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ABSTRACT 

Cu(II) binding characteristics of bulk, <30,000, <10,000, <5,000, 

<1,000, and <500 dalton molecular weight (MW) fractions of soil 

fulvic acid were determined from Cu(II)/dissolved organic matter 

interactions. Manual complexometric and potentiometric titrations 

measured Cu(II) MW fraction binding capacities and acidities. Ionic 

strength, temperature, and pH were varied. Cu averaged 7.3 x 10"4 

micromoles per liter and carbon ranged between 0.5 and 3.5 ppm. 

Total Cu(II) binding capacity differed among all but bulk and <30,000 

fractions due to site concentration differences; binding was 

insignificant for the <500 fraction. A three-site discrete ligand 

model determined conditional stability constants 107,0, 1011-0, and 

1013-8 and site concentrations 1.8 x 10"6, 8.5 x 10"6, and 7.6 x 10"5 M 

L"1, for the bulk and <30,000 fractions (pH 6.2, 0.01 M, 22°C). 

Similar stability constants were determined for lower MW fractions. 

Cu(II) complexation capacity was pH-dependent; Ionic strength effects 

were significant at pH 7.0, not at 6.2. Temperature effects were 

insignificant. 
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Chapter 1. 

Introduction 

In recent years concern about ground and surface water 

contamination from anthropogenic sources has focused attention on 

mechanisms controlling the fate and transport of trace metals in 

aquatic systems. Once released in natural water systems, 

interactions of trace metals with natural organic matter (NOM) has 

been observed to affect mobility of the metals (Schnitzer and Kahn, 

1972; Mantoura, 1981; Turner et al. 1981). 

NOM is ubiquitous throughout natural water systems. It is 

largely comprised of animal and plant decomposition products that 

commonly form an amorphous, loosely bonded group of molecules 

including proteins, lipids, carbohydrates, and humic substances. As 

a fraction of NOM, DOM is operationally defined as organic matter 

remaining in solution after 0.45 um filtration. DOM is further 

divided into two general categories, humic and non-humic substances. 

Schnitzer and Kahn (1972) defined humic substances as 

"amorphous, hydrophilic, brown to black acidic substances with 

molecular weights (MWs) of several hundred daltons to tens of 

thousands". Humic substances are classified into two general 

categories based on their acidity: humic acid (HA), generally only 

soluble in dilute basic solution and mildly acid solution, and FA, 

soluble under acidic or basic conditions. The strongest binding 

sites, with respect to Cu(II), occur in FA (Schnitzer and Khan, 

1972). 
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DOM is commonly measured as dissolved organic carbon (DOC). 

DOC concentrations in groundwater and the ocean are typically about 

0.5 mg L"1 (Thurman, 1985). In lakes and streams concentrations are 

typically 2 to 10 mg IT1, and may reach 60 mg L"1 in swamp and wetland 

drainages (Thurman, 1985). Antweiler and Drever (1983) reported 

concentrations as high as 260 mg L"1 in soil water. 

Cu(II) enters aquatic systems by various pathways. Natural 

mineral weathering, heavy industry, and mining operations are common 

among these. Cu(II) concentrations in natural waters range from <1 

to 50 ug IT1, or from <10"8 to 10"6 M. (McKnight et al., 1983). In 

contaminated environments concentrations may be much higher. Cu is 

considered one of the most mobile of the heavy metals by the United 

States Environmental Protection Agency (EPA, 1980). Cu was chosen as 

the metal of interest due to its widespread occurrence and high 

affinity for FA. 

The mobility of Cu(II) in aquatic systems is dependent on 

processes that control levels of dissolved Cu. Organic and inorganic 

complex formation, sorption to hydrous metal oxides, clays, and 

organic materials, redox reactions, and bioaccumulation are common 

processes that influence aqueous concentrations of Cu(II). The 

relative importance of these processes depends on pH, ligand 

concentration, concentrations of competing cations, and biological 

activity. In aqueous environments rich in DOM, Cu(II) concentration 

is often controlled by complexation with DOM, depending on 

concentrations of competing ligands (e.g., OH"5. Humic substances are 

typically the most abundant of the organic ligands responsible for 

complexation of copper. 

Cu(II) complexation by FA is not well understood despite being 
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the focus of many recent studies (Ephraim et al., 1986; Cabaniss and 

Shuman, 1988 a and b; Turner et al., 1986). This is partly due to 

the poorly characterized structure of FA. Complexometric studies 

investigating binding properties of FA have characterized it in its 

bulk form, yielding information regarding chemical parameters for a 

composite FA mixture. However, in actuality, FA is heterogeneous 

mixture of various fulvic-like constituents. Research leading to 

isolation of FA fractions homogenous in molecular size is needed to 

more highly characterize FA (Stevenson, 1985). Characterization of 

sub-fractions of the bulk FA mixture is an effective method to 

determine the nature of ligand composition within FA. 

This study investigates the acid-base and metal-ion binding 

properties of various, molecular size fractions of soil-derived FA. 

In addition to MW distributed binding affinities, pH, ionic strength, 

and temperature effects were also examined. 
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Chapter 2. 

Background 

2.1 Structural Aspects of Fulvic Acid 

The common composition of PA in a soil-water matrix is 

represented in table 2.1. Carbon (C) and Oxygen (O) are the 

predominant elements, with C contributing 50 percent of the FA 

formula weight. 

9 

Table 2.1 Average values for elemental composition 
of soil FA (Steelink, 1985). 

Element % Distribution 

Carbon 40.7 - 50.6 
Hydrogen 3.8 - 7.0 
Oxygen 39.7 - 49.8 
Nitrogen 0.9 - 3.3 
Sulfur 0.1 - 3.6 

N generally does not occur in concentrations greater than three 

percent in FA (Gamble et al., 1970; Schnitzer, 1976; Perdue, 1985). 

Steelink (1985) reviewed the literature and reported mean N/C = 0.043 

for soil FA. Schnitzer (1985) suggested that <75 percent of the 

total N in humic substances belongs to peptides, proteins, and amino 

acids, which are loosely bonded and are not integral in the structure 

of the humic substance. Schnitzer and Khan (1972) stated that after 

acid hydrolysis of a humic substance, 20 to 55 percent of the N 

consists of amino acid N. Kemp and Mudrochova (1973) determined mean 
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total amino acid was 12.6 percent of N for Lake Ontario sediments; 

their results were consistent with Yamamoto (1983) who reported four 

to 24 percent. 

Generally, FA is a stable framework of loosely arranged 

aromatic rings with attached acidic functional groups containing H 

and O. Schnitzer and Khan (1972) described the structure of FA as 

consisting, in part, "of phenolic and benzenecarboxylic acids, held 

together by H bonds to form polymeric structure of considerable 

stability." They suggested a FA structure as on Figure 2.1. 

The arrangement of phenolic (OH) and carboxylic (COOH) 

functional groups in FA may vary to form a variety of structures 

analogous to different organic acids. Table 2.2 illustrates the 

structure of several organic acids that have been used as fulvic-like 

model compounds, and lists respective dissociation (Ka) constants. 

Among the phenolic groups often included in FA are phenol and 

resorcinol (Pka = 9.96 and -0.48, respectively; Morrison and Boyd, 

1973). In addition to COOH and OH groups, other functional groups 

are found in FA, including amines, alcohols, and thiols (Perdue, 

1985). 

Several studies using gel permeation chromatography have 

characterized the structure of FA in terms of MW distribution. In 

their study of FA from the Tamar River, Varney et al. (1983) reported 

percent MW distribution (pH 6.89): <700 daltons (18%), 700 to 5000 

daltons (68%), 5000 to 10,000 daltons (14%), and 10,000 to 70,000 

daltons (0%). Thurman (1985) reported a mean MW range for FA of 500 

to 2000 daltons. In their study of Suwannee River FA, Leenheer et 

al. (1989) reported a MW mean of 1110 daltons. 

Binding characteristics of FA are attributed to its functional 

groups. Accordingly these groups are commonly referred to as FA 
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OH OH 

Figure 2.1 Chemical structure of FA (Schnitzer and Khan, 
1972). 

Table 2.2 Structure o£ selected organic acids, and 
dissociation constants (Drever, 1988). 

Acid Structure 

Acetic CII, COOll 4.9 

Oxalic 

/̂ /COOH 

COOll 
1 
COOll 

1.2, 4.2 

Benzoic u 
^VC00H 

4.2 

Salicylic 1 
/^/COOH 

2.9 

(o)Phthalic 2.9, 5.5 
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binding sites, or ligands. 

McKnight et al. (1983) proposed that Cu(II) binding site 

concentrations for aquatic FA (pH 6 to 7) can be estimated from DOC 

data, if average conditional formation constants and binding 

capacities from the literature are assigned to the ligand sites of 

interest. Ligand site concentrations, determined on a MW basis, may 

provide an estimate of binding site distribution. Acidity titration 

data represent direct measurement of the distribution of binding 

capacity, and thus provide a more accurate estimate of site 

distribution than does DOC data. Acidity of soil humic substances is 

a measure of their aromatic and aliphatic COOH and OH group 

concentrations (Schnitzer and Khan, 1972). Acidity is reported as 

the millequivalents (meq) of base required to bring a FA to a 

specified Ph, per gram of C in the mixture (meq (g C)"1). Total 

acidity of FA is assumed to be the sum of the carboxylic and phenolic 

acidities. Carboxylic acidity is operationally defined as that 

exhibited during titration from Ph 3 through 8, while phenolic 

acidity is approximated as twice that exhibited from pH 8 through 10 

(Thurman and Malcolm, 1984). Recent literature suggests that 

accurate potentiometric phenolic acidity determination is considered 

extremely difficult or impossible, due to the high pH (large volume 

of base required) at which phenolic inflection occurs (Perdue, 1985). 

In this study Thurman and Malcolm's (1984) approximation for phenolic 

acidity is used. 

2.2 Aqueous Speciation of Copper 

Cu speciation in natural waters is controlled by formation of 



complexes with inorganic and organic ligands. Cu readily forms a 

variety of complexes whose formation and equilibrium concentrations 

depend on Cu concentration, pH, T, I. The predominance of the 

hydroxo complexes Cu(OH)+, Cu(OH)2 (aq), and Cu2(OH)2z+ is directly 

dependent on pH (Stumm and Morgan, 1981). Figure 2.2 illustrates 

Cu(XX) species distribution in equilibrium with C02 (closed system) 

as a function of pH. 

a u 
° 6 
i 

MALACHITE 
Cuz(OHfeCOj[s) TENORITE 

CuO 

10 -

CuOH'-W 

CU2(ohi \ 

/ \ \/-A\Ycu(cH,;z 

curcOjjjV' \ \\ <\cu00 
\ • \ /\V 
Ad. V MV 

10 12 14 
PH 

Figure 2.2 Solubility of Cu(II) @ 25°C; pC02 = 10"2 
(Stumm and Morgan,1981). 
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2.3 Copper(II) - FA Complexation 

Cu(II)—FA binding is ubiquitous in natural water systems. A 

high content of functional groups, primarily COOH and OH, and the 

acidic nature of these groups enables FA to act as an effective 

complexing agent, or ligand, with Cu(II). COOH and OH are assumed to 

be the functional groups or sites primarily responsible for Cu(II)-FA 

binding. They may act as monodentate or multidentate ligands (e.g., 

benzoic and salicylic acids (Table 2.2)). Perdue (1985) tabulated 

dissociation constants (pKa) from the literature for phenolic, 

carboxylic, and other groups, and reported a pKa distribution as 

listed on Figure 2.3. 

N- and S-containing ligands are considered relatively strong 

Cu(II) binding sites (Perdue, 1985, 1989), however, due to low 

concentrations in humic substances, they are often assumed to 

contribute little to overall humic substance-metal binding, and are 

not included in FA-Cu(II) modeling studies (Mathur and Farnham, 

1985). Amino acids may also be important in FA-Cu(II) binding 

McKnight et al. (1983), Mathur and Farnham (1985), and Stevenson 

(1985). 

If a 1:1 site stoichiometry is assumed, base consumption 

measured during titration is a direct measure of ligand proton 

exchangeability, and thus represents binding capacity. This premise 

essentially assumes a 1:1 stoichiometry even though the coordination 

number of Cu2+ (6) suggests that higher stoichiometries are 

theoretically possible. In a characterization of FA on a MW basis, 

an analysis of base consumption allows comparison of individual MW 
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to  
Olhcr acidic groups, (63) 

-7 ^r-rT-n-i—t-r-Tu i rn-rm 
6 8 10 12 14 

20 

10 

_ Phenolic groups, (95) 

J I I I L -cnfl "Ml 
10 12 14 

Carboxyl groups. (409) 

Figure 2.3 Distribution of pKa values in simple organic acids 
(Perdue, 1985). 
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fraction binding capacities. Cabaniss and Shuman (1988a) reported 

that Cu(IX)-FA binding site stoichiometry is primarily one to one. 

Complexes with more than one ligand bound per copper ion accounted 

for less than 10 percent of bound Cu(II) in experiments at 1 to 10 mg 

C L-1; 1 x 10"A M to 1 x 10"7 M Cu(II); and pH 5 to 8.5 (Cabaniss and 

Shuman, 1988a). 

Several studies have identified the importance of pH effects on 

copper binding by humic substances (Cabaniss and Shuman, 1988a; 

Buffle, 1984; Sunda and Hanson, 1979). Results of these studies show 

that with an increase in pH, reduced competition for ligand sites 

between Cu2+ and H+ enhances humic substance-Cu(II) binding. 

Configurational changes in FA often occur as a function of pH. 

As pH increases, COOH and OH functional groups become negatively 

charged and may cause electrostatic repulsion between groups on the 

FA (Hayes, 1985; Leenheer et al., 1989). This repulsion may cause an 

uncoiling of the FA, such as that proposed by Varney et al. (1983) to 

explain marked configurational changes (i.e., a significant size 

increase near pH 7.0 in experiments ranging from pH 1.2 to 9.3) in an 

estuarine FA. Cabaniss and Shuman (1988a) postulated that structural 

unfolding may cause a decrease in the spatial density of negative 

charge for some of the molecules in the FA mixture, although the 

molecular charge remains unchanged or becomes more negative. 

It has been observed that the FA structure may coil as pH is 

reduced, (Thurman and Malcolm, 1981; Varney et al., 1983). This 

coiling, due to reduced negative charge, may cause an decrease in 

apparent FA size (Ghosh and Schnitzer, 1980; Varney et al., 1983; 

Fitch and Stevenson, 1985). 

Ionic Strength effects on copper-FA binding are well documented 

(Ephraim et al., 1986; Cabaniss and Shuman, 1988a). Coiling of humic 



21 

substances with an increase in ionic strength has been observed 

(Thurman and Malcolm, 1981; Varney et al., 1983; Ephraim et al., 

1986). This configurational change in FA may explain observed 

effects of ionic strength on FA-Cu(II) binding. 

2.4 Equilibrium Modeling 

If FA is assumed to have one effective binding site which 

behaves like a free ligand, ignoring charges, Cu(II)-FA binding is 

described by: 

Cu + L <==> CuL 2.1 

where Cu equals free copper, L equals the free ligand, and CuL equals 

the copper-ligand complex. Total copper, Cu(II)t, and total ligand 

concentration, Lt, respectively, are represented by: 

[Cu(II)]t = [Cu] + [CuL] 2.2 

and 

[L]t = [L] + [CuL] 2.3 

Equilibrium distribution of the CuL complex is expressed by 

formation constants (K). Assuming a single binding site (COOH or 

OH), no interaction between sites, and a 1:1 stoichiometry in the CuL 

complex (Cabaniss and Shuman, 1988a; and Dzomback et al., 1986) the 
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copper-ligand formation constant (Kcu) is expressed as: 

[CuL] 
Kcu = 2.4 

[Cu] [L] 

In this work, Kcu values are conditional formation constants, 

representing CuL equilibrium conditional upon the source of the FA 

(or L), and the specific concentrations of L and Cu at a specific set 

of chemical parameters (pH, ionic strength, and temperature). 

The ionic strength dependence of the conditional constant can 

be demonstrated by modifying equation 2.4 to include activity 

coefficients (y) (Perdue, 1989): 

[CuL ] Ycui. 
KI = Kcu TL = [ ] [ ] 2.5 

[Cu] [L] yCu yL 

where equals the "true" thermodynamic constant; Kcu equals the CuL 

formation constant; and equals the activity coefficient ratio. 

Concentration of the CuL complex is expected to decrease with 

elevated I. 

Little has been published on the effects of temperature on FA 

metal binding. However, the Van't Hoff equation describes the 

effects of temperature on equilibrium constants: 

Kx aH° 1 1 
In = [ - ] 2.6 

K2 R T2 TI 

When R is the gas constant, *H° represents the standard enthalpy of 

reaction, Ti is the temperature of interest, and Ki is the formation 
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constant at Tĵ . K2 is the formation constant at temperature T2. When 

*H° < 0, complexation is exothermic, as is the case for copper 

binding to oxalic, salicylic, and amino acetic acids, catechol and 

amino benzene. This decreased Tt from T2 results in K2 < Klf and 

Cu(II)-FA complexation is weaker. When »H° >0, as for acetic and 

phthalic acids, increased temperature results in K2 > Klr and Cu(II)-

FA binding becomes stronger. The standard enthalpy of formation 

refers to a single complexation reaction; prediction of temperature 

effects on Cu(II)-FA binding constants is difficult due to the broad 

range of enthalpies for the FA functional groups. 

Proton competition with copper for binding sites must be 

accounted for in modeling of FA complexation (Buffle, 1984). The 

reaction 

HL + Cu <==> CuL + H 2.7 

represents proton displacement by copper, where HL is the protonated 

ligand site. Total ligand site concentration is now represented by 

[L]t = [L] + [CuL] + [HL] 2.8 

and the equilibrium of the HL complex (KH) is represented by: 

[HL] 
Kh = 2.9 

[L] [H] 

The copper-proton exchange constant (K̂ ) is then represented by Kqjh 

= Kcu/̂ H / or 
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[CuL] [H] 
KcuH - 2.10 

[Cu] [HL] 

Rearranging equations 2.3 and 2.4 yields the following 

expression with CuL in terms [L]t, [Cu] and Kcu: 

[L]t [Cu] Kcu 
[CuL] = 2.11 

1 + [Cu] Kcu 

Assuming the concentration of free ligand at equilibrium is 

negligible, or [L] « [HL], substitution of equation 2.8 for [HL] 

yields the model expression including a single proton dependence: 

[L]t [Cu] Kcuh 
[CuL] = 2.12 

[H] + [Cu] Kĉ  

The formation of CuL complexes can have a greater than one to one 

proton dependence (e.g., Cabaniss and Shuman, 1988a). An equivalent 

expression for two to one, proton to Cuz+ dependence is derived 

similarly to equation 2.11, with the additional assumption that [L] 

« [H2L]. The copper-proton exchange constant is now Kcgg, yielding 

the model expression: 

[L]t [Cu] Kcuhh 
[CuL] = 2.13 

[H]2 + [CU] Kcuhh 

The discrete model assumes that the FA can be represented as a 

small set of discrete ligands, each acting independently with site-
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specific concentrations and formation constants. The net binding by 

the FA may be calculated as the sum of the binding contributions by 

individual sites. The contribution of a site acting independently is 

represented by [CuL] in equation 2.11. The total concentration of 

bound copper is then the cumulative concentration of the individual 

contributions of n sites, or: 

[Lj] [Cu] Kcuj 
[CuL] = E 2.14 

J"1 1 + [Cu] Kcuj 

The discrete ligand model has been used successfully to model 

metal-humate complexation (McKnight et al., 1983; Turner et al., 

1986; Fish et al., 1986; Cabaniss and Shuman, 1988a). Considering 

the heterogeneous nature of FA, the few ligands chosen in this type 

of modeling, in all likelihood, do not represent the actual range of 

sites in the compound. However, this approach is usually the most 

convenient for modeling empirical data (Dzombak et al., 1986). 

The number of sites (ligands) used in discrete models has 

varied from one to six (Sunda and Hanson, 1979; Marinsky et al., 

1982; Turner et al., 1986; Cabaniss and Shuman, 1988a; Dzombak et 

al., 1986). Dzombak et al. (1986) describe an optimal number of 

ligands estimated from one ligand for each order of magnitude of 

bound metal observed; their results show that the concentration of 

bound ligand (CuL) always accounts for >10% of the strongest ligand 

concentration. Thus, for each order of magnitude increase in bound 

ligand concentration, an additional ligand site is necessary for 

binding. The discrete ligand model used in this study employs up to 

three sites. 
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Chapter 3. 

Materials and Methods of Study 

3.1 Materials 

All chemicals were prepared from reagent grade stocks. 

Hydrochloric acid (HC1) and sodium hydroxide (NaOH) were used to 

control pH throughout experimentation. Ionic strength was adjusted 

to 0.01 and 0.001 M with sodium nitrate (NaN03). NaOH was 

standardized by the standard KHP method (American Public Health 

Association, 1981), and HC1 was then standardized with the NaOH. 

The FA characterized in this study was extracted from Michigan 

peat soil by Collins (1985), using the procedures described by 

Thurman (1983). The dried FA was stored in 10 ml glass vials. Stock 

solutions of FA were prepared by dissolution in Milli-Q water, 

adjusted with NaOH to pH 9 to 10 to expedite dissolution. Ionic 

strength was adjusted with NaNOa during this preparation. Solutions 

were sonicated for 10 to 15 minutes, and stirred overnight to assure 

complete dissolution. After overnight stirring, stocks were filtered 

with pre-washed Milli-Pore 0.45 micron filters. Total organic carbon 

(TOC) concentration was then measured with a Dohrmann model DC-80 TOC 

analyzer to represent DOC of the stocks (Section 3.2.5). These were 

then diluted to approximately 4.0 ppm (as C) stocks as needed. All 

stocks were refrigerated in brown glass bottles at 4°C. No loss of 

total C concentration was detected over three months. 

A 1.5 x 10~3 M stock copper solution was prepared from 



CUC12'2HZO, and refrigerated in polyurethane bottles at 4° C. This 

stock was standardized by EDTA titration (Standard Methods, 1981), 

and also by Graphite Furnace Atomic Absorption (GFAA) analysis. Its 

concentration showed no sign of change over three months. Titrant 

solutions were prepared by dilution of this stock to 7.3 x 10"* M. 

3.2 Methods of Study 

All solutions were prepared with class "A" volumetric pipettes 

and flasks. All glass- and plasticware was acid-washed prior to each 

use. A microburette with 0.01 ml gradations was used in the 

titration experiments. The microburette was flushed thoroughly at 

the end of each day with Milli-Q water, and was periodically acid-

washed. 

3.2.1 Acidity Titrations 

Phenolic and carboxylic acidity data for the bulk FA and MW 

fractions were determined from of a series of manual potentiometric 

titrations. 

Sample solutions were titrated with 0.08 H NaOH solution in a 

three necked, 200 ml flask. Prior to titration, a 150 ml sample 

volume of known concentration (15 to 20 ppm as C) was brought to pH 

3, and sparged with N2 gas for ten minutes to create a carbonate free 

atmosphere with stable pH (Collins, 1985). Thereafter, Nz sparging 

was continuous and temperature was maintained at 22° C. 

Titrations were started at pH 3 and ended at pH 10. H+ potential was 

measured with a Radiometer combination pH probe and an Accumet model 
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815 meter. Measurements of potential (millivolts) were converted to 

pH by a four point calibration curve generated at the beginning of 

each day. Millivolt readings were found to stabilize after one to 

two minutes after each addition of base. A blank was titrated under 

identical conditions. The amount of base required for the blank 

(meq) was then subtracted from the base required for the samples, 

yielding sample base consumption. The pH titration apparatus is 

shown on Figure 3.1. 

3.2.2 Complexometric Titrations 

Complexometric data were obtained from a series of manual 

titrations. Titrations were performed with a 5 ml microburette. A 

titrant of 7.3 x 10"4 M cupric chloride (CuCl2) was titrated into 50 

ml, 4 ppm' solutions of FA in 100 ml polyurethane beakers. Delivery 

of the titrant was made in volumes ranging from 0.01 to 0.5 ml. 

Nitrogen gas sparged the solution throughout the titration to remove 

COz from the system. 

Immediately prior to titration, samples were adjusted to the 

desired pH. pH was monitored periodically during the titration. Cuz+ 

potential was measured with an Orion Cu2+ electrode referenced by an 

Orion double junction electrode, and a Accumet model 815 meter. 

Potential, read as millivolts, was calibrated against copper 

concentration at the beginning of each day with nine point 

calibration curves. These curves were generated by titration of 

Milli-Q blanks under the same conditions as the daily sample 

titrations. 

Prior to each titration, millivolt readings stabilized within 

30 minutes; thereafter 10 to 15 minutes were required between each 



pH probe 

Figure 3.1. Apparatus for acidity titrations 

addition of titrant for stabilization. Equilibration time was 

inversely dependent on free copper concentration. Commonly, the 

first two to three points required 13 to 15 minutes for 

stabilization. Complete titrations averaged three hours for 15 
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titration points. The complexometric titration apparatus is shown on 

Figure 3.2. 
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Figure 3.2. Apparatus for complexometric titrations 
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3.2.3 Ultrafiltration 

FA was separated into five MW fractions by ultrafiltration 

(UF). Five Amicon UF Mixing Cells (Amicon, Inc.) fitted with 

Diaflow, molecular size specific membranes, were used for this 

method. The membranes used were as follows: YM30, YU10, YM5, YM2 and 

YC05, based on MW cutoffs of 30,000, 10,000, 5,000, 1,000 and 500 

daltons, respectively. Each stirred cell (Figure 3.3) was 

pressurized with 50 psi N2 gas to produce permeate. Stirring speed 

of the mixing bars fitted into the cells was varied as necessary to 

control the solution vortex within the cell. 

Prior to each use, membranes were soaked in dilute NaCl for 15 

minutes, then Milli-Q water for at least one hour during which the 

water was changed four times. Membranes were fitted into the mixing 

cells, and 150 Ml of Milli-Q water was passed through each to flush 

them of any contaminant residues. A 180 Ml aliquot of bulk FA was 

placed in the cells, and 150 Ml was permeated. It was assumed that 

membrane residue "caking" during filtration was negligible, due to 

the low ionic strength (0.001 to 0.01 M) and low FA concentration of 

the bulk FA. Thus, rejection of MW lower than that designated for 

the membrane was assumed to be minimal, and rejection coefficients 

were not determined. 

The five cells were run in parallel to yield permeates of the 

FA containing MW's of <30,000, <10,000, <5,000, <1,000 and <500 

daltons. The unfractionated FA is referred to as "bulk" FA, and the 

molecular weight fractions are referred to as <30,000 daltons, 

<10,000 daltons, etc. It was decided that discrete MW fractions, 

namely 10,000 - 30,000 and 5,000 - 10,000 daltons, etc., would not be 

isolated by UF due to the complexity and error associated with 

retentate reconstitution. In addition, use of cumulative fractions 
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Figure 3.3. Stirred Ultrafiltration Cell (Swift, 1985). 

allowed characterization of the effects on binding, of incremental, 

MW-based removal of ligand fractions from the bulk PA mixture. 

Discrete DOC and acidity values were obtained by calculation as 

discussed below. 
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3.2.4 Atomic Absorption Spectrophotometry 

Total copper (Cu(II)t) concentration was measured with a Perkin 

Elmer model 360 Graphite Furnace Atomic Absorption Spectrophotometer 

driven by a Perkin Elmer model HGA-400 programmer. All samples were 

measured in ppb concentration levels. A three point calibration (1, 

10, and 100 ppb) was prepared prior to each use of the instrument. 

20 ul injections were used for standards and samples. 

3.2.5 Total Organic Carbon Analysis 

FA DOC concentration was measured with a Dohrmann model DC-80 

TOC Analyzer. Volumes of 7 to 9 ml of each sample were acidified 

with concentrated phosphoric acid (H3PO<,), and sparged for three 

minutes with Nz gas before analysis. Four samples were run and the 

mean was used as the respective TOC concentration. The error in 

these analyses ranged from 0.2 to 3.0%. 

3.3 Data Analysis 

Titration data were fitted by using the discrete ligand model 

with ligand site concentration ([L]) and log K's as fitted 

parameters. In all modeling, the first site was assigned no proton 

dependence, and sites two and three were assigned single and double 

proton dependencies, respectively. These designations correspond to 

equilibria represented by Kcu, K̂ , and Kr„nw (Section 2.4). Equations 
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2.11, 2.12, and 2.13 were combined to give: 

[LJ [Cu] Kcu [ I<2 ] [ Cu ] Kcuq 
[CuL] + + 3.1 

1 + [Cu] Kcu [H] + [Cu] Kcuh 

[L3] [Cu] Kmnn 

[H]2 + [CU] Kcuhh 

Parameters fitted were [Lx] and Kcu, [L2] and K̂ , and [L3] and Kmnn 

for sites one, two, and three, respectively. Initial guesses for K̂ , 

Kcug, and Kr„m were obtained from estimates of Kcu, Kcu/KH, and K̂ /Km, 

respectively (Section 2.4). KH and Khh were assigned values of 10~12 

and 10~24 (Cabaniss and Shuman, 1988a) . Model estimates of and 

Kr„nw were converted and reported as Kcu for each site. 

Two approaches were needed for curve fitting. The bulk FA data 

were fit by using the nonlinear routine in SYSTAT (Wilkinson, 1987). 

This program is based on non-linear least squares regression. The 

SYSTAT routine employs the quasi-Newton minimization algorithm, and 

the least residual sum of squares optimization to fit dependent 

variables (Lj and KcUj). To reach convergence during modeling, log 

transformations of site concentrations and formation constants (K's) 

were required. Up to six parameters were fitted per data set. The 

modeling routine is discussed in further detail in chapter 4. 

The <30,000, <10,000, <5,000, <1,000, and <500 dalton MW 

fraction data were fit by using the chemical equilibrium model 

TITRATOR (Cabaniss, 1987). This program is based on the model 

MINEQL/SURFEQL (Westall, 1976). Up to four parameters were fitted 

per data set. The initial guesses were based on modeling results for 
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the bulk FA. TITRATOR was used in an iterative procedure, whereby 

the quality of fit between the model titration output and the 

experimental data was manually optimized. The approach involved (1) 

adjustment of site concentrations and K values in the model input 

file, (2) modeling titration data, (3) estimation of error between 

predicted and experimental values for each titration point, and (4) 

return to step one, until error was minimized to match that of 

predicted curves for the bulk FA (within 0.15 orders of magnitude of 

[Cu2+ ]. A typical TITRATOR output file is shown in Appendix A. 
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Chapter 4. 

Results 

Bulk FA and MW fractions were titrated with NaOH and Cu(II) to 

investigate their acidities and binding behaviors, respectively. The 

complexometric titrations were done at pH 5.5, 6.2, and 7.0; Ionic 

strength = 0.001 and 0.01 M; and 15, 22, and 30°C to investigate the 

effects of these parameters on binding. Data from the complexometric 

titrations were modeled using a non-linear least squares regression 

program, SYSTAT, to determine binding site characteristics. An 

equilibrium chemistry program, TITRATOR, was used to calculate 

speciation of Cu(II). 

4.1 DOC of Bulk FA and MW Fractions 

The bulk FA and all MW fractions were characterized according 

to their DOC concentrations. Background DOC, (0.3 mg L"1) measured in 

the Milli-Q water, was subtracted from each of these values. A 

standard error of +/- 0.02 mg L"1 was obtained from 13 replicates. 

DOC concentrations of all MW fractions are summarized in Table 4.1; 

and trends in the fraction of the bulk FA DOC (DOC£) for the 

cumulative MW fractions are presented on Figure 4.1a. 

DOC concentration decreased with decreasing MW (decreasing from 

a DOC for bulk FA of 3.5 mg IT1 to 0.5 mg L"1 for the <500 dalton 

cumulative fraction; Table 4.1 and Figure 4.1a). A mean MW of 5800 



Table 4.1 
Dissolved Organic Carbon concentrations for Bulk 
and Molecular Weight Fractions of Fulvic Acid 

Molecular 
Weight 

fdaltons) 
DOC* 

(ma L"1 ) 

Carbonb 

Concentration 
(M)  

DOC0, 

Cumulative Fractions: 

Bulk 3.5 3.0 X 10"4 1 

<30,000 2.6 2.2 X10"4 0.735 

<10,000 1.9 1.6 X10-4 0.535 

<5,000 1.7 1.4 X10-4 0.476 

<1,000 0.9 7.7 X10-5 0.259 

<500 0.5 4.2 X10"5 0.142 

Discrete Fractions: 

>30,000 0.94 7.9 X10"5 0.265 

10,000-30,00C 0.71 5.9 X10-5 0.2 

5,000-10,000 0.21 1.8 X 10~S 0.06 

1,000-5,000 0.77 6.4 X10"5 0.217 

500-1,000 0.42 3.5 X 10-5 0.117 

<500 0.51 4.2 X 10"5 0.142 
1 Less background DOC of 0.3 mg L~l 

b Maximum error of 3% 
c DOC/Bulk DOC 
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Figure 4.1a. Fraction of total bulk DOC (DOC£) for each 
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Figure 4.1b. Fraction of total bulk DOC (DOCf) for each 
discrete MW fraction 
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daltons was determined from the total DOC of the cumulative MW 

fractions. 

Discrete MW fraction DOC's (Table 4.1) were determined by 

calculating the concentration difference between successive 

cumulative MW fraction DOC's (e.g., [<30,000 dalton] minus [<10,000 

dalton] = [10,000 - 30,000]). The discrete MW fraction with highest 

DOC was the >30,000 dalton fraction, at 0.94 mg L"1, and that with 

lowest DOC was the 5,000 - 10,000 fraction, at 0.21 mg L"1 (Table 

4.1). Trends in D0Cf values for the discrete MW fractions are 

illustrated on Figure 4.1b. 

4.2 Acidity Titrations 

The bulk FA and each of the cumulative MW fractions (bulk 

through <500 dalton) were titrated potentiometrically with 0.08 M 

NaOH through the pH range 3 to 10. The titration curves for these 

experiments are shown on Figure 4.2. Because of the large changes in 

mV (pH) at inflection during titration with small increments of base 

added, acidity calculations were sensitive to error. Four titration 

replicates yielded a standard error of +/- 0.005 and +/- 0.002 meq 

for carboxylic and phenolic base consumption, respectively. 

The trends for base consumption of the cumulative MW fractions 

are illustrated on Figure 4.3a. Total base consumption of the 

cumulative MW fractions decreased with MW for the bulk FA through the 

<500 dalton fraction. Carboxylic and phenolic base consumption for 

the <500 dalton fraction were less than the error. No phenolic base 

consumption was detected for the <500 dalton fraction. 
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Figure 4.2. Acidity titration curves for cumulative MW 
fractions. 
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Figure 4.3a. Measured carboxylic, phenolic, and total base 
consumption for cumulative MW fractions. 
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Figure 4.3b. Measured carboxylic, phenolic, and total acidities 
for cumulative MW fractions. 
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Acidities were calculated from the base consumption data. 

Carboxylic, phenolic, and total acidities may be considered 

"densities" of proton exchangeability, because they are obtained by 

dividing base consumption by the grams of C (DOC concentration (mg L" 

l) x volume of titrated mixture (L)). Acidity values and trends for 

the cumulative MW fractions are summarized and illustrated in Table 

4.2 and Figure 4.3b, respectively. Acidity due to the carboxyl 

groups was constant among the bulk through the <1,000 dalton 

fractions, ranging from 7.1 to 8.2 meq (g C)"1. Carboxylic acidity 

for the <500 dalton fraction was insignificant (3.0 meg (g C)"1) 

considering base consumption for this fraction was within 

experimental error. The phenolic acidity increased from 3.1 meq (g 

C)"1 for the bulk to 15.3 meq (g C)"1 for the <1,000 dalton fraction. 

No phenolic acidity could be calculated for the <500 dalton fraction 

because of undetected base 

consumption. The highest total acidity totalled 23.1 meq (g C)"1 for 

the <1,000 dalton fraction. Total acidity decreased with increased 

MW. The sum of discrete base consumptions was divided by bulk DOC as 

a check for accuracy of discrete acidities (Table 4.2). This sum for 

carboxylic acidity (7.1 meq (g C)"1) was the same as that for the bulk 

FA; and the sum for discrete phenolic acidity (5.1 meq (g C)"1)) was 

higher than that of the bulk (3.1 meq (g C)"1) by a factor of 

approximately 1.5. 

Base consumption, acidity, and DOC of discrete MW groups were 

calculated as differences between cumulative MW fractions. Acidities 

for the discrete fractions were calculated by dividing discrete base 

consumption values (Table 4.2) by calculated DOC concentrations for 

each discrete MW fraction. 



Table 4.2 
Molecular Weight Fraction Acidities 

Molecular 
Weight 

(daltons) Carta oxy lie 

Acidity3 

Phenolic1* Total Deprotonatedc 

Cumulative 
Fractions: 

Bulk 7.1 3.1 10.2 6.2 

<30,000 8.2 4.1 12.3 7.2 

<10,000 7.2 9.5 16.7 6.1 

<5,000 7.1 9.6 16.7 4.9 

<1,000 7.9 15.3 23.2 5.6 

<500 3.0 E >3.0 5.7 

Discrete 
Fractions: 

>30,000 4.0 E >4.0 NC 

10,000-30,000 11.1 E >11.1 NC 

5,000-10,000 7.2 8.2 15.4 NC 

1,000-5,000 6.3 2.8 9.1 NC 

500-1,000 13.7 33.8 47.5 NC 

<500 3.0 E >3.0 NC 

Sumd 7.1 5.1 12.2 NC 

1 Millequivalents/gram C. 
b E: Insignificant due to experimental error. 
c pH 6.2. 
d Acidity based on sum of discrete base consumptions and bulk DOC. 
NC: Not Calculated. 
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Trends among the discrete MW fractions for base consumption are 

shown on Figure 4.4a. Trends for acidity are shown on Figure 4.4b. 

Total and carboxyl group acidity followed no particular trend. 

Carboxylic and phenolic acidity was highest for the 500 - 1,000 

dalton discrete fraction at 13.7 and 33.8 meq (g C)"1, respectively, 

however because the <500 dalton cumulative data were within 

experimental error, these results are inconclusive. The 10,000 -

30,000 dalton discrete fraction had the highest carboxylic acidity 

(11.1 meg (g C)"1), and highest phenolic acidity was exhibited by the 

5,000 - 10,000 dalton fraction (8.2 meg (g C)"1). Phenolic acidity 

was either within error, or not detected for the >30,000, 10,000 -

30,000, and <500 dalton discrete MW fractions. 

4.3 Complexometric Titrations 

Each of the MW fractions and the bulk FA were titrated with 

copper, using the identical procedure, to compare their binding 

behaviors. For the purposes of this study, standard conditions of pH 

6.2, ionic strength = 0.01 M, and 22°C were chosen. The <500 through 

<30,000 dalton fractions were titrated under standard conditions. 

Titration conditions for the bulk FA included standard conditions, as 

well as pH 5.5 and 7.0; Ionic strength = 0.001 M and 15 and 30°C. 

Standard deviations for the complexometric experiments were 

derived from a set of five titration replicates (Figures 4.5 and 4.6) 

repeated under standard conditions for the bulk FA. This error was 

assumed to reflect the error of all titrations. Calculated mean and 

standard deviations are illustrated in 4.6. The mean of the 
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Figure 4.4a. Calculated carboxylic, phenolic, and total 
base consumption for discrete MW fractions. 
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Figure 4.4b. Calculated carboxylic, phenolic, and total 
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standard errors for all titration data points (15 increments of 

[Cu(ll)]t) was 0.38 orders of magnitude of [Cu2+] (see Figure 4.6). 

Raw data for complexometric titrations are found in Appendix B. 

The extent of FA-Cu(II) binding is represented by curve slope, 

whereas binding decreases with increasing slope. During titration, 

initially most of the added Cu2+ is bound by the FA. As the titration 

proceeds and ligand sites become occupied, binding diminishes, and 

[Cu2+] increases. This is reflected in the decrease in titration 

curve slope. 

4.3.1 pH Effects 

The effects of pH on Cu(II)-FA binding were examined by 

investigating Cuz+ binding at three pH's (5.5, 6.2, and 7.0) for the 

different MW fractions. See Figures 4.7, 4.8, and 4.9, respectively. 

An increase in pH from 5.5 to 6.2 resulted in increased binding, 

indicated by a decrease in [Cu2+] and corresponding downward shift for 

all the curves (Figures 4.7 and 4.8). This trend is presumably due 

to protonation of ligand sites at higher pH. Noting that DOC 

concentration changes for the different cumulative MW fractions 

(Table 4.1), and assuming that site concentration is proportional to 

DOC, statistically significant differences in titration curve slopes 

for the different MW fractions were assumed to represent shifts in 

Cu2+ binding. 

For pH 5.5, 6.2, and 7.0, titration curves for the <30,000 

dalton fraction were similar to those of the bulk fraction, i.e. 

within the standard error. The bulk FA and <30,000 dalton curves 
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Figure 4.9. Complexometric titration curves for pH 7.0, 0.01 M, 
and 22°C. 



shifted approximately 0.5 orders of magnitude with each pH increase. 

The downward shifts for the <500, <1,000, <5,000, and <10,000 dalton 

fractions were not statistically significant. 

At pH 7.0, binding of Cu2+ was less at low [Cu(II)]t than at pH 

6.2 (Figure 4.9). This result is attributed to experimental error. 

Curve slopes for all MW fractions were less than at pH 6.2. This 

trend was not assumed to be a result of significant copper hydroxide 

formation, as indicated by equilibrium modeling (Cu(OH)+ formation 

accounted for about 10 percent of total Cu(II) complexation, and 

would not completely account for these results). pH also affects the 

configuration of the FA molecule; this phenomenon may also have 

caused the observed trends. pH effects on the bulk FA alone for each 

pH are illustrated on Figure 4.10. The slopes for pH 5.5 and 6.2 

curves for the bulk FA are similar. The slope for the pH 7.0 curve 

for the bulk FA is less than for pH 5.5 and 6.2 curves. 

4.3.2 Ionic Strength Effects 

At pH 6.2, a decrease in ionic strength from 0.01 to 0.001 M 

did not result in significant differences in binding (Figure 4.11). 

At pH 7.0, a decrease in ionic strength from 0.01 to 0.001 M 

resulted in a significant decrease in binding of nearly an order of 

magnitude, at low [Cu(II)]t (Figure 4.12). As [Cu(II)]t increased, 

the difference between the curves diminished to less than 

experimental error at the end of the titration. 
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Figure 4.10. Complexometrio titration curves for bulk FA at pH 
5.5, 6.2, and 7.0; 0.01 M, and 22°C. 
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4.3.3 Temperature Effects 

Changes in temperature (15, 22, and 30°C) resulted in no 

significant difference in binding (Figure 4.13). 

4.4 Computer Modeling 

Complexometric titration curves were fitted using the methods 

described in Section 3.3. The data were initially modeled with a 

three-site model. Three site concentrations and three site-specific 

log K's (six fitting parameters) fit titration curves for the bulk FA 

under all conditions. SYSTAT would not converge for the cumulative 

MW fractions of the FA, regardless of the number of sites. This 

problem was attributed to difficulty in modeling small changes in Cu2+ 

(low titration curve slope; Figures 4.7, 4.8, and 4.9) for these 

fractions. The <500 through <30,000 dalton fractions were modeled 

using TITRATOR (see fitting routine in Section 3.3), and curve 

fitting was optimal for these fractions using two sites. 

Site one was assumed to have no proton dependence in the pH 

range studied. Sites two and three were assumed to be singly and 

doubly protonated, respectively. Ultrafiltration of the bulk FA was 

assumed to cause no alteration of ligand strength during the UF 

process. Strength of discrete ligand sites in the permeates (MW 

fractions) were therefore assumed to remain the same as those in the 

bulk, or any other MW fraction. Following this assumption, 

successively smaller sized MW fractions were modeled by using the 

same formation constants for each site, and incrementally decreasing 

estimates of site concentrations. For conditions pH 6.2, ionic 



Figure 4.13. Complexometric titration curves for pH 6.2, 0.01 
M, and 15, 22, and 30°C. 
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strength = 0.01 M, and 22°C, all cumulative MW fractions were 

modeled. For the different pH's, I's, and T's described previously, 

only the bulk FA was modeled. 

Concentrations of copper(II) hydroxide species Cu(oh)+ and 

Cu(OH)°2 were calculated for the initial curve fitting (for ionic 

strength of 0.01 and 0.001 M, pKx = 8.04 and 8.0, respectively; and 

pK2 = 8.29 and 8.27, respectively; Paulson and Kester (1980)). Based 

on these results, Cu(II)-FA complexes were the predominant species 

(binding up to 99.9 percent of Cu(II), see Appendix A), and Cu(OH)+ 

and Cu(OH)z were considered negligible. CuCl+ and CuCl2 were 

similarly determined to be unimportant under these conditions (p^ = 

-0.6, and pK2 = -0.4; Smith and Martell, 1976). The concentrations 

of S- and N-containing groups in the FA were assumed to be low, and 

thus contribution to overall Cu(II) binding by these ligands was 

assumed to be negligible. 

Standard deviation of estimation was calculated by the model 

fitting routine for SYSTAT parameter estimates. These have been 

described as the "degree of certainty about the correctness of the 

estimates" (Cabaniss and Shuman, 1988a). Correlation coefficients 

calculated by the model fitting routine for site concentrations and 

log K's varied by parameter and by condition (pH, etc.) between 

positive and negative correlation, except for the concentration for 

site three, which was consistently negatively correlated with all 

other parameters. Standard errors for [L] and log K were also 

determined from fitting four replicate bulk FA titration curves 

(titrated under standard conditions). Standard errors for these 

parameters predicted by TITRATOR were determined from comparison of 

closeness of fit of predicted curves to experimental curves, and were 
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found to be less than or equal to those for the SYSTAT standard 

errors. All predicted [L]'s and log K's were checked by graphical 

comparison of predicted curves with experimental curves (Figure 

4.14). Predicted curves were generated with a fortran program based 

on equation 3.1. 

Model predictions for ligand site concentrations and formation 

constants are summarized in Table 4.3. At standard conditions, site 

concentration decreased with MW, corresponding to the associated 

decrease in DOC concentration. Formation constants were constant 

with MW. 

Because each cumulative MW fraction had a characteristic 

carboxylic and phenolic acidity, the product of measured acidities 

(meq g"1) and DOC (g L"1) for each fraction (Table 4.4) was used as an 

initial guess for ligand site concentration in the model. However, 

it is important to recognize that not all carboxylic and phenolic 

groups are equal in binding strength; hence the need for a multi-site 

model. The approach (for standard conditions) was as follows: the 

concentration of all deprotonated ligands (pH 6.2) was assumed to be 

that of carboxylic functional groups, and was assigned to site 1. 

The acidity remaining between pH 6.2 and 8 was assumed to be 

remaining protonated carboxyl groups. The concentration of these was 

assigned to site 2. The balance of the total acidity (total -

carboxylic) was assumed to be that contributed by phenolic groups, 

and their concentration was assigned to site 3. Model estimates of 

predicted ligand concentrations for each cumulative MW fraction are 

listed in Table 4.5. Most predictions were within a factor of three 

for measured total site concentrations. 
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Table 4.3 
Modal Results for Fulvlc Acid Slta Concentrations and Formation Constants 

Molecular 
Weight 

(daltons) 
PH 

Condition 
1 T 

<°C) 

Site 1 
Concentration 

(M) 
log K 

Site 2 
Concentration 

(M) 
log K 

SiteS 
Concentration 

(M) 
log K 

Bulk* 6.2 0.01 22.0 1.6x10"® 
(0.16)* 

7.0 
(0.36) 

8.5X10"" 
(0.05) 

11.0 
(0.23) 

7.6 X 10"! 

(0.06) 
13.8 
(0.06) 

Bulk 5.5 a a 2.3X10"8 

(0.06) 
6.6 

(0.21) 
3.9 X10"5 

(0.04) 
10.2 
(0.04) 

1.7 XlO"5 

(0.006) 
~14.0 
(0.006) 

Bulk 7.0 a a 8.4 X10"7 

(0.13) 
7.3 

(0.16) 
4.6X10"" 

(0.11) 
~11.1 
(0.21) 

1.5 X10"4 

(0.03) 
14.1 

(0.01) 

Bulk • 0.001 a 4.5 X10"7 

(0.60) 
6.8 

(2.05) 
5.9x10"® 

(0.08) 
11.7 
(0.27) 

5.8 X10"4 

(0.67) 
~13.6 
(0.67) 

<30.000" 6.2 0.01 22.0 1.4X10"" 7.4 8.5X10"® 11.2 NM NM 

<10,000 a • a 5.5 X10"7 7.4 6.0X10"° 11.2 NM NM 

<5.000 • • a 2.0 X10"7 7.4 4.3x10"" 11.2 NM NM 

<1,000 • a a 9.0 X10"5 7.4 2.0x10"® 11.2 NM NM 

<500 6.2 0.01 22.0 2.0 X10"5 7.4 5.0 X10"7 11.2 NM NM 

<500 • a 15.0 3.9X10"" 
(0.17) 

~7.1 
(0.42) 

2.2 X10"5 

(0.19) 
10.8 
(0.42) 

6.8 x 10"" 
(0.01) 

~13.6 
(0.01) 

<500 • 
" 30.0 ~2.0x10"8 

(0.40) 
7.3 

(0.80) 
9.8 X10"® 

(0.06) 
11.4 
(0.32) 

6.4 X 10"° 
(0.004) 

~ 13.6 
(0.004) 

<500 • 0.001 22.0 3.2x10"° 
(0.23) 

~7.1 
(0.44) 

1.0 X10"6 

(0.06) 
11.2 
(0.32) 

~7.9X10"5 

(0.03) 
~ 13.8 
(0.03) 

Standard Error 2.0 X10"7 0.12 7.8 X10"7 0.13 1.1 X10"6 0.20 

NM: Not Modeled. 
* (0.16): Estimate of Parameter Standard Deviation. 
~ : Value Not Significantly Different From Bulk. 

•Bulk MW Fraction Modeled with SYSTAT. 
"<30,000 and Smaller MW Fractions Modeled With TITRATOR. 
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Table 4.4 
Measured Molar Site Concentrations Far Cumulative Molecular Weight Fractions 

Molecular 
Weight 

(daltons) Carta oxvlic Phenolic Total Deorotonated 

Bulk 2.53 x 10"' 1.10x10"' 3.63 x 10"5 2J2 X 10"5 

<20,000 2.15x10"' 1.08 X 10"' 3.24X10"5 1.89x10"' 

<10,000 1.26 X 10"' 1.80 x 10"' 3.17X10"' 1.17 X10"' 

<5,000 1.21 x 10"5 1.63 x 10"' 2.83 x 10"' 8.24 X 10-4 

<1,000 7.25 X 10"" 1.41 x 10"' 2.13x10"' 5.16x10"" 

<500 1.54x10"" 0.0 1.54X10-* 2.36 x 10"" 

Table 4.5 
Predicted Molar Site Concentrations For Cumulative Molecular Weiqht Fractions 

Molecular" 
Weight 

Wa(tons) Carbaxvlic Phenolic Total Deorotonatad 

Bulk 1.3X10-4 8.5 X10"* 7.6 X10"5 8.5 x 10"' 

<20,000 1.4 X 10"* 8.5 x 10"" — 1.0 X10"5 

<10,000 5.3 X 10"7 6.0 X 10"" — 6.6 x 10"5 

<S,000 2.0 x 10"' 4.3 X10"" 4.5 X 10"" 

<1,000 9.0 x 10~® 2.0 X 10"« 2.1 X 10"* 

<500 2.0 x 10"* 5.0 x 10"7 5.2 x 10-7 

'Suik Fraction Mcceied with SYS7AT; All other fractions Modeled with TITRATCR 
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Chapter 5. 

Discussion and Conclusions 

The purpose of this study was to investigate the distribution 

of binding constants for Cu(II)-FA binding in different MW fractions 

of FA, at different pH's, I's and T's. 

S.1 Distribution of Sites 

UF yielded permeates that were assumed to be representative of 

all chemical constituents of FA below the HW of the membrane through 

which the fraction was passed. The distribution of DOC, on a HW 

basis, provides insight into the distribution of phenolic and 

carboxyl functional groups for the FA used in this investigation. 

Figures 4.1 a and b illustrate cumulative and discrete predominance 

of DOC, respectively, for the HW fractions of the bulk FA. Forty 

seven percent of bulk FA DOC is of HW >10,000 daltons. This is 

inconsistent with the results of Varney et al. (1983) who found no FA 

above HW 10,000 daltons for river FA, but agrees with Collins et al. 

(1986) who found 49 percent of bulk FA DOC above HW 10,000 daltons 

for a soil FA derived from the same source (Hichigan peat) as that 

used in this study. A mean HW of 5800 daltons for the bulk FA is 

higher than that reported by Thurman (1985) for a soil FA (HW 500 -

2000 daltons), and Leenheer et al. (1989) for a river FA (HW 1110 

daltons). High HW (based on DOC) is attributed to the origin of the 

FA, whereby peats are typically richer in organic acids, throughout a 
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broader molecular size than other soils (Mathur and Farnham, 1985). 

Carboxylic acidity for the bulk FA (7.1 meg (g C)"1) was 

slightly higher than the range reported by McKnight et al. (1983) for 

18 sources of aquatic FA (3.2 to 6.3 meq (g C)"1). Phenolic acidity 

(3.1 meq (g C)"1) was in agreement with the range reported by the same 

authors (0.6 to 3.8 meq (g C)"1). It is expected that acidities for 

peat-derived FA should exceed those for aquatic FA (Mathur and 

Farnham, 1985). 

Acidity data for the cumulative MW fractions is assumed to 

provide an estimation of ligand site distribution. An increase in 

phenolic acidity with decreased MW for the cumulative fractions 

indicates there may be an overall increase in the binding capacity of 

OH groups with decreased MW (Figure 4.3b). The acidity of the 

carboxyl groups did not change significantly with MW. Acidity data 

for discrete MW fractions is assumed to yield a more accurate MW 

distribution of sites than that of the cumulative fractions. 

Discrete phenolic acidity data are inconclusive due to the 

sensitivity to error associated with discrete phenolic acidity 

calculations. Carboxylic binding capacity appears highest for the 

10,000 - 30,000 dalton fraction, however overall carboxylic acidity 

follows no particular trend. This result agrees with the 

observations for the cumulative fractions, suggesting that COOH group 

density is evenly distributed by MW. 

Site concentrations derived from the acidity data (Table 4.4) 

were consistently higher than their counterparts estimated by 

modeling (Table 4.5). On the basis of ligand sites, comparing sites 

one and two to the carboxylic and phenolic concentrations 

respectively, no direct correlation is apparent. Again, model 
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estimatee are lower than the concentrations derived from the acidity 

data. Overall, the model predicts that site concentration drops off 

through the fractions more rapidly than did measured acidity. These 

observations suggest that ligands other than OH and COOH, such as 

multidentate sites, could also be responsible for Cu(II) binding 

(Section 2.1). 

5.2 Cu{ID-FA Binding 

The complexometric titrations conducted under all conditions of 

pH, T, and ionic strength indicate measurable Cu2+ complexation. In 

Figures 4.7, 4.8, and 4.9 it can be observed that there is difference 

in bound Cu2+ among the different cumulative MW fractions at each of 

the pH's. For each incremental addition of [Cu(II)]t, [Cu2+] is 

higher for each successive fraction in descending order of MW, 

suggesting that FA-Cu(II) binding is dependent on DOC concentration. 

One exception to this ordering is the <500 dalton curve at pH 7.0, 

which falls before the <1,000 dalton curve. This result is 

attributed to experimental error associated with the low DOC for 

these fractions (0.9 and 0.5 mg L"1 for <1,000 and <500 dalton, 

respectively). The difference in bound Cu2+ among the MW fractions is 

greatest at low [Cu(II)]t, and is least where the titration curves 

converge at high [Cu(II)]t and Cu2+ approaches [Cu(II)]t. This trend 

suggests that with increasing Cu2+ occupation of ligand sites, the 

slope of all the complexometric curves converges to a slope of one. 

The different slope of curves (Figures 4.7, 4.8, and 4.9) 

indicates a difference in ligand availability among the MW fractions. 

Assuming that at low [Cu(II)]b, strongest ligands control binding, 
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and as [Cu(II)]t is increased, Cu2+ will bind to the most favorable of 

sites available (Dzombak et al., 1986), the initial flat slope in the 

higher MW FA suggests the higher MW fractions contain ligands 

stronger than those of the smaller fractions. The more rapid change 

in curve slope for the higher MW fractions suggests Cuz+ occupies 

these sites first (i.e., when the slope is flat) and then weaker 

sites are occupied as the slope increases. This hypothesis suggests 

that more strong ligand sites are present at higher MW. This is also 

observed in the curve fitting results. The strongest site, L3, was 

only fitted to the bulk FA, not to any of the lower MW fractions. 

Dzombak et al. (1986) postulated that, within the ordering of 

ligand strength, there exists distinct classes of ligands that share 

the same strength; and within each of these classes ligands are 

ordered by concentration, whereby the more highly concentrated 

ligands are more effective for binding. They reasoned that strong 

ligands may be masked by weaker ligands, if the weaker are more 

abundant. This hypothesis suggests the steeper slope section of the 

higher MW fraction curves is due to a higher concentration of weaker 

ligands, which are preferentially occupied by Cu2+ based on 

availability rather than binding strength. Thus the decreasing slope 

with decreasing MW fraction might be due to the decreased 

availability of sites. 

All MW fractions bind Cuz+ similarly at high [Cu(II)]t, as 

indicated by the convergence of curves. This observation suggests 

that sites responsible for this binding, assumed to be relatively 

weak because strong sites have become occupied, are common to all the 

fractions. The slopes for all the curves converge, indicating that 

most of the binding sites have been occupied. 
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Site concentrations and log K's predicted by modeling for the 

bulk FA are compared with results of others in Table 5.1. Accurate 

comparison of fitted binding parameters is difficult due to 

variability in environmental source of FA and experimental conditions 

and method of analysis (Cabaniss and Shuman, 1988b; Turner et al. 

1987). Buffle (1984), for example, reported that estimates of log K 

in the literature varied by 6 to 7 orders of magnitude, and estimates 

of [L]t varied up to 3 orders of magnitude for DOM at nearly constant 

pH's. Cabaniss and Shuman (1988b) demonstrated that variation in 

source of FA is not as important as chemical parameters such as pH 

and ionic strength in predicting copper complexation in natural 

waters. 

Table 5.1 
Sita Concentrations and Log K's From Various Studios 

Sourca' Log K, Log Kj Log K, mi 

1 3.9 13.5 11.6 — — — 

2 5.3 11.5 — — — — 

3 10.7 8.3 5.9 — — — 

4 5.4 to S.fi 7.0 to 8.5 — 1x10"*to 
4X 10"* 

3x10"'to 
3 X 10"* 

— 

This Study 7.0 11.0 13.8 1.8 X10"* 8.5 X 10-4 7.6 x10"5 

'Sources: 
1) Cabaniss and Shuman (1988a); Suwannee River Fulvic Acid. 
2) Turner at al. (1986); Muttidentata Model, Tamar Rivar Estuarina Fulvic Acid. 
3) Fish and Morel (1984); Aquatic Fulvic Acid. 
4) McKnight et al. (1983); 18 Sources of Aquatic Fulvic Acid. 
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5.3 Effects of Varied Conditions 

5.3.1 pH Effects 

pH is observed to have an effect on FA-Cu(II) binding. The 

increase in pH from 5.5 to 7.0 resulted in a maximum difference in 

[Cu2+] between bulk curves for the three pH's of less than an order of 

magnitude (Figure 4.10). This separation is less than that reported 

by Cabaniss and Shuman (1988a), who found a separation of 1.5 orders 

of magnitude for 5 mg C L"1 river water FA, between pH 5.1 and 7.0. 

An observed drop in log Kj and log Kz of 0.4 and 0.8 log units, 

and associated increase in site concentration for sites one and two, 

corresponding to a pH change from 6.2 to 5.5, reflects the effect of 

increased proton concentration (Table 4.3). A maximum variation in 

log K2 of 0.8 at pH 5.5 is consistent with the findings of Buffle 

(1984) and Cabaniss and Shuman (1988a), who reported that decreases 

in pH from 6.5 to 4, typically result in decreases in log K of less 

than 1 order of magnitude. 

Decreased site concentration for sites one and two, and an 

increase in log Kx at pH 7.0 are the inverse of effects observed at 

pH 5.5. The predicted concentration for site three at pH 7.0 is 

questionable due to its excessive concentration compared with the 

acidity data (Tables 4.4 and 4.5). This result is consistent with 

Turner et al. (1986) who found, using a normal distribution model, 

non-linear regression iteration trended towards infinitely large 

ligand concentrations and small binding constants when increasing pH 

from 6.0 to 6.5 (I = 0.1 M). Overall, increased pH caused decreased 

site concentration for the weaker sites, and increased log K. 

pH effects on Cu(II)-FA binding are the result of pH-dependent 



speciation of Cu(II) and FA ligands, and structural variation of FA. 

In this study, Cu(II) speciation is assumed to be relatively constant 

(Section 4.4). Reduced proton competition with Cu2+ for ligand sites 

(Equations 2.12 and 2.13) is assumed to be largely responsible for 

binding observed to increase with pH (Figures 4.7, 4.8, 4.9, and 

4.10). In addition, an increase in accessibility of binding sites 

resulting from FA expansion is also a likely cause of enhanced 

binding. Lack of significant change in binding at pH 7.0 at low 

[Cu(II)]t is likely due to experimental error. Configurational 

changes in FA may also contribute to this phenomenon, whereby charge 

density is reduced as ligands are separated by expansion (Cabaniss 

and Shuman, 1988a). 

5.3.2 Ionic Strength Effects 

At pH 7.0, an increase in ionic strength from 0.001 to 

0.1 M had a significant effect on Cu(II) binding (Figure 4.12). At 

low [Cu(II)]t, a difference of approximately one order of magnitude 

in [Cu2+] between 0.01 and 0.001 M curves suggests a substantial ionic 

strength effect. This difference decreased with increasing 

[Cu(II)]t. At pH 6.2, ionic strength effects were negligible (Figure 

4.11). 

These results indicate a larger effect of ionic strength at 

elevated pH and low [Cu(II)]b. This agrees with the results of 

Cabaniss and Shuman (1988a), who reported an increase in Cu(II) 

binding capacity of 1.2 to 1.6 orders of magnitude with an increase 

in ionic strength from 0.01 to 0.1 H at pH 7.0, and an increase of 

0.1 to 0.5 orders of magnitude at pH 5.14, in their study of Suwannee 

River FA. They speculated that for a given pH, ionic strength 
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effects are greater for low than for high [Cu(II)]t due to a decrease 

in negative charge in FA molecules with Cu(II) loading. The 

effect of ionic strength on log K was negligible at pH 6.2, except 

for a slight increase in log K2 with ionic strength decreasing from 

0.01 to 0.001 H (Table 4.3). A model prediction of an increase in 

concentration for sites one and two, at 0.001 M, is suspect 

considering the insignificant difference between curves on Figure 

4.11. At pH 7.0, a change from 0.01 to 0.001 M caused a substantial 

increase in log Ki and log K2. The ligand concentration for site one 

was lower than that at ionic strength of 0.01 M, and tSie 

concentrations of sites two and three increased. This observation 

reflects trends seen on Figure 4.12. The concentration for site 

three is questionable due to its high value compared with the acidity-

data (Tables 4.4 and 4.5). 

It is evident that pH change amplifies ionic strength effects 

on Cu(II)-FA binding. Decreased charge density on the FA molecules 

may accompany an uncoiling of FA at elevated pH. This effect may 

increase site accessibility. The enhanced ionic strength effect at 

pH 7.0 suggests this phenomenon may have an important effect on 

Cu(II) binding in waters of this pH and higher. 

5.3.3 Temperature Effects 

An increase in temperature is expected to enhance or inhibit 

Cu(II)-FA binding depending on the important ligand, according to 

equation 2.6. Binding appears to be greater at 15°C than at 22 or 

30°C, however, considering the curves for varied temperature fall 

within experimental error, no effect of temperature can be 

ascertained from these results (Figure 4.13), or from the modeling 



results (Table 4.3). 

5.4 Conclusions 

Complexation with constituents of NOM substantially contributes to 

processes governing the fate of metals in natural water systems. FA 

is an important binding agent responsible for enhancing or inhibiting 

mobility of these metals. Results of this study indicate that 

binding characteristics of FA vary by MW. 

COOH and OH were ligands assumed to be primarily responsible 

for FA-Cu(II) binding. Other ligands, such as N, S, amine groups, or 

others (Section 2.1), were not considered in this study. Density of 

COOH binding capacity did not vary significantly with MW, while 

density of OH binding capacity increased with decreased MW. 

Based on differences among MW fractions, calculated discrete 

acidity data suggest carboxylic binding capacity is highest in the 

10,000 - 30,000 dalton MW range. The phenolic data were inconclusive 

due to experimental error. 

Results indicated Cu(II) affinity for NOM varies with the 

molecular weight of the latter. This phenomenon is attributed to 

differences in site distributions and DOC concentrations for the 

different MW fractions, and is thus likely due to the cumulative 

nature of the data. Cu(II) binding by the <30,000 dalton fraction 

was not significantly different from the bulk FA except at low 

[Cu(XX)]t• This was also observed in that three ligand sites were 

needed to fit the bulk FA and two sites were sufficient for the low 

MW fractions. The other fractions differed significantly in Cu(XX) 

binding capacity, showing decreasing binding capacity with decreasing 

MW. With increased [Cu(XI)]t, differences in binding among the 
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fractions became insignificant and the slope of the titration curves 

approached one. 

Higher MW fractions appear to comprise a higher concentration 

of weak sites than those of lower MW. Trends in the complexometric 

curve slopes may be interpreted to suggest that at low [Cu(II)]t, Cu2+ 

preferentially occupies binding sites on the basis of site 

availability rather than strength, assuming site strength does not 

vary with MW. It follows that as the most available sites become 

occupied with addition of Cu2+, strong sites then become responsible 

for binding. However, this phenomenon does not conform to 

conventional wisdom of metal-DOM complexometric systems. At high 

[Cu(II)]t, weak sites probably become important because strong sites 

are assumed to be occupied. Because MW fractions bind similarly at 

high [Cu(II)]t (Figures 4.7, 4.8, and 4.9), these weak sites appear 

to be present in all cumulative MW fractions. Complexometric results 

are consistent with modeling results, whereby site strength does not 

vary with MW. 

Observed pH effects on binding were attributed to proton 

competition for ligand sites and configurational change in the FA 

structure. Ionic strength effects are also explained by 

configurational changes in FA. These effects are amplified at 

elevated pH due to FA expansion and associated decrease in charge 

density. Increased [Cu(II)]fc reduces the enhanced binding effect of 

lowered ionic strength by decreasing negative charge with Cu2+ 

loading. 

This study indicates that lowered ionic strength and elevated 

pH significantly effect Cu(II)-FA binding. Under these conditions, 

in natural aquatic systems where aquatic FA is predominantly 
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responsible for Cu(II) binding, Cu2+ mobility may be enhanced in a 

binary system without mineral-bound FA. Assuming the effects of 

lowered ionic strength and increased pH on FA observed in this study 

are common to colloidal surfaces, these results suggest that in 

natural soil-water systems where colloidal surfaces are largely 

responsible for Cu(II) binding, basic conditions and low ionic 

strength would likely inhibit Cu2+ mobility. 

Temperature effects were negligible at both pH 6.2 and 7.0. It 

is expected that temperature should effect binding (Equation 2.6), 

however, these effects may likely be below the detection of the 

methods used in this study. 
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Chapter 6. 

Recomaedations For Further Research 

Computer-automated titrations for pH and complexometric 

experiments would be an important improvement in future studies of 

this nature. Using this approach would free time for other 

laboratory obligations, which is otherwise required for constant 

attendance during manual titrations. In addition, breadth of study 

may also be expanded. Experimental error would also be reduced so 

that a higher level of interpretation may be applied to results. 

In this study discrete DOC and acidity were calculated from 

cumulative fraction data. Isolation of actual discrete fractions 

from a series of UF permeates and retentates would yield more 

representative discrete data, and would reduce error associated with 

calculated parameters. Complexometric characterization of actual 

discrete fractions would yield more accurate information regarding 

the distribution of binding capacity by MW within FA. Titration of 

discrete MW fractions while adjusting ionic strength would yield 

information on MW dependence of ionic strength effects such as 

configurational changes. 

Cu(II)—FA binding was investigated by Cu(II) - into -FA 

titrations. FA - into - Cu(II) titrations would provide useful 

equilibrium information. 

Proton competition was an important consideration in this 

investigation. This effect on Cu(II) - FA equilibrium may be more 

highly characterized by NaOH - into - Cu(II)FA titrations, where 

proton competition is directly measured by Cuz+ exchanged during 

titration. 



appendix a 

titrator output file 



3-site, FA bull viOil 

3 ligand lodel for FA bulk. FA-H species included. T=22; 1=0.OM; 
pH=6.2; FA = 3.9 ig C/L 

Cheiical Coiponents: 3-site, FA bulk v/OH 

1 Haie CI Charge Total Initial Log Free Error 

I Cu»* 1 2 1.46000E-07 -8.894 •8.506 -4.3003E-14 
: IL 1 -2 I.80000E-0S -5.000 -5.773 5.06865E-13 
3 2L 1 -2 8.50000E-06 -7.000 -11.059 -2.8306E-14 
4 31 I -2 7.&OU0OE-Q5 -7.000 -16.001 -3.3720E-17 
S Ht 2 1 0. OOOOOE+OO -6.200 -6.200 1.61108E-04 

Ionic Strength * 0.01000 
Convergence achieved in 4 iterations. 

I Naie ci 

Equilibria Species: 3-site, FA bulk v/OH 

H Log K i 2 
L L 

Molarity 

1 0H-
2 2LH 
3 3LH2 
4 CulL 

Cu2L 
Cu3L 
Cuutit 
Cut OH > '2 

0 
0 
0 0 
1 1 
1 0 
1 0 
1 0 
1 0 

0 0 
0 1 

0 -
v 1 
1 2 

0 
0 
0 
-i 
-2 

-14.000 
12.000 
24.000 
7.040 
11.050 
13.800 
-8.040 

-16.330 

1.5849E-08 
8.4927E-06 
7.8000E-05 
1.3549E-07 
7.2695E-09 
4.6S36E-11 
S.957SE-I1 
7.0233E-13 



appendix b 

complexometric xitration data 



5\ io'\3o Voluig Cu total iV Cu tree 
Tab 0 -24 
pH=5.5 .01 1.46e-7 3 4.555e-3 
1=0.01 .02 2.lie-7 20 l.G4"e-3 
r=22 .03 4.3Be-7 2a 3.02!e-3 

.04 5.34e-7 35 5.I31e-3 

.OS 7.238-7 40 7.431e-3 

.07 l.02e-5 48 1.3728-7 
.1 l.46e-5 57 2.71U-7 
.15 2.lBe-5 67 5.778e-7 
.2 2.31e-5 73 9.093e-7 
.3 4.358-5 83 1.339e-5 
.4 S.738-5 88 2.33le-5 
.52 7.51e-5 34 4.457e-5 
.73 l.05e-5 100 7.013e-5 
1 1.43e-5 105 1.0258-5 
1.5 2.138-5 111 1.6138-5 

9\09\aa Voluie Cu total »V Cu free 
30K 0 -15 
pH=5.31 .01 1.4Se-7 12 6.908e-3 
1=0.01 .02 2.32e-7 23 I.S5fie-3 
T=22 .03 4.38e-7 32 3.024e-3 

.04 5.34e-7 37 4.375e-3 

.05 7.I3e-7 42 6.328e-3 

.07 1.02e-5 52 l.324«-7 

.1 1.46e-5 61 2.573e-7 

.IS 2.1oe-5 72 5.737e-7 
A 2.3Ie-5 78 3.0238-7 

.3 4.35e-5 88 1.8E3S-5 

.4 5.7je-5 93 2.7338-5 

.5 7.23e-5 38 3.9538-5 

.7 1.0le-5 103 5.718e-5 
1 l.43e-3 no 3.587e-5 
1.5 2.13e-3 117 I.607e-5 



9\03\aa Volute Cu total •V Cu free 
IOK 0 -10 
pH=5.51 .01 1.4fie-7 21 I.342e-9 
1=0.01 .02 2.92e-7 33 3.256e-3 
1=22 .03 4.3Be-7 43 6.313e-8 

.04 5.84e-7 49 I.061e-7 

.05 7.298-7 54 l.535e-7 

.07 1.02e-5 62 2.771b-7 

.1 1.4Se-5 70 5.001e-7 

.15 2.18e-6 78 9.028e-7 

.2 2.9le-6 84 1.406e-5 

.3 4.35e-6 92 2.53Be-6 

.4 5.79«-6 97 3.67le-6 

.3 7.23e-6 101 4.933e-6 

.7 l.OIe-5 107 7.6B2e-6 
t 1.43e-5 112 l.ltle-5 
1.5 2.13s-5 118 1.731e-5 

9UO\BB Voluie Cu total tV Cu free 
5K 0 -2 
pH=5.51 .01 1.46e-7 29 2.65Be-8 
1=0.01 .02 2.92e-7 43 7.542e-8 
T=22 .03 4.3Be-7 49 1.179e-7 

.04 3.34e-7 55 1.844e-7 

.05 7.29e-7 56 1.9868-7 

.07 1.02e-6 62 3.106e-7 

.1 t.46a-6 72 6.542e-7 

.15 2.18e-6 81 1.2798-5 

.2 2.91e-6 86 1.856e-6 

.3 4.358-6 93 3.127e-6 

.4 5.79e-5 9B 4.538e-o 

.3 7.23e-6 101 5.674e-6 

.7 l.01e-5 106 3.23Se-a 
I 1.43e-5 112 I.238e-5 
1.5 2.l3e-5 us 2.0l3e-5 



5\ :o\aa 
IX 
prf=-:.;i 
1=0.01 

r=2: 

Voiuxe Cu total iV Cu (res 
0 0 
.01 1.46a-7 3a 5.137b-: 
.02 l.V.s-1 47 l.OlSe-; 
.03 4.2Ea-7 5S I.3BSe-7 
.04 5.24e-7 61 2.2328-7 
.05 7.23a-7 65 3.2B4e-7 
.07 l.3*e-5 71 5.3728-7 
.1 1.46e-€ 77 3.i34e-7 
.15 '2. iae-5 83 1.484e-5 
.2 2.318-5 83 2.2218-5 
.3 4.35a-5 35 3.5238-5 
.4 5.738-5 39 4.3B3S-5 
.5 7.238-5 103 6.53Se-5 
.7 l.aie-3 107 S.372a—5 
1 1.438-5 112 l.28Be-5 
1.5 2.12e-5 lis 1.0138-: 

3\io\aa 
.<x 
pha5.il 
l«).0l 
T-22 

Volute Cu total iV Cu (re: 
0 2S 
.01 1.46e-7 53 1.533S-7 

.32 2.32a-7 SO 2.S76«-7 

.03 4.238-7 63 3.3B4e-7 

.34 5.34e-7 S3 i*
 

m
 c.i
 

to
 

is
 1 *•1
 

.05 7.238-7 73 7.0488-7 

.07 1.328-5 78 1.0228-5 

.1 1.46e-5 82 1.2788-5 

.15 2.188-5 88 2.124e-5 

.2 2.318-5 32 2.302a—3 

.3 4.258-5 3B 4.5238-5 

.4 5.738-5 102 S.113e-5 
* 7.22a-5 105 7.544e-5 
.7 1.318-5 103 1.020e-5 

1 1.438-5 114 1.4348-5 

1.5 2.12e-5 113 2.16:8-5 



3U7\88 Volu«e Cu total iV Cu Ires 
rAb 0 •43 
fn-b.^0 .01 l.4oi i -7  -31 l.277e-3 
I-O.Ol .02 2.92e-7 -18 3.06U-3 
1=22 .03 4.3B8-7 -5 6.859e-3 

.04 5.34e-7 0 1.0278-3 

.07 l.02e-5 16 3.010e-9 

.1 1.46e-5 27 6.3048-3 

.15 2.l8e-5 3'3 1.4128-7 

.2 2.31e-5 48 2.537e-7 

.a 4.o5s'a 60 5.7358-7 

.4 5.73e-6 SB 3.322e-7 

.3 7.23e-S 75 1.553e-5 

.7 l.OlcS 35 3. Ule-5 

1 l.43e-5 95 6.0338-5 
1.5 2.13e-5 105 1.1938-3 

3\07\88 ' VfllUM Cu toil! *V Cu free 
SOX 0 -2B 
pH-S.21 .01 1.46e-7 -14 l.S74e-3 
I=O.Ot .02 2.32e-7 -1 4.135e-3 
r=i2 .03 4.38e-7 5 6.277e-3 

.04 S.34e-7 12 1.022e-3 

.05 7.238-7 18 l.551e-3 

.07 l.u2e-5 23 3.110e-3 

.11 1.5e-5 41 7.635e-3 

.IS 2.t3e-5 52 1.6528-7 

.2 2.3le-5 SO 2.8828-7 

.3 4.358-a 72 6.643e-7 

.4 5.738-5 80 1.1538-5 

.5 7.238-5 85 1.7608-5 

.7 l.0te-5 36 3.523e-5 
1 1.43e-5 104 6.lS7e-5 
1.5 2.13e-5 113 1.1528-5 



9\07\B8 Voluae Cu total •V Cu free 
10K 0 -15 
pH-6.22 .01 1.46e-7 6 6.730e-9 
1=0.01 .02 2.92e-7 16 1.349e-3 
T=22 .03 4.3Be-7 25 2.524e-3 

.04 5.34e-7 35 5.062e-8 

.OS 7.29e-7 41 7.685e-3 

.07 1.02e-5 49 I.341e-7 

.1 1.46e-S 57 2.339e-7 

.IS 2.18e-6 6S 4.376e-7 

.2 2.91e-5 74 7.635e-7 

.3 4.35e-6 83 1.4288-6 

.4 5.798-6 90 2.324e-6 

.3 7.23e-o 95 3.291e-6 

.7 1.01e-5 103 5.743B-6 
1 1.43e-5 110 9.347e-6 
l.S 2.13e-5 117 1.521e-5 

9\oa\aa Voluie Cu total iV Cu free 
5K 0 -19 
pri=6.19 .01 1.46e-7 15 2.082e-3 
1=0.01 .02 2.92e-7 26 4.207e-3 
1=22 .03 4.388-7 33 9.06Ie-8 

.04 3.84e-7 45 1.418e-7 

.OS 7.298-7 49 1.83le-7 

.07 1.02e-6 59 3.470e-7 

.1 1.46e-6 66 5.428e-7 

.15 2.18e-6 75 9.6d0e-7 

.2 2.9U-6 82 l.olOe-5 
• j 4.358-6 90 2.313e-6 
.4 5.798-6 96 2.615e-o 
.5 7.23b-6 100 4.772e-6 
.7 1.0le-5 106 7.003e-6 
1 1.43e-5 112 l.028e-5 
1.5 2.13e-5 118 1.5008-5 



9\08\88 Voluie Cu total iV Cu free 
IX 0 -8 
pH=fi.21 .01 1.46e-7 23 5.037e-3 
1=0.01 .02 2.32e-7 33 9.06le-8 
1=22 .03 4.3Be-7 49 1.8318-7 

.04 5.94e-7 54 2.52ue-7 

.OS 7.29e-7 58 3.255B-7 

.07 1.02e-6 66 5.428e-7 

.1 1.46e-6 74 9.053e-7 

.15 2.18e-6 81 1.416e-6 

.2 2.91e-6 87 2.078e-6 

.3 4.35e-6 94 3.252e-6 

.4 5.79e-6 99 4.477e-5 

.3 7.23e-6 103 5.781e-6 

.7 1.01e-5 108 7.959B-5 
1 1.43e-5 114 1.168b-5 
1.5 2.l3e-5 113 I.SOSb-5 

9\oa\aa Vol uk Cu total •V Cu free 
.SK 0 12 
pH=6.!9 .01 1.46e-7 43 l.247e-7 
1=0.01 .02 2.92e-7 54 2.520e-7 
T»22 .03 4.38e-7 60 3.699e-7 

.04 5.84e-7 63 4.4Ble-7 

.03 7.29e-7 67 5.786e-7 

.07 1.02e-6 74 9.053e-7 

.1 1.46e-6 81 1.416e-6 

.15 2.1Be-5 87 2.07Bb-o 

.2 2.5le-6 92 2.861e-6 

.3 4.35e-6 99 4.477e-fi 

.4 S.73e-5 103 5.7816-5 

.5 7.23e-6 106 7.003e-6 

.7 l.ule-5 111 9.6428-6 
1 1.43b-5 115 1.245B-5 
1.5 2.13B-5 121 1.827e-S 



9\I5\88 Volute Cu total •V Cu free 
FAb 0 -53 
pH-6.20 .01 L46e-7 -47 3.301e-9 
1=0.001 .02 2.92e-7 -34 6.441e-9 
1=22 .03 4.38e-7 -26 9.7l9e-9 

.04 5.84e-7 -18 1.466e-8 

.OS 7.29e-7 -13 l.896e-8 

.07 1.02e-5 -4 3.013e-3 

.1 1.46e-5 9 5.879e-8 

.15 2.lBe-5 23 1.208e-7 

.2 2.91e-6 35 2.239e-7 

.31 4.5e-fi 50 4.84le-7 

.4 5.73e-6 60 8.037e-7 

.5 7.23e-6 71 1.426e-6 

.7 1.01e-5 85 2.928e-6 
1 1.43e-S 95 4.337e-6 
1.5 2.Ioe-j 110 1.059e-5 

i0\05\aa Voluie Cu total •V Cu free 
Fib 0 -21 
pH=6.20 .01 1.46e-7 -4 1.46:a-9 
1=0.01 .02 2.92e-7 3 2.507e-9 
T=15 .04 5.84e-7 17 7.374e-9 

.OS 7.29e-7 21 1.003e-3 

.07 1.02e-6 13 1.859e-8 

.1 l.46e-6 39 4.016e-8 

.15 2.lSe-a 50 9.373e-8 

.2 2.91e-6 58 l.736e-7 

.3 4.35e-S 69 4.052e-7 

.4 5.79e-6 76 6.948e-7 

.5 7.23e-S 81 1.0216-5 

.7 1.0le-5 91 2.207e-6 

1 l.43e-5 99 4.08BC-6 
1.5 2.13e-5 107 7.57le-6 



10\06\BB Voluie Cu total (V Cu free 
FAb 0 
pH=6.20 .01 1.46e-7 -34 1.714e-9 
1=0.01 .02 2.32e-7 -22 3.595e-9 
T=30 .03 4.3Be-7 -11 7.091e-9 

.04 5.34e-7 -2 l.23Se-8 

.OS 7.29e-7 5 1.304e-a 

.07 1.02e-S 14 3.320e-a 

.1 l.46e-6 27 7.40Be-8 

.15 2.lSe-6 49 2.3B2e-7 

.3 4.35e-6 BO 5.S83e-7 

.4 5.73e-6 63 9.907e-7 

.5 7.23e-6 76 1.52Ge-6 

.7 1.01e-5 B7 3.01le-G 
1 1.43e-5 9B 5.93Be-S 
1.5 2.13e-5 ioa 1.10U-5 

9\i3\aa Voluie Cu total *V Cu free 
FAb 0 -33 
pH=7.0 .01 1.46e-7 -48 6.958e-3 
1=0.01 .02 2.92e-7 -33 1.429s-8 
T=22 .04 5.34e-7 -18 2.336e-a 

.05 7.29e-7 -10 4.31le-8 

.07 l.02e-6 0 6.367e-0 
.1 1.46e-6 10 1.126e-7 
.15 2.18e-6 23 2.10Ie-7 
.2 2.31e-5 29 2.802e-7 
.3 4.35e-6 45 S.040e-7 
.4 5.73e-6 52 8.452e-7 
.5 7.23e-6 GO 1.241e-6 
.7 1.01e-5 70 2.005e-6 
1 1.43e-5 81 3.400e-S 
1.5 2.13e-5 92 5.765e-5 



9\ 11\8B Voluie Cu total •V Cu (ree 
30K 0 -41 
pH=7.0 .01 1.46e-7 -30 8.107e-9 
1=0.01 .02 2.32e-7 -17 1.5Ble-3 
T=22 .03 4.3Be-7 -6 2.78le-3 

.04 5.B4e-7 0 3.785e-8 

.05 7.23e-7 5 4.893e-B 

.07 1.02e-6 15 8.177e-8 

.1 l.46e-6 25 1.367e-7 

.15 2.18e-S 33 2.805e-7 

.2 2.31e-6 48 4.4538-7 

.3 4.35e-6 60 3.247e-7 

.4 5.73e-6 67 1.182e-6 

.5 7.23e-6 73 |.608e-6 

.7 1.01e-5 82 2.5538-6 
1 1.43e-5 30 3.850e-6 
l.S 2.13e-5 % 5.233e-6 

3\ll\88 Voluie Cu total «v Cu free 
10K 0 -48 
pH=7.0 .01 l.46e-7 -25 l.048e-B 
1=0.01 .02 2.32e-7 -7 2.642e-a 
T*22 .03 4.38e-7 0 4.415e-3 

.04 5.84e-7 3 6.00Be-a 

.05 7.23e-7 15 8.177e-3 

.07 l.02e-5 25 1.367e-7 

.1 l.46e-6 36 2.404e-7 

.15 2.18e-6 48 4.453e-7 

.2 2.31e-6 56 6.716e-7 

.3 4.35e-5 67 1.1828-6 

.4 5.73e-S 75 1.782e-6 

.51 7.37e-S 82 2.553e-5 

.7 l.Ole-5 83 3.657e-6 
1 1.43e-5 36 5.233e-6 
1.5 2.13e-5 100 6.434e-6 



3\12\8B Voluie Cu total *V Cu free 
5X 0 -33 
pH=7.0 .01 1.46e-7 -5 3.420e-3 
1=0.01 .02 2.92s-7 8 6.3058-3 
T=22 .03 4.3Be-7 18 1.112e-7 

.04 5.84e-7 30 2.006e-7 

.05 7.29B-7 35 2.564e-7 

.07 1.02B-5 43 3.7'33e-7 

.1 1.4Ee-S 51 5.62B8-7 

.IS 2.I8e-5 61 3.6638-7 

.2 2.31e-5 69 1.3636-5 

.3 4.358-5 78 2.l21e-5 

.4 5.798-6 84 2.848B-3 

.5 7.23e-5 88 3.467e-6 

.7 1.01e-5 95 •».63ue-5 
1 1.43e-5 101 6.566B-5 
1.5 2.13B-5 105 7.3538-5 

9\12\8B Volu*e Cu total •V Cu free 
IK 0 -5 
pH=7.0 .01 1.46e-7 13 M6Se-7 
1=0.01 .02 2.92B-7 31 2.107e-7 
T=22 .03 4.388-7 40 3.278e-7 

.04 5.84e-7 44 3.990e-7 

.05 7.298-7 48 4.3578-7 

.07 1.028-5 56 7.196e-7 

.1 1.46B-6 62 3.6638-7 

.15 2.188-5 72 1.579B-5 

.2 2.3le-5 76 1.922s-5 

.3 4.358-5 85 2.992B-5 
.4 5.73e-5 30 3.825e-6 
.5 7.23B-5 93 4.432e-S 
.7 l.OIe-5 37 5.335**5 
1 1.438-5 100 6.2528-5 
1.5 2.13B-5 103 7.244e-5 



9\12\B8 
.5k 
pH=7.0 
1=0.01 
1=22 

Voluie Cu total •V Cu free 
0 -40 
.01 1.46e-7 5 S.B72e-3 
.02 2.32e-7 27 1.731e-7 
.03 4.3Be-7 41 3.443e-7 
.04 5.84e-7 47 4.S24e-7 
.03 7.23e-7 31 5.62Se-7 
.07 1.02e-S SB 7.33-3e-7 
.1 1.46e-6 64 1.066e-5 
.13 i,18e-6 72 1.573e-5 
.2 2.91e-6 7B 2.121e-o 
.3 4.35e-6 84 2.848e-6 
.4 5.73e-6 B9 3.641e-5 
.3 7.23e-S 31 4.0l7e-a 
.7 l.Ole-3 36 3.13Se-5 
t l.43e-3 100 5.232e-6 
1.3 2.13e-5 103 7.393e-S 

I0\03\aa 
TAb 
pH=7.0 
(=0.001 
T=22 

Voluie Cu total •V Cu free 
0 -71 
.01 t.46e-7 -3B 1.7l6e-3 
.03 4.3Be-7 -22 1.167e-3 
.04 S.84e-7 -11 2.036e-9 
.06 8.75e-7 -1 3.370e-3 
.07 1.02e-6 1 3.371e-3 
.1 1.46e-o 7 S.466e-3 
.IS 2.Ifle-6 16 8.327e-3 
.2 2.31e-6 23 1.281e-7 
.3 4.33e-6 48 4.83le-7 
.4 3.79e-6 65 1.139e-5 
.3 7.23e-6 73 2.042e-5 
.7 l.Ole-5 84 3.23Be-5 
1 1.43e-5 30 4.340e-6 
1.3 2.t3e-3 37 6.330e-5 
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