-mineral complex and to compare experimental

results with predictions based on an additive approach assuming that adsorbed humic

substances simply contribute additional binding sites to the solid phase.

Humic substances such as humic and fulvic acid are very heterogeneous in terms of

physical and chemical properties. Understanding the heterogeneity of humic substances is

a prerequisite for understanding cation binding to humic substances. To elucidate the

heterogeneity of humic substances, the soil humic acid isolated is further separated into

four fractions of different molecular size using a hollow fiber ultrafiltration technique.

Fulvic acid, humic acid and humic acid size fractions are characterized by a variety of

techniques (elemental analysis, size exclusion chromatography, UV-VIS, CP-MAS 13C-

NMR, FT-IR, and fluorescence spectroscopy). The characterization results shown in

Chapter 2 clearly demonstrate that fulvic and humic acid are chemically different. For the

humic acid size fractions, it is shown that the chemical composition varies with the size

of the fractions.
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Differences of humic substances in their chemical composition result in a different

proton binding behavior. In Chapter 3, it is demonstrated that differences in proton

binding behavior correspond very well to differences in chemical composition. Results

from Cu(II) and Pb(Il) binding experiments shown in Chapter 4 suggest that metal cation

binding is not strongly affected by chemical differences of humic substances even though

metal humate complexes may be different for different cations. The results of this study

indicate that Pb(II) is bound by humic substances mainly in monodentate complexes. For

Cu(II) binding, the stoichiometry of proton Cu(II) exchange reactions indicates that

Cu(II) is bound in monodentate and bidentate complexes.

The NICA-Donnan model is used to describe proton and metal binding to humic

substances. Results of modeling proton and metal binding data presented in Chapter 3

and 4, respectively, demonstrate the great flexibility of the NICA-Donnan model to ex¬

cellently describe cation binding data. A good description of the entire data set including

proton, Cu(II), and Pb(II) binding data with physically and chemically reasonable model

parameters is only achieved when some model parameters are related to characterization

results and when, in addition, proton, Cu(II), and Pb(II) data are fitted simultaneously.

Data of proton, Cu(II), and Pb(II) sorption to colloidal hematite are modeled with

two surface complexation models, the triple layer model and a 2-p£ basic Stern model

with ion-pair formation. As shown in Chapter 5, excellent fits are obtained for proton,

Cu(II), and Pb(II) sorption data regardless of the hematite surface site density chosen as

model parameter. However, the accuracy of predictions of competitive metal sorption

strongly depends on the surface site density chosen for model calibrations. This result

suggests that the surface site density is a key parameter if surface complexation models

are exposed to complex, multi-component environments.

The influence of organic coatings on heavy metal sorption to mineral surfaces is in¬

vestigated in a Cu(II)-fulvic acid-hematite system. The results presented in Chapter 6

indicate that at acidic pH conditions, metal cation sorption to the solid phase strongly

increases in the presence of fulvic acid. At neutral and basic pH conditions, the presence

of fulvic acid resulted in a slight decrease of metal sorption to the solid phase due to the

formation of soluble metal fulvic acid complexes. This result suggests that the presence
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of surface-bound humic substances strongly decreases the mobility of heavy metal ca¬

tions in acidic soils.

Finally, experimental data of the Cu(II)-fulvic acid-hematite system are compared

with model predictions using a simple additive approach. In this approach, the amount of

Cu(II) sorbed to the solid phase is calculated as the sum of Cu(II) sorbed to the mineral

surface itself and the amount of Cu(II) bound by the percentage of fulvic acid adsorbed

to the mineral surface. The model predictions mimic the pH and ionic strength depend¬

ence of Cu(II) binding to the fulvic acid-hematite complex fairly well. Between pH 4 and

6, Cu(II) sorption is slightly underestimated by the additive approach. Incorporation of

electrostatic interactions between adsorbed organic polyelectrolyte and mineral surface

as well as fractionation of polydisperse polyelectrolytes upon adsorption of natural or¬

ganic polyelectrolytes to mineral surfaces may improve model predictions.
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Zusammenfassung

In Böden und aquatischen Umweltsystemen sind Mineraloberflächen zu einem großen

Ausmaß mit narürücher organischer Substanz, wie z.B. Huminstoffen belegt. Adsorbierte

Huminstoffe verändern die physikalischen und chemischen Eigenschaften von Mineral¬

partikeln erheblich. In der vorliegenden Arbeit wird der Einfluss von adsorbierten Hu¬

minstoffen auf die Sorption von Metallkationen an Mineraloberflächen untersucht. Hu¬

min- und Fulvosäure werden als Vertreter von Huminstoffen verwendet. Als mine¬

ralischer Sorbent wurde kolloidaler Hämatit gewählt. Die Hauptziele dieser Arbeit sind

(1) die verwendeten Boden-Humin- und Fulvosäuren umfassend zu charakterisieren, (2)

die Protonen-, Kupfer(II)-, und Blei(II)- Bindung von Humin- und Fulvosäure sowie von

kolloidalem Hämatit zu messen, (3) die Protonen-, Kupfer(II)-, und Blei(II)-Bindung an

die organischen und anorganischen Sorbenten möglichst exakt mit Modellen zu beschrei¬

ben, deren Modellparameter mit den Ergebnissen der Charakterisierung übereinstimmen,

und (4) die Metallkationbindung an Organo-Mineralkomplexen zu messen und die ex¬

perimentellen Ergebnisse mit Vorhersagen zu vergleichen, welche auf einem additiven

Modellansatz basieren. Dabei wird angenommen, dass an Mineraloberflächen adsorbierte

Huminstoffe der Festphase lediglich zusätzliche Bindungsplätze liefern.

Huminstoffe wie Humin- und Fulvosäuren sind hinsichtlich ihrer physikalischen und

chemischen Eigenschaften sehr heterogen. Das Verstehen dieser Heterogenität ist eine

Voraussetzung dafür, die Kationenbindung an Huminstoffen zu verstehen. Zur Auf¬

klärung der Heterogenität von Huminstoffen wird die aus einem Boden isolierte Hurnin-

säure in vier verschiedene Molekülgrößenfraktionen mittels einer sogenannten Hohl-

Faser-Ultrafiltrationstechnik aufgetrennt. Fulvosäure, Huminsäure und Huminsäure-

Größenfraktionen werden mit einer Vielzahl von verschiedenen Techniken charakterisiert

(Elementaranalyse, Gel-Chromatographie, UV-VIS, CP-MAS 13C-NMR, FT-IR und
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Fluoreszenz-Spektroskopie). Anhand der Charakterisierungsresultate wird in Kapitel 2

gezeigt, dass Humin- und Fulvosäuren deutliche chemische Unterschiede aufweisen. Des

weiteren wird nachgewiesen, dass die chemische Zusammensetzung der Huminsäure-

Größenfraktionen mit der Molekülgröße der Fraktionen variiert.

Die chemischen Unterschiede der Huminstoffe führen zu einem unterschiedlichen

Protonenbindungsverhalten. In Kapitel 3 wird aufgezeigt, dass die Unterschiede im Pro¬

tonenbindungsverhalten sehr gut mit Unterschieden in der chemischen Zusammensetzung

übereinstimmen. Wie in Kapitel 4 ausgeführt wird, deuten die Ergebnisse aus den Kup¬

fer- und Bleisorptionsexperimenten darauf hin, dass die Metallkationbindung von den

chemischen Unterschieden der Huminstoffe nicht erheblich beeinflusst wird, obwohl die

Metall-Humin-Komplexe verschiedener Metalle unterschiedlich sein können. Die Resul¬

tate dieser Arbeit belegen, dass Pb2+ von Huminstoffen hauptsächlich als monodentater

Komplex gebunden wird, während die Stöchiometrie der Protonen-Kupfer-Austausch¬

reaktionen darauf hindeutet, dass Cu2+ von Huminstoffen sowohl als monodentater als

auch als bidentater Komplex gebunden wird.

Zur Beschreibung der Protonen- und Metallbindung von Huminstoffen wird das

NICA-Donnan Modell verwendet. Die in Kapitel 3 und 4 präsentierten Ergebnisse der

Modellierung der Protonen- und Metallbindungsdaten zeigen die enorme Flexibilität des

NICA-Donnan Modells auf, hervorragende Beschreibungen von Kationbindungsdaten zu

liefern. Eine gute Beschreibung des gesamten Datensatzes, d.h. der Protonen-, Kupfer-,

als auch der Bleibindungsdaten, mit physikalisch und chemisch vernünftigen Parame¬

terwerten wird jedoch lediglich erzielt, wenn einige Modellparameterwerte von den Er¬

gebnissen der Huminstoff-Charakterisierung abgeleitet und die Protonen-, Kupfer-, und

Bleidaten gleichzeitig gefittet werden.

Die Daten der Protonen-, Kupfer-, und Bleisorption an kolloidalem Hämatit werden

mit zwei Oberflächenkomplexierungsmodellen, dem Triple-Layer-Modell und einem 2-

pK Basic-Stern-Modell mit Ionenpaar-Bildung modelliert. Wie in Kapitel 5 gezeigt wird,

werden hervorragende Beschreibungen der Protonen-, Kupfer-, sowie der Bleisorptions¬

daten erhalten, unabhängig davon, welche Dichte an Oberflächenbindungsplätze für

Hämatit als Modellparameter gewählt wird. Die Genauigkeit der Vorhersagen von kom-
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petitiver Metallsorption hängt dagegen erheblich von der gewählten Oberflächenbin-

dungsplatzdichte ab. Dieses Ergebnis weist darauf hin, dass die Oberflächenbindungs-

platzdichte ein Schlüsselparameter für die Anwendung von Oberflächenkomplexierungs-

modellen in komplexen Umweltsystemen ist.

Der Einfluss von organischen Oberflächenbelägen auf die Schwermetallsorption wird

exemplarisch an einem Kupfer(II)-Fulvosäure-Hämatit-System untersucht. Die in Kaptiel

6 präsentierten Ergebnisse belegen, dass die Metallkationsorption an der Festphase im

sauren pH-Bereich in Anwesenheit von Fulvosäure stark ansteigt. Im neutralen und ba¬

sischen pH-Bereich führt die Anwesenheit von Fulvosäure infolge der Bildung löslicher

Metall-Fulvosäure-Komplexe zu einer leichten Abnahme der Metallsorption an die Fest¬

phase. Dieses Ergebnis legt nahe, dass die Mobilität von Schwermetallkationen in sauren

Böden durch die Anwesenheit von an Mineraloberflächen gebundenen Huminstoffen er¬

heblich herabgesetzt wird.

Die experimenteilen Daten des Kupfer-Fulvosäure-Hämatit-Systems werden mit

Modellvorhersagen verglichen, die auf einem einfachen additiven Ansatz basieren. In die¬

sem Ansatz wird die Menge des an der Festphase sorbierten Kupfer(II) als Summe des

direkt an der Mineraloberfläche sorbierten Kupfer(II) und der durch den Anteil der ad¬

sorbierten Fulvosäure gebundenen Menge Kupfer(II) berechnet. Die Modellvorhersagen

geben die pH- und Ionenstärke-Abhängigkeit der Kupfer(II)-Bindung and dem Fulvo-

säure-Hämatit-Komplex erstaunlich gut wieder. Zwischen pH 4 und 6 wird die Kup-

fer(II)-Sorption mit dem additiven Ansatz leicht unterschätzt. Die Implementierung von

elektrostatischen Wechselwirkungen der adsorbierten Polyelektrolyte und der Mineral¬

oberflächen sowie die Berücksichtigung einer Polyelektrolyt-Fraktionierung bei der Ad¬

sorption von natürlichen organischen Polyelektrolyten an Mineraloberflächen werden als

vielversprechende Wege erachtet, die Modellvorhersagen zu verbessern.
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Chapter 1

Introduction

The fate of trace metals in our environment is a major concern in environmental sciences.

Most metals can be toxic to living organisms. The toxicity largely depends on the metal

speciation and the total metal concentration, since these determine the concentration of

the toxic species (Stumm and Morgan, 1996). For most metals, the free aquo-ion is the

most bioavailable and thus potentially toxic species (Robertson, 1996). In natural sys¬

tems such as soils, the metal speciation is largely controlled by sorption reactions at the

water-solid interface (Stumm, 1992). For metal cations as well as oxyanions, iron oxide

phases and clay minerals are the most important inorganic sorbents in soils. In addition,

organic soil compounds such as humic and fulvic acid can contribute to the total sorption

capacity of soils to a large extent (Sparks, 1995).

In natural soil and aquatic systems, mineral surfaces are often coated with natural

organic matter such as humic substances (Sposito, 1984). Humic substances are anionic

polyelectrolytes which are very heterogeneous in terms of physical and chemical proper¬

ties. Humic substances are able to strongly bind to mineral surfaces. Hereby, the most

important binding mechanism is the specific adsorption by ligand exchange with proto-

nated surface hydroxyl groups (Murphy and Zachara, 1995). Even though mineral sur¬

faces are often coated by humic substances to a large extent in natural systems, the effect

of organic mineral coatings on the sorption behavior of contaminants such as heavy metal

cations is still poorly understood (Harter and Naidu, 1995; Murphy and Zachara, 1995).

Since the binding sites of mineral surfaces, which exhibit a high affinity for heavy

metal cations, are supposed to be involved in specific adsorption of humic substances

such as humic and fulvic acid, the metal sorption to mineral surfaces may be largely con-
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trolled by adsorbed humic substances in natural environments (Davis and Leckie, 1978;

Davis, 1984). Studies on the influence of humic substances on metal sorption to mineral

surfaces conducted with different metals and sorbent materials led to variable and some¬

times controversial results (Dalang et al., 1984; Laxen, 1985; Xu et al., 1989; Zachara et

al., 1994; Robertson, 1996; Vermeer et al., 1999). By providing additional binding sites

for metal complexation, adsorbed humic substances may increase metal binding to the

solid phase. However, adsorbed humic substances may partially occupy sorption sites

which are able to bind metals, too. This would lead to a decrease to metal sorption to the

mineral surface itself. Furthermore, the presence of dissolved humic substances can de¬

crease metal sorption to the solid phase by forming soluble metal complexes (Harter and

Naidu, 1995; Murphy and Zachara, 1995). Considering the metal sorption behavior of

humic substances and mineral surfaces as well as the sorption humic substances to min¬

eral surfaces, greatest effects of humic substances on metal cation binding to the solid

phase is expected at acidic pH conditions. At low pH, humic substances strongly sorb to

mineral surfaces, whereas metal cations are not strongly bound by mineral surfaces under

acidic conditions (Benjamin and Leckie, 1981; Schindler et al., 1987).

A precise quantification of the effect of humic substances on metal sorption to the

solid phase is a prerequisite for an accurate prediction of the fate of metal cations in

natural environments. Up to now, it has not yet been fully resolved whether adsorbed

humic substances simply provide additional binding sites without blocking the mineral

surface for metal complexation, according to a linear additivity model (Zachara et al.,

1994), or whether the interactions of metal cations and humic substances at the mineral-

water interface are more complex. It has been proposed that metal cations exhibit a

higher affinity to adsorbed humic substances than to dissolved humic substances (Davis,

1984; Laxen, 1985). Robertson (1996) found that copper sorption to a goethite-humic

acid system was strongly non-additive. Under certain conditions, less than 20 percent of

the amount of copper calculated based on the additivity rule was bound to the solid

phase. The extent of the non-additive behavior of copper binding widely differed de¬

pending on pH, ionic strength, goethite-humic acid ration, and copper loading. Vermeer

et al. (1999) also reported deviations from the additivity rule for a cadmium-humic acid-
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hematite system. At acidic pH conditions, the additivity approach tended to overestimate

cadmium sorption to the humic acid-hematite complex. At neutral to basic pll condi¬

tions, the sorption of cadmium was underestimated. The extent of deviation from the ad¬

ditivity increased with increasing cadmium concentration. In contrast to these results,

Zachara et al. (1994) found no specific interaction between humic acid and cobalt at the

mineral-water interface for different mineral sorbent such as kaolinite, gibbsite, and

goethite.

In the work presented here, the interaction of metal cations (Cu(II) and Pb(II)) and

humic substances (humic and fulvic acid) at the mineral-water were investigated. Hema¬

tite as a representative of an oxide was used as mineral sorbent. Since commercial humic

substances widely differ from natural humic substances in terms of physical and chemical

properties (Malcolm, 1986), the humic substances used were isolated from an organic

soil horizon. The humic and fulvic acid were extensively characterized to understand the

heterogeneity of these organic polyelectrolytes, which may be a prerequisite to under¬

stand metal binding to humic and fulvic acid. The general approach of this study to un¬

derstand the effect of humic substances on metal sorption is to investigate the metal

sorption to the mineral and organic sorbent first. A 2-pK basic Stern model and the

NICCA-Donnan model were extensively tested to accurately describe the metal binding

behavior of the mineral and organic sorbents, respectively. In a final step, the models

calibrated based on data from two component systems were used to predict metal parti¬

tion in a system containing all components. For the prediction of metal sorption in the

three-component system, an additive approach is tested. Results from model predictions

and data measured in the three-component systems were compared and discussed in de¬

tail.
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Chapter 2

Chemical Heterogeneity of Humic Sub¬

stances: Characterization of Size Frac¬

tions obtained by Hollow Fibre Ultra¬

filtration

Abstract

To investigate the chemical heterogeneity of humic substances in relation to molecular

size, fulvic and humic acids were extracted and purified from the surface horizon of a

Humic Gleysol in northern Switzerland. A fractionation scheme using hollow fibre ultra¬

filtration cartridges was developed and used to obtain four size fractions of the humic

acid with nominal molecular weight ranges >300 kD, 100-300 kD, 30-100 kD, and 10-

30 kD. The fulvic acid and all humic acid fractions were characterized by size exclusion

chromatography, elemental analysis (C, H, N, S), as well as spectroscopic techniques

including UV-VIS, CP-MAS 13C-NMR, FT-IR, and fluorescence spectroscopy.

Clear chemical differences between the humic acid size fractions were observed.

Smaller size fractions of the soil humic acid contained more chargeable functional groups

and a larger percentage of aromatic carbon than the larger size fractions. Conversely, the

percentage of aliphatic carbon increased with increasing apparent molecular weight. The

chemical composition of the smallest humic acid fraction differed clearly from the fulvic

acid fraction, despite similar apparent molecular size and carboxyl carbon content. Small

humic acids contained much more aromatic carbon and less aliphatic carbon than the ful-
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vie acid fraction. Apparently, humic size fractions differ in their chemical composition,

which can have important implications for their environmental behaviour.
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2.1 Introduction

Humic substances constitute a large portion of the total organic carbon pool in terrestrial

and aquatic environments (Schlesinger, 1991). They play an important role in global car¬

bon cycling and in the regulation of the mobility and fate of plant nutrients and environ¬

mental contaminants (Weber, 1988; Schlesinger, 1991; Schlautman and Morgan, 1993;

Murphy and Zachara, 1995). Despite intensive research on humic substances during the

past decades, the chemical nature of humic and fulvic acids is not fully understood.

Studies using a variety of spectroscopic techniques have led to major advances in under¬

standing the chemical structure of humic substances (Stevenson, 1994). The elemental

composition and major types of functional groups of humic and fulvic acids are well es¬

tablished, but the macromolecular structure and chemical heterogeneity of humic sub¬

stances in relation to molecular size distribution is still subject of controversial discussion

(Clapp and Hayes, 1999). The classical view of humic substances states that they are

macromolecular, negatively charged, branched polyelectrolytes with mainly carboxylic

and phenolic type acidic functional groups (Swift, 1989). Some researchers have recently

proposed an alternative model of humic acids, stating that they are self-associates of

small, uniform humic acid molecules which are held together by weak hydrophobic

forces (Piccolo et al., 1996; Conte and Piccolo, 1999; Piccolo et al., 1999). Evidence for

this view stems primarily from size exclusion chromatography (SEC), in which addition

of low-molecular weight organic acids leads to drastic decreases in the apparent mo¬

lecular size (Piccolo et al., 1996; Piccolo et al., 1999). However, the interpretation of

such experiments has been questioned because addition of organic acids in SEC may

cause experimental artifacts (Perminova, 1999).

A better understanding of the macromolecular structure, molecular size distribution,

and chemical heterogeneity in relation to molecular size is a prerequisite for the further

development of geochemical models involving humic and fulvic acids. In general, low

molecular weight, hydrophilic humic fractions are expected to be more mobile in soils

and groundwater than the high molecular weight, hydrophobic humic fractions (Davis

and Gloor, 1981). Only few studies are available on the chemical heterogeneity of humic
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acids in relation to molecular size distribution (Silva et al., 1981; Summers et al., 1987;

Swift et al., 1992; Lakshman et al., 1993; Lobartini et al., 1997; Tombâcz, 1999). The

results of these studies are somewhat contradictory; however, most studies suggest that

the chemical composition varies with the size of the humic molecules. Differences in the

chemical composition between size fractions may have a strong influence on the envi¬

ronmental behaviour of humic substances (Silva et al., 1981).

The influence of chemical differences between humic acid size fractions or humic

substances from different origins on the binding of protons, metal cations, and organic

chemicals has not been studied in great detail. Thus, a reliable database of model pa¬

rameters describing proton and metal binding to humic and fulvic acids is lacking, mak¬

ing geochemical modeling in the presence of humic substances difficult. Humic sub¬

stances are often considered to be too heterogeneous for compiling a generalized data¬

base for geochemical modeling.

The objective of this study were (i) to develop a new scheme for molecular size

fractionation of humic acids using hollow fibre ultrafiltration, and (ii) to characterize the

fulvic acid and size fractions of the humic acid extracted from the surface horizon of a

humic Gleysol. This research is part of a larger study, in which the influence of chemical

differences between humic acid fractions on proton and metal binding are investigated.

The results of ion binding to the humic fractions will be presented in Chapter 3 and 4.

2.2 Materials and Methods

2.2.1 Extraction and Purification of Soil Fulvic and Humic Acid

Soil material was taken from a well humified organic horizon (H) of a Humic Gleysol at

Unterrickenzopfen near Langenthal, northern Switzerland. The field-moist soil was

passed through a 5-mm sieve and stored at -17°C. Fulvic and humic acids were isolated

using standard extraction and purification procedures as recommended by the Interna¬

tional Humic Substances Society (Swift, 1996). Briefly, 500 g of moist soil material was

suspended in 5 1 of N2-purged 0.1 M NaOH, shaken for 24 hours at 25 ± 1°C under ni¬

trogen gas atmosphere, and centrifuged for 15 minutes at 15 000 X g. The supernatant
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solution containing fulvic and humic acids was filtered through glasswool and acidified to

pH 1 with HCl to flocculate the humic acids. To achieve complete separation of fulvic

acid, the precipitated humic acid was resuspended in 0.1 M NaOH and flocculated with

HCl twice as described above. All acidic supernatants containing fulvic acid were com¬

bined and further purified using a DAX-8 resin (Supelite DAX-8, Supelco) column tech¬

nique (Thurman and Malcolm, 1981). Before use, the DAX-8 resin was cleaned by re¬

peated Soxhlet extraction with methanol, acetonitrile, and ethanol. The purified fulvic

acid was converted to the protonated form by passing it through a proton-saturated ca¬

tion exchange resin (Amberlite IR-120, Fluka). The humic acid fractions were combined

and treated three times with a 0.1 M HC1-0.3 M HF solution to remove mineral impuri¬

ties. The ash-free humic acid was dialyzed for two weeks against deionized water con¬

taining a mixed-bed ion exchange resin (Amberlite IR-120, Fluka, and Serdolit MB

45500, Serva), followed by dialysis against deionized water for one month. For dialysis,

Spectra/Por 2 membranes (Spectrum) were used. The purified fulvic and humic acids

were stored as concentrated stock solutions in the dark at 3°C. Subsamples of all frac¬

tions were freeze-dried for chemical analysis.

2.2.2 Size Fractionation of Humic Acid

The isolated and purified humic acid was separated into four molecular size fractions us¬

ing a cross-flow hollow fibre ultrafiltration technique. The experimental setup is illus¬

trated in Figure 2.1. A humic acid suspension was pumped through hollow fibre filtration

cartridges with nominal molecular weight cut-offs of 300, 100, 30, and 10 kD (UFP-E-

3A, A/G Technology Corporation, MA) at a flow rate of 10 ml per minute. The humic

acid solution containing 1 mM NaHC03 was adjusted to pH 8.2 by NaOH addition. The

filtrate obtained at a constant flow rate of 3 ml per minute was immediately passed

through a column packed with a proton-saturated cation exchange resin (Amberlite IR-

120, Fluka) to prevent oxidation during the filtration and to remove sodium and carbon¬

ate from the filtrate. The hollow fibre cartridge was connected to a reservoir to enable

circulation of the humic acid solution. The reservoir was kept under nitrogen gas during

the entire separation procedure. To compensate for the loss of liquid in the reservoir, the
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latter was connected to a second reservoir containing a 1 mM NaHC03 solution at pH

8.2 at a constant pressure of 60 kP adjusted by a nitrogen gas bottle. The ultrafiltration

was started using 200 ml purified humic acid stock solution, which had a total organic

carbon concentration of 2.27 g C l"1. The separation was performed stepwise, beginning

with the highest molecular weight cut-off. The filtrate obtained was further separated

using the next lower molecular weight cut-off cartridge. All separations were done under

identical conditions. The complete separation scheme was repeated three times to assess

the reproducibility of the fractionation results using the hollow fibre ultrafiltration tech¬

nique.

H+-saturated Cation Hollow Fibre

Exchange Resin Ultrafiltration Cartridge

Pump Pump

FIGURE 2.1. Experimental setup for hollow fibei ultrafiltration of humic acid (HA). A humic acid so¬

lution (1 mM NaHC03 background electrolyte, pH = 8 2) is pumped through a hollow fibie cartridge.

The filtrate is immediately passed through a column filled with a proton saturated cation exchange resin.

Loss of liquids in the reservoir containing humic acid solution is compensated by automatic addition of 1

mM NaHC03 solution. To prevent oxidation, the entire system is kept under nitrogen gas atmosphere.

2.2.3 Characterization of Fulvic and Humic Acid Fractions

The molecular size distributions of the purified fulvic and humic acid, and the humic acid

size fractions were characterized by size exclusion chromatography using a SigmaChrom
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GFC-1300 column (Supelco). The 30 cm x 7.5 mm column packed with cross-linked

polysaccharides was run at a flow rate of 0.5 ml per minute. The solutions injected were

adjusted to pH 7.5 by a 50 mM Tris-HCl buffer solution containing 100 mM KCl. Elution

of humic substances was measured as absorption of the eluate at 280 nm. A molecular

weight calibration was made as a log-linear peak position calibration from 7 kD to 1000

kD using globular proteins of known molecular weight as recommended by the manu¬

facturer.

Elemental composition (carbon, hydrogen, sulphur, and nitrogen) of freeze-dried

samples was determined with a CHNS-932 elemental analyzer (LECO). The measured

data were corrected for water contents of the samples determined as loss of weight of

samples heated to 105°C for 24 hours. Ash contents of the purified fulvic and humic acid

were determined gravimetrically by loss of weight on ignition of samples at 650°C for 24

hours.

The UV-VIS absorption spectra of the purified fulvic and humic acid, and the humic

acid fractions were recorded with a Cary IE spectrophotometer (Varian). All samples

were diluted to obtain organic carbon concentrations of 120 ± 10 mg C l"1. The meas¬

urements were carried out in a 50 mM NaHC03 solution, which was also used as the

blank. The E/Eö ratios were calculated as the ratio of absorbance at 465 nm and 665 nm

(Schnitzer, 1986).

The chemical composition of the fulvic and humic acid, and the humic acid size

fractions was further investigated by Fourier-transform infrared (FT-IR) spectroscopy,

cross-polarization magic-angle spinning 13C nuclear magnetic resonance (CP-MAS 13C-

NMR) spectroscopy, and fluorescence spectroscopy.

The FT-IR spectra were collected in transmission mode with a FT-IR spectropho¬

tometer (Spectrum One, Perkin Elmer) using potassium bromide pellets (300 mg KBr)

containing 0.3 to 0.6 mg of freeze-dried fulvic or humic acid.

Solid state 13C-NMR spectra of freeze-dried samples were recorded on a Bruker

DSX 200 NMR spectrometer at a resonance frequency of 50.3 MHz using the cross po¬

larization magic angle spinning technique with a spinning speed of 6.8 kHz. A contact

time of 1 ms and a pulse delay of 400 ms were used. A ramped XH pulse decreasing the
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power from 100% to 50% was used to circumvent spin modulation of Hartmann-Hahn

conditions (Peersen et al., 1993). At least 18 000 single scans were collected for each

sample. For data analysis, the spectra were divided into chemical shift regions assigned

to the chemical group classes alkyl C (0 to 45 ppm), O-alkyl C (45 to 110 ppm), aro¬

matic C (110 to 160 ppm), phenolic C (140 to 160 ppm), carboxyl C (160 to 185 ppm),

and carbonyl C (185 to 220 ppm), respectively. The relative intensity of these regions

was determined by means of integration.

For the collection of fluorescence spectra, a LS 50 B luminescence spectropho¬

tometer (Perkin Elmer) was used. A series of emission spectra was recorded for each

sample with excitation wavelengths ranging from 300 to 520 nm. The emission wave¬

length range was 310 to 530 nm. An excitation wavelength step size of 10 nm was cho¬

sen. Humic acid concentrations of the samples were 120 ± 10 mg C l"1. Fulvic acid had to

be diluted to 0.6 mg C l"1 to obtain similar fluorescence intensities as for humic acid sam¬

ples. All emission spectra of a single sample were combined in the form of an excitation-

emission matrix, in which the fluorescence intensity is presented as a function of excita¬

tion wavelength and emission wavelength. For the graphs shown, the spectra were inter¬

polated linearly between the wavelength steps.

2.3 Results

2.3.1 Size Fractionation of Humic Acid

The fractionation results of the humic acid using the hollow fibre ultrafiltration technique

are summarized in Table 2.1. Based on the percentage of carbon recovered in the size

fractions, the humic acid exhibited a bimodal molecular weight distribution. All three

replicates of the entire fractionation procedure gave similar results. The fraction >300 kD

contained 52%, and the fraction 30-100 kD contained 34% of the total carbon of the

humic acid, respectively. The other two fractions contributed less than 10% of the total

carbon of the humic acid. On average, 96% of the total amount of carbon was recovered

in the four fractions. The small loss of carbon (-4%) is likely due to small amounts of

humic solutions remaining in the tubings and the reservoir.
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Table 2.1. E/E6 ratio, elemental composition, ash content, and average molecular weight of fulvic acid

(FA), humic acid (HA), and humic acid size fractions isolated from an organic horizon of a Humic

Gleysol at Unterrickenzopfen, northern Switzerland. The right column gives the carbon distribution in

the different molecular weight fractions.

Sample E/Eg Elemental composition /g kg"1 a
Ash MyVc Carbond

C H N S Ob /% /kD /%

Fulvic Acid

FA 14.3 526 + 4 45 ± 1 17 ± 1 3±0 409 0.3 ±0.6 10.5

Humic Acid

HA 6.6 552 ± 2 53 ±1 33 ± 0 4±0 358 < 0.2 > 16.8 100

HA>30okD 6.1 584 ±4 58 ± 1 40 ±0 6±0 312 n. d. >63.0 52 ± 6

HA100-3ookD 6.2 570 ±2 50 ±2 30 ±0 6±0 344 n. d. 24.8 7 + 1

HA3o_iookD 7.5 566 ±5 46 ± 1 24 ± 1 4 + 0 360 n. d. 15.7 34 ±7

HA10.30kD 8.6 485 ±3 42 ± 1 16 ±0 2±1 455 n. d. 8.5 3±1

"Standard deviation calculated from five measurements.

bCalculated as difference to 100 %.

cSince the exclusion peaks of size exclusion chromatograms (Figure 2.2) cannot be included into the

calculation, lower limits can only be reported for HA and HA>3oo h>

dStandard deviation calculated from three replications of hollow fiber ultrafiltration cycles.

To assess the efficiency of the hollow fibre ultrafiltration technique for fractionating

humic acid into molecular size classes, all obtained fractions were characterized by size

exclusion chromatography. The results are shown in Figure 2.2. As the chromatograms

of the three replicates obtained by hollow fibre ultrafiltration were nearly identical for

each humic acid size fraction, the chromatograms of fractions from one fractionation cy¬

cle are presented. The same fractions were used to obtain all other characterization re¬

sults reported in this chapter. Increasing peak elution volume corresponds to decreasing
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molecular weight, as shown by the arrows on top of Figure 2.2. Peak elution volumes of

the humic acid fractions increase with decreasing size cut-off of the hollow fibre car¬

tridges used. This demonstrates that the method was successful in separating the humic

acid into several fractions of different molecular size. The exclusion peak at 4.2 ml found

for the purified humic acid and the largest humic acid size fraction is outside of the cali¬

bration range of the column and thus corresponds to molecules with apparent molecular

weights greater than 1000 kD. For the estimation of an average apparent molecular

weight Mw (Table 2.1) a calibration with globular proteins was used. Since the exclu¬

sion peak of the humic acid and the largest humic acid size fraction cannot be included in

the calculation we can only report a lower limit for the average molecular weight of the

humic acid and the largest humic acid size fraction. It is noteworthy that the estimated

average molecular weight of the smallest humic acid fraction is even smaller than the es¬

timated average molecular weight of the fulvic acid.

2.3.2 Chemical Characterization

Since the fractionation scheme was very reproducible, detailed chemical characterization

was conducted only on the fractions of one of the cycles. The elemental composition of

the purified fulvic and humic acid, and the humic acid size fractions are shown in Table

2.1. Since the ash contents of the purified humic and fulvic acid are negligible (Table

2.1), the difference to 100 percent can be assigned to the oxygen content. Contents of all

measured elements (C, H, N, and S) are less for the fulvic acid than for humic acid, indi¬

cating a higher O content in fulvic acid. Results for humic acid size fractions show a clear

trend: C, H, N, and S contents decrease and O content increases with decreasing mo¬

lecular weight. The composition of the total humic acid sample is consistent with the

composition of its molecular size fractions, taking the carbon distribution into account

(Table 2.1). The smallest humic acid fraction contains even less C, H, N, and S and more

O than the fulvic acid.
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Figure 2.2. Size distribution of fulvic acid (FA), humic acid (HA), and humic acid size fractions isolated

from an organic horizon of a Humic Gleysol at Unterrickenzopfen, northern Switzerland, in a 50 mM

Tris-HCl buffer solution containing 100 mM KCl measured by size exclusion chromatography. Absorb¬

ance of eluates at 280 nm is illustrated as a function of elution volume. The total volume of the column

used was 13.25 ml. Scale of molecular weights corresponding to elution volumes as calibrated with

globular proteins is shown at the upper edge.

The E4/E6 ratios of the purified fulvic and humic acid, and the humic acid fractions

are reported in Table 2.1. The E/Ee ratio is much larger for the fulvic acid (14.3) than



30 CHAPTER 2

for the humic acid (6.6). For the fractions of humic acid, the E4/E6 values increased

steadily from 6.1 to 8.6 with decreasing molecular weight. However, the smallest humic

acid size fraction still had a much smaller E4/E6 ratio than the fulvic acid, despite the

similarity of molecular weight.

1 ' 1 ' 1 ' 1 ' 1 ' 1 1

400 300 200 100 0 -100 -200

Chemical shift/ppm

Figure 2.3. Cross-polarization magic-angle spinning I3C nuclear magnetic resonance spectra of fulvic

acid (FA), humic acid (HA), and humic acid size fractions isolated from an organic horizon of a Humic

Gleysol at Unterrickenzopfen, northern Switzerland.

More detailed information about the structure of the humic substances was obtained

by solid-state CP-MAS 13C-NMR spectroscopy. The spectra of the purified fulvic and

humic acid, and the humic acid size fractions are presented in Figure 2.3, and the relative

intensities of the chemical shift regions are summarized in Table 2.2. Comparison shows

that the fulvic acid contains more carboxyl carbon, slightly more phenolic and carbonyl

carbon, but less alkyl and O-alkyl carbon than the humic acid. The percentages of aro¬

matic carbon of humic and fulvic acid are surprisingly similar. 13C-NMR analysis of the
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humic acid fractions reveals that the chemical forms of carbon vary between the different

size fractions of humic acid. The spectrum of the largest humic acid fraction is dominated

by alkyl and O-alkyl carbon. With decreasing molecular weight, the percentage of both,

alkyl and O-alkyl carbon decreases. On the other hand, the aromatic character of the hu¬

mic acid becomes more pronounced in the lower molecular weight fractions. The per¬

centage of carbon in chargeable groups, represented by phenolic and carboxyl carbon,

increases with decreasing molecular weight. Although the two smallest humic acid frac¬

tions are similar to the fulvic acid in terms of molecular weight as determined by size ex¬

clusion chromatography, their chemical composition is significantly different from the

fulvic acid in terms of functional group contents. Furthermore, they are less aliphatic and

more aromatic than the fulvic acid.

Table 2.2. Distribution of carbon in fulvic acid (FA), humic acid (HA), and humic acid fractions deter¬

mined by solid-state CP-MAS I3C-NMR spectroscopy. The fulvic and humic acid were isolated from an

organic horizon of a Humic Gleysol at Unterrickenzopfen, northern Switzerland.

Percentage distribution of carbon within indicated ppm regions

0-45 45-110 110-160 140-160 160-185 185-220

alkyl C O-alkyl C aromatic C phenolic C carboxyl C carbonyl C

Fulvic Acid

FA 24 29 23 6 18 6

Humic Acid

HA 28 31 22 6 15 5

HA>3ookD 33 36 17 5 12 3

HA]00-3ookD 21 33 25 7 14 5

HA30.1ookD 20 28 30 8 17 6

HAio.aokD 20 22 37 10 16 5
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In addition to 13C-NMR spectra, FT-IR spectra of all fractions were recorded to

cross-check the results of functional group analysis (Figure 2.4). All fractions exhibit the

typical absorption bands of humic substances in the regions of 3430 cm"1 (H-bonded OH

groups), 2920 cm"1 (aliphatic C-H stretching), 1720 cm"1 (C=0 stretching of COOH and

ketones), 1620 cm"1 (aromatic C=C and H-bonded C=0), 1400 cm"1 (O-H deformation,

CH3 bending, C-0 stretching of phenolic OH, and COO" antisymmetric stretching), 1250

cm"1 (C-O stretching and OH deformation of COOH, C-0 stretching of aryl esters), and

1050 cm"1 (C-0 stretching of polysaccharide or polysaccharide-like substances) (Steven¬

son, 1994). Although absorption magnitudes of FT-IR spectra cannot be compared di¬

rectly (Christensen et al., 1998), significant differences between the FT-IR spectra of ful¬

vic and humic acid, and the humic acid fractions can easily be seen (Figure 2.4).
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Figure 2.4. Fourier-transform infrared spectra of fulvic acid (FA), humic acid (HA), and humic acid size

fractions isolated from an organic horizon of a Humic Gleysol at Unterrickenzopfen, northern Switzer¬

land. Spectra were recorded from potassium bromide pellets (300 mg KBr) containing 0.3 to 0.6 mg

organic acids.
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The FT-IR spectrum of the fulvic acid has more pronounced adsorption bands in the re¬

gions of 1720 cm"1 and 1250 cm"1 than that of the humic acid, indicating a larger con¬

centration of carboxyl groups. The comparison of FT-IR spectra of the humic acid frac¬

tions reveals similar trends as those shown by NMR results. The aliphatic and polysac-

charide-like character represented by absorption bands at 2920 cm" and 1050 cm" be¬

comes weaker with decreasing molecular weight. The fact that the absorption bands at

1720 cm"1 become more pronounced with decreasing molecular weight suggests that the

lower molecular weight fractions contain more carboxyl groups than high molecular

weight fractions of the humic acid. These trends accord with the 13C-NMR results. How¬

ever, the clear parallels between molecular weight and phenolic groups as well as aro¬

matic character can hardly be derived from the FT-IR spectra alone.

Further information about the composition of the purified fulvic and humic acid, and

the humic acid fractions was obtained by fluorescence spectroscopy. Excitation-emission

matrices are shown in Figure 2.5 for the fulvic and humic acid as well as for the largest

and the smallest humic acid size fraction. The fluorescence spectrum of the fulvic acid

exhibits a peak maximum at shorter excitation and emission wavelengths than that of the

humic acid. Within the humic acid fractions, a further red shift in the fluorescence

maxima with decreasing molecular weight is observed. Excitation and emission wave¬

lengths of the fluorescence maximum increase with decreasing molecular weight of the

humic acid fractions. A red shift in fluorescence maxima in humic acids relative to fulvic

acids from the same source is attributed to the presence of high molecular weight frac¬

tions, linearly-condensed aromatic systems with electron-withdrawing substituents, and a

greater degree of conjugation in humic acids (Senesi et al., 1991; Mobed et al., 1996). A

small degree of aromatic polycondensation, small amounts of conjugated chromophores,

and the presence of electron-donating substituents in the fulvic acid structure contribute

to the relative short wavelengths of the fluorescence maxima and high fluorescence in¬

tensities compared with humic acid (Senesi et al., 1991; Mobed et al., 1996). This sug¬

gests that, despite similar percentages of aromatic carbon determined by 13C-NMR spec¬

troscopy for the fulvic and the humic acid, the degree of condensation of aromatic ring

systems is less for the fulvic than for the humic acid. In addition, the aromatic ring sys-
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terns of the humic acid may bear more electron-withdrawing substituents such as car¬

boxyl groups, whereas carboxyl groups of the fulvic acid may be less often associated to

aromatic ring systems. The red shift of fluorescence maxima gradually increases with de¬

creasing molecular weight of the humic acid fractions, which corresponds well with the

contents determined by 13C-NMR spectroscopy. The large difference in fluorescence

spectra of the smallest humic acid fraction and the fulvic acid indicates clear chemical

differences despite the similar molecular weight distributions of both fractions.

E
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Figure 2.5. Fluorescence spectra of fulvic acid (FA), humic acid (HA), and humic acid size fractions

isolated from an organic horizon of a Humic Gleysol at Unterrickenzopfen, northein Switzerland. Rela¬

tive fluorescence intensities are shown as excitation-emission matrices. Absolute intensities were nor¬

malized to maximum intensity of each excitation-emission matrix. Spectra were recorded in a 50 mM

NaHC03 background solution.
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2.4 Discussion

The results obtained by size exclusion chromatography confirmed that the hollow fibre

ultrafiltration successfully fractionated the soil humic acid into four different molecular

size fractions. However, the nominal molecular weight cut-offs of the hollow fibre filtra¬

tion cartridges did not directly correspond to the average molecular weights obtained by

size exclusion chromatography. This result is not surprising, however, considering the

differences between globular proteins used for size calibration and humic substances in

terms of stereochemistry, charging behaviour, and hydration. Negatively charged humic

and fulvic acid molecules can, for example, interact with ultrafiltration membranes by

electrostatic repulsion, yielding very large apparent molecular weights. Despite the well-

known difficulties in the application of size exclusion chromatography for humic sub¬

stances (De Nobili et al, 1989; De Nobili and Chen, 1999; Perminova, 1999), the meas¬

ured peak elution volumes suggest rather large molecular weights for the fulvic and hu¬

mic acid studied.

The macromolecular nature of humic substances is still subject of controversial dis¬

cussion (Clapp and Hayes, 1999). Recently, some researchers have proposed that humic

substances are self-associates of rather small, uniform humic molecules held together by

weak hydrophobic forces (Piccolo et al., 1996). Our results presented in this paper re¬

vealed clear chemical differences between the molecular size classes of a soil humic acid.

Assuming a self-associates structure of the humic acids would consequently imply the

existence of different types of humic building blocks forming self-associates which differ

significantly in chemical composition and apparent molecular size. Our results are not

consistent with the view that small, uniform humic molecules are the primary building

blocks of humic acids with high apparent molecular weights. However, additional re¬

search using a combination of techniques is required to indisputably elucidate the mac¬

romolecular nature of humic substances, which could well be a combination of several

models proposed, e.g., polydisperse macromolecules which additionally tend to form

even larger self-associates of some kind.
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The detailed analysis of the humic acid size fractions revealed that the elemental

composition, the degree of condensation of aromatic units, and the amounts of major

functional groups changed with the apparent molecular weight of the fractions. The

smaller humic acids may have a more compact structure than that of the larger ones. This

may be caused by their larger content of aromatic carbon and a higher degree of conden¬

sation, as was indicated by the EJEö ratio, which increased with decreasing molecular

weight. Similar findings for a fractionated humic acid have been recently reported (Tom-

bâcz, 1999). The smaller humic acid size fractions also contained larger percentages of

chargeable functional groups than the larger humic acid fractions. It is interesting to note

that the smallest humic acid size fraction even exhibited a smaller average molecular

weight, but a larger percentage of chargeable functional groups than the fulvic acid frac¬

tion. The trend that an the amount of chargeable functional groups increases with de¬

creasing molecular size of humic acid fractions has previously been reported by (Tom-

bâcz, 1999).

The results of fluorescence spectroscopy indicate that the aromatic systems of the

fulvic acid are likely to be less substituted with electron-withdrawing functional groups,

such as carboxyl groups, and be less condensed than in the structures of the humic acid.

This is in good agreement with the larger £VEV ratio of the fulvic acid than that of the

humic acid (Table 2.1). For most humic substances investigated in the past, the E/Eß

ratio decreases with increasing molecular weight and degree of condensation (Summers

et al., 1987; Stevenson, 1994; Tombâcz, 1999). The combination of all results suggests

that the fulvic acid is dominated by aliphatic structures linked by aromatic systems with a

small degree of condensation. Functional groups, such as carboxyl and carbonyl groups,

are linked to aliphatic units rather than to aromatic ring systems.

The humic and fulvic acids that we investigated in this paper generally exhibited very

typical composition when compared with standard soil or peat humic substances. How¬

ever, the E4/E6 ratio and the percentage of carboxyl carbon of the fulvic acid determined

by C-NMR spectroscopy correspond more closely to results reported for fulvic acids of

aquatic origin (Malcolm, 1990; Gr0n et al., 1996). This somewhat surprising result may

be a consequence of the extraction and purification procedure used. Most soil fulvic ac-
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ids investigated previously were not purified by adsorption on polymer resins such as

DAX-8 or XAD-8 (Malcolm, 1990). In contrast, resins are widely used for the isolation

of aquatic fulvic acids (Malcolm, 1990). Thus, most analysed aquatic fulvic acids are well

purified, whereas most analysed soil fulvic acids still contained major amounts of poly-

saccharide-like components and low molecular weight acids (Malcolm, 1990). Data on

the chemical composition of well purified soil fulvic acids are rare.

Since the chemical composition of the humic acid was typical for soil humic acids, we

expect that humic acids from other soils are likely to exhibit similar chemical heteroge¬

neity. The presented hollow fibre technique proved to be efficient in separating soil hu¬

mic acid into different molecular weight fractions. The characterization results humic

acid size fractions revealed that humic acid is fairly heterogeneous in its chemical compo¬

sition. The size fractions may exhibit a different environmental behaviour as a result of

differences in molecular weight and charge. Studying the proton and metal binding be¬

haviour of different size fractions will provide valuable information about the influence of

chemical heterogeneity on the binding of environmentally relevant ions.
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Chapter 3

Relating Proton Binding by Fulvic and

Humic Acids to Chemical Composition and

Molecular Size

Abstract

Proton binding to soil fulvic acid, humic acid, and a set of humic acid size fractions was

studied as a function of pH and ionic strength by Potentiometrie titrations. The charge

resulting from deprotonation generally increased with increasing pH and increasing ionic

strength. For fulvic acid, the charge of fulvic acid is much higher than for humic acid at

any given pH and ionic strength. The charge of the humic acid size fractions steadily de¬

creased with increasing apparent molecular weight of the fractions. Differences in proton

binding behavior of fulvic acid, humic acid, and humic acid size fractions corresponded

very well to differences in elemental composition and 13C NMR spectra.

The NICA-Donnan model was used for data modeling. When all model parameters

were fitted, the values of the parameters were physically and chemically unreasonable.

To avoid arbitrary constraints, model parameters were related to characterization results

obtained by size exclusion chromatography and solid-state 13C NMR spectroscopy. For

all fractions, excellent descriptions of titration data and reasonable model parameter val¬

ues were obtained, when characterization results were used for parameter estimation. We

propose to relate NICA-Donnan model parameters to characterization results to obtain

stable and reliable fitting results. The value of the NICA-Donnan model parameters de¬

rived for humic and fulvic acid are similar to values reported previously. Thus, we con-
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elude that the proton binding behavior of humic substances may be predicted approxi¬

mately based on average NICA-Donnan model parameters. The incorporation of char¬

acterization results may improve the goodness of predictions.
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3.1 Introduction

Humic substances strongly affect the fate of trace metal cations and organic contami¬

nants in soils and aquatic environments (Carter and Suffet, 1982; Marinsky and Ephraim,

1986; Weber, 1988; Cabaniss, 1992; Schlautman and Morgan, 1993; Harter and Naidu,

1995). The mobility of humic compounds in soils and aquifers strongly depends on their

charging behavior, since the colloidal stability of humic acids is related to their charge

(Hunter, 1986). The charging behavior of humic and fulvic acids is controlled by the

types and amounts of functional groups (Tombâcz, 1999). Since humic and fulvic acids

are polydisperse mixtures of natural organic polyelectrolytes with different functional

groups (Benedetti et al., 1996a), it is essential to have information about the chemical

composition of humic and fulvic acids to understand their charging behavior. Recently

published studies on the chemical characterization of size-fractionated humic acids re¬

vealed that physical and chemical properties of the size fractions varied significantly

(Tombâcz, 1999; Chapter 2 of this thesis). The results proposed that chemical and physi¬

cal properties of the size fractions were correlated, e.g. the amount of carboxylic and

phenolic carbon determined by solid-state 13C nuclear magnetic resonance (NMR) spec¬

troscopy decreased with increasing apparent molecular size (Chapter 2). But the question

how differences in chemical composition of fulvic or humic acid fractions affect proton

and metal binding has not yet been answered comprehensively. Since cation binding to

humic and fulvic acids is linked to the presence of reactive functional groups (Masini et

al., 1998), types and respective amount of reactive functional groups in a humic sample

may play a key role.

For a good description of proton and metal binding to humic substances a model is

required that accounts for the heterogeneity of the chemical composition (Bartschat et

al, 1982; Marinsky and Ephraim, 1986; de Wit et al., 1993b; Kinniburgh et al, 1996).

This has been done by establishing models including discrete or continuous affinity distri¬

butions to describe the variability of binding sites (Dzombak et al., 1986; de Wit et al,

1993b; Benedetti et al, 1995; Cernik et al., 1996; Bolton et al., 1996; Bryan et al., 1997;

Tipping, 1998; Avena et al, 1999). One of the successfully applied models among the
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continuous affinity distribution models is the NICA-Donnan model (Kinniburgh et al,

1999). The NICA-Donnan model was chosen for this study as the combination of the

NICA model considering the heterogeneity of binding sites and the Donnan model al¬

lowing for electrostatic interaction between humic molecules and bulk solution gives a

reasonable description of cation binding to humic substances. However, the model needs

a large number of fitting parameters to ensure an accurate description of proton binding

data. To obtain physically and chemically reasonable parameter sets, parameter con¬

straints are often needed (Christensen et al., 1998). Relating model parameters to char¬

acterization results may help to avoid arbitrary contraints.

This chapter is part of a larger study on the chemical heterogeneity of soil humic and

fulvic acid and its influence on the proton and metal binding behavior. The objectives of

this part are (1) to investigate proton binding to a well-characterized soil fulvic acid, hu¬

mic acid, and humic acid size fractions differing in chemical composition, (2) to describe

the proton binding data using the NICA-Donnan model, and (3) to relate model pa¬

rameters to characterization results in order to obtain a set of model parameters, which

excellently describes the data in consistence with characterization results. Results of

metal (Cu(II) and Pb(II)) binding experiments will be presented and discussed in Chapter

4.

3.2 Experimental Section

3.2.1 Preparation of Humic Substances

Humic and fulvic acids were extracted from a well humified organic horizon (H) of a

Humic Gleysol at Unterrickenzopfen (northern Switzerland) and further purified follow¬

ing a procedure recommended by the International Humic Substances Society (Swift,

1996). The humic acid fraction was separated into four fractions of different nominal

molecular weight (10-30kD, 30-100kD, 100-300kD and >300kD) using a hollow fiber

ultrafiltration technique. The detailed extraction, purification and ultrafiltration proce¬

dures are described in Chapter 2.
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3.2.2 Characterization of Humic Substances

The fulvic acid, humic acid, and the humic acid size fractions were extensively charac¬

terized by elemental analysis (C, H, N, and S), size exclusion chromatography, solid-state

1 ^

cross-polarization magic-angle spinning C nuclear magnetic resonance spectroscopy,

Fourier transform infrared spectroscopy, UV-VIS spectroscopy, and fluorescence spec¬

troscopy. The characterization results have been discussed in detail in Chapter 2, but for

a comprehensive understanding, we will present a short summary of the relevant results.

3.2.3 Potentiometrie Titrations

The pH and ionic strength dependent protonation behavior of fulvic and humic acid frac¬

tions was studied by Potentiometrie acid-base titrations. All experiments were performed

in a thermostated room at 25 ± 1 °C using a computer controlled titration system (Kinni¬

burgh et al., 1995). Four burettes (Dosimat 605, Metrohm), a pH electrode (6.0123.100,

Metrohm), and an AgCl reference electrode (6.0733.100, Metrohm) were connected to a

personal computer by a Microlink MF18 interface (Biodata, Manchester). The burettes

were filled with C02-free deionized water, 0.05 M HN03 (Titrisol, Merck), -0.05 M

NaOH, and 2 M NaN03 (Merck, p.a.). NaOH and NaN03 solutions were prepared under

nitrogen atmosphere using C02-free deionized water. To keep the solutions C02-free,

the burettes were connected with the atmosphere only through a glass tube filled with

NaOH on granulated activated carbon (Merck, p.a.). All experiments were carried out in

a 350 mL teflon vessel, which was continuously flushed with water-saturated, C02-free

nitrogen gas. During titrations, the solution was stirred for two minutes after each addi¬

tion of titrant. Electrode readings were recorded when the potential drift has dropped

below 0.02 mV min"1 or after a maximum equilibration time of 30 minutes. Acid and base

additions were dosed to obtain steps of approximately 10 mV potential difference. The

precise base concentration and electrode parameters were obtained from fitting blank

titrations of NaN03 electrolyte solutions. The analysis included ion activity corrections

as well as diffusion potentials. Average deviations between the fits and measurements

were below 15 \iM. The derived parameters such as the dissociation constant of water
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and activity coefficients were in good agreement with literature values (Baes and Mes¬

mer, 1976). The amount of adsorbed protons was determined by subtracting theoretical

blank titrations from the fulvic and humic acid titrations. Typically, experiments were

performed by titrating with base (forward titration) followed by backward titration with

acid. During each titration cycle, the ionic strength was kept constant within 1% by add¬

ing either water or salt solution (2 M NaN03) to correct for changes in ionic strength

due to the acid or base additions. After each cycle, the ionic strength was increased to

the next higher level by adding salt solution. Several forward and backward titrations at

different ionic strengths were obtained within a single experiment. Forward and back¬

ward titrations gave identical results, except for a small hysteresis (<0.12 moles kg"1)

near pH 7. Here, backward titrations are reported.

3.3 Model Description

3.3.1 The NICA-Donnan Model

Modeling ion binding to humic substances requires a model that accounts for the hetero¬

geneity of functional groups in terms of their affinity for protons or metal ions, non¬

specific electrostatic interactions, and the macromolecular nature of humic substances in

relation to molecular size. One approach taking these aspects into account is the NICA-

Donnan model (Benedetti et al., 1996a; Benedetti et al., 1996b; Kinniburgh et al., 1999).

This model is a combination of the Donnan model, which describes the electrostatic in¬

teractions between bulk solution and negatively charged polyelectrolytes such as humic

and fulvic acids, and the Consistent Non Ideal Competitive Adsorption (NICA) model,

which describes the specific binding of cations to humic and fulvic acids. In the Donnan

model, the humic acids are considered as separate gel-like phase. The volume of the gel

phase, the so-called Donnan volume, VD varies with the ionic strength to mimic confor¬

mational changes of humic molecules. The change of the Donnan volume with ionic

strength is described by the empirical relationship

logVD = b(l-log/)-l (3.1),
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where VD is the Donnan volume, I is the ionic strength, and b is a parameter related to

the size of the molecules. The net negative charge of humic substances is compensated

by cations in the Donnan phase. This leads to an increase of the concentration of each

cation in the Donnan phase, cDil compared to the concentration in the bulk solution, c^

The NICA equation describes the specific binding of ions in the Donnan phase to humic

substances. A bimodal affinity distribution is commonly used to describe cation binding

to humic and fulvic acids to allow for pools of high and low affinity binding sites, each

with a quasi-Gaussian affinity distribution. The Henderson-Hasselbalch equation is used

as local isotherm for the binding of ion i. For a competitive case, the basic equation for

specific binding of ion i is given by

..-^ x^

Xl^c^P

WdJ
'

i+ XlK.CnT1

(3.2),

where ft is the fraction of all sites (of one type) occupied by species i, cD:1 is the concen¬

tration of species i in the Donnan phase, K, is the median value of the affinity distribu¬

tion for ion i, and p is the width of the affinity distribution. Since p is equal for all binding

ions, it is considered to reflect the intrinsic chemical heterogeneity of a humic substance

studied. The value of n1; however, varies from ion to ion and is considered to reflect the

ion specific heterogeneity or non-ideality. The amount of specifically bound ion i, Qi is

given by

Qi = ft,i (na/nH,i) Qmaxi+ ft,2 (nlj2/nH,2) Qmaxi (3.3),

where Qraaxj is the number of sites of either affinity distribution. By introducing the scal¬

ing factor n/nn into eq. 3.3 stoichiometric consistency was obtained (Kinniburgh et al.,

1999).

The total amount of ion i bound, Q1>tot, equals the sum of specifically bound ions i,

Qi, and the amount of ions i bound electrostatically in the Donnan phase

Qitot=QI+VD(cD,1-cI) (3.4).
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3.3.2 Fitting Procedure

The NICA-Donnan model contains a large number of adjustable parameters. For fitting

titration data at different ionic strengths, the following eight parameters are adjustable:

the Donnan volume parameter b, the initial charge of the humic substance Q0, the number

of low and high affinity sites, Qmaxl and Qmax2, the median values of both affinity distribu¬

tions for protons, K^, and the heterogeneity parameters nm and nH2. In the absence of

competing metal ions only niHj defined by

mHj = nHjPj (3.5),

can be derived. In this case, the value of pi and p2 is usually fixed to 1 for either affinity

distribution. In the presence of competing metal ions the number of adjustable parame¬

ters increases by two, namely pi and p2. In addition, four parameters have to be included

for each additional metal ion, namely its affinity constants for each type of binding site

K^j and the respective heterogeneity parameters nMeJ- To obtain a consistent set of

NICA parameters for protonation and heavy metal binding, we fitted proton, copper, and

lead binding data simultaneously, wherever heavy metal binding data were available

(Chapter 4). In this chapter, only the results referring to proton binding are reported.

Metal ion binding is discussed in Chapter 4.

When all parameters were adjusted in simultaneous fits, the values of some model

parameters fitted were chemically unreasonable, e.g. the number of high affinity sites fre¬

quently drifted up to unrealistically high values (> 8 moles kg"1). Reducing the number of

adjustable parameters by independently estimating some model parameters may yield

more reliable and stable estimates for the remaining adjustable parameters. To avoid ar¬

bitrary parameter constraints, we related two model parameters, the number of high af¬

finity sites QmaX2 and the Donnan volume parameter b, to characterization results.

The number of high affinity sites, QmaX2, cannot be derived reliably from acid-base

titration data due to limitations of acid-base titrations above pH 10 (Ricart et al., 1996).

Unfortunately, metal binding data can hardly provide additional information in this pH

range, because experiments are limited by metal hydroxide precipitation. Thus, we fixed
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Qmax2 to the calculated amount of phenolic groups determined by I3C NMR spectroscopy

(Table 3.1) which gives a reasonable guess for Qmax2.

The stability of the Donnan volume parameter b was studied in preliminary model

fits (not shown) where the effect of various arbitrary model parameter constraints on the

value of b was tested. Those values of b which were independent of the assumptions

made in the preliminary fits were correlated with the results obtained from size exclusion

chromatography. The derivation of the correlation equation is explained in the following.

Calibration of the size exclusion chromatography (Chapter 2) gives the relationship

between the molecular weight M and the elution time t (eq. 3.6) in the following form

lnM = at+yß (3.6).

The constants a and ß depend on the column used and the experimental conditions. Eq.

6 can only be applied if the humic molecules studies are a homologous series, since elu¬

tion times of size exclusion chromatography depend more on the shape and size of the

substance investigated than on its molecular weight (De Nobili and Chen, 1999). As¬

suming a spherical geometry of humic molecules, the molecular weight M is given by

M = yr3 (3.7),

where y is constant and r is the radius (de Wit et al., 1993a). Since the volume V of a

sphere is given by

V = 4/3 7rr3 (3.8),

eqs. 3.1, 3.6, 3.7, and 3.8 can be combined resulting in a linear relationship between the

Donnan volume parameter b and the elution time t in the form

b = mt+n (3.9).

For a given ionic strength, m and n are constant.

Based on the linear correlation (eq. 3.9), the Donnan parameter values used for the final

modeling were estimated from the peak elution times of size exclusion chromatograms.
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3.4 Results and Discussion

3.4.1 Characterization of Humic Substances

Selected characteristics of the fulvic acid, humic acid, and the humic acid size fractions

are summarized in Table 3.1. The average apparent molecular weights were estimated

from size exclusion chromatograms (Figure 3.1) based on a calibration with globular

proteins.
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Figure 3.1. Size distribution of fulvic acid (FA), humic acid (HA), and humic acid fractions in a 50 mM

Tris-HCl buffer solution containing 100 mM KCl measured by gel chromatography. Absorbance of elu-

ates at 280 nm is illustrated as a function of elution time, Scale of molecular weights corresponding to

elution times as calibrated with globular proteins is shown on the upper edge.
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Table 3.1. Selected Characteristics of the Soil Fulvic Acid (FA), Humic Acid (HA), and the Humic Acid

Size Fractions

Carbon Carboxylic Phenolic

Sample Mwa Elemental Composition [g kg"1] Distribution0 Carbond Carbond

[kD] C H N S 0b [%] [mol kg1] [mol kg"1]

Fulvic Acid

FA 10.5 526 45 17 3 409 - 8.07 2.72

Humic Acid

HA >16.8 552 53 33

HA>ioo kD >63.0 584 58 40

HA] 00-100 kD 24.8 570 50 30

HAio 100 kD 15.7 566 46 24

HAio-30kD 8.5 485 42 16

358 100 6.76 2.67

312 52 ±6 5.94 2.19

344 7±1 7.08 3.01

360 34 ±7 7.78 3.96

455 3 + 1 6.35 4.08

aAverage apparent molecular weight determined by size exclusion chromatography.

Calculated as difference to 100 %.

cAverage and standard deviation of three replicated fractionations.

Calculated from nC NMR spectra and carbon contents.

Size exclusion chromatograms show that the humic acid was successfully separated into

four fractions of different molecular weight. A carbon mass balance given as carbon dis¬

tribution in Table 3.1 revealed that the humic acid fractions with apparent molecular

weights >300 kD and 30-100 kD contribute most to the total carbon of the humic acid

mixture. Results of elemental analysis of the humic acid size fractions indicated that the

content of carbon, hydrogen, nitrogen and sulfur decreased with decreasing apparent

molecular weight of the fractions, and correspondingly, the oxygen contents increased.

The fulvic acid had lower C, H, N, and S contents as compared to the humic acid. Based

on carbon contents and 13C NMR spectra, the amounts of carboxylic carbon and phenolic

carbon were estimated for all fractions (Table 3.1). Carboxylic and phenolic carbon con¬

tents of the humic acid fractions tended to increase with decreasing average molecular
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weight. A comparison of humic and fulvic acid showed that the fulvic acid contained

more carboxylic and slightly more phenolic carbon than the humic acid. It is noteworthy

that the fulvic acid and the smallest humic acid size fraction are significantly different

from each other in terms of elemental composition as well as carboxylic and phenolic

carbon contents, despite similar apparent molecular weight distributions (Figure 3.1) A

detailed discussion of characterization results of the fulvic acid, humic acid, and the hu¬

mic acid size fractions is given in Chapter 2.

3.4.2 Proton Binding

The charging behavior the fulvic acid, humic acid, and the humic acid size fractions de¬

termined by acid-base titrations is shown in Figure 3.2. In general, the negative charge

increases with increasing pH due to deprotonation of functional groups. Negative charge

also increases with increasing ionic strength, as has previously been reported for other

humic and fulvic acids (Milne et al., 1995; Benedetti et al, 1996a; Christensen et al.,

1998; Avena et al., 1999). The effect of ionic strength on charging behavior was similar

for all fractions (Figure 3.2), despite clear differences in apparent molecular weight and

chemical composition (Table 3.1). This suggests that the ionic strength effect on charg¬

ing behavior of humic and fulvic acids is not strongly affected by molecular size and

chemical composition.

As illustrated in Figure 3.3, the negative charge on fulvic acid (FA), humic acid

(HA), and humic acid size fractions at given proton and salt concentration decreases in

the following order: FA » HAi0-3okD « HA30-iookD > HA100-3ookD » HA>30okD. The sum

of charge of all humic acid size fractions weighted by their respective weight contribu¬

tions to the total mass of the humic acid results in a slight underestimation of the charge

of the total humic acid (Figure 3.3). Taking into account that about 4 percent of the total

carbon was lost during the fractionation procedure (Chapter 2), and assuming that the

lost compounds exhibit a charging behavior similar to the small humic acid fractions, the

charging behavior of the humic acid can be explained fairly well by the weighted sum of

the size fractions (Figure 3.3).
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Figure 3.2. Charging behavior of fulvic acid (FA), humic acid (HA), and humic acid size fractions as a

function of proton concentration and ionic strength. NaN03 was used as background electrolyte. Sym¬

bols represent data calculated from acid titrations. Lines represent fits with the NICA-Donnan model.
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Figure 3.3. Charging behavior of fulvic acid (FA), humic acid (HA), and humic acid size fractions as a

function of proton concentration in a 0.1 M NaN03 background electrolyte. Symbols represent data cal¬

culated from acid titrations. The line represents the sum of charge of the humic acid size fractions

weighted by their respective contribution to the total mass of the humic acid.

The decrease of charge with decreasing size of the humic acid fractions is in agree¬

ment with 13C NMR data (Table 3.1). Phenolic and carboxylic groups are the functional

groups of natural organic acids which contribute most to their proton and metal cation

binding behavior (Masini et al., 1998). The sum of phenolic and carboxylic carbon of the

humic acid size fractions determined by solid state 13C NMR spectroscopy decreases in

the same order as their charge at any given pH and ionic strength. When comparing the

charging behavior with 13C NMR data, it has to be kept in mind that not only the disso¬

ciation of phenolic and carboxylic groups contributes to the total molecule charge (Stev¬

enson, 1994; Stumm and Morgan, 1996), and that a significant percentage of the inten¬

sity of the peak in the chemical shift range of 160 to 185 ppm in 13C NMR spectra of

humic substances is due to esters (Malcolm, 1990). A comparison of acid-base titration

data and 13C NMR data of humic and fulvic acids reported in the literature suggests that

the intensity of the carboxylic peak in 13C NMR spectra is primarily due to carboxylic
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groups for fulvic acids, while esters contribute to at least one third of the intensity of the

carboxylic carbon peak for humic acids (Malcolm, 1990). Different percentages of esters

and carboxylic groups of humic and fulvic acids may explain why the molecule charge at

a certain proton and salt concentration is much higher for fulvic acid than for humic acid,

even though the sum of carboxylic and phenolic carbon is only slightly higher for the ful¬

vic acid compared to the humic acid. The fulvic and humic acids studied here exhibited a

protonation behavior which is in good agreement with literature data (Milne et al., 1995;

Benedetti et al., 1996a; Christensen et al., 1998; Avena et al., 1999). Despite different

origin, size, and chemical composition, fulvic acids typically exhibit a charge of about 2.5

to 3.5 moles kg-1 at pH 4 and 6.5 to 7.5 moles kg4 at pH 10, while humic acids exhibit a

charge of about 1 to 1.5 moles kg"1 at pH 4 and 4 to 5 moles kg"1 at pH 10.

3.4.3 Modeling

Proton sorption data of all organic acid fractions were fitted with the NICA-Donnan

model. To check the stability of the fitted Donnan parameter b, a variety of different pa¬

rameter constraints was tested in preliminary model fits (not shown). In all cases, very

good descriptions of proton binding data were achieved for all fractions (R2 > 0.996),

however, different sets of model parameters were obtained. This illustrates the great

flexibility of the NICA-Donnan model in describing acid-base titration data. It is inter¬

esting, that despite large variations in the values of Km and Kje, the fitting results of the

Donnan parameter b were rather constant for most humic acid size fractions. The rela¬

tionship between the Donnan parameter b and the peak elution times from size exclusion

chromatograms is shown in Figure 3.4. The plotted b values are averages and the error

bars are standard deviations of the b values resulting from fits with different parameter

constraints. Since the humic acid mixture is very polydisperse compared to all other

fractions (Figure 3.1), it is not surprising that the b values for the humic acid were most

variable. For the humic acid fractions HA10-30 kD, HA100-300 kD, and HA>30o kD, the values of

b were nearly independent of the assumptions made for other model parameters, indi-
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cated by standard deviations of 0.01 or less. The fact that the fitted b values for the hu¬

mic acid fraction HA30-iookD were nearly as low as for PUHA>3ookD cannot be explained.
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Figure 3.4. Average Donnan volume parameters b for fulvic acid (FA), humic acid (HA), and humic

acid size fractions as a function of peak elution times determined by size exclusion chromatography.

Average b values and standard deviations were calculated from results of NICA-Donnan model fits with

different constraints. Average b values with standard deviations of 0.01 or less (filled diamonds) were

used for linear correlation.

Despite a well-defined size distribution of HA30-iookD, the standard deviation of b values

was significantly higher for HA3o-iookD than for all other size fractions. This suggests that

the average b value is less reliable for HA30-iookD than for all other humic acid size frac¬

tions. Thus, only the results for the humic acid fractions HAi0.3o kD, HAi0o-3oo kD, and

HA>3oo kD were used to correlate average Donnan volume parameters with the peak elu¬

tion times from size exclusion chromatography. As a linear relationship is theoretically

expected (eq. 3.9), b values were correlated with peak elution times in a linear way.

Then, the Donnan parameter b was calculated from this relationship for all humic acid

size fractions. These calculated Donnan parameters were used as fixed input parameters

in the final modeling presented (Figure 3.2). For the humic acid mixture, the Donnan pa¬

rameter was calculated from b values of the size fractions and the mass percentage of

each fraction, since the calculation of b from the peak elution time obtained by size ex-
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elusion chromatography would lead to an overestirnation of the small fractions due to the

polydispersity of the humic acid (Figure 3.1). For the fulvic acid, the fitted b values were

slightly lower than the value calculated from the peak elution time of the size exclusion

chromatogram based on the relationship obtained for the humic acid size fractions. The

goodness of the fit for fulvic acid was nearly unaffected when b was fixed to the calcu¬

lated value. For all fits shown (Figure 3.2), the calculated Donnan parameters given in

Table 3.2 were used. A comparison of Donnan parameters reported in the literature

shows that the values obtained for the humic acid and the humic acid size fractions are

within the range of 0.3 to 0.5 reported for other humic acids (Kinniburgh et al, 1999).

For fulvic acids, b values between 0.7 and 0.9 are reported (Kinniburgh et al, 1999).

Since the fulvic acid studied here exhibits a relatively high average molecular weight

compared to other fulvic acids investigated previously (Chapter 2), the relatively low b

value for the fulvic acid seems also reasonable.

Table 3.2. NICA-Donnan Model Parameters for Proton Binding by Soil Fulvic Acid (FA), Humic Acid

(HA), and Humic Acid Size Fractions

Sample ba Qmaxl log K^ mm ÇW2 log K^ mH2 R2

[mol kg1] [mol kg-1]

Fulvic Acid

FAC 0.57 6.0 2.4 0.44 2.7 8.7 0.24 0.9983

Humic Acid

HAC 0.40 3.1 2.8 0.48 2.7 8.0 0.24 0.9978

HA>300 kD 0.30 2.1 2.9 0.52 2.2 7.3 0.24 0.9986

HA[oo 100 kD 0.45 3.0 2.9 0.50 3.0 7.7 0.22 0.9988

HA-30-lOOkD 0.51 3.2 2.8 0.49 4.0 9.0 0.17 0.9980

HAi0-30kD 0.59 3.3 3.0 0.52 4.1 9.8 0.16 0.9979

aDonnan volume parameter b was fixed to the value derived from size exclusion chromatograms.

Qmaxz was fixed to the amount of phenolic carbon derived from I3C NMR data (Table 1).

Results were obtained from simultaneous fits of proton, copper, and lead binding data.

dResults were obtained by fitting proton binding data, only.
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The NICA-Donnan model provided an excellent description of acid-base titration

data for fulvic acid, humic acid, and humic acid size fractions (R2 > 0.9978), when QroaX2

was fixed to the amount of phenolic carbon determined by I3C NMR spectroscopy and

the Donnan volume parameter b was estimated from peak elution times of size exclusion

chromatograms. For all fractions studied, the NICA-Donnan model tended to slightly

underestimate the ionic strength effect at high pH values. This might be caused by the

fact that the influence of the molecule charge on the Donnan volume is neglected in the

NICA-Donnan model (eq. 3.1). The goodness of the fits increased only unsubstantially,

when QmaX2 and b were fitted, as well. However, the parameter values fitted were not

physically and chemically reasonable, when Qmax2 and b were also adjustable. It has been

reported, previously, that QmaX2 or the sum of Qmaxi and Qmax2 had to be constrained to

obtain reasonable results for fulvic and humic acids with the NICA-Donnan model

(Benedetti et al., 1996b; Christensen et al., 1998). To reduce the number of fitting pa¬

rameters and to obtain modeling results, which are in agreement with characterization

results, we propose to estimate the values of b and QmaX2 from characterization results, if

available. Thereby, the need of more or less arbitrary constraints can be avoided. Since

the percentage of esters contributing to the carboxyl carbon peak in 13C NMR spectra

widely varies for different humic substances, the number of low affinity site, Qmaxi, can

hardly be derived from 13C NMR spectra, as long as a large database for humic and fulvic

acids is lacking.

The mean proton affinity constants of both distributions, K^ and Kjß, derived for

fulvic and humic acid (Table 3.2) correspond very well to values reported for fulvic and

humic acids in the literature (Benedetti et al., 1996b; Benedetti et al., 1996a; Kinniburgh

et al., 1996; Milne et al., 1996; Temminghoff et al, 1997; Christensen et al., 1998; Kin¬

niburgh et al., 1999; Pinheiro et al., 1999). For fulvic acids, literature values range from

2.2 to 3.6 and 7.5 to 9.9 for log K^ and log Kj^, respectively. For humic acids, values

ranging from 3.0 to 5.1 for log K^ and from 8.6 to 9.8 for log K^ are reported. The

ranges for log K^ and log K^ correspond well to proton affinity constants of mono-

and polycarboxylic acids and phenols (Christensen et al., 1998). This supports the idea
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that proton binding to humic and fulvic acids is mainly determined by dissociation of car¬

boxylic and phenolic groups (Masini et al., 1998). It is noteworthy that the fitted value of

log Km is nearly constant for all humic acid size fractions. The values derived for log

Kjc , however, steadily increase with decreasing molecular weight of the humic acid frac¬

tions. Coincidentalfy, the values of mHi of all fractions studied are higher than the values

of mm (Table 3.2). As mH is considered to reflect the apparent heterogeneity of the site

type (Benedetti et al., 1996a), this indicates that the low affinity proton binding sites

(carboxylic type) exhibit a smaller apparent heterogeneity than the high affinity sites

(phenolic type). In the literature, values of mHi are higher than the values of mH2 for most

fulvic and humic acids studied (Benedetti et al., 1996b; Benedetti et al, 1996a; Kinni¬

burgh et al., 1996; Milne et al, 1996; Temminghoff et al., 1997; Christensen et al., 1998;

Kinniburgh et al., 1999; Pinheiro et al., 1999). The values of mm derived for fulvic acid,

humic acid, and humic acid size fractions fit very well into the range of values reported

for fulvic and humic acids. The values of mH2 are at the lower end of the range given in

the literature.

The number of low affinity sites, Qmaxi, fitted for fulvic acid is about twice as high as

for humic acid (Table 3.2). A comparison of Qmaxi derived for the humic acid size frac¬

tions reveals that Qmaxi increases with decreasing apparent molecular weight. This is in

good agreement with 13C NMR results (Table 3.1). Relating Qmaxl (Table 3.2) to the

amount of carboxylic carbon (Table 3.1), which gives the sum of esters and carboxylic

groups (Malcolm, 1990), the contribution of carboxylic groups to the intensity of the

carboxylic carbon peak in 13C NMR spectra can be estimated. For fulvic acid, about 75

percent of the intensity of the carboxylic peak is due to carboxylic groups, whereas for

humic acid, esters and carboxylic groups contribute to the intensity more or less to the

same extent (Malcolm, 1990). A comparison of the humic acid size fractions shows that

the contribution of the carboxylic groups tends to decrease from about 50 to 33 percent

with increasing apparent molecular weight of the fractions. Different percentages of es¬

ters and carboxylic groups of the total carboxylic carbon determined by 13C NMR spec¬

troscopy, which have previously been proposed for humic and fulvic acids (Malcolm,
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1990), make carboxylic carbon contents of all fractions investigated correspond very well

tO Qmaxi.

The results of this and previous studies show that the NICA-Donnan model pa¬

rameters derived for different humic and fulvic acids are within a relatively narrow range.

NICA-Donnan model parameters such as b and QmaX2 may be easily derived from size

1 *\

exclusion chromatograms or viscosimetric measurements (Avena et al., 1999) and C

NMR spectra, respectively. To be able to estimate the amount of low affinity sites Qmaxi

from I3C NMR spectra, a large base of titration and 13C NMR data will be required to

calculate an average percentage of carboxylic groups contributing to the carboxylic car¬

bon signal in 13C NMR spectra. Then, the proton binding behavior of soil and aquatic

humic and fulvic acids might be predicted, using average NICA-Donnan model parame¬

ters values. This may be very useful for the application of geochemical models, since hu¬

mic substances strongly affect the fate of contaminants in the environment. For an accu¬

rate prediction of the proton binding behavior of a certain humic substance, the incorpo¬

ration of basic characterization results into the NICA-Donnan model would still be nec¬

essary.
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Chapter 4

Relating Metal Binding by Fulvic and

Humic Acids to Chemical Composition and

Molecular Size

Abstract

Cu(II) and Pb(II) binding to soil fulvic acid, humic acid, and two different humic acid

size fractions as a function of pH and metal concentration was investigated by metal ti¬

trations. The humic substances studied exhibited a very similar metal binding behavior

despite great differences in their chemical composition. Cu(II) and Pb(II) binding

strongly increased with increasing pH. In general, Cu(II) was bound more strongly to the

humic substances than Pb(II). Only at extremely high metal concentrations, the amount

of metal sorbed was higher for Pb(II) than for Cu(II). The molar proton-metal exchange

ratios ranging from 1.0 to 1.8 for Cu(II) and from 0.6 to 1.2 for Pb(II) implied that

Cu(II) is bound in monodentate and bidentate complexes while Pb(II) is predominantly

bound as monodentate complexes by humic substances.

The NICA-Donnan model excellently described metal binding data when model pa¬

rameters were related to characterization results. The best description of an entire data

set including proton, Cu(II), and Pb(II) binding data was achieved when the entire data

set was fitted simultaneously. The NICA-Donnan model parameters derived for the hu¬

mic substances studied are in good agreement with previously reported values for other

humic substances. Since values of NICA-Donnan model parameters for different humic
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substances are within a relatively narrow range, we conclude that average model pa¬

rameters may be useful in geochemical modeling.
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4.1 Introduction

Humic and fulvic acids are polydisperse mixtures of natural organic polyelectrolytes

containing a large number of different functional groups (Benedetti et al., 1996a). Stud¬

ies on the chemical characterization of humic and fulvic acids indicate that the amounts

of different functional groups vary significantly between humic substances of different

origin. However, only few studies have been conducted on chemical differences between

molecular size fractions of humic substances (Tombâcz, 1999). In Chapter 3, it was

demonstrated that differences in proton binding behavior of the fulvic acid and the humic

acid size fractions isolated from a surface soil are consistent with chemical characteriza¬

tion results. The NICA-Donnan model excellently described proton binding data of hu¬

mic acid size fractions when some model parameters were related to characterization re¬

sults. Since cation binding to humic and fulvic is recognized to be mainly due to the pres¬

ence functional groups such as e.g., carboxylic and phenolic groups (Masini et al, 1998),

it has been hypothesized that the size of humic substances would affect trace metal com¬

plexation (Cabaniss et al., 2000). However, detailed investigations on metal ion binding

to humic substances in relation to chemical composition are lacking. A better under¬

standing of metal ion binding to humic substances is of fundamental importance in geo¬

chemical modeling of near-surface environments, where natural organic matter is always

present and represents an important sorbent for metal ions. Development of a generalized

database of model parameters for metal ion binding to humic substances has been ham¬

pered by the assumption that humic substances are too heterogeneous in nature. How¬

ever, if the influence of chemical composition on metal binding is only weak, as proposed

by Avena et al. (1999), average stability constants for different metal humate complexes

derived from previous studies may be useful for predicting the fate of metal cations at

contaminated sites. On the other hand, if differences in chemical composition result in

large differences in metal ion binding, a generalized database would not be useful in most

cases.

The objectives of this chapter are (1) to study the pH-dependent binding of Cu(II)

and Pb(II) to a set of well characterized soil fulvic acid and humic acid size fractions
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differing in their chemical composition, (2) to model the metal binding data using the

NICA-Donnan approach, and (3) to relate model parameters to chemical characterization

results for the same humic substances reported in Chapters 2 and 3.

4.2 Experimental Section

4.2.1 Preparation of Humic Substances

Humic and fulvic acids were extracted from a well humified organic horizon (H) of a

Humic Gleysol near Unterrickenzopfen (northern Switzerland) and purified following a

standard procedure of the International Humic Substances Society (Chapter 2). The hu¬

mic acid fraction was further fractionated into four molecular size classes with nominal

molecular weights of 10-30 kD, 30-100 kD, 100-300 kD and >300 kD using a hollow

fiber ultrafiltration technique (Chapter 2). A detailed description of the extraction, purifi¬

cation and ultrafiltration procedures is given in Chapter 2. All fractions were character¬

ized by a combination of methods including FT-IR, CP-MAS 13C NMR, and elemental

analysis (Chapter 2). Characterization results are discussed in relation to proton binding

in Chapter 3. It was shown that the amounts of functional groups capable of binding

protons increased with decreasing average molecular weight of the humic acid size frac¬

tions. Accordingly, the negative charge of the humic acid fractions increased with de¬

creasing average molecular weight. The results further suggested that the amounts of

carboxylic and phenolic functional groups determined the charging behavior of the fulvic

and humic acid fractions.

For the investigation of Cu(II) and Pb(II) binding, we confined ourselves to the ful¬

vic acid (FA), the total humic acid (HA), and the humic acid size fractions 30-100 kD

(HA3o-iookD) and >300 kD (HA^ooicd). The humic acid fractions 10-30 kD and 100-300

kD were omitted as these fractions contributed less than 10 percent of the total mass of

soil humic acid.
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4.2.2 Calibration of Ion-Selective Electrodes

Ion-selective electrodes (ISE) for Cu2+ (Orion 9429) and Pb2+ (Orion 9482) were cali¬

brated by titration of metal salt solutions with an organic ligand. It has been shown that

the calibration range commonly reported for sulfide-based solid-state ISEs is extendable

to lower metal activities by orders of magnitude by means of titration with a strong li¬

gand compared to simple calibrations using unbuffered solutions of different metal salt

concentrations (Ruzicka and Hansen, 1973; Avdeef et al., 1983; Yuchi et al., 1983;

Milne et al., 1995; Benedetti et al., 1995). Both, Cu2+ and Pb2+ sensitive electrodes were

calibrated by titrating 50 mL of a 0.15 mM Cu(N03)2 (Merck, p.a.) and Pb(N03)2

(Merck, p.a.) solution, respectively, with a 1.787 vaM ethylenediamine (p.a., Fluka) solu¬

tion using a computer controlled titration system (Kinniburgh et al., 1995). The calibra¬

tion was conducted in a thermostated room at 25 ± 1°C. The ethylenediamine solution

was prepared under nitrogen gas atmosphere using C02-free deionized water. To ex¬

clude C02 during the calibration, the titration vessel was sealed and flushed with water-

saturated, C02-free nitrogen gas. To maintain a constant ionic strength throughout the

calibration, metal salt and ethylenediamine solutions were prepared in a 0.1 M NaN03

(Merck, p.a.) background. Prior to recording electrode readings, the metal solution was

stirred for 2 min after each titrant addition. Readings of a pH electrode (6.0123.100,

Metrohm) and the respective ISE were measured against an Ag/AgCl reference electrode

(6.0733.100, Metrohm) placed into an electrolyte bridge containing a 0.1 M NaN03 so¬

lution which was continuously replaced by a peristaltic pump. Electrode readings were

recorded when both potential drifts had dropped below 0.1 mV min"1 or after a maximum

équilibration time of 30 minutes. Solution speciation was calculated for each recorded

data point using the chemical speciation program ECOSAT (Keizer and van Riemsdijk,

1998). Hydrolysis constants of aqueous metal species were taken from Baes and Mesmer

(1976). Critical stability constants of ethylenediamine complexes as well as solubility

constants of metal oxide and hydroxide phases were taken from Smith and Martell (1976

and 1990). The calculated free metal activities corresponded to the measured ISE volt¬

age readings in a linear way down to pCu 17 and pPb 9.5, where pMe is the negative
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logarithm of the free metal (Me +) activity in solution. The performance of both ISEs

used was checked before and after each fulvic and humic acid titration. Fulvic and humic

acid titration data were used for further analysis only if the calibration before and after

each experiment did not differ significantly and if the response of the electrodes was

nearly Nernstian.

4.2.3 Copper and Lead Binding to Fulvic and Humic Acid

The binding of Cu(II) and Pb(II) to the fulvic acid and the humic acid size fractions was

measured at constant ionic strength (0.1 M NaN03) and constant pH values (pH 4, 6,

and 8). All experiments were performed in a thermostated room at 25 ± 1°C using the

same titration setup as for ISE calibration (Kinniburgh et al., 1995). The four burettes

were filled with 0.05 M HN03 (Titrisol, Merck), -0.05 M NaOH, 1 mM Cu(N03)2

(Merck, p.a.) containing 0.1 MNaN03 (Merck, p.a.), and 0.1 M Cu(N03)2 (Merck, p.a.)

for copper titrations. For lead binding experiments, Pb(N03)2 (Merck, p.a.) solutions

were used instead of Cu(N03)2 solutions. NaOH and metal solutions were prepared un¬

der nitrogen gas atmosphere using C02-free deionized water. To keep the solutions C02-

free, the burettes were connected with the atmosphere only through a glass tube filled

with NaOH on granulated activated carbon (Merck, p.a.). All experiments were carried

out in a 200 mL glass vessel, which was continuously flushed with water-saturated, C02-

free nitrogen gas. Each experiment was started with a 100 mL solution containing 0.1 M

NaN03 and approximately 100 mg humic or fulvic acid. To ensure complete dispersion

of the humic acid, the pH was first increased to pH 10 by NaOH addition and then low¬

ered to the desired value by HN03 addition. Before starting metal titrations, the pH was

kept constant within a tolerance range of ±0.004 pH units (0.2 mV) for 12 h. This pro¬

cedure was used to fully equilibrate the humic acid to pH and ionic strength conditions

before metal addition was started. During metal titrations, the humic solutions were

stirred for four minutes after each addition of titrant. After metal addition, the pH was

automatically readjusted to the desired pH value and then kept constant for 20 min

within a tolerance range of ±0.004 pH units (0.2 mV). Electrode readings were recorded
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when the potential drift was below 0.05 mV min"1 for the pH electrode and 0.1 mV min"1

for the ISE, or after a maximum equilibration time of 20 minutes. On average, readjust¬

ment of the pH value after metal addition took 60 to 75 min. Dose of metal salt additions

were gradually increased during the experiments. To cover a large free metal concentra¬

tion range in one titration experiment without exceeding the maximum volume of the ti¬

tration vessel, a 1 mM metal solution was used for metal addition prior to a 0.1 M metal

solution. Each experiment was automatically stopped at a critical mV reading of the ISE,

which corresponded to a free metal activity close to the level where metal (hydr-)oxide

precipitation must be expected according to chemical speciation calculations. During

each experiment, the ionic strength remained constant within 3 %.

4.2.4 Data Analysis

For each titration data point, the amount of inorganic species in solution was calculated

using the chemical speciation program ECOSAT (Keizer and van Riemsdijk, 1998).

Metal hydrolysis constants and metal (hydr-)oxide solubility constants given by Baes and

Mesmer (1976) and Smith and Martell (1976) were used in the calculations. For the cal¬

culation, pH, metal activity, and concentration of sodium and nitrate were used as input

data. The amount of metal sorbed to the respective humic substance was calculated by

subtracting the sum of aqueous metal species from the known total amount of metal in

solution. Stoichiometric exchange ratios for proton and metals were calculated from the

increase of metal sorption and the amount of base needed to readjust pH after metal ad¬

dition. The calculation was corrected for hydroxide consumption of the bulk solution due

to pH adjustment and formation of hydrolysis species of Cu(II) and Pb(II).

4.3 Data Modeling

Experimental Cu(II) and Pb(II) binding data were fitted using the consistent non-ideal

competitive adsorption (NICA) model (Kinniburgh et al., 1999). Electrostatic interac¬

tions were accounted for using the Donnan gel approach (Benedetti et al., 1996a). The

NICA-Donnan model was chosen for this study, because it has been quite successful in
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describing proton and metal binding to different humic substances, taking the chemical

heterogeneity and the gel structure of humic substances into consideration (Christensen

et al., 1998; Kinniburgh et al., 1999; Pinheiro et al., 1999; Chapter 3 of this thesis). A

brief summary of the NICA-Donnan model has been given in Chapter 3, and a complete

description can be found in Kinniburgh et al. (1999).

Copper and lead sorption data were simultaneously fitted with proton binding data

presented in Chapter 3. The NICA-Donnan model contains a large number of adjustable

parameters. One of the objectives of this study was to reduce the number of fitting pa¬

rameters by relating chemical characterization results to proton and metal binding data

modeled with the NICA-Donnan model. Thus, the amount of high affinity binding sites,

Qmax,2 was fixed to the amount of phenolic carbon determined by solid-state C NMR

spectroscopy (Chapter 2). In addition, the Donnan parameter b was estimated from size

exclusion chromatograms (Chapter 2 and 3).

The stoichiometry of proton-metal ion exchange provides additional information

about the dentism of divalent metal cation binding to humic substances. The proton-

metal exchange ratio, rex, is given by

pHb/3H)
Iex ""

(3Mb/3H)
(4'1)>

where H is the proton concentration in solution, and Hb and Mb are the amount of pro¬

tons and metal ions bound to the humic substances, respectively. In a system containing

only two specifically sorbing ions, e.g. protons and one type of metal ion, rex can be cal¬

culated from the NICA-Donnan model parameters (Kinniburgh et al., 1999):

KHH 1+ [KHH]nH + KMM
r~ \nH

-PKhH

nH
I )

.

V J { 1 I )

nM
f~ \nH

(khh] - 1+ [KHH]nH+[KMMJnM +p(KMM)nM
-,

where M is the metal ion concentration in solution, ^ is the ion-specific heterogeneity

parameter of species i, p is a parameter reflecting the intrinsic heterogeneity of the humic

substances, and Ki is the median value of the affinity distribution constants for ion i.
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4.4 Results and Discussion

4.4.1 Copper Binding

Binding isotherms of Cu(II) to fulvic acid, humic acid, and two different humic acid size

fractions (HA30-ioo kD and HA>30o icd) are presented in Figure 4.1. All binding isotherms

plotted on a log-log scale were nearly linear at free Cu(II) concentrations below 10"6 M.

At high concentrations, the isotherms tended to exhibit saturation with a maximum ad¬

sorption capacity of roughly 3 moles kg"1. Due to proton-metal ion competition for

binding sites, metal ion sorption decreased with decreasing pH. In addition, the increase

of charge of humic and fulvic acids with increasing pH (Chapter 3) may cause an increase

of metal sorption.
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Figure 4.1. Copper binding to fulvic acid (FA), humic acid (HA), and huinic acid size fractions at pH 4,

6, and 8 in 0.1 M NaN03 plotted against the free metal ion concentration. Symbols represent data cal¬

culated from metal titrations. Lines represent fits obtained with the NICA-Donnan model (see Table 4.1

for parameter values).
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A comparison of copper binding to humic acid size fractions (Figures 4.1 and 4.2)

reveals that the amounts of copper bound by the two size fractions HA30-ioo kD and

HA>30o kD are nearly identical although HA30-ioo kD contains more functional groups and is

more negatively charged than HA>3oo kD (Chapter 3). Only at high copper concentration

(non-linear part of isotherms of log-log plots), a significantly greater amount of copper is

bound by the lower molecular weight fraction. This demonstrates that the effect of dif¬

ferences in chemical composition of humic acid size fractions is small as long as enough

sites are available to bind Cu(II) ions. At high Cu(II) concentrations, differences between

the two humic acid size fractions can be observed as the smaller fraction exhibits a higher

maximum binding capacity due to a greater number of functional groups.
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Figure 4.2. Copper and lead binding to fulvic acid (FA), humic acid (HA), and humic acid size fractions

at pH 6 in 0.1 M NaN03 plotted against the free metal ion concentration. Symbols represent data calcu¬

lated from metal titrations.

The amounts of copper bound to fulvic and humic acid are fairly similar at pH 4. At

pH 6 and 8, Cu(II) is bound more strongly by humic acid than by fulvic acid (Figures 4.1

and 4.2). At high Cu(II) concentrations, the differences between fulvic and humic acid

isotherms at pH 6 and 8 become smaller. This result indicates that it is not only the total

number of different functional groups that affects the copper binding behavior of humic

substances. Structure, that is the linkage of the functional groups to the carbon back¬

bone, may have a strong influence as well. Fluorescence spectra of humic and fulvic acid
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suggested that a greater percentage of carboxyl groups in fulvic acid are linked to ali¬

phatic backbones than to aromatic ring systems compared to humic acid. This means that

the probability of adjacent carboxyl and phenolic groups on aromatic rings, such as in

phthalic or salicylic acid, capable of forming strong complexes with Cu(II) is higher for

humic acid than for fulvic acid. The fact that the isotherms of humic and fulvic acid tend

to merge at high copper concentrations again may be due to the greater amount of bind¬

ing sites of fulvic acid compensating for the influence of the structural differences. Over¬

all, copper binding data of fulvic acid, humic acid, and humic acid size fractions indicate

that amounts, types, and linkage of functional groups affect copper binding behavior. At

high copper concentrations, the total amount of binding sites may be the most important

factor.

log Cu2+ [mol L" ]

Figure 4.3. Molar H7Cu2+ exchange ratio for Cu2+ binding to humic acid at pH 4, 6, and 8 in 0.1 M

NaN03 plotted against the free metal ion concentration. Symbols represent data calculated from metal

titrations. Lines represent predictions obtained with the NICA-Donnan model.

Proton-copper exchange ratios of fulvic acid, humic acid, and humic acid size frac¬

tions derived from copper titration data range from 1.0 to 1.8. The values vary with pH

and copper concentration. As an example, proton-copper exchange ratios of humic acid

are shown in Figure 4.3. The range of the values implies that protons are exchanged by

copper in a 1:1 and in a 2:1 stoichiometry. This suggests that copper is bound by humic
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substances as monodentate and bidentate complexes. Similar proton-copper exchange

ratios have been found for a purified peat (Benedetti et al., 1995) and a soil humic acid

(Robertson and Leckie, 1999).

4.4.2 Lead Binding

Binding isotherms for Pb(II) to fulvic acid, humic acid, and humic acid are shown in Fig¬

ure 4.4. Again, a decrease in Pb(II) binding with decreasing pH is observed, due to com¬

petition of Pb(II) with protons for binding sites. The binding of Pb(II) to humic acid size

fractions was almost identical. Even at high Pb(II) concentrations, only small differences

in lead binding behavior of humic acid size fractions were observed.

Ï

a.

a

log Pb [mol L ] log Pb2* [mol L'1]

log Pb [mol L ] log Pb [mol L ]

Figure 4.4. Lead binding to fulvic acid (FA), humic acid (HA), and humic acid size fractions at pH 4, 6,

and 8 in 0.1 M NaN03 plotted against the free metal ion concentration. Symbols represent data calcu¬

lated from metal titrations. Lines represent fits obtained with the NICA-Donnan model (see Table 4.1

for parameter values).
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In contrast to Cu(II) binding, significant differences in Pb(II) binding behavior of humic

and fulvic acid were observed at pH 4, but not at pH 6 and 8 (Figures 4.2 and 4.4). A

comparison of Pb(II) binding to fulvic and humic acid with other humic and fulvic acids

reported in the literature reveals that the results of this study fit very well with results of

previous studies (Pinheiro et al., 1994; Mota et al., 1996; Pinheiro et al., 1999). This

suggests that lead binding to humic substances is nearly unaffected by differences in

chemical composition of humic substances.

Compared to copper binding (Figure 4.1), lead binding is affected more strongly by

variations in the metal concentration (Figure 4.4). This means the slope of the isotherms

is greater for lead than for copper. Lead isotherms of all humic substances studied inter¬

sect the respective copper isotherms at high metal concentrations. This indicates that

more lead than copper is bound by humic substances at very high metal ion concentra¬

tions, whereas the amount of copper sorbed exceeds the amount of lead sorbed by orders

of magnitudes at low, environmentally-relevant metal ion concentrations.

Proton-lead exchange ratios of fulvic acid, humic acid, and humic acid size fractions

are fairly similar. The values range from 0.6 to 1.2. As an example, proton-lead exchange

ratios of the total humic acid fraction are shown in Figure 4.5. As for copper, proton-

lead exchange ratios vary with pH and metal concentration. The values of the exchange

ratios agree well to proton-lead exchange calculated for a peat humic acid (Kinniburgh et

al., 1999). The range of proton-lead exchange ratios suggests that lead binding reactions

follow a 1:1 stoichiometry, predominantly. Differences in the stoichiometry of binding

reactions imply that bidentate binding sites are less important for lead binding compared

to copper binding. For lead, the total number of binding sites may be the main factor

controlling the binding behavior. The structural configuration of binding sites may be

secondary for lead binding. This may be the reason why lead binding of humic acid size

fractions is nearly not affected by chemical differences between humic acid size fractions,

while copper binding is affected. The fact that proton-metal ion exchange ratios of humic

substances are lower for lead than for copper may further explain differences in the ag¬

gregation of humic substances with lead and copper, respectively. Saar and Weber

(1980) found that Pb-fulvate precipitated at much lower mole ratio of metal ion to fulvic
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acid than Cu-fulvate. We observed the same phenomenon during our experiments. The

stability of fulvic colloids is, like the stability of any other colloid, strongly influenced by

the charge of the colloids (Hunter, 1986). Since one proton is exchanged by one Pb(II)

ion, on average, whereas one Cu(II) ion exchanges about 1.5 protons, the negative

charge of fulvate is compensated by lead binding more than by copper binding. The de¬

pendence of the aggregation behavior on the metal cation implies that the mobility of

metal-organic compounds in natural systems may be quite different for different metal

cations (Kretzschmar and Sticher, 1997).
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Figure 4.5. Molar H+/Pb2+ exchange ratio for Pb2+ binding to humic acid at pH 4, 6, and 8 in 0.1 M

NaN03 plotted against the free metal ion concentration. Symbols represent data calculated from metal

titrations. Lines represent predictions obtained with the NICA-Donnan model.

4.4.3 Modeling

The NICA-Donnan model provided excellent descriptions of copper (Figure 4.1) and

lead binding (Figure 4.4) to fulvic acid, humic acid, and humic acid size fractions (R2 >

0.9978). Values of R2 based on simultaneous fits of proton, copper and lead binding data

are shown in Table 4.1. Only, the slope of the pH 4 lead isotherm of fulvic acid differing

significantly from the slope of pH 6 and 8 isotherms was not satisfactorily described

(Figure 4.4).
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Table 4.1. NICA-Donnan Model Parameters of Soil Organic Acid Fractions Studied1

Sample Fulvic Acid Humic Acid
Humic Acid

>300 kD

Humic Acid

30-100 kD

0.57 0.40 0.30 0.51

Qmaxi [mol kg" ] 6.0 3.1 2.1 3.2

Pi 0.67 0.61 0.62 0.53

log Km 2.4 2.8 2.9 2.8

IÏH1 0.65 0.79 0.84 0.93

log Ko,! 0.0 1.5 1.8 2.0

Ileal 0.50 0.50 0.55 0.58

log KFbl 0.6 1.7 1.8 1.6

nPbl 0.90 0.90 0.79 0.74

Qmax2C [mol kg"1] 2.7 2.7 2.2 4.0

P2 0.30 0.30 0.30 0.23

log Km 8.7 8.0 7.3 9.0

nH2 0.80 0.80 0.78 0.74

log KCu2 8.6 8.1 6.8 8.5

nQ,2 0.44 0.41 0.40 0.44

log K?b2 6.6 5.8 4.2 5.4

nPb2 0.70 0.63 0.86 0.93

R2 0.9983 0.9978 0.9986 0.9980

aResults were obtained from simultaneous fits of proton, copper, and lead binding data. Fixed NICA-

Donnan model parameters are in italics.

bDonnan parameters b were fixed to values derived from size exclusion chromatograms (Chapter 3).

cQmax2 was fixed to the amount of phenolic carbon derived from 13C NMR spectra and carbon contents

determined by elemental analysis (Chapter 2).
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In addition, high lead loadings of fulvic acid, humic acid and humic acid size fractions at

pH 8 were not fitted accurately. This mismatch of the model can not be solved by

weighting data points, as the model performance at high metal loadings is strongly lim¬

ited by the maximum sorption capacity which is the same for each pH value. However,

one has also to keep in mind that error of high metal loading data points may be much

greater than for low metal loadings (Ricart et al., 1996).

In order to relate the model parameters to chemical characterization results of the

fractions investigated and to reduce the number of adjustable parameters, Qmax2 was fixed

to the amount of phenolic carbon calculated from 13C NMR spectra and carbon contents.

Furthermore, the Donnan volume parameter b was estimated from peak elution times

measured by size exclusion chromatography (Chapter 3). Adjusting Qmax2 and b did not

result in a substantial improvement of the model fits.

All model descriptions presented in Figure 4.1 and 4.4 are the results of simultane¬

ous fits of proton binding data given in Chapter 3, and Cu(II) and Pb(II) binding data.

For all humic substances studied, only the simultaneous fits of the entire multi¬

dimensional data sets provided excellent description of proton and metal binding. Suc¬

cessive data modeling, that is deriving protonation constants and number of binding sites

Qmaxi and QmaX2 from acid-base titration data, keeping these values fixed and fitting then

metal binding data, i.e. first copper and finally lead or vice versa, led to unsatisfactory

descriptions of the entire data set. Successive data fitting resulted in R2 values for metal

binding of less than 0.85, whereas the simultaneous fitting procedure yielded R2 values

above 0.98 (Table 4.1). From our results we conclude that the number of binding sites,

Qmaxi and Qmax2, as well as the median protonation constants of the NICA-Donnan model

can not be reliably derived for humic substances from acid-base titration alone. Simulta¬

neous fitting of a data set and deriving model parameters from characterization results as

far as possible seems to be the most promising way to obtain good fitting results for the

entire data set with physically and chemically reasonable model parameter values. Addi¬

tional constraining such as relating model parameters to characterization results makes

the fitting procedure more stable and the results more reliable.
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Based on fits of metal binding data sets, the proton-metal ion exchange ratios were

predicted for copper and lead (Eq. 4.2). Proton-metal ion exchange ratios calculated

from metal titration data and predicted with the NICA-Donnan model are shown for the

total humic acid fraction (Figures 4.3 and 4.5). The predicted proton-metal ion exchange

ratios were in good agreement with data calculated from experimental data. This con¬

firms that the NICA-Donnan model can reliably describe metal binding by humic sub¬

stances.

The complete NICA-Donnan model parameter set for proton, copper and lead

binding to fulvic acid, humic acid, and humic acid size fractions are given m Tabic 4.1.

The values of proton binding constants have been discussed in Chapter 3. The values of

Kqj, and Spy, the median copper and lead affinity constants of low proton affinity sites

(carboxylic type) are in the same order of magnitude for humic acid and humic acid size

fractions. For fulvic acid, both values are smaller by about one order of magnitude. This

seems reasonable because of the differences in linkage of carboxylic groups of fulvic and

humic acid (Chapter 2). Since carboxylic groups of fulvic acid are more likely to be

linked to aliphatic carbon backbones, while more carboxylic groups are linked to aro¬

matic systems for humic acid, humic acid may contain more salicylate and phthalate like

parts which are generally recognized to be predominant metal binding sites of humic sub¬

stances (Murray and Lindner, 1983; Murray and Lindner, 1984). In general, the affinity

of carboxylic type binding sites for copper and lead are similar for the humic substances

investigated. Lead binding constants tend to be slightly higher than copper binding con¬

stants of carboxylic sites for fulvic and humic acid.

For high proton affinity sites (phenolic type), median metal binding constants are

much greater for copper than for lead (Table 4.1). On average, copper binding constants

exceed lead binding constants by two orders of magnitudes. In contrast to low proton

affinity sites, copper and lead binding constants of high proton affinity sites are greater

for fulvic acid than for humic acid. In addition, clear differences in metal binding con¬

stants of high proton affinity sites can be seen for humic acid size fractions. Values of

Kqü and Kp^ are much higher for HA30.ioo kD compared to HA>30okD-
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A comparison of NICA-Donnan model parameters of fulvic and humic acid with pa¬

rameters reported in the literature (Benedetti et al., 1996b; Kinniburgh et al, 1999; Pin¬

heiro et al., 1999) shows that not only binding constant, but also heterogeneity parame¬

ters p! and ni fitted are in general agreement with values reported previously for fulvic

and humic acids, respectively. However, differences between the parameter sets derived

for different humic substances are significant. Thus, investigation of proton and metal

binding behavior seems to be essential to obtain model parameters able to accurately de¬

scribe and predict metal sorption to distinct humic substances. Incorporation of charac¬

terization results appears be a good means for deriving physically and chemically reliable

parameters. However, detailed characterization of humic substances and precise investi¬

gation of proton and metal binding is very time consuming. Since NICA-Donnan model

parameters derived for different humic substances do not differ very widely, average

NICA-Donnan parameter may be used to estimate metal binding of humic substances. As

organic matter is a major sorbent of metal cations in natural systems, it has to be in¬

cluded in geochemical modeling. For the application of geochemical models to environ¬

mental systems, the avaüabüity of average model parameters may be valuable to be able

to approximately predict the fate of metals at contaminated sites.
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Chapter 5

Competitive Sorption of Copper and Lead at

the Oxide-Water Interface: Implications

for Surface Site Density

Abstract

The competitive sorption of Cu(II) and Pb(II) to colloidal hematite was investigated as a

function of pH and total metal concentration. Acid-base titrations of the hematite and

single-metal sorption experiments for Cu and Pb at low to medium surface coverages

were used to caUbrate two surface complexation models, the triple layer model and a 2-

pK basic Stern model with ion-pair formation. The surface site density was systematicaUy

varied from 2 to 20 sites per nm2. Three different metal surface complexes were consid¬

ered: (i) an inner-sphere metal complex, (ii) an outer sphere metal complex, and (in) an

outer-sphere complex of singly hydrolyzed metal cations. Both models provided excel¬

lent fits to acid-base titration and single-metal sorption data, regardless of the surface site

density used. With increasing site density, ApK of the stabüity constants for protonation

reactions increased and metal surface complexes decreased steadüy. The calibrated mod¬

els based on different site densities were used to predict competitive sorption effects

between Cu and Pb and single-metal sorption at higher total metal concentrations. Pre¬

cipitation of oversaturated solid phases was included in the calculations. Best predictions

of competitive sorption effects were obtained with surface site densities between 5 and

10 sites per nm .
The results demonstrate that surface site density is a key parameter if

surface complexation models are exposed to more complex, multi-component environ-
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ments. We conclude that competitive metal sorption experiments can be used to obtain

additional information about the relevant surface site density of oxide mineral surfaces.
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5.1 Introduction

Surface complexation models describing ion binding to oxide mineral surfaces have de¬

veloped rapidly since the pioneering work of Stumm, Schindler, and coüeagues, who

formulated the constant capacitance model (Schindler and Kamber, 1968; Schindler and

Gamsjäger, 1972) and the diffuse layer model (Stumm et al., 1970; Huang and Stumm,

1973). Since then, a number of variations have been proposed, including the site-binding

model (Yates et al, 1974), the triple layer model (Davis et al., 1978; Davis and Leckie,

1978), the variable surface charge - variable surface potential model (Bowden et al.,

1973; Bowden et al., 1977), the 1-pK basic Stern model (van Riemsdijk et al., 1986;

Westall, 1986), and the generalized two-layer model (Dzombak and Morel, 1990). More

recently, multi-site approaches have been developed to account for the chemical hetero¬

geneity of oxide surfaces (Hiemstra et al., 1989a, b). AU surface complexation models

are based on common principles: (i) sorption of ions takes place at specific surface sites,

(ii) sorption reactions are described by mass law equations, (in) surface charge results

from the sorption of ions, and (iv) electrostatic effects on ion binding are taken into ac¬

count (Dzombak and Morel, 1990). Differences between the models include the formu¬

lation of surface protonation reactions (e.g., \-pK or 2-pK approach), the placement of

ions at various distances within the electric double layer (Westall, 1986; Goldberg, 1992;

Hiemstra and van Riemsdijk, 1996), and their abiUty to explicitly account for surface het¬

erogeneity (Hiemstra et al, 1989b).

A comparison of the performance of the most commonly used surface complexation

models is given by Venema et al. (1996a). Most of the models are able to describe lim¬

ited data sets of acid-base titration or ion adsorption experiments. However, the more

extended a data set becomes, the more chaUenging it is to model. In general, complex

models have greater flexibüity to fit extended data sets than simple models, but they also

have a larger number of parameters that need to be determined. Consistent sets of model

parameters are commonly determined by least-squares fitting, as implemented in the

FITEQL program (Herbelin and WestaU, 1996). Model parameters determined by fitting

must be considered strictly empirical and their predictive capability needs to be tested.
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Only recently, theoretical approaches attempting to derive surface complexation model

parameters have been proposed (Rustad et al., 1996; Sverjensky and Sahai, 1996; Sahai

and Sverjensky, 1997).

The density of reactive surface sites is one of the key parameters in aU surface com¬

plexation models. The site density of oxide mineral surfaces relevant to proton and ion

binding is difficult to determine experimentally, and is therefore often treated as a fitting

parameter as weU. For hematite, site density estimates obtained with different methods

such as proton titration (James and Parks, 1982), tritium exchange (Yates et al., 1977;

Hsi and Langmuir, 1985), H20 adsorption (Morimoto et al., 1969), and adsorption of

NaOH, CH3OH, CH2N2, and N02 (Boehm, 1971) range from 2 to 24 sites per nm2. The

tritium exchange method, which is acknowledged to give the most reliable results, typi¬

cally yields values between 15 and 22 sites per nm2 for hematite (James and Parks,

1982). TheoreticaUy derived site densities of different crystal planes of hematite range

from 2 to 16 sites per nm2 (Barrön and Torrent, 1996; Pivovarov, 1998).

The surface site density relevant to metal cation binding is particularly difficult to de¬

termine, since metal cations tend to form polynuclear complexes or surface precipitates

at high concentrations. In this paper we demonstrate for the first time that a combined

analysis of acid-base titration, single-metal sorption, and competitive metal sorption ex¬

periments can provide additional information about the surface site density relevant for

metal sorption. We show that the accurate prediction of complex, multi-component sys¬

tems is sensitive to the surface site density used in the model. Such information is essen¬

tial if surface complexation models are to be appUed to natural, multi-component envi¬

ronments. Our specific objectives were: (i) to model proton and metal cation (Cu(II),

Pb(II)) binding to coUoidal hematite, (ii) to assess the influence of surface site density on

model performance, and (in) to predict and investigate competitive sorption effects be¬

tween Cu and Pb at the hematite surface. Model calculations were performed with the

modified triple-layer model (Hayes and Leckie, 1987) and a 2-pK basic Stern model,

both including surface ion-pair formation with the background electrolyte ions. Since the

results obtained with both models were very similar, we limit most of our discussion to

the basic Stern model.
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5.2 Materials and Methods

5.2.1 Colloidal Hematite Particles

Submicrometer sized, uniform hematite particles of spheroidal shape were synthesized by

aging a concentrated iron hydroxide gel (Sugimoto and Sakata, 1992). The gel was pre¬

pared by adding 100 mL of 6 M NaOH (Merck, p.a.) to 100 mL of 2 M FeCk (Fluka,

p.a.) in a Pyrex glass bottle and mixing with a propeUer stirrer for 10 min. The bottle was

sealed and the gel was aged for 72 h at 100 °C. After cooling to room temperature, ex¬

cess salts were removed by washing the particles twice with deionized water by centrifu-

gation and dialyzing against deionized water for 12 days. The resulting stock suspension

was stored in a polyethylene bottle in the dark at 4 °C.

The morphology and size distribution of the hematite particles was characterized by

transmission electron microscopy (TEM). The size distribution was determined from

TEM micrographs by measuring 800 particles and caUbrating against a standard diffrac¬

tion grating. Powder X-ray diffraction analysis was performed for mineralogical charac¬

terization. An air-dried sample was scanned from 20-140° scattering angle at 0.047min

on a Scintag diffractometer (XRD 2000) with a Cu-Ka line as the radiation source. The

specific surface area of the hematite particles was determined from multi-point BET

analysis of nitrogen gas adsorption isotherms (Gregg and Sing, 1982). Freeze dried sam¬

ples were outgassed for 20 rnin at 180 °C. A surface area analyzer (Gemini 2360, Mi-

cromeritics) was used to record nitrogen gas adsorption isotherms at -196 °C. The BET

isotherm equation was fitted to experimental data in the pressure range of 0.05 to 0.3. A

cross-sectional area of 0.162 nm2 per nitrogen molecule was assumed for the calculation

of specific surface area.

5.2.2 Acid-Base Titration

The pH and ionic strength dependent protonation behavior of the hematite was studied

by Potentiometrie acid-base titrations. All experiments were performed in a thermostated

room at 25 ± 1 °C using an automated titration set-up (Kinniburgh et al., 1995). Four

burettes (Dosimat 605, Metrohm), a glass electrode (6.0123.100, Metrohm), and an
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AgCl reference electrode (6.0733.100, Metrohm) were connected to a personal com¬

puter by a Microlink MF18 interface (Biodata, Manchester). The burettes were filled

with C02-free deionized water, 0.05 M HN03 (Titrisol, Merck), -0.05 M NaOH, and 2

M NaN03 (Merck, p.a.). NaOH and NaN03 solutions were prepared under nitrogen at¬

mosphere using C02-free deionized water. To keep the solutions C02-free, the burettes

were connected with the atmosphere only through a glass tube füled with NaOH on

granulated activated carbon (Merck, p.a.). All experiments were carried out in a 250 mL

Teflon vessel, which was continuously flushed with water-saturated, C02-free nitrogen

gas. Before starting an experiment, solutions were acidified to remove residual C02.

During titrations, the suspension was stirred for two minutes after each addition of ti¬

trant. Electrode readings were recorded when the potential drift has dropped below 0.05

mV/min or after a maximum equiUbration time of 30 minutes. Acid and base additions

were dosed automaticaUy to obtain steps of approximately 10 mV potential difference.

The precise base concentration and electrode parameters were obtained from fitting

blank titrations of NaN03 electrolyte solutions. The analysis included ion activity correc¬

tions as well as diffusion potentials. Average deviations between the fits and measure¬

ments were below 15 uM. The derived parameters such as the dissociation constant of

water and activity coefficients were in good agreement with literature values (Baes and

Mesmer, 1976).

The amount of adsorbed protons was determined by subtracting theoretical blank ti¬

trations from the hematite titrations. The common intersection point of titration curves at

different ionic strengths represents the point of zero charge of the hematite surface

(PZC). Surface charge densities were calculated on the basis of BET surface area.

Typically, experiments were performed by titrating with base (forward titration) fol¬

lowed by backward titration with acid. During each titration cycle, the ionic strength was

kept constant within 1 % by adding either water or salt solution to correct for changes in

ionic strength due to the acid or base additions. After each cycle, the ionic strength was

increased to the next higher level by adding salt solution. Several forward and backward

titrations at different ionic strengths were obtained within a single experiment. Forward
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and backward titrations gave identical results, except for a smaU hysteresis (<4 mC/m )

near pH 7. Here, averages of forward and backward titrations are reported.

5.2.3 Metal Sorption

The pH dependent adsorption of Cu(II) and Pb(II) to the hematite particles was investi¬

gated separately in batch experiments. The hematite concentration was 2 g/L and the to¬

tal metal concentration was varied between 4 and 100 uM, resulting in maximum surface

coverages (at 100% sorbed) between 0.07 and 1.7 umoles/m2. Preliminary experiments

showed that ionic strength (0.003 to 0.3 M NaN03) has little effect on Cu or Pb sorp¬

tion. Therefore, all other experiments were performed at constant background electrolyte

concentration in 0.1 M NaN03. The pH values were adjusted by adding either HN03 or

carbonate-free NaOH. All samples were equüibrated under nitrogen gas for 21 h at 25 °C

and then centrifuged for 20 min at 6000 g (Mistral 6000). The pH-values of the super-

natants were measured using combined pH-electrodes (6.0204.100, Metrohm). The su-

pernatants were passed through 0.1-um membrane filters (NC10, Schleicher & SchueU),

acidified by adding a drop of distüled HN03, and analyzed for Cu or Pb by flame atomic

absorption spectroscopy.

To investigate competitive sorption effects between Cu and Pb, two additional ex¬

periments were carried out in which both metals were added in similar concentrations.

The first experiment was designed to yield medium surface coverages (2 g/L hematite,

-100 uM of each metal). The second experiment was conducted at higher surface cover¬

age (1 g/L hematite, -200 uM of each metal). The sorption of each metal in the presence

of the respective competing metal was compared with single-metal experiments con¬

ducted under identical conditions.

5.2.4 Surface Complexation Modeling

Acid-base titration and metal sorption data were modeled with the modified triple-layer

model (Hayes and Leckie, 1987) and a 2-pK basic Stern model, both including surface

ion-pair formation with the background electrolyte ions. The two models are almost

identical, except that in the basic Stern model the second layer capacitance is neglected
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and the potentials at the inner and outer Helmholtz planes are set equal (WestaU, 1986).

In the following, we briefly describe the 2-pK basic Stern model; the modified triple-layer

model has been described in detaü by Hayes and Leckie (1987).

In the 2-pK approach, proton adsorption is described by two protonation steps of

"surface sites" SOH with Ki (eq. 5.1) and K2 (eq. 5.2)

SOH+^SOH + H+ (5.1)

SOH^SO"+H+ (5.2).

As demonstrated theoreticaUy by Borkovec (1997), a surface site SOH in 2-pK models

represents an assemblage of two neighboring surface hydroxyl groups, whüe in the 1-pK

approach introduced by Bolt and van Riemsdijk (1982) each surface site represents a

single surface hydroxyl group. Both models yield identical descriptions of oxide surface

charging behavior (Borkovec, 1997), but this difference must be kept in mind when dis¬

cussing different approaches for estimating surface site densities.

Charged surface sites are assumed to form ion-pairs with the oppositely charged

background electrolyte ions

SO"+Na+^SONa (5.3)

SOH++N03^SOH2N03 (5.4).

Heavy metal cations (Me2+) are aUowed to form either inner-sphere (eq. 5.5), outer-

sphere (eq. 5.6), or singly hydrolyzed outer-sphere complexes (eq. 5.7)

SOH + Me2+ ^ SOMe+ +H+ (5.5)

SOH +Me2+^SO-Me+ + H+ (5.6)

SOH + Me2++H2O^SO-MeOH + 2H+ (5.7).

Protons and metal cations forming inner-sphere complexes are placed into the o-plane

located directly at the mineral surface, whüe background electrolyte ions and metal ca¬

tions forming outer-sphere complexes are placed into the s-plane. Table 5.1 provides a

schematic representation of the double layer and the resulting definitions of the intrinsic

equilibrium constants corresponding to equations (5.1) to (5.7). Here, F is the Faraday

constant, R the ideal gas constant, T the absolute temperature, and y/0 and y/s denote the

potentials at the o-plane and s-plane, respectively.
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Table 5.1. Surface complexes and definition of the corresponding intrinsic equilibrium constants for the

2-\>K basic Stern model with ion-pair formation.

o-plane s-plane

Vo Vs = Wa

Reaction or

Type of Complex

Instrinsic

Equilibrium Constant

SOH2+

SOH

SO

SO"

SOH2+

SOMe+

so-

so

Na+

NO,

Me2'

MeOlT

Protonation/

Deprotonation of Surface

Site

Ion-pair

Ion-pair

Inner-sphere

Outer-sphere

Outer-sphere

[soh°Th+1
,

[SO ÏH-1
K, = lr JL„1Jexp(-Fy0/Ä7')

KN,L -

Knd. —

[SOH'

[S0~ Na+

[SO ][Na+]

SOHJ NO,]

-±exV(FyJRT)

exp(-F\|/0/RT)
[SOH*j[N03j

|sOMe+l|H+|

K-ÎSOH°j[Me-jeXp(F¥°/RT)
[S0-Me+|H+]

exp(F(2V,-Vo)/RT)

«p(f(a|/,,-V0)/RT)

[sOH°][Me

[S0-Me0H°][H+

[sOH°][Me2+]

The electroneutraUty condition is given by the fact that the charge at the surface O"0 is

neutralized by the charge of counter-ions in the Stern layer o~s and diffuse layer ö"d

a0+as+(jd=0 (5.8).

The charge density at the surface c7o can be related to the Stern layer capacitance C and

the potentials by

G0=C{y/0-¥s) (5.9).

The diffuse layer charge öd is given by the Poisson-Boltzmann equation for a symmetri¬

cal background electrolyte with ions of charge 1 at 25 °C

<7d = -0.1174V7sinh(Fyd /2RT) (5.10).

In a first step, the acid-base titration data were modeled to obtain best-fit parameters

for surface protonation constants (K\, K2) and the Stern layer capacitance (C). To assess

the influence of surface site density on model performance, the site density was system¬

atically varied between 2 and 20 sites per nm2. For each site density, a different set of

best-fit parameters was obtained. Since ion-pair formation and protonation constants are
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not independent, they cannot be fitted simultaneously. An increase in ion-pair formation

constants results in an increase of ApK for the protonation steps, without significant

changes in the model fit. Thus, the ion-pair formation constants were set to logZN03 =

logi^Na = 2.5, a value which corresponds weU with theoretical and experimental values

reported in the literature (Sahai and Sverjensky, 1997).

In the second step, the single-metal sorption data at low to medium surface coverage

were modeled based on the protonation parameters obtained from acid-base titrations.

The site density was again varied between 2 and 20 sites per nm2. The only adjustable

parameters were the stability constants for metal surface complexes shown in Table 5.1.

In the third step, the models calibrated by acid-base titration and single-metal sorption

data were used to predict competitive sorption of Cu and Pb at different surface cover¬

ages. Also, single-metal sorption experiments at higher total metal concentrations and

lower soUd concentrations were predicted, which basicaUy represents an extrapolation

outside the experimental window used for model cahbration.

The program FITEQL 3.2 was used for parameter optimization (Herbelin and

WestaU, 1996), whüe forward calculations were carried out with the chemical speciation

program ECOSAT 4.4 (Keizer and van Riemsdijk, 1998). Solution speciation and pre¬

cipitation of oversaturated solids was taken into account, adopting stability constants

from Lindsay (1979).

5.3 Results and Discussion

5.3.1 Characterization of Hematite

Analysis by X-ray diffraction and TEM showed that the particles were uniform, well-

crystallized hematite particles of spheroidal shape (Figure 5.1). No impurities were de¬

tected. The surfaces appeared rough and predominant crystal planes could not be identi¬

fied. The number average particle diameter was 119 + 29 nm. The specific surface area

of the hematite was 28.3 ± 0.7 m2/g, as measured by the N2-BET method (Schudel et al.,

1997).
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Figure 5.1. Transmission electron micrograph of the hematite particles. The average particle diameter

(800 particles) was 119 ± 29 nm.

5.3.2 Acid-Base Titration

Acid-base titrations of the hematite particles are presented in Figure 5.2. Titration curves

at different ionic strengths exhibited a common intersection point near pH 9.5, which

corresponds to the (pristine) point of zero charge (PZC) of the hematite surface. This

value is in the upper range of PZC values reported previously for hematite (Parks and

DeBruyn, 1962; Atkinson et al., 1967; Breeuwsma and Lyklema, 1971; Gibb and Koo¬

pal, 1990). The relatively high PZC value is probably due to careful exclusion of C02 and

agrees very well with theoretical predictions (Yoon et al., 1979).
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Figure 5.2. Acid-base titration of hematite at various ionic strengths in NaN03 electrolyte. Lines repre¬

sent best-fit description with a 2-pÄ" basic Stern model including ion-pair formation. Surface site density

was set to a (a) low, (b) medium, and (c) high value.
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Figure 5.3. Influence of surface site density on best-fit model parameters obtained from acid-base titra¬

tions using the 2-pK basic Stern model, (a) Protonation constants pisTi and pK2, (b) Stern layer capaci¬

tance, (c) relative goodness of fit (WSOS/DF).

The solid lines in Figure 5.2a-c represent best-fit descriptions of the titration data with

the 2-pK basic Stern model assuming a low (2.2 nm"2), medium (7.0 nm"2), and high

(16.6 nm" ) surface site density. Equivalent results were obtained with the triple layer

model (not shown). Saturation of the hematite surface with protons at low pH only oc¬

curs in the model calculations with very low site density (Figure 5.2a). The experimental

data and all other model calculations exhibited no surface saturation in the pH range 3-11

(Figures 5.2b and 5.2c). This titration behavior is typical for oxide minerals, with the

consequence that the site density cannot be determined reliably from acid-base titrations.

Excellent fits to the experimental data are obtained with aU site densities tested ranging

from 2 to 20 sites per nm2. Figure 5.3 shows that for each site density, a different set of
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model parameters is obtained (pK\, pK2, Q. As evident in Figure 5.3c, no clear minimum

can be observed for the relative goodness of fit, which is presented as the weighted sum

of squares per degree of freedom (WSOS/DF) (Herbelin and WestaU, 1996). These re¬

sults are in good agreement with a sensitivity analysis of various surface complexation

models for the acid-base titration behavior of a-FeOOH, a-Al203, and Ti02 reported by

Hayes et al. (1991). The performance of aU models tested (constant capacitance, double

layer, and triple layer) was insensitive to surface site density variations between 2 to 20

sites per nm2. Thus, fitting of acid-base titration data is not recommended for determin¬

ing surface site densities, unless the titration curves exhibit a clear surface saturation with

protons.

5.3.3 Single-Metal Sorption

The sorption of Cu and Pb to hematite as a function of pH and total metal concentration

is shown in Figures 4 and 5, respectively. Sorption of both Cu and Pb increased sharply

with increasing pH until 100 percent of the metal was adsorbed. The maximum surface

coverage in these experiments (at 100% sorbed) ranged from 0.07 to 1.7 umoles/m2. At

given pH, Pb was sorbed more strongly to hematite than Cu, which is in accordance with

previous results (McKenzie, 1980).

The soUd lines in Figures 5.4 and 5.5 represent best-fit descriptions of Cu and Pb

sorption obtained with the 2-pK basic Stern model assuming a low (2.2 nm"2), medium

(7.0 nm"2), and high (16.6 nm"2) surface site density. For each site density, the corre¬

sponding values for pZi, pK2, and C determined from acid-base titrations (Figure 5.3)

were used in the calculations. Again, exceUent fits are obtained with any site density be¬

tween 2 and 20 sites per nm2, with no clear minimum in the goodness of fit (Figure 5.6c).

The intrinsic stability constants for metal surface complexes decreased with increasing

site density (Figures 6a and 6b).

For both metals, different surface species dominated the calculated total amounts ad¬

sorbed in different pH regions (Figure 5.7). At very low pH, Cu and Pb were predomi¬

nantly adsorbed as outer-sphere surface complex (SO-Me+). At sUghtly acidic to high

pH, the inner-sphere surface species of both metals (SOMe+) dominated the calculated
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adsorbed amounts. Hydrolyzed outer-sphere surface complexes (SO-MeOH) only oc¬

curred to some extent in model calculations for Cu at slightly acidic to neutral pH condi¬

tions.

(a)

(b)

(c)

Figure 5.4. Sorption of Cu to hematite at three different total Cu concentrations as a function of pH (in

0 1 M NaN03) The solid concentration was 2 g/L Lines represent the best-fit description with a 2-pK

basic Stern model Protonation constants were obtained from acid-base titration data Surface site density

was set to a (a) low, (b) medium, and (c) high value Dashed lines represent surface adsorption only
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(a)

(b)

(c)

Figure 5.5. Sorption of Pb to hematite at three different total Pb concentrations as a function of pH (in

0.1 M NaN03). The solid concentration was 2 g/L. Lines represent the best-fit description with a 2-çK

basic Stern model. Protonation constants were obtained from acid-base titration data. Surface site density

was set to a (a) low, (b) medium, and (c) high value.
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Figure 5.6. Influence of surface site density on best-fit model parameters obtained from fitting single-

metal sorption data with the 2-$K basic Stern model (a) Constants for Cu surface complexes, (b) con¬

stants for Pb surface complexes, (c) relative goodness of fit (WSOS/DF) for Cu and Pb sorption.

Davis and Leckie (1978) obtained good fits of Cu and Pb sorption to amorphous iron

oxyhydroxide in the pH range 4-7 using the triple layer model with an outer-sphere metal

complex (SO-Me+) and a singly hydrolyzed metal complex (SO-MeOH). Venema et al.

(1996a) found that cadmium (Cd) adsorption to goethite could not be satisfactory de¬

scribed by a \-pK basic Stern model assuming any of the foUowing combinations: (i) an

inner-sphere metal complex, (n) an outer-sphere metal complex, (ni) two outer-sphere

complexes of the metal ion and the singly hydrolyzed metal ion, or (iv) only an outer-
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sphere complex of the hydrolyzed metal ion. Therefore, Venema (1996a) suggested that

strongly sorbing metal ions should be placed between the o-plane and the s-plane.
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Figure 5.7. Sorption and surface speciation of (a) Cu and (b) Pb calculated with the 2-pK basic Stern

model. The model was calibrated with acid-base titration and single-metal sorption data assuming a

surface site density of 7.0 sites per nm2. Total metal concentration was 20 uM. Total solid concentration

was 2 g/L.

The results of this study demonstrate that pH dependent sorption of Cu and Pb to

hematite can be described very weU with a simple basic Stern model in which inner-

sphere complexes are the predominant surface species of both metals. The surface spe¬

ciation calculated by the models seems reasonable, however, it must be emphasized that
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these results are strongly model dependent and need to be verified spectroscopicaUy. For

example, the calculated surface speciation also depended on the ion-pair formation con¬

stants used in the model. With decreasing ion-pair formation constants, the hydrolyzed

surface species (SO-MeOH) became more predominant while the inner-sphere surface

complexes (SOMe+) became less important.

The performance of surface complexation models can in some cases be improved by

taking surface heterogeneity into account. For example, the description of Cd adsorption

to goethite was improved with a multi-site model which considered the different crystal

planes of goethite (Hiemstra and van Riemsdijk, 1996; Venema et al, 1996b). In our

study, the multi-site approach of Hiemstra et al. (1989b) seems less promising since the

dominating crystal planes of the hematite particles are not known and are difficult to de¬

termine. Hiemstra et al. (1989a) suggested describing the titration behavior of hematite

that exhibits poorly developed crystal planes with a single type of surface site. Indeed,

our results show that the titration behavior of hematite can be described very well with a

single surface site, although the TEM images suggest the lack of weU formed crystal

surfaces (Figure 5.1). Our results further show that excellent descriptions of the adsorp¬

tion of Cu and Pb to hematite can be obtained with a single-site 2-pK basic Stern or tri¬

ple layer model.

5.3.4 Competitive Metal Sorption

At the lower metal concentrations (2g/L hematite; -100 uM of each metal), no signifi¬

cant competitive effects between Cu and Pb were observed. The results of the competi¬

tive sorption experiment at higher metal concentrations (lg/L hematite; -200 uM of each

metal) are shown in Figure 5.8. The lines are predictions obtained with the 2-pK basic

Stern model caUbrated with acid-base titration and single-metal sorption data as de¬

scribed above. Solid lines represent the predicted total amounts removed from solution

(i.e., adsorption plus precipitation of oversaturated soUds), whüe dashed lines show the

amounts of metals adsorbed as surface complexes.
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Figure 5.8. Competitive sorption of Cu and Pb to hematite as a function of pH (in 0.1 M NaN03). The

upper graphs show Cu sorption (1 g/L solids, 200 pM Cu) in the absence and presence of -200 uM Pb.

The lower graphs show Pb sorption (1 g/L solids, 200 uM Pb) in the absence and presence of -200 pM

Cu. The solid lines represent 2-pK basic Stern model predictions of metal sorption (including precipita¬

tion) based on a (a) low, (b) medium, and (c) high surface site density. Dashed lines represent surface

adsorption only.
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Let us first focus on the experimental results. In the macroscopic sorption data, com¬

petitive effects between Cu and Pb were only observed in a narrow pH range between

pH 4.5 and 6.3. In this pH range, the presence of Pb strongly reduced adsorption of Cu,

while the effect of Cu on Pb adsorption was visible, but less pronounced. This is consis¬

tent with the observation that Pb is adsorbed more strongly to hematite than Cu. At

higher pH values, the macroscopic sorption data for single-metal and competitive metal

sorption experiments merge, which is probably due to precipitation of Cu and Pb oxide

or hydroxide phases. In batch sorption experiments, it is not possible to distinguish sur¬

face adsorption from precipitation. Thus, it appears that as soon as metal precipitation

sets in, any competitive adsorption effects occurring at the hematite surface are over¬

shadowed in macroscopic batch sorption experiments. Analysis of selected samples by

XAFS spectroscopy confirmed the formation of Cu hydroxide clusters at pH>6.3, which

wiU be discussed in a separate paper.

Let us now examine the model predictions. Figure 5.8a shows predictions based on

the 2-pK basic Stern model with 2.2 sites per nm2. Although the acid-base titration (Fig¬

ure 5.2a) and single-metal sorption experiments (Figures 5.4a and 5.5a) were described

exceUently, the model faüs to predict Cu and Pb sorption accurately at higher surface

coverage (i.e., extrapolation) and it also tends to overestimate the competitive effects

between both metals. In contrast, exceUent predictions for single-metal sorption and

metal competition were obtained when a site density of 7.0 sites per nm2 was used (Fig¬

ure 5.8b). Note that the model prediction also includes precipitation of Cu and Pb at high

pH, which was confirmed by XAFS analysis and explains the apparent lack of sorption

competition at high pH values. When the surface site density was increased to 16.6 sites

per nm2, competitive sorption effects between Cu and Pb were slightly underestimated

(Figure 5.8c).

These results demonstrate that the predictive capabilities of surface complexation

models cannot be inferred from good fits to simple experimental data sets, such as acid-

base titration or single-metal sorption experiments. Instead, calibrated models must be

chaUenged by exposing them to more complex situations and testing their predictive ca¬

pabilities. Our results show that the surface site density is a key parameter in surface
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complexation modeUng and deserves careful consideration. Excellent fits of acid-base

titration and single-metal sorption data were obtained with any site density between 2

and 20 sites per nm2. However, the combined analysis of acid-base titration, single-metal

sorption, and competitive metal sorption experiments suggests that the relevant surface

site density using a 2-pK description of the hematite surface is between 5 and 10 sites per

nm2. Considering the fact that each SOH group in a 2-pK model represents two neigh¬

boring surface hydroxyl groups (Borkovec, 1997), this site density agrees well with val¬

ues typically obtained by tritium exchange ranging from 15 to 22 sites per nm2 (Yates et

al., 1977; Hsi and Langmuir, 1985) and theoretically derived site densities of different

crystal planes ranging from 9 to 16 sites per nm2 (Barron and Torrent, 1996).

5.4 Conclusions

The acid-base titration behavior of coUoidal hematite particles and the pH dependent ad¬

sorption of Cu and Pb to hematite can be modeled very weU with a 2-pK basic Stern

model including ion-pair formation with background electrolyte ions. The more widely

used triple layer model provides equivalent results, but no further improvements. The

performance of both models when fitting simple data sets is nearly independent of the

surface site density used (2 to 20 sites per nm2). With increasing site density, ApK of the

protonation constants increases and metal surface complexation constants decrease

steadily, but no clear minimum in the goodness of fit is observed. Thus, no reUable in¬

formation about the surface site density of hematite can be obtained from acid-base titra¬

tion or single-metal sorption experiments.

Exposing the calibrated models to competitive situations in which Cu and Pb were

present together revealed that the surface site density is a key parameter when predicting

sorption competition in more complex, multi-component systems. Comparison of model

predictions with competitive metal sorption experiments suggests that the relevant sur¬

face site density is between 5 and 10 sites per nm2. The same result was obtained with

the triple layer model. Lower site densities resulted in overestimation of competitive ef¬

fects, while higher site densities tended to underestimate these effects. We conclude that
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valuable information about the relevant surface site density of metal oxides can be ob¬

tained from competitive metal sorption experiments, but not from acid-base titrations or

single-metal sorption experiments alone.
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Chapter 6

Interaction of Copper and Fulvic Acid at

the Hematite-Water Interface

Abstract

The interaction of Cu(II) and sou fulvic acid at the hematite-water interface was investi¬

gated as a function of pH and ionic strength in batch sorption experiments. The sorption

of fulvic acid to hematite increased with increasing pH and decreasing ionic strength. The

presence of 22uM Cu(II) did not affect the sorption of fulvic acid substantially. Only at

low ionic strength, the amount of fulvic acid sorbed to the hematite surface was sUghtly

increased. However, the amount of Cu(II) sorbed to the soUd phase was strongly altered

in the presence of fulvic acid. Below pH 6, the sorption of Cu(II) to the soUd phase is

strongly increased. Above pH 6, the presence of fulvic acid resulted in a slight decrease

of Cu(II) sorption. With decreasing ionic strength, both effects of the presence of fulvic

acid on Cu(II) sorption to the soUd phase, the increase at acidic conditions and the sUght

decrease at neutral to basic pH conditions were intensified.

A linear additivity approach was tested to predict Cu(II) sorption in the ternary sys¬

tem. Based on the pH and ionic strength dependent partitioning of fulvic acid between

aqueous and solid phase, the sorption of Cu(II) to the solid phase was predicted using a

2-pK basic Stern model and the NICA-Donnan model to describe the sorption of copper

to the hematite surface and the fulvic acid, respectively. Comparison of the predicted

sum of the Cu(II) adsorptivities to hematite and adsorbed fulvic acid with the sorbed

amount of Cu(II) measured showed that model predictions reflected the general pH and
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ionic strength dependent influence of fulvic acid on Cu(II) sorption fairly well. The pre¬

diction tended to underestimate Cu(II) sorption between pH 4 and 7. We conclude that

metal sorption to mineral surfaces coated with organic matter can be approximately pre¬

dicted by assuming a simple additive effect of organic coatings. For accurate predictions,

the interactions between organic matter and mineral surface need to be considered.
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6.1 Introduction

In sous and aquatic environments, mineral surfaces are coated to a large extent with

natural organic matter such as humic substances (Davis, 1982; Sposito, 1984; O'MeUa,

1989). Humic substances are anionic polyelectrolytes which strongly bind to mineral

surfaces by a variety of mechanisms, most importantly, specific adsorption by ligand ex¬

change with protonated surface hydroxyl groups (Gu et al, 1994; Murphy and Zachara,

1995). Adsorbed humic substances profoundly alter the surface charge, zeta potential,

and coUoidal stabüity of oxide and clay mineral particles (Tipping and Higgins, 1982;

Liang and Morgan, 1990; Kretzschmar et al., 1997).

Despite the wide-spread abundance of organic coatings in natural environments, the

influence of surface bound humic substances on the adsorption of heavy metal ions to

mineral particles is not fuïïy understood (Murphy and Zachara, 1995; Harter and Naidu,

1995). On iron oxides, singly coordinated hydroxyl groups are the most reactive func¬

tional groups for surface complexation of metal ions (Davis and Kent, 1990). The same

surface functional groups are involved in specific adsorption of humic substances (Mur¬

phy et al., 1994). Due to the high affinity of humic substances for such sites, some re¬

searchers have speculated that the adsorption behavior of hydroxylated mineral surfaces

in natural environments may be largely controUed by adsorbed natural organic matter

(Davis and Leckie, 1978; Dalang et al., 1984; Davis, 1984). In studies with different

metals and sorbents, variable and sometimes contrasting effects of humic substances on

metal binding have been observed (Dalang et ai, 1984; Laxen, 1985; Ho and Müler,

1985; Haas and Horowitz, 1986; Xu et al., 1989; Zachara et al., 1994; Robertson, 1996;

Vermeer et al., 1999; Samadfam et al., 2000). On one hand, surface bound humic sub¬

stances provide additional high affinity complexing functional groups for metals and thus

increase metal binding to the solid phase. On the other hand, the hydroxyl groups on the

mineral surface may be partiaUy occupied by adsorbed humic substances, which would

tend to block the surface and decrease metal binding to the mineral surface itself. In ad¬

dition, dissolved humic substances can form soluble metal complexes and therefore de¬

crease metal sorption to the soUd phase (Murphy and Zachara, 1995; Harter and Naidu,
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1995; Christensen et al., 1998). Based on the current state of knowledge, adsorbed hu¬

mic substances are expected to have the strongest increasing effect on metal sorption at

low pH, where humic substances are strongly sorbed to mineral surfaces and metal sorp¬

tion to mineral surfaces is low (Benjamin and Leckie, 1981).

It has not yet been resolved whether adsorbed humic substances simply contribute

additional binding sites without masking the mineral surface, according to a linear addi¬

tivity model (Zachara et al., 1994), or whether the interactions between mineral surface

and adsorbed organic matter, and metal ions are more complex (Murphy and Zachara,

1995; Harter and Naidu, 1995). Some studies suggest that humic substances are frac¬

tionated upon adsorption to mineral surfaces (Wang et al., 1997; Vermeer and Koopal,

1998). Metal cations are observed to have a higher binding affinity to surface bound hu¬

mic substances than to dissolved humic substances (Davis and Gloor, 1981; Davis, 1984;

Laxen, 1985). In addition, electrostatic interactions between mineral surfaces and ad¬

sorbed humic substances have recently been proposed to affect metal binding to both,

mineral surface and adsorbed humic substances (Vermeer et al., 1998; Vermeer et al.,

1999). In contrast, Zachara et al. (1994) did not find any specific interactions between

the sorption of cobalt and sorption of humic acid to different mineral sorbents. The effect

of humic acid on cobalt binding was merely additive, that is the sorption of cobalt to the

solid phase could be explained by cobalt binding to the mineral surface and adsorbed

humic acid contributing additional high affinity sites without specific interactions be¬

tween mineral surface and adsorbed humic acid.

The objective of this chapter is to investigate how the presence of fulvic acid affects

the binding of copper to iron oxide surfaces (ternary systems) as a function of pH and

ionic strength. In previous studies, copper binding to either fulvic acid or hematite (a-

Fe203) has been extensively investigated (binary systems). Copper binding to fulvic acid

and hematite was quanitatively described using the NICA-Donnan model (Chapter 4) and

a 2-pK basic Stern model (Chapter 5), respectively. Using model parameters obtained

from binary data sets, a linear additivity approach wül be tested to predict metal sorption

in ternary systems.
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6.2 Experimental Section

6.2.1 Fulvic Acid

Fulvic acid was extracted from a weU humified organic horizon (H) of a Humic Gleysol

at Unterrickenzopfen (northern Switzerland) and further purified as recommended by the

International Humic Substances Society (Swift, 1996). After separating the fulvic acid

from the humic acid fraction, the fulvic acid was further purified by adsorption onto a

DAX-8 resin (Supelco) and then transformed into the protonated form by passing it

through a column filled with proton saturated cation exchange resin (Amberlite IR-120,

Fluka). The purified fulvic acid was stored as aqueous solution, which had a total organic

carbon concentration of 4.52 g C/L, at 3°C in the dark. The detailed description of ex¬

traction and purification procedures is given elsewhere (Chapter 2). Characterization re¬

sults of the purified fulvic acid have been discussed in detaü in Chapter 2.

6.2.2 Colloidal Hematite Particles

Submicrometer sized, uniform hematite particles of spheroidal shape were synthesized by

aging a concentrated iron hydroxide gel (Sugimoto and Sakata, 1992). To remove excess

salts, the particles were washed twice with deionized water by centrifugation and then

dialyzed against deionized water for 12 days. The resulting stock suspension (64.2 g/L

hematite) was stored in a polyethylene bottle in the dark at 4°C. Particle characterization

by X-ray diffraction and transmission electron microscopy (TEM) revealed that the parti¬

cles were well crystallized hematite particles of spheroidal shape exhibiting an average

particle diameter of 119 ± 29 nm (Chapter 5). The specific surface area measured by the

N2-BET method was 28.3 ± 0.7 m2/g. The point of zero charge of the hematite derived

from acid-base titrations at different ionic strengths was near pH 9.5 (Chapter 5).

6.2.3 Sorption Experiments

The pH and ionic strength dependent sorption of Cu(II) to hematite in the presence of

fulvic acid was studied with batch experiments. The experiments were conducted at three

different ionic strengths (0.01, 0.03, and 0.1 M). Ionic strengths were adjusted by adding
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NaN03 solutions to düuted hematite solutions. Then, the pH values were adjusted by

addition of HN03 or carbonate-free NaOH. FinaUy, diluted fulvic acid and Cu(N03)2

solutions were concurrently added. The resulting hematite concentration was 2 g/L. The

resulting concentrations of fulvic acid and Cu(II) were 38 mg/L and 22 uM, respectively.

All samples were equüibrated under nitrogen gas for 21 h at 25°C prior to centrifugation

for 60 min at 6000 X g. Supernatants were analyzed for total organic carbon (TOC) and

total copper contents. TOC measurements were performed immediately after centrifuga¬

tion using a TOC analyzer (TOC-5000, Shimadzu). Total copper concentrations were

determined by flame atomic absorption spectroscopy (AAS). For AAS measurements,

subsamples of supernatants were acidified by adding a drop of distüled HN03.

In addition to the ternary experiments, the adsorption of fulvic acid to hematite in

the absence of Cu(II) and the adsorption of Cu(II) to hematite in the absence of fulvic

acid was measured using the same batch technique. Cu(II) binding to fulvic acid alone

has been investigated in Chapter 4.

6.2.4 Data Analysis

The sorption of Cu(II) to hematite and fulvic acid was calculated with a 2-pK basic Stern

model and the NICA-Donnan model, respectively. For the basic Stern model, model pa¬

rameters reported for a surface site density of 7 sites/nm2 were used (Chapter 5). For the

NICA-Donnan model, model parameters given in Chapter 4 were taken. Formation of

inorganic aqueous complexes and possible precipitation of metal (hydr-)oxide phases was

included into the calculations using stability constants given by Baes and Mesmer (1976)

and Smith and MarteU (1976). The amount of Cu(II) sorbed to the fulvic acid coated

hematite particles was predicted based on the linear additivity assumption. This assump¬

tion implies that adsorbed fulvic acid merely adds additional binding sites to the soUd

phase, without blocking a significant portion of binding sites at the mineral surface itself.

It is further assumed that the fulvic acid is not fractionated with respect to its affinity for

Cu(II) binding, that is, adsorbed and dissolved humic acid are assumed to have the same

affinity for Cu(II) binding. Furthermore, the linear additivity approach impUes that elec-
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trostatic interactions between fulvic acid and Cu(II) at the hematite surface can be ne¬

glected.

6.3 Results and Discussion

6.3.1 Binding of Fulvic Acid to Hematite

The influence of pH and ionic strength on the sorption of fulvic acid to hematite is shown

in Figure 6.1a. Sorption of fulvic acid decreased with increasing pH. At low pH, the

sorption of fulvic acid was nearly independent of ionic strength, whüe at high pH, a clear

increase in fulvic acid sorption with increasing ionic strength was observed. Even at pH

values above the point of zero charge (PZC) of the hematite particles (pH 9.5) a signifi¬

cant amount of fulvic acid was sorbed. This suggests that fulvic acid is specificaUy

sorbed to the hematite surface as proposed previously (Gu et al., 1994; Murphy et al.,

1994). In addition, electrostatic interaction may affect the sorption of fulvic acid to the

hematite surface. At low pH, the hematite surface is highly positively charged (Chapter

5), whereas fulvic acid molecules are sUghtly negatively charged (Chapter 3). Thus,

strong electrostatic attraction between the fulvic acid molecules and the hematite sur¬

faces is expected at low pH. This may explain the increase of fulvic acid sorption with

decreasing pH (Figure 6.1a). Furthermore, the macromolecular conformation of fulvic

acid may also play an important role upon fulvic acid adsorption (Lyklema, 1985; Lyk-

lema, 1995). At high pH and low ionic strength, natural organic polyelectrolytes such as

fulvic acids have an expanded conformation (Clapp and Hayes, 1999; Swift, 1999). With

increasing ionic strength or decreasing pH, the configuration of the polyelectrolytes be¬

comes more and more coUed (Clapp and Hayes, 1999; Swift, 1999). This means that the

amount of fulvic acid adsorbed to the mineral surfaces is least at high pH and low ionic

strength, which is consistent with our measurements (Figure 6.1a). A further explanation

for the ionic strength dependence of fulvic acid adsorption may be electrostatic blocking

effects. Mineral surfaces may be blocked by adsorbed fulvic acid due to electrostatic in¬

teractions between fulvic acid molecules. Since the charge of the fulvic acid molecules is

screened by the background electrolyte (Stumm and Morgan, 1996), the concentration of
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the background electrolyte is expected to affect these blocking effects. The mineral sur¬

faces may be blocked at low ionic strength to a larger extent than at high ionic strength

(Semmler et al., 1998).
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and hematite were 38 mg/L and 2 g/L, respectively.



METAL SORPTION TO COATED MINERALS 125

Compared to previous studies with other humic or fulvic acids and minerals, the ob¬

served sorption behavior of fulvic acid is rather typical (Ho and Müler, 1985; Murphy

and Zachara, 1995; Kretzschmar et al., 1997; Wang et al., 1997; Vermeer et al., 1998;

Au et al, 1999; Lenhart and Honeyman, 1999; Elfarissi and Pefferkorn, 2000). Thus, the

fulvic acid-hematite system can be regarded as a suitable model system for other organic

polyelectrolyte-oxide mineral systems. The advantage of using fulvic acid instead of hu¬

mic acid is that even at low pH, dissolved fulvic acid does not form aggregates that are

separated from the aqueous phase by centrifugation. This enables a clear discrimination

between sorbed and dissolved polyelectrolyte.

The presence of 22 \iM Cu(II) in the ternary systems had almost no effect on the

sorption of fulvic acid. A comparison of fulvic acid sorption in the absence and presence

of Cu(II) is shown in Figure 6.1. The Unes in Figure 6.1b are polynomial fits of the data

in Figure 6.1a and serve for better comparison. Only at the lowest ionic strength (0.01

M) and at neutral to basic pH, fulvic acid sorption was sUghtly increased in the presence

of Cu(II). The small but significant effect of Cu(II) on fulvic acid adsorption under these

conditions may be due to changes in the electrostatic interactions between fulvic acid and

hematite, since Cu(II) binding adds positive charge to the hematite surface whüe de¬

creasing the negative charge of fulvic acid molecules.

6.3.2 Influence of Fulvic Acid on Copper Sorption

The sorption of Cu(II) to the solid phase in the absence and in the presence of fulvic acid

is shown in Figure 6.2. The Cu(II) sorption is strongly affected by the presence of fulvic

acid. Below pH 6, Cu(II) sorption to the soUd phase is strongly increased by the pres¬

ence of fulvic acid. At neutral to basic pH conditions, however, the amount of Cu(II)

sorbed to the soUd phase is sUghtly decreased in the presence of fulvic acid. QuaUtatively,

the effects of fulvic acid on Cu(II) sorption can be explained by the sorption behavior of

fulvic acid and Cu(II). Since the fulvic acid strongly binds to the hematite particles at low

pH (Figure 6.1), and is additionaUy able to bind Cu(II) strongly even at acidic conditions

(Chapter 4), the sorption of Cu(II) to the soUd phase was increased at low pH as a con¬

sequence of Cu(II) binding to surface-bound fulvic acid. In the neutral and basic pH
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range, however, sorption of fulvic acid to the hematite particles was much lower (Figure

6 1). In addition, fulvic acid binds Cu(II) very strongly at high pH (Chapter 4). Thus, the

formation of dissolved Cu(II)-fulvic acid complexes may explain the decrease of Cu(II)

sorption in the presence of fulvic acid at high pH values. The fact that Cu(II) sorption

was only slightly decreased by the presence of fulvic acid in the neutral and basic pH

range suggests that the Cu(II) binding affinity is higher for hematite than for fulvic acid

in the neutral and basic pH range.
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The effect of ionic strength variations on the pH dependent sorption of Cu(II) is

shown in Figure 6.3. In the binary system containing only Cu(II) and hematite, a de¬

crease of ionic strength resulted in a sUght increase of Cu(II) sorption to hematite, which

is described fairly weU with a 2-pK basic Stern model (Figure 6.3a). The weak influence

of ionic strength on Cu(II) sorption to hematite impkes that Cu(II) is bound to the

hematite surface predominantly as inner-sphere complex. This in accordance with mod¬

eling results reported previously for the Cu(II)-hematite system (Chapter 5). In the pres¬

ence of fulvic acid (ternary system), the effect of ionic strength variations is clearly dif¬

ferent to the bmary system (Figure 6.3b). At pH values below 4.7, a decrease of ionic

strength resulted in a sUght increase of Cu(II) sorption to the soUd phase. Above pH 4.7,

Cu(II) sorption decreased with decreasing ionic strength. The differences of ionic

strength effects between low and high pH range in the presence of fulvic acid may be ex¬

plained by the ionic strength dependence of fulvic acid adsorption to hematite (Figure

6.1) and the influence of ionic strength on metal binding to humic substances (Robertson,

1996). Let us first focus on the low pH range. On one hand, the fulvic acid strongly

sorbed to the hematite surface below pH 4.7. In this pH range, the fulvic acid adsorption

appeared to be nearly independent of ionic strength variations (Figure 6.1). On the other

hand, metal cation binding to humic substances generaUy increases with decreasing ionic

strength (Robertson, 1996). Since Cu(II) sorption to the soUd phase may mainly result

from Cu(II) binding to surface-bound fulvic acid at acidic pH conditions, an increase of

Cu(II) sorption with decreasing ionic strength is expected at low pH values for ternary

systems. Let us now focus on the pH range above 4.7. In this pH range, the sorption of

fulvic acid decreases with decreasing ionic strength (Figure 6.1). Since the dissolved ful¬

vic acid fraction competes with the adsorbed fulvic acid fraction and the hematite surface

for Cu(II) binding, a decrease of Cu(II) sorption with decreasing ionic strength is ex¬

pected for pH values above 4.7. In summary, the results from the ternary experiments

(Cu(II)-fulvic acid-hematite system) are in good quaUtative agreement with observations

from binary systems.

Furthermore, the influence of fulvic acid on the Cu(II) sorption behavior is in

agreement with observations reported for other metal-humic-mineral systems and seems
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to reflect a general trend (Davis, 1984; Zachara et al., 1994; Murphy and Zachara, 1995;

Taylor and Theng, 1995; Takahashi et al., 1999). This suggests that the fate of metals in

soil and aquatic environments is strongly affected by humic substances. Since the metal

binding affinity of minerals is generaUy low at low pH, the presence of adsorbed humic

substances may decrease the mobility of metal cations at low pH. On the other hand, it

has to be kept in mind that dissolved or suspended humic substances may enhance metal

mobility at neutral to basic pH conditions (Davis, 1984).
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Figure 6.3. Copper sorption to hematite as a function of pH and NaN03 concentration (a) in the absence

of fulvic acid and (b) in the presence of 38 mg/L fulvic acid. Total concentrations of copper and hematite

were 22 \xM and 2 g/L, respectively. Symbols represent measured data. The solid lines represent (a) the

description of copper sorption to hematite in the absence of fulvic acid with a 2-p^ basic Stern model

and (b) predictions of copper sorption to the fulvic acid hematite complex based on an additive combi¬

nation of a 2-pK basic Stern model for copper sorption to the hematite surface and the NICA-Donnan

model for copper binding to fulvic acid.
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6.3.3 Prediction of Copper Sorption in the Presence of Fulvic Acid

For the prediction of Cu(II) sorption in the presence of fulvic acid, a linear additivity ap¬

proach was tested to reveal how important specific interactions between Cu(II) and ful¬

vic acid at the hematite surface are. Let us first focus on the sorption of fulvic acid to the

hematite surface. As shown in Figure 6.1b, the pH and ionic strength dependent sorption

of fulvic acid to hematite in the presence of Cu(II) is fairly weU described by the fits ob¬

tained from sorption data in the absence of Cu(II) (Figure 6.1a). Only at high pH values

and low ionic strength, the sorption of fulvic acid in the presence of Cu(II) is slightly un¬

derestimated. This result supports the assumption of the additivity approach that electro¬

static interactions between fulvic acid and Cu(II) at the hematite surface can be ne¬

glected.

Let us now focus on the calculated partitioning of Cu(II) between hematite surface

and adsorbed fulvic acid shown in Figure 6.2. Compared to the calculated amount of

Cu(II) sorbed to hematite in the absence of fulvic acid (dotted Une), a strong increase of

Cu(II) sorption to the soUd phase below pH 5.5 and a sUght decrease at pH values above

pH 5.5 is predicted for the system containing fulvic acid (straight line). The strong in¬

crease of the predicted amount of Cu(II) sorbed to the soUd phase below pH 5.5 is at¬

tributed to Cu(II) binding to adsorbed fulvic acid (dashed line). At pH values above 5.5,

Cu(II) sorption to the soUd phase is mainly attributed to surface complexation of Cu(II)

at the hematite surface itself (dash-dotted Une). With increasing pH, surface complexa¬

tion reactions at the hematite-water interface dominate the sorption of Cu(II) to an in¬

creasing extent. Considering the binding interactions observed in binary systems (Cu(II)-

fulvic acid system (Chapter 4), Cu(II)-hematite system (Chapter 5), and fulvic acid-

hematite system), the partitioning of Cu(II) between hematite surface and adsorbed fulvic

acid predicted by the linear additivity approach seems reasonable.

A comparison of model predictions with the measured amounts of Cu(II) sorbed to

the solid phase reveals that the additivity model predictions reflect the general trend that

the presence of fulvic acid increases Cu(II) sorption at low pH and decreases Cu(II)

sorption at neutral to basic pH values (Figure 6.2). Even the predicted effect of ionic

strength variations on the pH dependent Cu(II) sorption, foUows the trend observed in
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ternary sorption experiments (Figure 6.3b). However, the predictions obtained with the

linear additivity approach tend to underestimate the amount of copper sorbed to the solid

phase (Figure 6.3b). The mismatch between measurements and predictions exhibits a

maximum between pH 4.5 and 5.5. In pH ranges where the sorption of Cu(II) to the

solid phase is clearly dominated either by binding to adsorbed fulvic acid (very low pH)

or by complexation at the hematite surface (high pH), the predictions are fairly accurate.

To find a reasonable explanation for the non-additive sorption behavior of Cu(II)

between pH 4 and 7 in the ternary system, let us reconsider the assumptions of the linear

additivity approach. In this approach, electrostatic interactions at the mineral-water in¬

terface are neglected. As shown in Figure 6.1, the electrostatic interactions between

Cu(II) and fulvic acid at the hematite-water interface may be negUgible for the prediction

of fulvic acid sorption to hematite in the presence of Cu(II). For the prediction of Cu(II)

sorption, however, electrostatic effects may be important. The negative electrostatic field

of the adsorbed fulvic acid may interact with the electrostatic field of the hematite sur¬

face (Vermeer and Koopal, 1999). At pH values below the PZC of the hematite particles,

the positive electrostatic field of the hematite surface may be lowered by the negatively

charged fulvic acid in the vicinity of the hematite surface. Concurrently, the negative

electrostatic field of the adsorbed fulvic acid wül be affected by positively charged hema¬

tite surface. Due to this mutual interaction of hematite surface and adsorbed fulvic acid,

additional positively charged ions such as protons and Cu2+ may be bound to the hema¬

tite surface. On the other hand, slightly less cations may be bound to the adsorbed fulvic

acid by electrostatic attraction. Depending on the Cu(II) affinity of the hematite surface

and the fulvic acid and the respective change of the electrostatic fields, the electrostatic

interaction between adsorbed fulvic acid and hematite surface may either decrease of in¬

crease the amount of Cu(II) sorbed compared to the predictions with the linear additivity

approach (Vermeer et al., 1999). Since the affinity of the hematite surface for Cu(II)

binding is very high and Cu(II) binding to fulvic acid is rather due to complexation reac¬

tions than due to electrostatic binding, electrostatic interactions between adsorbed fulvic

acid and hematite surface are supposed to result in an increase of Cu(II) sorption.
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A further assumption of the linear additivity approach is that fulvic acid is not frac¬

tionated with respect to its Cu(II) binding affinity upon adsorption. Wang et al. (1997)

found that the fraction of fulvic acid sorbed to goethite was larger in size than the frac¬

tion not sorbed. From investigation of differences between the fraction of a fulvic acid

adsorbed to goethite and the fraction not sorbed Wang et al. (1997) concluded that acid¬

ity and aromaticity, factors which were linked to molecular weight distribution, con¬

trolled the fractionation behavior of the fulvic acid upon adsorption. Similar results have

been reported for the sorption of dissolved organic compounds to alumina by Davis and

Gloor (1981). Copper binding experiments to a size-fractionated humic acid revealed

that the smaU size-fraction which contained more reactive functional groups compared to

the large size-fraction tended to bind more copper than the large size-fraction (Chapter

4). These observations suggest that fulvic acid might be fractionated with respect to mo¬

lecular size. Furthermore, chemical properties of size fractions are likely to vary with the

molecular size. As the sorption of humic substances to mineral surfaces as weU as the

complexation of metal cations by humic substances are supposed to be largely controUed

by the type and amount of reactive functional groups, it has been hypothesized that ad¬

sorbed humic substances exhibit a sUghtly higher binding affinity for metals than the dis¬

solved fraction (Davis and Gloor, 1981; Davis, 1984; Laxen, 1985). This suggests that

neglecting a fractionation of fulvic acid with respect to its Cu(II) binding affinity may be

a further reason for the underestimation of Cu(II) sorption with the linear additivity ap¬

proach.

Compared to attempts to predict metal sorption in ternary systems with a linear ad¬

ditivity approach reported previously (Robertson, 1996; Vermeer et al, 1999), the de¬

viations between data and model predictions reported here are relatively small and lim¬

ited to the pH range between 4 and 7. Unfortunately, pH values in soils mostly range

from 4 to 7. Thus, we propose that predictions of metal cation sorption in aquatic and

soil environments with models that do not account for interactions between sorbing or¬

ganic matter and mineral surface can only provide a rough estimate of metal sorption.

But still, for a good estimation of metal fate in ternary systems capable of providing

valuable information for risk assessment, outstanding descriptions of binary data sets are
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required. For a precise prediction of metal-humic interactions at the mineral-water inter¬

face, a more complex approach is needed than the simplifying additivity approach to ac¬

count for the complexity of mutual interactions. To improve model predictions, we sug¬

gest that the two kinds of model modification discussed above, electrostatic interaction

between adsorbed polyelectrolyte and mineral surface and fractionation of polydisperse

polyelectrolytes upon adsorption, need to be included. It wül remain a chaUenge for the

future to keep a model accounting for aU these effects as simple as possible in order to

make it easy to apply without requiring arbitrary assumptions for model parameters or

many time consuming experiments for parameter cahbration.
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