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ABSTRACT 

Effects of competing trace metals (10 µM) and Ca2
+ (5 mM) on Cd(II), Pb(II) 

and Cu(II) (0 - 100 µM) complexation by a groundwater humic acid were 

investigated in a series of 24 batch experiments at pH 6, 7, and 8 (I = 0.05 M). 

Both trace metals and Ca2
+ have little effect on Cd(II) complexation. No effect of 

Cu(II) on Pb(II) complexation is observed; Cd(II) appears to slightly enhance the 

binding between Pb(II) and humic acid. For Cu(II), the addition of Pb(II) 

decreases the amount of complexation, but Cd(II) also appears to slightly increase 

it. Calcium, however, decreases the amount of complexation in all cases. The 

effective binding constants determined show that the relative magnitudes of binding 

strengths are Cu(II) ,.., Pb(II) > Cd(II). These results indicate that in groundwaters, 

where more than one metal is present, the effect of other metals must be considered 

when predicting metal speciation. 
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CHAPTER I 

INTRODUCTION 

1.1 Purpose 

In the context of natural water chemistry, a trace metal is normally defined as a 

naturally occurring metal with a total concentration typically below 1 mmol m -
3

. 

The relative toxicity of a trace metal varies, depending on its chemical form; it has 

been found that its toxicity towards plants and animals depends on its free ion 

activity other than the total soluble concentration. This has been shown to be true 

for Cu
2

\ Cd2
\ Hg2\ and Pb2

+ on bacteria, phytoplankton, and zooplankton (and to 

some degree on fish). The availability of biologically necessary metals such as 

F 
3+ M 2+ d C 2+ 1 . 1 d . d b f 1 . . . . e , n , an u to p ants 1s a so etermme y ree meta 10n activ1ties 

(Morel, 1983). Knowledge of metal distribution among the different chemical forms 

is critical in predicting the concentration ratio between the free metal ions and their 

complexed species in natural systems. 

Dissolved natural organic matter (NOM) is ubiquitous in natural water, arising 

from the chemical and biological degradation of plant and animal residues and from 

synthetic activities of microorganisms. A major fraction of NOM are humic 

substances, operationally defined as the hydrophobic fraction isolated by adsorption 

on XAD-8 resins (Thurman and Malcolm, 1983). Humic substances are structurally 

complex, polyelectrolytic, dark-colored organic acids and have the ability to form 

water-soluble and water-insoluble complexes with metal ions and hydrous oxides 

and to interact with clay minerals and organic compounds (Sposito, 1986). 
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Since complexation by humic substances plays an important role in the 

chemical speciation of trace metals in natural water and therefore regulates the 

metal toxicity, bioavailability and transport properties, much effort has been 

devoted to studying the interaction between trace metals and fulvic acid or humic 

acid, which are major components of humic substances (Perdue, 1989). Besides 

being able to predicted the pH and ionic strength effects on the interaction, it is also 

important to be able to predict the competition among different metal species. In 

general, the main cations in natural systems are alkaline earth cations (Mg2\ Ca2+), 

with a average concentration three orders of magnitude higher than that of trace 

metals. Since the high concentrations of main cations can compensate for their 

relatively weak humic-binging affinities, Ca2+ and Mg2+ can have important 

competition effects on the intercation between trace metals and humates. 

The purpose of this study is to investigate the complexation of Cd(II), Pb(II) 

and Cu(II) by humic acid as a function of pH, competing trace metal and competing 

. . (. C 2+) mam cat10n 1e., a . 

The humic acid used m this study was extracted from Orange County 

groundwater. The trace metals were Cd(II), Pb(II) and Cu(II). Titration 

experiments were conducted to quantify trace metal complexations by humic acid 

under controlled experimental conditions, using differential pulse polarography to 

determine trace metal concentrations. 

1.2 Objectives and Experimental Plan 

The specific objectives of this research are as follows: 
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1. To determine experimentally the effects of pH on the complexation of trace 

metals by humic acid. 

2. To calculate the conditional formation constants for trace metal binding with 

humic acid by a discrete ligand model. 

3. To study experimentally the competing effect of a trace metal on the 

complexation of another trace metal by humic acid and to develop 

explanation for observed behavior. 

4. To determine experimentally the competing effect of ca2+, the dominant 

cation in natural water, on the complexation of trace metal by humic acid and 

to determine what fraction of sites are affected by the presence of Ca2
+. 
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CHAPTER2 

BACKGROUND 

2.1 Cd(II), Pb(Il), Cu(Il) and Ca2 + 

Three trace metals were chosen for study of their binding to humic acid: Cd(II), 

Pb(II) and Cu(II). They were chosen on the basis of toxicity considerations and 

their individual characteristics. According to the hard and soft acid concept 

(Pearson, 1963), Cd(II) is a soft acid, while Pb(II) and Cu(II) are on the borderline 

between soft and hard acids (Table 2.1). Since hard acids bind strongly to hard base 

and soft acids bind strongly to soft bases, in a multi-ligand complexation system, 

Cd(II) shows its complexation preference for soft ligands such as P and S, while 

Pb(II) and Cu(II) show a relative preference for hard ligands such as O and N 

ligand atoms. Cd(II), Pb(II) and Cu(II) salts dissolve in water to form aqueous and 

precipitated metal hydroxides at the pHs of natural waters (6-10) (Stumm and 

Morgan, 1981 ), but the most important species below pH 8 are aquated free metal 

. 2+ 2+ 2+ + + 
10ns Cd (aq), Pb (aq) and Cu (aq), and hydroxo complexes CdOH , PbOH and 

CuOH+ (for the Cu(II) system, see Figure 2.1), with the hydrolysis constants KMeOH 

as 10
4

·
0

, 10
6

·
0 

and 10
63 

respectively (Smith and Martell, 1976). The hydrolysis 

constant is defined as: 

[Me OH+] 

[Me2+] [OH-] 
(1) 

A major cation, Ca2
+, was also added to our system; it is considered a hard acid, 
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Table 2.1 Classification of metal ions 1 

(H+), ca2+, Mg2+ 

Preference for Ligand atoms: 

N>>P, O>>S, F>>Cl 

Cd2+, Hg2+, Cu+ 

Preference for ligand atoms: 

P>>N, S>>O, l>>F 

Hard acid 

Borderline 

Soft acid 

Table adapted from Stumm and Morgan, 1981. 
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Figure 2.1 Aqueous speciation of CuaI) by hydrolysis versus pH in absence of car
bonate. Total aqueous Cu(II) is 10-4 M. 
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having preference for hard ligands.(Pearson, 1963). 

2.2 Humic Acid 

In water chemistry, humic substances, which are isolated by adsorption on 

XAD-8 resins (Thurman and Molcolm, 1983), are operationally subdivided on the 

basis of their aqueous solubility as: a) humic acid - insoluble below pH 2, b) 

fulvic acid - soluble at all pH's, c) humin - insoluble at all pH's (Summers and 

Roberts, 1980). Humic substances are mainly composed of fulvic and humic acids. 

In our study, humic acid was used as a model ligand. Although operationally 

defined, humic acid is still a general term for a mixture of compounds, with various 

structures and molecular weights. A typical humic acid molecule contains aromatic 

rings and aliphatic chains which host numerous carboxylic, phenolic, alcoholic and 

other functional groups. A proposed structural model of a humic acid molecule is 

shown in Figure 2.2. The 0-containing groups are the most numerous; there are a 

small percentage of N and S binding sites as well (Summers and Roberts, 1980). 

2.8 Complexing Property of Humic Acid 

According to Altmann and Buffle (1988), metal complexation of humic acid 

may include any process that results in a close association, on the molecular level, 

between metal and one or more functional groups in humic acid. That is, the modes 

of sorption by humic acid include metals in the diffuse ion swarm near ionized 

peripheral functional groups in humic acid, as well as metals forming inner- and 

outer-sphere complexes with the functional groups. Thus, the nature of the bonding 

in a complexing reaction can vary from purely electrostatic to strongly covalent. 

Since humic acid may have many different coordination sites in the same molecule, 
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complexation with the same trace metal may involve many different functional 

groups. 

The most important functional groups for trace metal binding are carboxyl and 

phenolic groups. Since the pKa's of carboxylic acids range from 4 to 5, and pKa's 

of phenolic acid range from 7 to 11, a large number of functional groups can be 

ionized under natural conditions. Consequently, there is a high electric charge 

density per humic acid "molecule". (Altmann and Buffle, 1988). Also, electrostatic 

attraction and repulsion from neighboring ionized groups may affect markedly the 

metal affinity of a given group, thus making the complexation constant dependent 

on the extent of cation complexation of the ligand, particularly its protonation and 

on ionic strength (Morel and Hering, 1993). 

A further complication arises since functional groups can interact with each 

other, and initial metal binding as well as pH changes can cause coagulation, 

conformational change, and changes in local and overall electron density of the 

humic acid. They can either enhance or inhibit binding capacity of humic acid 

(Altmann and Buffle, 1988). 

As a results of this varying nature of trace metal-humic acid interactions and the 

changing of the important parameters that affect trace metal binding to humic acid, 

the precise stoichiometry of the resulting complexes is difficult to determine and 

probably varies with experimental conditions. 

Due to the more hydrophobic property of humic acid compared to fulvic acid, 

metal-humic acid complexes are much less water soluble or more easily 

precipitated than metal-fulvic acid complexes (Malcolm, 1972). Since metal-
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fulvate, especially Pb-fulvate, can precipitate at a low mole ratio of metal ion to 

fulvic acid (Saar and Weber, 1980, Underdown et al., 1985), metal-humate will 

easily get precipitated out at high metal ion to humic acid concentration ratio 

(Mariner, 1991). Therefore, we need to control this concentration ratio to avoid the 

precipitation problem in our system. 

2.4 Models of Metal Complexation by Humic Acid 

Any proposed model should represent and ultimately interpret, within an 

equilibrium thermodynamic framework, the observable characteristics of reactions 

occurring between metal cations and humic acid. The most general, rigorous model 

of metal-humic acid binding is conceptually straightforward, but very complex in 

practice (Cabaniss et al., 1984). Each different binding site requires a set of acidity 

constants, a series of complex formation constants, Ki' and terms correcting them 

for interactions between sites. Each possible grouping of sites which could bind to a 

single metal ion requires a mixed-ligand stability constant. The number of 

parameters necessary to describe a five or six component system is quite large, 

greatly exceeding the number of data points in typical titrations. Also, "Ki's" are 

useless for practical modeling applications. 

Models in current use represent a compromise between rigor and practicality. 

Proton competition terms are unnecessary if measurements made at constant pH are 

used to obtain conditional constants. Although not rigorously correct, certain 

assumptions about stoichiometry, interactions and the number of sites simplify the 

data analysis considerably. Both discrete and continuous models are currently 

being used. In discrete models, metal and proton binding are assumed to take place 

at a number of chemically distinct discrete binding sites. In continuous model, it is 
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assumed that the humic functional groups exhibit a spectrum of binding constants, 

and this spectrum may take different distribution form (Tipping and Hurley, 1992). 

Even though models based on continuous ligand frequency distribution have been 

used increasingly because they are often promoted as physically more realistic 

since humates are thought to contain a spectrum of site types (Dzombak et al., 

1986), the discrete ligand model, appearing to be simpler to apply, now has been 

successfully used to predict metal ion binding in the absence of competing ions 

(protons excluded) and within the range of the conditions of the calibrating 

titrations (Cabaniss et al., 1984 ). 

Discrete ligand models for metal-humate interactions focus on reactions at 

individual sites (ligands), which are assumed to be governed by mass law 

equations. It is further assumed that the microscopic mass law constants do not 

change with increased metal loading; i.e., there are no interactions among sites 

(Cabaniss et al., 1984). The discrete ligand model of metal-humic acid binding, 

assuming 1: 1 metal to binding site stoichiometry, is based on the equation: 

[MeL] = r, (Ki x [Me] [Li]) i=l,2, ... ,n. (2) 

where [MeL] stands for bound-metal concentration, [Me] stands for free metal 

concentration, Li is the ith ligand concentration, and Ki is the conditional binding 

constant corresponding to ith ligand. In general, only a few ligands are needed to 

fit experimental data (approximately one ligand per one order of metal 

concentration, Cabiness and shuman, 1988). Given the complexity of humic 

materials, the number of ligands needed to fit data is certainly much less than the 
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true number of site types. Typically, when fitting titration data, one conditional 

binding constant is needed for each order of magnitude of bound metal 

concentration (Fish et al., 1986, Cabaniss and Shuman, 1988). The binding 

constant determined in this way is an effective parameter; it depends on 

experimental conditions. Discrete ligands merely provide a convenient means to 

mimic the observed metal binding capabilities of humic acid. The number of 

ligands and their concentrations and stability constants are constrained only by the 

goal of optimally fitting experimental data (Cabaniss et al, 1984). 

Although competition among ions can in principle be described by the mass law 

formulation inherent in the discrete ligand model, the reliability of such 

calculations is questionable because of the empirical nature of the ligands. For this 

reason, use of the discrete ligand model to calculate multiple ion equilibria in 

humic solutions has been limited, and predicted competition effects have generally 

been verified by comparison to experimental data. Nevertheless, carefully defined 

discrete ligands can be useful for calculating the speciation of metals competing for 

humate binding sites. It has been shown that modeling multimetal interactions with 

humic material by assigning stability constants for each metal based on the same set 

of ligands required for single metal only can yields a reasonable approximation of 

observed ion competition. The fact that discrete ligands can be used to 

approximate competitive interactions among metal ions is a powerful argument for 

the use of discrete rather than continuous models (Cabaniss et al., 1984). 

Since both discrete and continuous models are strictly an empirical data fitting 

procedure without power of prediction or extrapolation, a third approach has been 

taken by several investigators, in which the pH an ionic strength effects on metal 
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binding are modeled by considering an explicit coulombic contribution to the 

binding strength (Bartschat et al., 1992, Tipping and Hurley, 1992). So, the 

coordination properties of humates are described by a superposition of the 

individual affinities of a few well-defined ligands and the electrostatic reaction 

between functional groups and metals. A true set of chemical binding constants 

may be extracted from the titration data using this approach. 

2.5 Species Detected by Polarography 

Polarography is one of the electrochemical technique in which the current at a 

dropping mercury electrode of an electrolysis cell is measured as a function of the 

potential, or voltage, applied to the electrode. The applied potential of the cell, 

varying in some systematic manner, can reduces labile species in solution; that is, 

the dissolved species which can diffuse to the electrode. The resulting current, 

which is simply a measure of electron flow taking place when reduction occurs, is 

therefore proportional to the concentration of labile species. The fact that different 

species in a same supporting electrolyte undergo reductions at different unique 

potentials allows the determination the species of interest. Differential pulse 

polarography (DPP) is one of the polarographic techniques which has a high 

sensitivity, and in which the applied voltage is a combination of a linear voltage 

ramp with pulses of a fixed magnitude. With differential pulse polarography, the 

peak current is a quantitative measure of concentration and peak potential is 

analogous to half-wave potential, E112, that is, the potential at which the current 

reachs half of the peak current (Bond, 1980). DPP has been evaluated for its 

ability to distinguish, without prior separation of the solid phase (e.g. filtration, 

centrifugation), between dissolved and particulate concentrations of certain trace 
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metals species (Cu2
\ Pb2

\ Cd2
\ etc.), and to measure the extent of binding of 

these metals to the dissolved humic acid (Goncalves et al., 1987). It also permits the 

simultaneous analytical measurement of multi-metals binding to humic acid. Since 

the labile species that can be detected by DPP include the free (hydrated) ion, 

inorganic complexes such as hydroxo-species, and various small organic 

complexes, the validity of using DPP to study the metal-humic acid complex system 

and the meaning which can be attached to its measurement depend on the 

assumption that metal-humic acid complexes are not reduced at the mercury 

electrode; that is, they are nonlabile under the experimental conditions (Goncalves 

et al., 1987). Another assumption about the DPP technique is that no surface active 

substances coat the mercury electrode and affect metal deposition at a subsecond to 

several second interval (Brezonik et al., 1976). 

According to Goncalves et al. (1987), the mass transfer of metal-humic acid 

complexation (by diffusion) into the diffusion layer of the electrode surface is not 

very efficient. A spherical 100 A molecule has a diffusion coefficient, D, which is 

approximately 100 times smaller than that of a metal ion. Since the peak current is 

correlated to D, metal ions bound to the humic acid thus could at best (i.e., if the 

complex were fully labile) account for one-tenth of the peak current that would 

observed if all metal ions were present as dissolved labile metal ions. Also, many 

complexes may be assumed to dissociate slowly; thus metal ions are not released 

sufficiently rapidly from the complex to become available to the electrode during 

depolarization. Thus the decrease in the current peak upon humic acid addition is a 

good indication of the formation of a nonreducible metal-humic acid complex. The 

shifts of the titration curve of metal-humic acid with respect to a calibration curve 

indicate the binding capacity of the humic acid. But experimental artifacts due to 
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DPP measurement of metal-humic acid system, however, cannot be totally 

excluded. 
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CHAPTERS 

MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Reagents and Their Preparation 

All solutions were prepared by dissolving reagent grade chemicals in Milli-Q 

water (distilled first, and deionized with resistance of 18 MQ cm -l by Millipore's 

Milli-Q reagent water system). Solutions of copper nitrate (Cu(N03) 2), lead nitrate 

(Pb(N03) 2), and cadmium nitrate (Cd(N03) 2), all at a concentration of 5x10-
3 

M, 

were prepared by series dilution of their parent stock solutions (lxl0-
1 

M). Each 

buffer (or electrolyte) solution has 0.01 M buffer material and 0.04 MNaN03 . MES 

monohydrate (4-morpholineethanesulfonic acid, pKa=6.15) and HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, pKa =7.35) (Aldrich), were used to 

buffer the pH of electrolyte solution at pH 6.00 and pH 7.00, respectively. Due to 

the interference caused by interaction between HEPES and trace metal-humate 

complexes, PIPES (1,4-piperazinebis(ethanesulfonic acid), pKa=6.8) (Aldrich), was 

used to buffer the electrolyte solution at pH 7 .00 in later experiments. TRIS 

(Tris(hydroxymethyl)aminomethane, pKa=8.3) (Fisher), was used to buffer the 

electrolyte solution at pH 8.00. These buffers have a very low trace metal binding 

capacity (Good et al., 1966). Sodium nitrate (NaN03) was used to adjust the ionic 

strength to 0.05 M. Concentrated hydrochloric acid, HCl, and sodium hydroxide, 

NaOH, were used to adjust the pH of all electrolyte solutions. 

All labware was made of either glass or teflon. They were all soap-washed, 

acid-washed with 4.0 M HN03, rinsed with Milli-Q water, and air-dried before 
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use. 

3.1.2 Humic Acid 

The humic acid used m this investigation was extracted from groundwater 

collected in Orange County Water District (OCWD), California. The groundwater 

was pumped from aquifers in Lalewood Formation and San Pedro Formation which 

are about two hundred meters deep (Carey, 1989), the strata are rich in natural 

organic matter. The water was shipped in plastic carboys and stored at room 

temperature before and during the extraction (about three weeks total). The color of 

the water was light yellow and the average DOC mass concentration was 5 ppm. 

Humic substances were extracted according to the procedure described by 

Thurman and Malcolm ( 1981). 240 L of OCWD ground water was filtered through 

0.45 µm Millipore filter three days after arrival and acidified with HCl to pH 2.0. 

XAD8 resin (Alltech) was packed into a glass column (0.8 m in length and 6 cm in 

diameter) using a slurry technique. The column was connected to teflon tubing on 

top and bottom for inlet and outlet. 2.5 L of HCl (0.1 N) and 2.5 L of NaOH (0.1 N) 

were run through the column at a rate of 250 mL min -l to clean the resin and 40 L 

of Milli-Q water was used to rinse the resin to get rid of any NOM initially 

contained in the resin. The column was then saturated with HCl (0.1 N). The 

acidified OCWD water was pumped through the column at the rate of 250 

mL min -l, while effluent was collected in carboys. The average DOC concentration 

in all effluent was below 1 ppm, showing that most of the humic substance in the 

water was retained by the resin. The adsorbed humic substance was eluted with 4 L 

of NaOH (0.1 N), neutralized with HCl, and stored in a refrigerator at 4°C. The 

average DOC concentration of this humic substance stock solution was 215 ppm, 
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with the elemental composition as: C: 54.77%, H: 5.52%, 0: 33.57%, N: 2.12%, S: 

1.83% (determined by Huffman Laboratories). 

Eighty percent of the humic substance is humic acid (Waterbury, 1990). Humic 

acid was isolated by acidifying 2 L of the humic substance stock solution with 

concentrated HCl to pH=l.3, allowing to stand for 18 hours, and centrifuged in ten 

200 mL centrifuge bottles for 15 minutes at 11000 RPM rotor speed using Beckman 

12-21 centrifuge with a JA-14 rotor. The precipitated humic acid was rinsed with 

Milli-Q water four times to remove CC, and then redissolved in 1 L of Milli-Q 

water. After that, the solution, neutralized with NaOH, was passed through a AG 

50W-X8 cation exchange resin (Bio-Rad) column at 5 mLmin-1 to remove Na\ it 

was concentrated to 50 mL using rotary evaporator at temperature of 20°C, and 

finally freeze-dried for one week to yield humic acid powder. 

Humic acid stock solution, used in humic acid-metal titration, was prepared by 

dissolving 0.58 g of this dry humic acid powder in 125 mL Milli-Q water, giving a 

DOC concentration of 230 ppm. 

3.2 Analytical Methods 

3.2.1 pH Measurement 

A Fisher Accumet 950 pH meter with Fisher standard glass-body combination 

electrode and Ag/ Ag Cl reference electrode was used to measure the pH of all 

solutions. The pH electrode was calibrated using a two point calibration method, 

with pH 4.00 and 7 .00 buffers or pH 7 .00 and 10.00 buffers (Radiometer) depending 

on the pH range of solutions. 
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3.2.2 Organic Carbon Analysis 

The concentration of dissolved organic carbon was measured with a Shimadzu 

Model TOC-500 carbon analyzer. Depending on the DOC range of a sample, the 

analyzer was calibrated with potassium hydrogen phthalate ( KHC8H4 0 4 ) standard 

solution (Mallinckrodt), at one of the following DOC mass concentration-5.0, 10.0, 

100.0 or 500.0 ppm. Before calibration and measurement, both standards and 

samples were acidified to pH 2-3 with phosphoric acid (H3P04 ) (Mallinckrodt), 

and purged with N2 gas for five minutes to remove inorganic carbon. Each sample 

was analyzed in triplicate with the average value reported. 

3.2.3 Differential Pulse Polarography 

A Metrohm Polarographic Analyzer E506 626 was used to determine the 

concentration of labile metal species (metal ion and metal hydroxide ) in the 

titration. The apparatus is shown in Figure 3.1. Dropping mercury electrode was the 

working electrode. The system also contains a reference electrode (Ag/AgCl) and a 

counter electrode (Pt). The DP 10 mode was selected, with scan rate set at 5 mV/s, 

mercury drop rate set at 0.5 drop/s, damp scale set at 1, and mercury reservoir set 

40 cm high. The water-jacketed analytical cell was thermostated by Isotemp 

Refrigerated Circulator Model 9100 at 25.0°C. N2 gas was used to de-oxygenate 

the solutions before measurements. The current measured during a potential scan 

was recorded on a Metrohm Polarorecorder. In later experiments, the current was 

also output to and stored on a IBM PC through a Lab-PC multifunction 1/0 data 

acquisition board from National Instruments. 
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3.3 Titration Experiments 

The experimental conditions for the titrations are summerized in Table 3.1. The 

instrument detection limit sets the lower limit of the titration "window" to ~ 1 µM 

trace metal concentration. To avoid the flocculation of metal-humic acid 

complexes, the upper limit was set to ~ 100 µM. Almost all natural experimental 

conditions are included within this metal concentration range. The pH range of pH 

6.00 to pH 8.00 brackets the natural pH conditions. The DOC concentration was set 

to 5 ppm, in order to approximate natural DOC levels. 

All the metals and humic acid were introduced into the cell by Eppendorf 

Varipette 4810 100 µL and 1000 µL. It was found that automatic pipette tips (also 

from Eppendorf) stored in a dessicator before use give the best volumetric 

precision. Analyses were replicated (usually three times) and the precision for the 

same titration at the same experimental conditions was 1-2%. 

3.3.1 Titration of Humic Acid with Trace Metals 

For the single metal titration, the half-wave potentials and voltage scan ranges 

for each metal at each pH are listed in Table 3.2. A example of a polarograph plot 

for one titration is shown in Figure 3.2. 

Calibration curves of each trace metal at constant pH were prepared by 

pipetting metal titrant solution ( 10-3 M) at 20 µL increments into a 25 .0 mL buffer 

solution. The maximum current was measured at E112 after each addition. There 

were normally eight points in each titration curve, covering a metal concentration 

range of 5 to 30 µM. For a metal complexation titration, 228 µL of the humic acid 

stock solution, giving the humic acid concentration of solution at 5 ppm in DOC, 
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Table 3.1 Experimental conditions used for titrations 

Cd1 , Pb
1

, Cu
1 

4- 94 µM 

HAtotal ( DOC ) 5 ppm 

pH 6.0 - 8.0 

Atmosphere nitrogen 

Ionic strength 0.05 M 

Temperature 25.0 °C 



Table 3.2 Half-wave potentials and potential scan ranges 
for Cd(II), Pb(II) and Cu(II) at pH 6, 7 and 8 

Half-wave potentials (V vs. Ag/AgCl) 

pH Cd(II) Pb(II) Cu(II) 

6.00 -0.71 -0.51 -0.08 

7.00 -0.71 -0.52 -0.10 

8.00 -0.71 -0.53 -0.24 

Potential scan ranges (V vs. Ag/ AgCl) 

pH Cd(II) Pb(II) Cu(II) 

6.00 -0.65 - -0.77 -0.44 - -0.59 -0.02 - -0.24 

7.00 -0.67 - -0.80 -0.44 - -0.61 -0.04 - -0.28 

8.00 -0.67 - -0.84 -0.45 - -0. 70 -0.18 - -0.35 
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was pipetted into the cell together with 25 .0 mL of a buff er solution and the mixture 

was purged with N
2 

for five minutes to be de-oxygenated before a metal addition. 

The time interval between each metal delivery was at least two minutes since it was 

shown that this gave sufficient time for metal-humic acid mixtures to reach 

equilibrium. The number of titration points in a complexation titration curve ranged 

from six to fourteen; typically giving the total metal concentration from 4 to 94 

µM. 

3.3.2 Competitive Complexation Titrations 

For competitive complexation measurements, the humic acid stock solution and 

competing metal (either a trace metal or Ca2
+) were pipetted into the buffer before 

de-oxygenation. De-oxygenation was also achieved by purging N2 for five minutes. 

The humic acid concentration was 5 ppm DOC. The competing trace metal 

concentration is 10 µM and the Ca2
+ concentration is 5 mM. The relatively high 

Ca
2
+ concentration was chosen to match the environmental conditions and to give a 

detectable competing effect, since the binding constant of Ca2
+ with humic acid is 

normally three orders of magnitude lower than that of trace metals (Hering and 

Morel, 1988). The test metal titrant was pipetted into the equilibrated mixture of 

competing metal and humic acid at 20 µL increments. The total metal concentration 

during was 4 to 30 µM for all three trace metals. 

3.4 Data Analysis 

3.4.1 Calculation of Free Metal Concentration 

In order to determine the free metal concentration in each titration, the labile 

metal concentration was first calculated. Since the peak current values are 

proportional to the labile metal concentrations (Figure 3.3), this ratio is the slope of 
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a calibration curve and can be determined by linear regression of the calibration 

data. The linear regressions were done using QUATTRO PRO on a IBM

compatible personal computer. For each titration, the ratio used to calculate the 

labile metal concentration was determined from the calibration curve obtained at 

the same conditions. By assuming that labile metal concentration is equal to the 

sum of free metal concentration and hydroxide metal concentration, the free metal 

concentration is calculated by deducting hydroxide metal concentration from labile 

metal concentration. The hydrolysis constants for Cd(II), Pb(II) and Cu(II) used to 

calculate hydroxide metal concentration were 104
·
0

, 106
·
0 and 1063 respectively. 

3.4.2 One Ligand Discrete Ligand Model 

According to Cabaniss and Shuman ( 1988), the optimal number of ligands 

chosen for discrete ligand model can be estimated as one ligand for each order of 

magnitude of bound metal concentration observed in the titration data. This "rule 

of thumb" was tested in this work, as a one, two and three ligand model were used 

to fit the data for trace metal concentration ranges of 1 to 100 µM in our study (see 

later). The single ligand model (the one used to report the results) is written as: 

Me+ L < = > MeL (3) 

where Me stands for trace metals and L is the representative ligand. Charges are 

omitted for simplicity. The conditional formation constant at a constant pH is: 



[MeL] 
K= 

[Me] [L] 
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(4) 

[Me] and [MeL] are, respectively, the free, and bound concentrations of trace 

metal, and [L] the free concentration of ligand. Since [Me] values are 

experimentally determined, [MeL] and [L] values were then calculated using the 

mass balance equations: 

Lt = [L] + [MeL] (5) 

Met = [Me]L + [MeL] (6) 

where [Me]L is the labile metal concentration. Substituting equations 5 into 

equation 4 and rearranging: 

[MeL] = 
KLt [Me] 

1 + K[Me] 
(7) 

This is the equation we used to solve for the K and Lt values. The K and Lt value 

are not only extremely sensitive to experimental conditions (Met' DOC, pH), the 

method of analysis (voltammetry, potentiometry, dialysis), but also to the type of 

data analysis (type of regression, choice of dependent variable, weighting) (Fish 

and Morel, 1985). In our study, a nonlinear regression method was chosen to 

calculate K and Lt parameters. In the fitting processes, free metal concentration 
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instead of the bound metal concentration was used as the independent variable and 

Me
1 

was the dependent variable, because free metal concentration is the directly 

measured quantity. The bound metal concentration is usually associated with a 

relatively large error caused by subtracting two large numbers. Also the free metal 

concentration is typically the quantity of environmental interest (Cabaniss and 

Shuman, 1988). All the nonlinear regressions were also done using SYSTAT 

(Wilkinson, 1986) on a IBM-compatible personal computer. 
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CHAPTER4 

RESULTS 

The complexation of Cd(II), Pb(II), and Cu(II) by humic acid extracted from 

Orange County groundwater was investigated 1) under different pH conditions (pH 

6.00, 7 .00, 8.00), 2) in the presence of 10 µM of a competing trace metal, and 3) in 

the presence of 5 mM of Ca2+. All the titration data are presented as plots of 

log[Me2+] versus log[Met]. Under our experimental conditions, log[Me2+] seems 

linearly related to log[Met] for all three metals. The varieties in metal binding for 

our experimental matrix are compared using these titration curvers. 

4.1 pH Effect on Trace Metal Complexation of Humic Acid 

4.1.1 pH Effect on Individual Metals 

The calibration curve and the titration curves of Cd(II) with humic acid at pH 

6.00, 7 .00 and 8.00 are shown in Figure 4.1. The Cd(II) complexation titration 

curve at pH 6.00 is almost identical with the titration curve at pH 7 .00, and both of 

them only slightly shifted from the calibration curve. The titration curve at pH 8.00 

is displaced further, error bars show the shift is significant. The percentage of 

bound Cd(II) increased from around 10% to around 19% as the pH increased from 

pH 6.00 to 8.00. Since log K = 4.0, the magnitude of the displacement 
Cd OH+ 

between the calibration curve and the titration curve is the measure of the Cd(II) 

binding capacity of humic acid in this pH range, and one can see from the plots that 

Cd(II) does not bind strongly to the humic acid at pH 6.00 and 7 .00. There is a 

slight enhancement for pH 8.00. 
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Figure 4.2 shows the calibration curve and the titration curves of Pb(II) with 

humic acid at pH 6.00, 7 .00 and 8.00. All titration curves are shifted downward 

from the calibration curve and the displacement distance is approximately the same 

for each order of magnitude change in [H+]. For Pb(II) complexation, with log 

K = 6.0, the displacement distance between calibration curve and titration 
PbOH+ 

curve indicates both humic acid and OH- complexation occurs. At pH 8, 

equilibrium calculations indicate that PbOH+ represents 50% of the total metal 

concentration when no humic acid is present, while at pH 6, it is negligible. At pH 

6.00, the bound percentage of Pb(II) is around 40%, about 4 times of that of Cd(II). 

When pH was increased from 6.00 to 7 .00, the bound percentage of Pb(II) increase 

from around 42% to 60%. At pH 8.00, humic bound percentage of Pb(II) decrease 

to around 51 %. These results suggest that Pb(II) can bind strongly to humic acid 

and Pb(II) complexation capacity of humic acid increases with the pH, even though 

the the relative capacity at higher pH decreased due to the OH- competing effect. 

The calibration curve and the titration curves of Cu(II) with humic acid at pH 

6.00, 7 .00, and 8.00 are shown in Figure 4.3. As was found for Pb(II), there is a 

large displacement of the titration curve from the calibration curve at pH 6.00, but 

the displacement distance of pH 8.00 titration curve from pH 7 .00 titration curve is 

smaller than the distance between the titration curves at pH 6.00 and 7 .00. This 

trend is slightly different than the Pb(II) curves and suggests that OH- is beginning 

to compete strongly with humic acid for Cu(II) from pH 7 .00 downward. The 

results of these trace metals suggest that the magnitude of the binding constants 

should be Cu(II) - Pb(II) > Cd(II). 
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4.1.2 Conditional Formation Constants and Total Ligand Site 

Concentrations 
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The values of conditional binding constants (K) and total ligand site 

concentrations (Lt), determined from single ligand model (equation 7) for Cd
2

\ 

Pb2
+ and Cu2

+ at pH 6.00, 7 .00 and 8.00 are listed in Table 4.1 and Table 4.2 

respectively. Modeling results indicate that conditional binding constants for Cd(II) 

are about 104 M-1 for all pHs, similarly site concentrations are approximately same 

for all pHs. The conditional binding constants for Pb(II) and Cu(II) are one order 

of magnitude higher, 105 M-1
. They are more sensitive to pH than those for Cd(II), 

and decrease with pH. Conversely, the binding site concentrations increase with 

increasing pH. Thus the two variables are inversely correlated. 

4.2 Competing Effects of Trace Metals and Ca2 + 

Competing effects of trace metals and Ca2
+ on Cd(II) at pH 6.00 are shown in 

Figure 4.4. The Cd(II) titration curves obtained in the presence of Pb(II), Cu(II) 

and Ca
2
+ are almost the same as the titration curve with no additional metals. It 

suggests that both trace metals and Ca
2
+ have minor competing effects. This could 

imply that these competing metals bind to different sites than Cd(II), or the relative 

affinity of Pb(II) or Cu(II) is much stronger than that of Cd(II). 

In Figure 4.5, which shows the titration curve and the competitive titration 

curves of Pb(II) at pH 6.00, we can see that while Cu(II) has no effect on the Pb(II) 

complexation, the presence of Cd(II) appears to slightly enhance the binding 

between Pb(II) and humic acid. Of the competing metals investigated, only the 

presence of 5 mM Ca 
2
+ decreases the amount of Pb(II) complexed by humic acid. 



Table 4.1 pH dependence of conditional binding constants with 
L

1 
as a fitting parameter 

pH Cd(II) Pb(II) Cu(II) 

6.00 0.06 ± 0.01 0.16 ± 0.01 0.30 ± 0.07 

7.00 0.09 ± 0.02 0.13 ± 0.01 0.14 ± 0.03 

8.00 0.11 ± 0.03 0.08 ± 0.01 0.04 ± 0.00 

Table 4.2 pH dependence of total ligand site concentrations 

pH Cd(II) Pb(II) Cu(II) 

6.00 3.43 ± 0.22 11.25 ± 0.35 7.96 ± 0.38 

7.00 2.20 ± 0.58 23.73 ± 0.68 18.75 ± 2.74 

8.00 5.49 ± 0.69 50.57 ± 6.83 81.95 ± 3.75 
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Figure 4.4 Competitive complexation of Cd(Il) with humic acid (pH = 6.00, 
Ionic strength= 0.05 M, T = 25.0 °C, MES was used as buffer.) 
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Figure 4.5 Competitive complexation of Pb(II) with humic acid (pH = 6.00, 
Ionic strength= 0.05 M, T = 25.0 °C, MES was used as buffer.) 
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The titration curve and the competitive titration curves of Cu(II) with humic 

acid are plotted in the Figure 4.6. The competing effects of other metals with Cu(II) 

show different trends. While Ca2
+ does competes effectively with Cu(II) as well as 

Pb(II), Pb(II) displaces Cu(II) from humic acid at the high Cu(II) loading level. On 

the other hand, the Cd(II) also appears to enhance the binding between Cu(II) and 

humic acid at the low Cu(II) loading range. 

4.3 Ca2+ Competing Effects at Different pHs 

The effects of pH on systems containing both Ca2
+ and trace metals are 

illustrated in Figure 4.7, 4.8, and 4.9. These plots are obtained by subtracting the 

titration curves with Ca2
+ from those obtained without Ca2

+. At pH's 6.00 and 

7 .00, Ca2
+ has little effect on Cd(II) binding. A relatively large amount of Cd(II) is 

displaced by Ca
2
+ at pH 8; the magnitude of displacement increases with Cd(II) 

loading. For Pb(II), we observe the fairly large displacements at both pH 6.00 and 

7 .00; similar to Cd(II), the magnitude of displacement increases with metal loading. 

At pH 8.00, however, there is less competition. The competing effects of Ca2
+ on 

Cu(II) binding are similar to Pb(II). But due to the difference in hydrolysis 

constants, the competing effects of Ca2
+ on Cu(II) are shown to decrease at both pH 

7.00 and 8.00. 
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Figure 4.6 Competitive complexation of Cu(II) with humic acid (pH = 6.00, 
ionic strength= 0.05 M, T = 25.0 °C, MES was used as buffer.) 
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Figure 4. 7 Competing effect of Ca 2+ on Cd(II) complexation by humic acid 
at pH 6.00, 7 .00 and 8.00 (Ionic strength = 0.05 M, T = 25 .0 °C, 
MES, HEPES, and Tris were used as buffer respectively.) 
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Figure 4.8 Competing effect of Ca2
+ on Pb(II) complexation by humic acid 

at pH 6.00, 7.00 and 8.00 (Ionic strength= 0.05 M, T = 25.0 °C, 
MES~ HEPES, and Tris were used as buffer respectively.) 
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Figure 4.9 Competing effect of Ca 2+ on Cu(II) complexation by humic acid 
at pH 6.00, 7.00 and 8.00 (Ionic strength= 0.05 M, T = 25.0 °C, 
MES, HEPES, and Tris were used as buffer respectively.) 
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CHAPTER5 

DISCUSSION 

5.1 Complexation of Trace Metals by Humic Acid 

As shown in the previous chapter, the binding strengths of Cd(II), Pb(II) and 

Cu(II) with humic acid have the order of Cu(II) - Pb(II) > Cd(II), the conditional 

binding constant for Cd(II) being about one order of magnitude smaller than those 

of Pb(II) and Cu(II). The same trends have been described in similar investigations 

studying trace metals with fulvic acid (eg. Saar and Weber, 1980; Cabaniss, 1992). 

This is because both Pb(II) and Cu(II) are on the borderline between hard and soft 

acids, and therefore have similar preference for ligand atoms, such as O and N. For 

example, they have similar binding constants for a variety of carboxylic acids 

(Smith and Martell, 1976). Cd(II), however, prefers soft ligands, such as S. As the 

humic substance used has only 1.8 percent S verses 36 percent O plus N, it should 

be not surprising that less Cd(II) binding is observed. 

According to Cabaniss and Shuman (1988), changing the pH affects metal

ligand binding due to (1) competition between H+ and Me for binding sites; (2) 

competition between humic acid and inorganic ligands (OH-) for the metals; and 

(3) potential formation of mixed ligand species such as hydrolyzed metal-ligand 

complexes. Electrostatic and conformational effects at different pHs may also be 

important. Examining the change in binding strength for all the metals between pH 

7.00 and 8.00 suggest either (1) that phenol-containing sites become important with 

increasing pH (Cabaniss and Shuman, 1988) or (2) the concomitant change in 

conformation increases the electrostatic interaction between humic acid and metals. 
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The relative decrease in Cu(II) binding strength at pH 8.00 is due to the OH

competing with humic acid for the metal. 

5.2 Competitive Complexation of Trace Metals with Humic 

Acid 

Previous studies (Fish, 1984) have shown that competition between Cu(II) and 

Cd(II) is minor, and no report has indicated that Cd(II) can enhance the binding of 

Pb(II) or Cu(II) with humic acid. The small enhancement observed in this work 

may be due to experimental artifact such as the humic acid coating on the Hg 

electrode surface. However, it is also possible that the initial binding of Cd(II) to 

humic acid causes a conformational change and therefore enhances the binding 

(Cabaniss et al., 1984). While it is understandable that Pb(II) and Cu(II) have no 

competing effect on Cd(II) binding and Pb(II) competes with Cu(II) for binding 

sites, the observation of no effect of Cu(II) on Pb(II) binding was not expected. 

The possible explanation is that Cu(II) at low concentration binds to some Cu(Il)

specific sites, or Pb(II) might bind to humic acid a little bit stronger than Cu(II). 

In some previous studies, Ca2
+ was reported as having no effect on Cu(Il)

humate binding (Hering and Morel, 1988). In this work, we observed that Ca2
+ 

does have measurable effect on all the trace metals studied. The effect, however, 

was pH dependent. Since ca2+ mainly forms outer-sphere complexes with ligands, 

the effect of adding Ca
2
+ might be due to an overall change in electrostatic forces. 

The effect of adding Ca 
2
+ is, perhaps, analogous to the ionic strength effect on 

Cu(Il)-fulvic acid binding studied by Cabaniss and Shuman (1988). That Ca2
+ has 

a smaller effect on Cd(II) binding at pH 6.00 relative to pH 8.00 might be due to 

partial neutralization of negative charge on humic acid by protons at pH 6.00. The 
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observation that Ca2+ has a smaller effect on Pb(II) and Cu(II) binding at pH 8.00 

relative to pH 6.00 may be explained by the conformational changes or increased 

binding of PbOH+ and Cu OH+ from pH 7 .00. This explanation is also supported by 

the observation that at pH 7 .00, Ca 2+ has a larger effect on Pb(II) binding than on 

Cu(II) binding. 

Contrary to what was reported by Cabaniss and Shuman (1988) that ionic 

strength effects are smaller at high metal loading than they are at low metal 

loading, in this work, we observed that the Ca 2+ effect increases with trace metal 

loading. This may indicate that the competing effect is cumulative and proportional 

to the bound metal concentration. 

5.8 Conditional Formation Constants and Total Ligand 

Concentrations 

In this discussion, binding strengths are based on the relative displacement of 

the titration curves from the blank curve. K and Lt have been determined for each 

curve, and they are inversely correlated. However, the K and Lt values for Cu(II) 

are well within the range of reported literature values (Table 5.1) (Mariner, 1991). 

Since K and Lt are inversely correlated fitting parameters, they can not be 

evaluated separately, as a specific value of K represents an overall binding capacity 

to a specific value of Lt. Their products, being dimensionless, might have physical 

meaning since they indicate the binding strength of trace metals under the 

experimental conditions (Table 5 .2), and they follow the displacement trends of the 

titration curves. 



Table 5.1 Comparison of conditional binding constants for Cu(Il)/humates 
complexation for different humic substances sources 1 

Source DOC 
ppm 

Yuma Canal, AZ 2 
3.6 

Biscayne Aquifer, FL 2 15.0 

Ogeechee Estuary, GA 3 19.95 

Sand Ridge St. Forest, IL 4 
1.0 

Biscayne Aquifer, FL5 
5.64 

Orange County, CA 6 
5.0 

Orange County, CA 7 
5.0 

1Table adapted from Mariner, 1991 
2McKnight et al., 1983 
3Cabaniss et al., 1984 
4Holm and Curtiss, 1990 
50dem, 1991 
6Mariner, 1991 
7This study 

pH Ionic strength logK 
-1 log(M ) 

6.25 1 mMKN03 6.0 

6.25 1 mMKN03 5.6 

6.00 100mMKN03 6.44 

6.1 20mMNaN03 6.1 

6.2 10mMNaN03 6.5 

6.2 10mMNaN03 5.5 

6.00 50mMNaN03 5.5 

56 
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Table 5 .2 pH dependence of binding strength 

pH Cd(II) Pb(II) Cu(II) 

6 0.20 ± 0.02 1.83 ± 0.08 2.41 ± 0.44 

7 0.19 ± 0.00 2.98 ± 0.06 2.62 ± 0.19 

8 0.61 ± 0.12 4.14 ± 0.14 2.86 ± 0.03 
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In order to model the competitive complexation of trace metals with humic acid, 

the K value was calculated by assigning the same Lt value for each metal to be 

calculated. Using the average Lt value for Cd(II), Pb(II) and Cu(II) at each pH 

(Table 4.2), i.e., 7.45, 14.89 and 46.00 µM, respectively, in equation 7, the K values 

for each metal at different pH were fitted using non-linear regression routine 

(SYSTAT) and are listed in Table 5.3. In order to check the validity of the K values 

corresponding to a given Lt, the binding curves of Cd(II), Pb(II) and Cu(II) were 

calculated from this set of K and Lt values. Calculated values, together with the 

corresponding experimental data, are plotted in Figures 5 .1, 5 .2 and 5 .3 

respectively. We can see a good fit of the theoretical data, indicating that these K 

values are suitable for the competitive complexation modeling. 

To calculated the K value of competitive trace metal complexation, the one 

ligand model ( equation 7) was used with the following mass balance equation 

Lt = [L] + [MeL] + [CMeL] (8) 

where [CMeL] is the bound competing metal concentration. Since the competing 

metal is preequilibrated with humic acid before the test metal is loaded, this 

concentration is calculated using the fixed Lt value given above and its 

corresponding K value in equation 7. After deducting the bound competing metal 

concentration from the mass balance equation, the K for the test metal is calculated 

by fitting the competitive complexation data (Table 5.4). This competitive model 

obviously overestimates the competing effect of a trace metal on the test trace 

metal binding by humic acid, since it treats the effect of adding a second metal in 



Table 5.3 Conditional binding constants at fixed ligand concentration 
(Lt fixed at each pH) 

K (10+6 x M-1) Lt 

pH Cd(II) Pb(II) Cu(II) (µM) 

6 0.02 0.48 0.35 7.54 

7 0.01 0.33 0.23 14.89 

8 0.01 0.09 0.07 46.00 
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Figure 5.1 Fitting of Cd(ll)-humic acid titration curves 
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Figure 5.2 Fitting of Pb(II)-humic acid titration curves 
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Figure 5 .3 Fitting of Cu(Il)-humic acid titration curves 



Table 5 .4 Competing effect on conditional binding constants 
(at pH= 6 and Lt= 7.5 µM) 

Competing Metal 

Metal Cd(II) Pb(II) Cu(II) 

Cd(II) 0.02 0.01 0.02 

Pb(II) 1.15 0.48 2.20 

Cu(II) 0.97 4.15 0.35 
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an absolute competing manner while we actually observe different competing 

effects, e.g. competing, no effect, and a maybe enhancement, of adding second 

metal. Hering and Morel (1988) also reported the overestimation of added Ca
2
+ on 

Cu(II) binding by DOM using the same competitive model. Due to the lack of 

direct binding data of Ca2
+ with humic acid, the competitive model is not used to 

calculate the competing effect of Ca2
+ on the trace metal binding by humic acid in 

our study. The results from the competing effect calculation suggest that different 

models should be proposed to account for different competing effect. 

In a recent study by Tipping (1993) to interpret competition effects in the 

binding of trace m'etals and Ca2
+ by "fulvic-type humic substances", three 

mechanisms of competition are proposed, these being direct competition at discrete 

sites, competition for counterion accumulation, and reduction in net electrical 

charge on the humic molecule by alkaline earth cation binding to certain sites. 

Another very similar approach is the oligoelectrolyte model (Bartschat et al., 1992) 

in which a competing effect can be accounted for by direct competition at the 

discrete sites, an explicit coulombic contribution by the competing metal, or a 

combination of both. The major difference between these two approaches is how 

the acid-base properties of the humic substance are quantified. Tipping ( 1993) used 

eight proton-dissociation groups to explore the acid-base behavior of the humic 

material; the intrinsic pKa values are determined by fitting the acid-base titration 

data of the humic material. Bartschat et al. (1992), on the other hand, used three 

well characterized acid groups with their true pKas to represent a humate molecule. 

Both approaches have been successfully applied to certain experimental studies and 

they are more physical-chemically based. Further modeling attempts will 

incorporate these models. 
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CHAPTER6 

CONCLUSION 

Our study on the complexations of trace metals by humic acid extracted from 

Orange County ground water shows that the binding capacity of humic substances 

is in the order of decreasing strength of Cu(II),.., Pb(II) > Cd(II) over pH range that 

brackets natural water conditions. The results indicate that the magnitude of the pH 

effect and the pattern depends on the nature of metals. 

Results for competitive complexation obtained in this study indicate that trace 

metals do not necessarily compete for the same sites on the humic acid since they 

have different affinities for different sites. Conformational changes which can 

occur when metals bind to the different sites may cause either a competing or an 

enchanced effect. ca2+, however, is almost three orders of magnitude higher in 

concentration than the trace metals and outcompetes the trace metal for sites where 

electrostatic interactions dominate. The results also indicate that in groundwater 

situations, where more than one metal is present, the effect of other metals must be 

considered in predicting metal speciation. 

Although these experiments were conducted in the laboratory, the results can be 

applied to the prediction of movement of trace metals in different situations. For a 

typical groundwater at pH form 6 to 10, the concentration of Ca2
+ is normally three 

orders of magnitude higher than that of trace metals. This high concentration will 

compensate for its relatively weak binding affinity, and therefore prevent a trace 

metal from binding to humic acid and thereby reduce the importance of metal

humate complexes in natural water systems. 
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As mixtures of trace metals with relatively very high concentration are typical 

at acid mine sites, while the concentration of organic matters is low, the competing 

effects among trace metals must be considered in predicting their speciation. But 

for hazardous waste sites and sewage plants, the levels of dissolved organic matters 

may be very high, and the mobility of trace metals can be greatly increased due to 

strong affinity of trace metals to the organic matter. 
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CHAPTER7 

FURTHER STUDY 

7.1 Modeling 

The approaches adapted in this work to model the equilibrium interactions of 

trace metals and humic substances, as well as to model the competition among 

different metals are basically curve-fitting exercises. Although they can fulfill the 

purpose of providing a useful set of parameters needed for prediction of trace metal 

movement, the models do not allow extrapolation from a given pH or ionic strength 

to another, also, they are not adequate for interpreting the competition among trace 

metals. 

In further studies, we will use the oligoelectrolyte model proposed by Bartschat 

et al. (1992). It is an approach which is based more on the fundamental physico

chemical properties of humic substances and less on fitting practice. It allows the 

extrapolation of conditional constants from one set of conditions to another with no 

fitting required. We believe that we can get more information about the source 

differences of humic substances by applying this model. The pH effect, ionic 

strength effects, or main group cation competing effect on metal binding will be 

considered as an explicit coulombic contribution to the binding strength. The 

competing effect among trace metals will be considered as the result of direct 

competing for binding sites on humic acid. The result will be a simplified 

representation of a model humic acid which can then be used to predict the 

speciation of trace metals under conditions other than the condition at which the 

model is calibrated. 
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7.2 Kinetics of Trace Metal Complexation 

Most studies of trace metal speciation in groundwater systems assume 

equilibrium ( or pseudo-equilibrium) between the metal and organic matter since the 

rate of formation and dissociation of metal-organic complexes are usually rapid 

compared to related environmental processes. However, there have been relatively 

few studies of kinetics of metal complexation under environmental conditions. The 

assumption of rapid equilibration needs to be tested. Also, for chemically inert 

systems in which metals are only slowly bound or released by natural organic 

matter, specially in the vadose zone where water may be introduced in short pulses, 

a simple equilibrium model may be inadequate. In further work, we propose 

studying the kinetics of trace metal complexation by humic substances with the 

specific aim of estimating the rate of formation and dissociation and to understand 

the chemical factors that govern the rate of reaction under appropriate conditions. 

7.8 Unsaturated Column Experiment 

Since the ultimate goal of the study is to predict trace metal transport in the 

unsaturated zone, column experiments under unsaturated conditions are needed. 

Information provided by equilibrium and kinetic batch experiments and column 

experiments under saturated conditions will determine the conditions for the 

unsaturated column experiments. Column experiments will be conducted with 

individual metals applied with and without humic substances, and then with all 

three metals introduced simultaneously. 
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APPENDIX 

TITRATION DATA 



A example of titration data calculated from calibration data and 
peak current measured in Pb(II) titration at pH = 6~00 

Calibration data for Pb(II) at pH 6.00 

Pbt 
(microM) 

0.000 
3.910 
7.813 

11. 711 
15.602 
19.487 

Peakcurrent 
(microA) 

0.000 
16.370 
33.073 
49.801 
67. 684 
84.158 

Titration data for Pb(II) at pH 6.00 

Peak current Pb(II) (labile) 
(microA) (microM) 

0.000 
6.500 

15.500 
27.100 
39.000 
52.000 
65.200 

0.000 
1.584 
3.781 
6.616 
9.528 

12. 715 
15.955 

Titration data for Pb(II) at pH= 6.00 

Pbt Pb(II) (labile) 
(microM) (microM) 

0.000 
3 .910 
7.813 

11.711 
15.602 
19.487 
23.366 

0.000 
1.584 
3.781 
6.616 
9.528 

12. 715 
15.955 

70 



71 

Cd(Il)/humic acid titration data at pH = 6.00. 

[Cd
2

+]labile (µM) [Cd
2
+]total (µM) 

0.035 0.035 0.035 0.000 
3.429 3.373 3.401 3.910 
6.773 6.716 6.942 7.813 

10.461 10.291 10.517 11.711 
13.843 13.928 14.126 15.602 
17.826 17.628 17 .911 19.487 
21.390 21.390 21.617 23.366 

Cd(Il)/humic acid titration data at pH= 6.00 (repeat). 

[Cd
2

+llabile (µM) [Cd
2
+]total (µM) 

0.042 0.042 0.042 0.000 
3.401 3.515 3.458 3.910 
6.880 6.994 6.994 7.813 

10.364 10.649 10.364 11.711 
14.252 14.309 14.195 15.602 
17.804 18.147 17.747 19.487 
21.762 21.934 21.705 23.366 
25.383 25.783 25.268 27.239 
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Cd(Il)/humic acid titration data at pH = 7 .00. 

[Cd
2
+llabile (µM) [Cd

2
+]total (µM) 

0.031 0.031 0.031 0.000 
3.408 3.381 3.381 3.910 
7.061 6.899 7.034 7.813 

10.855 10.557 10.692 11.711 
14.465 14.194 14.411 15.602 
18.352 17.782 18.189 19.487 
22.136 21.756 22.000 23.366 

Cd(Il)/humic acid titration data at pH = 7 .00 (repeat). 

[Cd
2
+]labile (µM) [Cd

2
+]total (µM) 

0.000 0.000 0.000 0.000 
3.410 3.322 3.497 3.910 
6.825 7.087 7.087 7.813 

10.595 10.683 10.858 11.711 
14.372 14.459 14.459 15.602 
18.066 18.066 18.242 19.487 
21.942 21.942 22.030 23.366 
25.824 25.736 25.824 27.239 
29.712 29.712 29.536 31.107 
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Cd(Il)/humic acid titration data at pH = 8.00. 

[Cd
2

+]labile (µM) [Cd
2
+]total (µM) 

0.026 0.026 0.026 0.000 
2.780 2.474 3.086 3.910 
5.984 5.539 5.678 7.813 
9.276 8.914 8.998 11.711 

12.852 12.378 12.462 15.602 
16.546 15.932 16.016 19.487 
20.189 19.575 19.854 23.366 

Cd(Il)/humic acid titration data at pH = 9 .00. 

[Cd
2

+]labile (µM) [ Cd 
2
+] total (µM) 

0.000 0.000 0.000 0.000 
2.136 1.958 2.077 3.910 
4.746 4.568 4.746 7.813 
7.772 7.476 7.535 11.711 

10.976 10.501 10.798 15.602 
14.239 13.764 14.002 19.487 



Pb(II)/humic acid titration data at pH= 6.00 (set I). 

[Pb2
+]labile (µM) 

0.000 
0.085 
0.233 
0.467 
0.636 
0.785 
0.997 
1.188 
1.315 

0.000 
0.170 
0.276 
0.424 
0.552 
0.764 
0.976 
1.188 
1.315 

0.000 
0.127 
0.297 
0.445 
0.615 
0.764 
0.933 
1.124 
1.273 

[Pb2+] 
1 

(µM) 
tot a 

0.000 
0.391 
0.782 
1.172 
1.563 
1.953 
2.342 
2.731 
3.120 

Pb(II)/humic acid titration data at pH= 6.00 (set II). 

0.000 
1.125 
2.077 
3.549 
4.977 
6.578 
8.266 
9.910 

11.641 

0.000 
0.866 
2.077 
3.462 
4.847 
6.491 
8.136 
9.867 

11.511 

0.000 
0.995 
2.250 
3.635 
5.193 
6.664 
8.309 
9.997 

11.728 

[Pb2+] 
1 

(µM) 
tot a 

0.000 
1.956 
3.910 
5.862 
7.813 
9.763 

11.711 
13.657 
15.602 

Pb(II)/humic acid titration data at pH= 6.00 (set III) . 

[Pb2
+]labile (µM) [Pb2+] 

1 
(µM) 

tota 

0.000 0.000 0.000 0.000 
4.474 4.687 4.687 7.819 

10.227 10.653 10.227 15.626 
16.619 17.045 16.619 23.421 
23.437 23.864 23.011 31.204 
30.682 30.682 29.829 38.974 
37.500 38.139 36.648 46.733 
44.318 45.170 43.466 54.479 
51.349 52.415 50.497 62.213 
59.020 59.233 57.528 69.936 
66.264 66.690 64.560 77.646 
73 .721 74.148 71.804 85.344 
80.966 81.392 79.261 93.030 
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Pb(Il)/humic acid titration data at pH = 7 .00. 

[Pb
2

+] labile (µM) [Pb
2
+]total (µM) 

0.150 0.150 0.150 0.000 
1.258 1.234 1.258 3.910 
2.626 2.532 2.579 7.813 
4.209 4.185 4.256 11.711 
6.337 6.290 6.337 15.602 
8.681 8.516 8.563 19.487 

10.958 11.006 11.266 23.366 
13.760 13.428 13.902 27.239 

Pb(Il)/humic acid titration data at pH = 7 .00 (repeat). 

[Pb
2

+]labile (µM) [Pb
2
+]total (µM) 

0.000 0.000 0.000 0.000 
1.571 1.820 1.820 3.910 
3.642 3.642 3.808 7.813 
5.964 6.130 6.130 11.711 
8.539 8.622 8.954 15.602 

11.616 11.948 11.699 19.487 
14.282 14.946 14.697 23.366 
17.284 18.282 17.866 27.239 
21.456 21.622 21.290 31.107 
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Pb(Il)/humic acid titration data at pH= 8.00. 

[Ph
2

+] labile (µM) [Ph
2

+Jtotal (µM) 

0.263 0.263 0.263 0.000 
1.487 1.376 1.376 3.910 
3.325 3.381 3.381 7.813 
5.556 5.501 5.529 11.711 
7.512 7.512 7.512 15.602 
9.750 9.918 9.639 19.487 

12.480 12.364 11.098 23.366 

Pb(Il)/humic acid titration data at pH = 9 .00. 

[Ph
2

+J labile (µM) [Ph
2

+J total (µM) 

0.129 0.129 0.129 0.000 
1.938 1.938 2.059 3.910 
5.193 4.980 5.102 7.813 
8.545 8.271 7.602 11.711 

11.506 11.598 10.928 15.602 
14.899 14.716 14.137 19.487 
18.266 17.717 17.351 23.366 
21.211 21.150 20.387 27.239 



Cu(Il)/humic acid titration data at pH = 6.00. 

[Cu
2

+]labile (µM) 

0.259 
1.743 
4.013 
6.452 
9.928 

13.491 
17.143 
20.967 

0.259 
1.290 
3.477 
6.741 
9.762 

13.160 
16.854 
20.677 

0.259 
1.372 
3.766 
6.865 

10.299 
13.491 
16.936 
20.842 

[Cu
2
+]total (µM) 

0.000 
3.910 
7.813 

11.711 
15.602 
19.487 
23.366 
27.239 

Cu(Il)/humic acid titration data at pH = 7 .00. 

[Cu
2

+]labile (µM) 

0.000 
1.308 
3.234 
5.263 
8.306 

11.151 
14.406 
18.174 
21.338 

0.000 
1.266 
3.128 
4.858 
8.301 

11.354 
14.000 
16.854 
19.915 

0.000 
1.307 
3.127 
4.453 
8.312 

10.239 
13.290 
16.651 
19.712 

0.000 
3.910 
7.813 

11.711 
15.602 
19.487 
23.366 
27.239 
31.107 

Cu(Il)/humic acid titration data at pH= 8.00. 

[Cu
2

+]labile (µM) 

0.077 
2.678 
6.352 
9.985 

13.670 
17.314 
21.244 

0.077 
2.817 
6.305 

10.078 
13.670 
17 .175 
21.198 

0.077 
2.786 
6.312 
9.955 

13.739 
17.272 
21.180 

[Cu
2
+]total (µM) 

0.000 
3.910 
7.813 

11.711 
15.602 
19.487 
23.366 
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Competitive titration data of Cd(Il)/humic acid at pH = 6.00. 

Competing with 10 µM Pb(II). 

[Cd
2

+]labile (µM) 

0.119 
4.183 
7.819 

11.515 
15.272 
18.871 
22.747 
26.684 

0.119 
4.129 
7.385 

11.027 
14.729 
18.382 
22.258 
26.086 

0.119 
4.154 
7.545 

11.324 
14.968 
18.543 
22.546 
26.342 

[Cd
2
+]total (µM) 

0.000 
3.902 
7.798 

11.687 
15.571 
19.448 
23.320 
27.186 

Competing with 10 µM Cu(II). 

[Cd
2

+]labile (µM) 

0.000 
3.487 
7.035 

10.645 
14.430 
18.503 
22.469 
26.215 

0.000 
3.318 
6.979 

10.758 
14.317 
18.277 
22.130 
25.650 

0.000 
3.262 
6.922 

10.758 
14.712 
18.446 
22.186 
26.102 

[Cd
2
+]total (µM) 

0.000 
3.902 
7.798 

11.687 
15.571 
19.448 
23.320 
27.186 
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Competitive titration data of Pb(Il)/humic acid at pH = 6.00. 

0.074 
1.497 
3.397 
5.681 
8.300 

11.352 
14.409 
17.470 

Competing with 10 µM Cd(II). 

0.074 
1.545 
3.445 
5.586 
7.967 

10.829 
13.742 
16.946 

0.074 
1.592 
3.445 
5.681 
8.158 

11.114 
14.171 
17.232 

[Pb
2
+] total (µM) 

0.000 
3.902 
7.798 

11.687 
15.571 
19.448 
23.320 
27.186 

Competing with 10 µM Cu(II). 

[Pb
2
+] labile (µM) 

0.088 
1.542 
3.533 
5.964 
8.837 

11.860 
15.179 
18.212 

0.088 
1.591 
3.873 
6.450 
9.372 

12.395 
16.007 
19.089 

0.088 
1.542 
3.679 
6.304 
9.274 

12.297 
15.617 
18.601 

0.000 
3.902 
7.798 

11.687 
15.571 
19.448 
23.320 
27.186 
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Competitive titration data of Cu(II)/humic acid at pH = 6.00. 

Competing with 10 µM Cd(II). 

[Cu
2

+]labile (µM) 

0.000 
0.928 
3.018 
6.117 
9.377 

13.184 
16.997 
20.972 

0.000 
0.928 
3.018 
6.040 
9.299 

13.029 
16.920 
20.584 

0.000 
1.082 
3.482 
6.504 

10.152 
13.805 
17.696 
21.671 

[Cu
2
+Jtotal (µM) 

0.000 
3.902 
7.798 

11.687 
15.571 
19.448 
23.320 
27.186 

Competing with 10 µM Pb(II). 

[Cu
2

+]labile (µM) 

0.000 
1.357 
4.073 
7.643 

11.644 
15.311 
19.408 
23.342 

0.000 
1.441 
4.243 
7.728 

11.559 
15.226 
19.323 
23.342 

0.000 
1.441 
4.158 
7.474 

11.049 
14.800 
19.068 
23.002 

0.000 
3.902 
7.798 

11 .687 
15.571 
19.448 
23.320 
27.186 
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Competitive titration data of Cd(II)/humic acid with 5 mM Ca2
+ as competing metal. 

pH= 6.00. 

[Cd2
+]labile (µM) 

0.000 0.000 0.000 
1.770 1.770 1.770 
2.888 3.447 3.540 
5.171 5.171 5.264 
6.848 6.987 6.987 
8.525 8.664 8.851 

10.248 10.388 10.574 
11.320 12.205 12.251 
13.789 13.882 13.975 

pH= 7.00. 

[Cd2
+]labile (µM) 

0.000 0.000 0.000 
4.011 3.833 3.744 
6.507 7 .577 7 .399 

10.251 11.232 11.053 
14.263 14.976 14.797 
17.828 18.452 18.630 
22.018 22.196 22.285 
25.851 25.762 25.673 
29.773 29.595 29.327 

pH= 8.00. 

[Cd2
+]labile (µM) 

0.000 0.000 0.000 
1.805 1.650 1.753 
3.558 3.506 3.609 
5.311 5.362 5.414 
7.219 7.270 7.373 
9.126 8.972 9.281 

10.983 10.931 11.292 
12.890 12.839 13.097 
14.695 14.643 14.953 

[Cd2+] 
1 

(µM) 
tot a 

0.000 
1.893 
3.785 
5.675 
7.564 
9.452 

11 .338 
13.223 
15.106 

[Cd2+] 
1 

(µM) 
tot a 

0.000 
3.871 
7.736 

11.595 
15.448 
19.295 
23 .136 
26.971 
30.800 

[Cd2+] 
1 

(µM) 
tot a 

0.000 
1.936 
3.871 
5.804 
7.736 
9.666 

11 .595 
13.522 
15.448 
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Competitive titration data of Pb(II)/humic acid with 5 mM Ca2
+ as competing metal. 

pH= 6.00. 

[Pb2
+]labile (µM) 

0.000 0.000 0.000 
2.752 2.964 2.964 
5.716 5.716 5.716 
8.891 8.891 8.891 

11.855 12.279 12.279 
15.242 15.454 15.242 
18.630 19.053 18.630 
22.017 22.017 22.017 
25.404 25.616 25.404 
28.791 29.215 29.003 
32.602 32.814 32.602 

pH= 7.00. 

[Pb2
+liabile (µM) 

0.000 0.000 0.000 
2.407 2.407 2.496 
5.170 4.992 5.170 
8.468 8.023 8.201 

11.588 10.964 11.321 
14.797 13.906 14.352 
17.828 16.937 17.650 
21.216 20.146 20.502 
24.246 23 .533 23 .355 

pH= 8.00. 

[Pb2
+]labile (µM) 

0.000 0.000 0.000 
1.221 0.999 1.110 
2.331 2.220 2.220 
3.441 3.552 3.441 
4.718 4.995 4.662 
6.105 6.216 5.828 
7 .548 7.493 7.104 
8.714 8.880 8.325 
9.990 9.990 9.213 

[Pb2+] 
1 

(µM) 
tota 

0.000 
3.872 
7.742 

11.608 
15.471 
19.332 
23.189 
27.044 
30.895 
34.744 
38.589 

[Pb2+] 
1 

(µM) 
tota 

0.000 
3.871 
7.736 

11 .595 
15.448 
19.295 
23.136 
26.971 
30.800 

[Pb2+] 
1 

(µM) 
tota 

0.000 
1.936 
3.871 
5.804 
7.736 
9.666 

11.595 
13.522 
15.448 

82 



Competitive titration data of Cu(Il)/humic acid with 5 mM Ca2+ as competing metal. 

pH= 6.00. 

[Cu2
+]labile (µM) 

0.000 0.000 0.000 
0.739 0.739 0.739 
1.625 1.921 1.773 
3.176 3.546 3.398 
4.949 5.171 4.580 
6.574 6.944 6.353 
8.716 8.495 8.052 

10.342 10.489 9.898 
12.336 12.114 12.410 
14.257 14.183 14.183 
15.956 16.103 15.808 

pH= 7.00. 

[Cu
2

+]labile (µM) 

0.000 0.000 0.000 
1.491 1.413 1.413 
3.542 3.553 3.520 
5.938 5.970 5.914 
8.723 8.744 8.777 

11.964 11.429 11.562 
14.817 14.549 14.704 

pH= 8.00. 

[Cu
2

+]labile (µM) 

0.000 0.000 0.000 
3.191 2.925 2.925 
6.559 6.381 6.913 

10.104 10.104 10.281 
14.004 13.649 14.004 
17.726 17.637 17.726 
21.271 21.448 21.271 
24.994 24.994 25 .348 
28 .539 28.805 29.071 

[Cu2+] 
1 

(µM) 
tot a 

0.000 
1.937 
3.872 
5.805 
7.738 
9.668 

11.597 
13.525 
15.451 
17.376 
19.299 

[Cu2+] 
1 

(µM) 
tota 

0.000 
3.871 
7.736 

11.595 
15.448 
19.295 
23.136 

[Cu2+] 
1 

(µM) 
tot a 

0.000 
3.871 
7.736 

11.595 
15.448 
19.295 
23.136 
26.971 
30.800 
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Titration data of Pb(II) with different humic acid concentration at pH= 6.00. 

3 ppm (DOC) humic acid. 

[Pb
2
+]labile (µM) 

0.427 0.427 0.427 
2.511 2.558 2.511 
5.527 5.295 5.619 
8.779 8.639 8.779 

12.268 11.711 12.361 
15.716 15.158 15.763 
19.635 18.891 19.495 
23.280 22.256 23.234 
26.792 26.373 26.839 

[Pb2+] 
1 

(µM) 
tota 

0.000 
3.944 
7.883 

11.815 
15.741 
19.660 
23.574 
27.481 
31.382 

5 ppm (DOC) humic acid. 

[Pb2+Jiabile (µM) 

0.328 0.328 0.328 
1.827 1.827 1.827 
3.965 4.011 4.238 
6.334 6.607 6.516 
9 .071 9 .344 9 .208 

11.584 12.177 11.949 
14.923 15.151 15.288 
17.992 18.768 18.357 
21.341 21.889 21.797 

[Pb2+] 
1 

(µM) 
tot a 

0.000 
3.910 
7.813 

11.711 
15.602 
19.487 
23.366 
27.239 
31.107 

7 ppm (DOC) humic acid. 

[Pb
2
+]labile (µM) 

0.000 0.000 0.000 
1.139 1.330 1.473 
2.813 3.051 3.099 
4.728 4.967 5.110 
7.124 6.885 7.268 
9.525 9.668 10.052 

12.312 12.648 12.887 
15.536 15.440 15.824 
18.572 18.476 18.476 

[Pb2+] 
1 

(µM) 
tota 

0.000 
3.875 
7.744 

11.606 
15.463 
19.314 
23.159 
26.998 
30.831 
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