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ABSTRACT 
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Various humic substances were reacted with a coarse loamy soil in both 

batch studies and column experiments. Solution pH was not buffered, rather 

monitored to more closely approximate a "real life" scenario. Humic substances 

were also reacted with soil that had been pre-saturated with various concentrations 

of cadmium nitrate solution. The batch experiments were characterized by 

interference from antecedent natural organic matter in the soil, causing high 

nonlinearity in the data. Humic substance sorption in the column experiments was 

characterized by early breakthrough of a small fraction, followed by long extended 

tailing. Complete breakthrough was never observed in any of the column studies. 

Sorption phenomena is believed to be primarily controlled by the structural 

configuration of the humic substances, with solution pH and the valence of cations 

in the electrolyte solution having the greatest effect on sorption. Implications to 

humic substance transport in natural systems will be discussed. 
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1.1 OBJECTIVE 

This thesis study originally intended to investigate the ability of fulvic and 

humic acids to desorb heavy metals from soils. The objective was to determine 

the applicability of using dissolved natural organic matter (NOM) as a remediation 

tool for metal contaminated soils. Previous studies have indicated that NOM may 

have the ability to facilitate transport of metal contaminants in saturated systems 

(12,57,66,67,69,73,74,76,115). The soil chosen for the study is the Hayhook 

series soil, a non-acid loamy sand from an arid environment In order to 

approximate more "real life", the decision was made not to buffer the system, but 

to monitor changes in pH. Batch experiments were performed for three different 

fulvic acids (FA), and two different humic acids (HA). Column studies were 

performed with two different fulvic acids. From the batch experiments, it became 

apparent that the fulvic acids and other humic substances studied were highly 

reactive with the Hayhook soil. Adsorption isotherms were frequently nonlinear. 

Experimental data often exhibited wide variability, with adsorption or desorption of 

NOM in excess of added FA. This phenomena is believed to be caused by 

interactions between the added humic substances and antecedent NOM in the soil. 

Both column experiments showed extensive tailing during FA breakthrough, 

whereas, FA elution showed evidence of irreversible adsorption, or rate limited 
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desorption. These results are consistent with other studies 

(1,23,24,55,61,64,68,73,76,114,116). In both column studies, the fulvic acids 

studied never achieved complete breakthrough. In a column study with soil, 

cadmium and FA, cadmium transport was retarded until the fulvic acids reached 

an apparent "steady state" condition with the soil, after which, facilitated transport 

appeared to occur. Overall, the systems studied are not well defined and the data 

obtained was often non-ideal. The purpose of this document therefore is to define 

the general paradigms for the fulvic acid-soil-cadmium systems studied, and to 

discuss implications to the theory of facilitated transport of metals by humic 

substances and NOM. 
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2.1 THEORY OF FACILITATED TRANSPORT OF METALS 

Equilibrium trace metal speciation in subsurface aqueous solutions is 

dependant on complexation reactions with inorganic and organic ligands, ion 

exchange and adsorption-desorption to solid surfaces, precipitation and dissolution, 

and acid-base equilibria (66). Complexation of trace metals by dissolved natural 

organic matter (NOM), is a widely recognized phenomena, and plays a major role 

in soil genesis and plant availability of trace metals in the soil profile (78,92). 

Consequently, the potential for NOM and other organic matter sources (i.e. landfill 

leachate) to accelerate the transport of both metal and organic anthropogenic 

pollutants through the subsurface is currently an area of active research 

(23,22,57,64,67,76,114). The co-transport of pollutants by more soluble 

substances is commonly termed "facilitated" transport. Due to their ubiquity in 

aqueous environments and ease of analysis, most research has investigated humic 

substances as sources of NOM. 

The theory of facilitated transport of metals by NOM is based on the ability 

of NOM to complex metals in solution, thereby increasing the total solute 

concentration in solution, while simultaneously decreasing the dissolved 

concentration. Consequently, at equilibrium, less solute will be sorbed to the solid 

phase, thereby reducing solute retardation and enhancing transport. This is 
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supported by results from batch experiments showing decreased metal-solid 

adsorption in the presence of humic substances (12,22,23,57,64,69,74,76,114). 

Additional studies on metal-NOM transport have included miscible displacement 

(column) experiments using ideal or homogeneous solid matrices (i.e. am-SiOz), 

and simplified aqueous systems (6,23,64,76,78,114). Column studies which 

utilized actual soils or more reactive materials such as Y-AI203, have shown mixed 

results depending on the source of NOM and the chemical conditions. A series 

of studies at the University of Arizona on NOM and metal interactions have 

predominantly shown increased adsorption of metals in the presence of NOM and 

soils, or materials with typical soil properties (64,76,114). Two studies, Odem 

(76,77) and Dunnivant et al. (23,24), have shown facilitated transport of metals via 

column studies with "reactive" solids present. 

The current conceptual model promoting facilitated transport of trace metals 

by NOM requires that metal-NOM complexes remain in solution, either dissolved 

or in colloidal association, with minimal interaction with the solid phase. This 

however, ignores, or deems insignificant, electrostatic, mass and configurational 

changes induced in NOM by trace metal complexation, and any concomitant 

changes in hydrophobicity and bonding interactions with clay and oxide surfaces. 

Since humic substances are amphiphilic, slight changes in the structure or charge 

will change associated entropies as well as bonding enthalpies and could 

significantly alter chemical reaction behavior. 
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2.2 PHYSICAL AND CHEMICAL CHARACTERISTICS OF NOM AND HUMIC 

SUBSTANCES 

Natural organic matter in soil and aqueous systems is generally composed 

of 70-80% humic substances, with the remainder a mixture of polysaccharides, 

fatty acids, alkanes and protein like materials (polypeptides) (93). The humic 

substances are considered to be the most stable organic compounds in soil and 

aquifer environments, and therefore of most concern for facilitated transport. 

Humic substances are complex, polyelectrolytic, heterogeneous macromolecular 

mixtures of aliphatic, phenolic and aromatic carboxylic acids, in addition to n-

alkanes and n-fatty acids, which are held together primarily by hydrogen bonding 

(84), and other mechanisms such as columbic forces, van der Waals forces, 

charge transfer and hydrophobic interactions (98). Individual humic molecules are 

estimated to have molecular weights anywhere from several hundred to several 

thousand grams/mole, depending on the degree of molecular association (93). 

Soluble humic substances are classified as either humic or fulvic acids (HA and 

FA). Fulvic acids remain soluble in strong acid, whereas humic acids precipitate. 

Fulvic acids are smaller molecules than HA, less hydrophobic with a higher charge 

density and consequently are considered to dominate groundwater NOM. In terms 

of functional groups, fulvic acids are considered to be more oxygenated, but poorer 

in aromatic carboxylic and phenolic groups than humic acid (84). Humic acid is 

also believed to have more aromatic and less aliphatic carbon than FA. 

Fractionation studies have shown that dissolved organic carbon (DOC) from 
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terrestrial and aquatic environments consists of hydrophobic and hydrophilic acids, 

bases and neutral species (58). Recent research has operationally defined HA 

and FA as within the hydrophobic fraction of DOC, due to the frequent use of XAD-

8, a non-ionic exchange resin, to isolate HA and FA 

(13,23,28,55,58,63,64,72,76,90,98,99,105,114). It must be emphasized that the 

chemical composition of NOM is dependant on its source, and therefore will vary 

from one environment to another. For example, humic acids of terrestrial origin 

are generally more aromatic than aquatic humic acids (92). 

The size and configuration of NOM molecules are dependant on their 

concentration, and on the pH and ionic strength of solution. It has been suggested 

that HAs and FAs follow a random coil polymeric model, where multiple branches 

of the macromolecule will bend in space and time depending on the pH, ionic 

strength and charge density associated with the functional groups (37,84 ). The 

structures formed are essentially spherical at higher NOM concentrations, high 

ionic strength, and at a low pH, whereas in a dilute solution, the mutual repulsion 

of negatively charged functional groups cause the molecule to uncoil, and humic 

substances assume a linear colloid structure (31). Schnitzer hypotheized the linear 

structures to be flat, elongated, multibranched filaments which can be as wide as 

100 nm. Ong and Bisque (79), determined that the addition of cations to peat 

humic acid could cause coagulation/precipitation, in inverse correlation to the ionic 

radius of the monovalent and divalent cations (Schulze-Hardy rule), with trivalent 

cations showing the strongest coagulating power. Small amount of lead were also 
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observed to cause the coagulation of fulvic acids (82). Ong and Bisque, (79) 

further cited a loss of charge and subsequent loss in water of hydration as causing 

the macromolecular structure to coil, increasing the hydrophobicity of the molecule. 

This is known as the "Fuoss effect" in polymer chemistry (29). Higher molecular 

weight NOM, and highly concentrated NOM solutions display less flexibility, 

indicating more branching or possibly cross-linking. 

More recently, Wershaw (117,118) has proposed that humic substances, 

due to their amphiphilic nature, aggregate into membrane-like structures such as 

vesicles and micelles in solution, and form a bilayer membrane when sorbed to a 

solid surface. The hydrophobic portion therefore forms a pseudo-liquid phase, into 

which other hydrophobic molecules can partition. Since humic acids may sorb or 

bond to the mineral phase, this model explains both nonionic hydrophobic sorption 

to the solid phase, and sorption to dissolved or colloidal NOM as observed by 

Chiou and others (18,29,71). 

Experimental evidence indicates that both models are useful, one describes 

the physical behavior, while the other approximates the chemical behavior. 

Several studies have shown decreases in nonionic hydrophobic solute sorption to 

humic substances at pH extremes (pH>9 or <5), high ionic strength, and increasing 

humic substance concentration (10,71). Conversely, slight increases in the 

calcium concentration and ionic strength slightly increased the sorption of DDT into 

humic acid (47). These phenomena can be explained by imagining the 

configurational changes induced in the humic substances. At a high pH, the 
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humic substance uncoils, separating the hydrophobic moieties, and decreasing the 

hydrophobic pseudo-phase and sorption. As the pH decreases, calcium is added, 

or the ionic strength increases, the humic macromolecular structure condenses due 

to electrostatic charge quenching from the addition of protons or calcium, or an 

electrostatic repulsion from an increase in ionic strength. Consequently, the water 

of hydration is "squeezed" out (78), and the pseudo-liquid phase increases, 

allowing more hydrophobic sorption to occur. However, if the humic 

macromolecular structure continues to condense with increased concentration, 

protonation or ionic strength and eventually assumes a minimum condensed 

structure, the distance between the electrostatic moieties on the exterior of the 

macromolecule, and the total surface area of the macromolecule should approach 

a minima due to entropic considerations. Since hydrophobic interactions are due 

primarily to London-van der Waals forces, hydrophobic sorption can only occur 

over very short distances (88). In the absence of molecular aggregation causing 

the formation of a larger pseudo-hydrophobic phase, the formation of a minimum 

macromolecular structure would then have the overall effect of reducing the 

available surface area to partition into the macromolecule and hence the capacity 

for hydrophobic sorption. Conversely, evidence also exists showing that 

protonation or the complexation of certain metal ions causes aggregation of 

multiple FA and HA molecules, and hence an increase in molecular weight, and 

the hydrophobic phase (53,39,79,82). 
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Finally, experimental evidence suggests that NOM frequently exists in 

association with mineral colloids, and that NOM-mineral association increases 

colloidal stability (1,3,14,35,38,39,48,50,56,58,59,67,68,70,71,79,84,93,101,117). 

Two important inferences can be drawn from this data. First, is that much of the 

"dissolved" NOM observed experimentally may actually be in colloidal form, as 

suggested by Gshwend and Wu (34). This may include studies which have not 

differentiated colloidal from dissolved NOM, which is also complicated by the lack 

of a clear definition of colloids (See Section 2.5.3). Secondly, the ubiquitous 

association of organic matter with colloids indicates that facilitated transport via 

NOM may be inextricably linked to colloidal transport phenomena. 

2.3 METAL COMPLEXATION BEHAVIOR OF NOM AND HUMIC 

SUBSTANCES 

Trace metal complexation by NOM occurs primarily at the carboxylic and 

phenolic functional groups. The major mechanisms are believed to be bidentate 

bonds with two carboxylic or a carboxylic and phenolic group, monodentate bonds 

with a carboxylic group, and also hydrogen and electrostatic bonding (84). The 

latter two mechanisms are considered types of non-specific or "outer" shell 

bonding. The availability of binding sites is related to the pKg of each acidic 

moiety, and the electrostatic charge surrounding the group at the given solution pH 

and ionic strength. The binding capacity of NOM is dependant on the molecular 

weight, functional group content and the pH and ionic strength of solution. Several 

researchers have noted that FA and other low molecular weight NOM do not 
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complex metats as strongly as HA (21,51,74,84,93). This is probably due to more 

sterically favorable bidentate sites from a higher aromatic and/or amino group 

content in humic acids (11). The strength of complexation is additionally related 

to the coordination chemistry of the metal ions (93). 

The affinity of a metal for a FA or HA has frequently been described by a 

"conditional" stability constant, which is experimentally derived by titrating the HA 

or FA of interest with metal solutions. The conditional stability constant represents 

the stoichiometric availability of complexation sites under experimental conditions: 

S <*> 

M signifies the activity of metal in solution, L and ML are the activities of ligands 

and metal ligand complexes, and i signifies the number of different complexation 

sites. Accordingly, these stability constants are not thermodynamic constants, and 

are only valid for the specific humic substances and at the conditions under which 

the experiment was run. Stability constants for divalent cations at pH = 6 generally 

follow the trend (84): 

Mg < Ca < Mn s Co s Ni s Zn s Cd < Cu < Pb 

Published stability constants are highly variable, by as much as three orders of 

magnitude. Nonetheless, bivalent and trivalent cation stability constants are 

frequently on the order of 105 or greater, indicating high metal complexation 

capacity (93). Because each FA or HA molecule has several different types of 

binding sites based on the type and steric position of the functional groups, the 

conditional stability constant may fail to adequately describe metal-NOM speciation 

in the presence of other competing cations. Langford et al. (53) noted that pH 
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(protons), ionic strength (ionic swarm) and the presence of Mg++ (a competing ion) 

all had a significant effect on the copper binding capacity of a FA. Early attempts 

at equilibrium modeling using conditional stability constants suffered from a lack 

of stability constants derived from competitive studies (92). 

This has lead to the development of discrete (or quasiparticle) ligand models 

in an attempt to approximate the binding energies over the range of functional 

groups found on humic substances (5,26,28,90,107). A range of pKas (usually 

one constant per order of magnitude of metal concentration) of acidic moieties is 

fitted to titration data from the NOM of interest. Metal affinities with differing bond 

strengths are assigned to each of the different types of ligands (i.e. bidentate vs. 

monodentate), in addition to any nonspecific binding effects expected in 

accordance with electrostatic theory. Additional parameters the models may 

incorporate include electrostatic effects on molecular size and pH variability (5). 

The models' ability to sufficiently describe metal-NOM speciation, including 

competitive ion effects, is constrained by lack of data on metal-humate 

relationships in anything but the simplest solutions. Hence, there is a need for 

comprehensive experiments with NOM and metal solute mixtures to validate the 

proposed models (107). 

The factors controlling metal-NOM complexation are highly dependant on 

the system conditions. A well defined database on the metal complexation 

characteristics of NOM has yet to be achieved. This is due to the lack of a strict 

thermodynamic explanation for observed complexation behavior, and also to the 

heterogeneity of NOM sources. Other factors which may affect metal-NOM 

complexation are: the magnitude of NOM aggregation occurring in high metal 



24 

solutions; changes in solubility due to changes in the NOM net charge; temporal 

and spatial changes in NOM structure and subsequent enhancement or reduction 

of complexation; and adsorption of metal-NOM complexes to the solid-water 

interface. 

2.4 ADSORPTION OF NOM AND HUMIC SUBSTANCES 

NOM and metal-NOM complexes have been observed to be highly soluble 

as a polyanion. However, numerous researchers have noted that NOM reacts 

strongly with soil and mineral surfaces with or without the presence of metals in 

solution (1,12,21,22,23,24,34,42,51,55,58,63,64,67,69.72,74,83,84,89,114,117). 

Reactions between minerals, metals and NOM occur by one or more of the 

following pathways: simple metal complexes; mixed ligand complexes (i.e. metal-

NOM-mineral colloid); adsorption-desorption of associated NOM and metal-NOM 

complexes; dissolution of minerals; adsorption on external mineral surfaces; 

adsorption to clay interlayers; and adsorption to organic surfaces (37). Adsorptive 

processes can be divided into the following mechanisms (92): 

1. physical adsorption (hydrophobic); 

2. electrostatic attractions (anion and cation exchange, cation bridging, weak 

columbic attractions); 

3. hydrogen bonding (non-specific adsorption); 

4. coordination complexes (ligand exchange). 
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Because of the amphiphilic nature of NOM, more than one of these processes may 

be involved in the adsorption of any given molecule. Furthermore, such variables 

as NOM source, type of surface materials, dissolved metals concentration, 

competing ligands, ionic strength and pH can all affect sorption behavior. 

Within the aqueous system, NOM remains solvated by its charged moieties, 

and through hydrogen bonding and weak electrostatic attractions at other 

functional groups whose charges may have been quenched by protonation or 

cation complexation. At complexed metal sites, there may be a weak positive 

charge, or if the metal's valence number is greater than the number of bonds (i.e. 

a monodentate ligand with Cu(ll)), a positive charge could exist. 

2.4.1 Adsorption to Mineral Surfaces 

Most soils and aquifer materials contain a mix of minerals with electrically 

charged sorption sites. Primary minerals such as quartz and feldspars usually 

have few charged sites, whereas, secondary minerals such as the phyllosilicates 

possess large quantities of negatively charged sites at which sorption of cations 

occurs. Other secondary mineral surfaces such as Fe, Mn, Al, and Si hydr(oxides) 

and hydrosilicates, are positively charged yet amphoteric. Oxide surfaces are 

normally hydroxylated, and can therefore exchange a proton or a hydroxyl group 

(83). 

At negatively charged mineral surfaces, the mechanism of NOM sorption 

appears to be by hydrogen bonding at neutralized sites, (i.e. water bridging 
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between H+ and the NOM anion), bridging by adsorbed polyvalent cations (102), 

or by electrostatic attractions via amino groups within the NOM (37). As the pH 

decreases, the mineral surface will become more positively charged, increasing 

NOM adsorption. This is probably due to increased potential for hydrogen bond 

formation, and reduced electrostatic repulsion between the negatively charged 

NOM and surface (72). As the pH decreases and approaches the pIC, of the NOM 

carboxylic groups, adsorption decreases due to protonation and reduced 

electrostatic attraction to positively charged surfaces. 

There has been considerable research on sorption of humic substances and 

metal-humic complexes to sediments and ideal mineral surfaces like a-AI203 or y-

Al203 (1,21,22,40,51,55,58,63,69,72,74,83,89,98,99). Two general types of NOM-

oxide adsorption have been proposed, inner and outer sphere complexes (83). 

Outer sphere complexes occur by non-specific adsorption through hydrogen 

bonding via water bridges and electrostatic attraction. Frequently, a negatively 

charged NOM group may replace an existing adsorbed anion (i.e. SO/') through 

anion exchange. Inner sphere complexes occur through ligand exchange with a 

hydroxyl group. Using a series of aromatic acids (benzoic, salicyclic, phthalic, and 

catechol) analogous to functional groups commonly found in NOM, Kummert and 

Stumm (51) observed 1:1 ligand exchange on a y-AI203 surface. Davis (21) 

observed similar behavior with the mixing of lake dissolved organic carbon with y-

Al203. Recent field experiments with NOM and iron oxides colloids in groundwater 

suggest ligand exchange as the primary mechanism for NOM adsorption to iron 
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oxides (56). The formation of ternary (cation-NOM-oxide) complexes via ligand 

exchange may also occur (21,22,72). 

Adsorption via ligand exchange occurs slowly, dependant on the type of 

sorbent (21,51,72,98,99), therefore, it is probable that non-specific adsorption 

occurs initially followed by ligand exchange. Given the steric limitations of ligand 

exchange, the adsorption of NOM via ligand exchange could be directly correlated 

to the presence of favorable diol arrangements which can form a bidentate bond. 

Several researchers have noted that the tendency of NOM to form an oxide 

surface complex via ligand exchange is the same as its affinity for the 

corresponding metal ions in solution (21,72,89,51). Therefore, the NOM fraction 

showing the highest affinity for the oxide metal in solution, will also sorb the 

strongest to metal oxide surfaces. The presence of oxide minerals containing 

metals with greater stability constants than a dissolved metal-NOM complex, may 

cause preferential release of the metal with subsequent NOM sorption, as recently 

observed in a study with the organic ligand EDTA (45). If this is indeed the case, 

metal-NOM complexation and sorption in the subsurface would follow the Schulze-

Hardy rule and should be controlled by the absence or presence of sorbed trivalent 

cations and mineral oxides. 

There appears to be a direct correlation to increasing NOM adsorption with 

increasing molecular weight (4,22,24,68,72,74,89), and increasing hydrophobicity 

or aromaticity (1,24,42,63,68,72,111). This is probably due to entropic 

considerations and the presence of more aromatic and carboxylic groups on the 
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higher molecular weight humic acids than the fulvic acids (42,72). NOM adsorption 

to mineral oxide surfaces would then correspond to the complexation capacity of 

the fraction of NOM which generally increases with hydrophobicity and aromaticity. 

It is interesting to note that, adsorption via ligand exchange would then reduce 

metal complexation sites in solution. 

Extensive studies have shown that much of the humified portion of soils is 

bound to clays (92). There is controversy as to whether NOM can actually sorb 

or associate with clay interlayers (37). Most research indicates that humic 

substances in solution only associate with clays when the ionization of the acid 

functional groups is low. Accordingly, FA has been shown only to adsorb in 

expandable clay interlayers at pH less than 5 (84). Structurally, it is unlikely that 

large molecular weight HA can overcome steric hindrances to enter an interlayer, 

whereas FA and small aliphatics and organic acids possibly can (100). A recent 

study by Schnitzer and Kodama (85) which investigated four different soils partially 

supports this hypothesis. They observed that FA tended to accumulate in the clay 

fractions whereas HAs and humin were relatively rich in the coarser clays and silt. 

An accumulation of hydrous oxides and hydrous aluminosilicates coincided with 

coarser clays and silt. 

Overall, pH appears to exert the greatest influence on NOM adsorption to 

mineral surfaces. Changes in NOM adsorption due to pH cannot be solely 

attributed to changes in surface properties, and are probably the result of mass, 

electrostatic and conformational changes in NOM (42,40). Of the adsorption 
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mechanisms discussed, atl except ligand exchange and interlayer adsorption 

should be reversible. 

2.4.2 Adsorption to Organic Surfaces 

Organic matter in soils and aquifer materials frequently consists of humic 

material coated on mineral surfaces, often in association with other 

macromolecular organic structures, (i.e. polysaccharides) and inorganic mineral 

colloids such as clays and mineral oxides (37). If sorbed NOM is neutralized, it 

can modify the solid surface to behave as a hydrophobic sorbent (84). Whereas, 

the adsorption of non-ionic hydrophobic organic molecules has been shown to be 

positively correlated to the presence of organic matter in soils (48), evidence exists 

that NOM adsorption is inversely correlated to soil organic matter concentration 

unless in the presence of metal cations or oxide minerals (42,69,72,111). The 

absence of enthalpy changes that would normally be associated with ligand 

exchange reactions, led Jardine et al. (42) to conclude that hydrophobic 

interactions were the primary NOM sorption process. However, in that study, 

sorbed NOM was associated almost exclusively with Fe oxides and clay minerals, 

signifying that some type of electrostatic mechanism might also be contributing. 

Murphy et al. (72), noted that at high humic acid concentration, sorption to 

hematite did not follow a mono-layer isotherm indicating that hydrophobic 

interactions may result in multiple layering of humic acids on the mineral surface. 
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The degree to which hydrophobicity influences NOM sorption processes is 

unclear, nonetheless, it is entropically favorable for a hydrophobic NOM molecule 

to sorb to the solid-aqueous interface, especially if system conditions reduce the 

electrical charge and cause the NOM molecule(s) to condense and/or aggregate. 

This may explain the adsorption of NOM to soil organic matter in the presence of 

metal cations (69). It is unlikely, given the amphiphilic structure of NOM, that 

hydrophobic processes can ever be a sole mechanism for NOM adsorption, 

especially considering the influence of electrostatic charge on NOM hydrophobicity. 

Several NOM desorption experiments with soils and/or alumina have shown 

irreversible adsorption of NOM or rate limited desorption asymmetrical with the 

breakthrough curve (1,24,55,56,64,68,73,76,114). if NOM was only adsorbed 

hydrophobically, or via nonspecific outer-sphere binding, desorption should be 

totally reversible and symmetrical. Other studies have shown a strong correlation 

between adsorption capacity and the presence of sesquioxides (Fe and Al 

hydroxides) (69,111). These experimental results indicate that while hydrophobic 

sorption may be significant, it is probably not the primary mechanism for NOM 

adsorption. 

2.4.3 NOM Adsorption in the Presence of Metal Cations 

The presence of metals in NOM adsorption studies can enhance NOM and 

metal adsorption (31,40,64,74,76,89,114). The effect is apparently inversely 

correlated to pH, with greatest metal and NOM adsorption occurring at lower pH. 
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Greenland (33), suggested that adsorption may be enhanced by the formation of 

metal "bridges" between adsorbed cations at the surface and NOM. He also noted 

that adsorption via Ca2+ was reversible, whereas adsorption via Fe3* and Ai3* was 

not However, in studies with uranium and humic acid, Ho and Miller (40) did not 

see any spectroscopic evidence for a metal bridge ligand. Hydrogen bonding via 

a "water bridge" to the adsorbed cations is probably more common. This 

mechanism was utilized by Theng and Scharpenseel (102) who studied the 

adsorption of humic acid to various cation saturated clays, and determined that 

adsorption was directly correlated to the ionic potential (charge/ionic radius). They 

also observed that anion iigand exchange occurred between humic acid and 

hydroxy-complexes of Fe3+. What is also probable, but has not been thoroughly 

investigated, is that metals may bridge NOM molecules, increasing the molecular 

weight via aggregation (9). As has been discussed, increasing molecular weight 

increases adsorption, and/or NOM precipitation. Such a phenomena would be 

more likely to occur at high NOM concentrations and dissolved metal 

concentrations. Additionally, as discussed previously, the effect of metal cations 

on reducing NOM electronegativity will increase adsorption. 
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2.5 NOM AND HUMIC SUBSTANCE TRANSPORT IN THE SUBSURFACE 

2.5.1 Transport Theory 

Transport of a solute through the subsurface is a function of the 

hydrodynamic characteristics of the subsurface, and of the chemical interactions 

(i.e. sorption, precipitation) between the solid and aqueous phases. The classical 

one-dimensional advective dispersion (1 -AD) equation was developed by Lapidus 

and Admundson to describe transport behavior of a sorbing solute through a 

homogeneous porous media (54): 

d C  +  p d S  =  d I 1 £  -  v A £  ( 2 )  
Tt dx2 Tx v ' 

where C is the solute concentration in the dissolved phase, S is the solute mass 

concentration in the solid phase, D is the dispersion coefficient accounting for 

solute axial diffusion and longitudinal dispersion, v is the advective velocity (pore 

water velocity), and p and 0 are the soil bulk density and porosity respectively. 

Under conditions of local equilibrium, sorption singularity and linearity, this equation 

can be reduced by introducing the retardation factor R: 

R = 1 + £.£ = 1 +P.Kp (3) 
0 C 0 

R*£ = o££ - v*£ 
dt dx2 dx 

(4) 
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where R is the retardation factor expressing the ratio of solute retardation to 

transport of a nonsorbing solute. The retardation factor is dependant on solute 

equilibria between the solid and aqueous phase where Kp = S/C is the partition 

coefficient. When sorption does not occur, Kp = 0, and R = 1. Kp and R can be 

estimated via adsorption isotherms from batch studies, or temporal or spatial 

moment analysis of miscible displacement experiments (7). The application of this 

equation is limited to equilibrium solute transport through homogeneous isotropic 

porous media, a condition which may occur infrequently in the laboratory or the 

field. 

2.5.2 Two Domain Models 

In systems exhibiting physical and/or sorption nonequilibrium, the 1-AD 

equation can be modified to account for various physical and chemical 

nonequilibrium processes such as diffusion limited mass transfer or rate limited 

sorption kinetics. A variety of proposed models accounting for hydrophobic organic 

solute transport non-equilibrium have been reviewed by Brusseau and Rao (7) and 

can be referred to for detailed analysis. In a general sense the processes 

described by these models apply to all types of solutes and are not necessarily 

limited to hydrophobic organics. For physically constrained solute transport, the 

physical mass transfer model provides a good approximation of solute transport, 

without unnecessary complications (7). As refined by van Genuchten and 

Wierenga (20,109), the two region physical mass transfer model for sorbing solutes 
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attributes sorption nonideality to diffusion limited mass transfer between mobile and 

immobile (dead pore space) regions within the soil. A two site nonequilibrium 

sorption model can be used to approximate transport in media where sorption may 

be kinetically rate limited. The two site sorption model is mathematically equivalent 

to the physical mass transfer model and thus can be used to represent 

nonequilibrium caused by chemical nonequilibrium, as well as physical 

nonequilibrium or diffusional mass transfer of sorbate within mineral or organic 

components of the sorbent (7, 8). The two site model is based on the assumption 

that sorption occurs on two different types of sorption domains: 

kf 
C « S,* S2 (5) 

Kb 

Where the S, domain undergoes instantaneous sorption, and sorption at S2 is rate 

limited. C signifies the solute concentration in solution at equilibrium. The symbols 

k| and kb signify forward and reverse rate constants respectively. At equilibrium 

the two sorption sites can be related by: 

ST = S, + S2 = KpC (6) 

therefore 
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S, = FKpC (7) 

S2 = (1 ~F)KPC (8) 

where ST is the total sorbed phase concentration, and F signifies the fraction of 

sorbent for which sorption is instantaneous. Because S, sites are always at 

equilibrium: 

= F/CDi£ (9) 
dt p dt 

In agreement with the two region model, whereby diffusion from the immobile to 

the mobile phase is described by a first-order mass transfer coefficient, a first 

order rate coefficient is most frequently used to describe the rate limited sorption 

for the two site model. The simplest two site models consider adsorption and 

desorption reversible and rate equivalent, therefore at site S2: 

iS. do) 
dt 

Separating the sorption term in Equation 2 into S, and S2 terms we obtain (110): 

+ £[FK— + = D— - v— (11) 
dt 0 p dt dt dx2 ax 

and 
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[1 + 
Fp,<-idC , Z?5L - 0A'C - uac (12) 

e at e dt ex2 dx 

Inspection of Equation 12 shows that if there are no rate limited sites, it reduces 

to Equation 2. Other variations of the two site nonequilibrium 1 -AD equation have 

used two rate limited sites (110) and rate limited sorption with different adsorption-

desorption rate coefficients (87). The use of this model to describe transport 

behavior of NOM will be described further in Section 4.3. . 

2.5.3 Adsorption Isotherms 

The partition coefficient Kp is generally determined using adsorption 

isotherms from sorption batch experiments at constant temperature, pH, and ionic 

strength. Ideally, an adsorption isotherm will display a linear relationship between 

S and C, thereby satisfying the conditions necessary to use Equation 4. 

Adsorption linearity requires that solute fugacities be equal in both the sorbed and 

dissolved phase, and the fugacity (activity) coefficients remain constant over the 

range of solution concentration (60). This implies that solution-phase interactions 

are independent of concentration, a condition which can only occur under dilute 

solute concentrations. By the same token, multi-process adsorption mechanisms 

will cause non-linearity due to different solute-phase interactions taking place (non-

singularity) (7). 
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Consequently, adsorption isotherms are frequently non-linear and commonly 

assume several forms (91), of which Langmuir and Freundlich shapes are the most 

common. The Langmuir adsorption isotherm was derived to describe surface 

adsorption of gases where sorption approaches a maxima, its theoretical basis 

requires specific site adsorption onto a homogeneous surface with monolayer 

coverage and no interactions between adsorbed molecules. The Langmuir 

isotherm is described by: 

S = SJC (13) 
(1 + bC) 

Where ST is the adsorption maxima, and b is an empirical constant related to the 

energy of adsorption. A low solute concentrations, the Langmuir isotherm 

becomes linear. 

The Freundlich equation is an empirical relationship describing non-linearity by the 

following function: 

S = K,Cn (14) 

If n < 1, sorption approximates Langmuir type behavior; if n > 1, sorption increases 

with increasing solution concentration; and at n = 1, the equation reduces to 

linearity. By differentiating with respect to time: 
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=  K p C n ( 1 5 )  
d t  f  d t  

Equation 15 can be directly substituted into Equation 2 which linearizes the 

Freundlich equation. The factors Kf and n are the y intercept and slope 

respectively of a log C vs Log S plot. 

Recently, Nodvin et al. (75) proposed an "initial mass" isotherm for systems 

which may have antecedent solute present which may react with the addition of 

the solute. It accounts for soil-water partitioning with two solute sources. 

Mechanistically, it is analogous to the method of standard additions with the 

recovery of added solute related to the amount added: 

R E  = Cf - C ,  (15) 

RE=mC-b (16) 

where C, is the initial mass of solute added per mass of soil, C, is the final 

dissolved concentration of solute at equilibrium, RE signifies the amount of solute 

released or sorbed by the soil, and m is the fraction of added solute sorbed. At 

Cj = 0, RE is < 0 and is equivalent to the y-intercept (b) which is the negative 

concentration of solute released by the soil. If no sorption occurs, RE = -b, and 

m = 0. A linear partition coefficient can then be determined: 

Kd - m (v°lume °f solution) 
(1 - m) (mass of soil) 
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where m/(1-m) signifies the ratio of sorbed to dissolved phase solute. Because, 

the initial mass isotherm presumes linear adsorption, the estimated Kd will 

increase or decrease depending on number of data points in regions where 

adsorption is nonlinear (i.e. at monolayer coverage). Therefore, it use should 

probably be limited to the expected linear limbs of Langmuir and Freundlich type 

sorption behavior. 

The use of a Langmuir isotherm implies a specific adsorption mechanism, 

something which cannot be assumed with heterogeneous macromolecules. The 

Freundlich and initial mass isotherms are empirical relationships which cannot 

differentiate between types of adsorption mechanisms. All adsorption isotherms 

describe the relationship between the sorbed and dissolved phases, a 

determination not easily discerned for NOM. Their usefulness therefore is limited 

to modeling approximations of solute transport. There is no sharp distinction 

between "dissolved" and colloidal systems (88). Various studies have separated 

"dissolved" from colloidal NOM, via a variety of methods and size cutoff ranges 

(68,111,113), but with humic substances molecular size may not accurately 

correlate to the ability to remain solvated. For example, assuming the random coil 

model, at an alkaline pH, a humic molecule is larger but less likely to sorb to the 

solid phase than at a lower pH, where it is smaller and more hydrophobic due to 

condensation of the molecule. Furthermore, the frequent association of NOM with 

inorganic colloids, and self association between NOM fractions, makes it difficult 

to determine what proportion is truly dissolved. Currently, there is no 
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thermodynamic or experimental foundation to differentiate between dissolved or 

suspended humic substances, and consequently to determine colloidal stability 

during transport. 

It must be emphasized that the non-singularity, and non-linearity of NOM 

adsorption in addition to the potential for inner sphere reactions and mineral 

dissolution may negate the basic assumptions upon which most solute transport 

models are predicated. The underlying implication is that given these conditions 

and the difficulties in determining a "true" dissolved NOM concentration, adsorption 

isotherms may inadequately describe partitioning between the solid and aqueous 

phase for NOM or humic substances. 

2.5.4 NOM Transport Studies 

Much of the theoretical foundation for facilitated transport of metals by NOM 

is based on batch studies showing the high metal complexation capacity of NOM 

or decreased metal partitioning to soil in the presence of NOM. However, batch 

studies only represent short term (24-48 hrs) equilibrium conditions. Significant 

kinetically limited adsorption has been observed in batch studies, though 

correlation to transport studies with the same materials was weak (24,55). The 

question arises, when does NOM transport follow equilibrium conditions and if not, 

what are the mechanisms causing nonequilibrium and how do they affect 

transport? 
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2.5.4.1 Nonequilibrium 

Except in very simple solid systems such as silica sand, most researchers 

have noted rapid initial NOM breakthrough with extensive tailing of adsorption in 

column or field studies (1,23,24,49,55,56,61,64,68,73,76,114). This indicates that 

nonequilibrium transport of NOM may be a frequent occurrence. Most NOM 

miscible displacement studies have been described by two site transport models 

assuming instantaneous adsorption for the first sorption domain, and linear or 

nonlinear adsorption for the second domain (44,55,64,76,114). Jardine et al. (44) 

stated that sorption non-equilibrium increased with increasing NOM concentrations, 

and at concentrations less than 10 mg/l carbon, adsorption could be fitted by a 

one-site model. Frequently, Langmuir adsorption isotherms have been assumed 

to describe sorption behavior (23,24,44,64,68,76,114) even though extended tailing 

may indicate a secondary adsorption mechanism, differential sorption of NOM 

fractions and/or non-monolayer coverage. Miscible displacement elution curves 

typically exhibit a rapid decrease in concentration, extended tailing, and incomplete 

desorption, indicating either irreversible sorption or, kinetically limited desorption. 

This type of desorption behavior clearly exhibits non-equilibrium as evidenced by 

asymmetry with the adsorption behavior. The reasons for, and implications of the 

desorption behavior of NOM have never been fully discussed in the literature. 

Although the adsorption phase of BTCs has been approximated, the conceptual 

framework of the models used fails to describe desorption during the elution 
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phase. With the exception of Jardine and co-workers as discussed in Section 

2.4.2, none of the studies proposed specific sorption mechanisms beyond 

suggesting multiprocess adsorption. 

Other phenomena that have been frequently observed include the 

preferential adsorption of hydrophobic and larger molecular weight NOM 

(42,56,58,68,73,111). This corresponds to the following sequence of adsorption: 

HbB > HbN > HbA > HI 

where Hb and HI signify hydrophobic and hydrophilic and B, N, and A refer to 

base, neutral and acid species. Early observed breakthrough of NOM is high in 

Hi compounds whereas, adsorption of Hb compounds probably causes the 

extended tailing. In accordance with the above mechanism, there is wide variability 

of NOM transport depending on the origin and molecular composition 

(4,62,64,73,114). As expected, NOM transport is lowest at low pH of 4-5 and 

increases with pH (22,48,55,73,76,111). Some exceptions: Lawson (55) did 

observe a decrease in FA transport at a pH greater than 8, which he attributed to 

possible steric effects; and Enfield et al. (27) could not transport commercial 

humic acid through soil without acidifying the soil to pH = 3, and preparing the 

humic acid solution in distilled water. By acidifying to a pH below 3, the carboxylic 

groups will be protonated, greatly reducing any electrostatic interactions with soil, 

while the humic substance becomes a rigid colloid, reducing hydrophobic 

interactions. 
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2.5.4.2 Metal Transport with NQM 

With few exceptions, transport studies with NOM and metal contaminants 

have shown greater adsorption of both metals and NOM when transported 

together than separately (64,76,114-76,72). Odem (76) investigated Cu(ll) 

transport with six sources of NOM through mixed beds of am-Si02 and <x-AI203. 

He found that two sources of groundwater NOM slightly facilitated Cu(ll) transport 

at a pH of 6.2, whereas transport was significantly facilitated at pH of 7.5, Other 

HAs and FAs studied showed facilitated transport of copper by NOM, actually 

retarded Cu(ll) transport. This included a humic substance isolated from one of 

the groundwaters which showed facilitated transport. Consequently, the 

hydrophobic fraction of the groundwater NOM may not have been involved in 

facilitated transport. Dunnivant et al. (23) showed facilitated transport of cadmium 

through a sandy aquifer soil by NOM from a stream source. Decreasing Cd 

adsorption corresponded well with increasing NOM concentrations. 

However, both studies showing facilitated transport preequilibrated the 

column solids with as much as 400 pore volumes of NOM solution until a steady 

state of organic carbon on the solids was achieved. By pre-equilibrating the 

columns, they could have: a) removed reactive sorption sites for the metal-NOM 

complex; b) added additional sorption sites onto the surface which can complex 

with excess free cadmium. Essentially, this could minimize NOM and metal-NOM 

adsorption while maximizing the free metal adsorption occurring when the NOM 

solution is not present. Moreover, using the same source of aquifer material and 
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NOM, Dunnivant and coworkers observed a rapid breakthrough {< 3 pore volumes) 

of NOM injected into a pre-equilibrated column (24). Based on their observed 

results, it appears that the addition of cadmium into their experiments actually 

retarded NOM breakthrough. What is illustrated by these studies, is that 

facilitated transport of metals by NOM may occur through areas which are in 

equilibrium with the NOM. This is consistent with observations of increased plant 

available metals in the root zone due to NOM complexation. 

Although further study may be needed, the non-HS fraction (low molecular 

weight hydrophilic organic matter) of NOM was probably responsible for the 

majority of facilitated metal transport in these column experiments. Other studies 

have shown that hydrophilic (nonhumic) NOM does not significantly adsorb to the 

solid phase (24,42). 

Of concern with all transport studies to date is the applicability to "real" life. 

In a normal aquifer system, steady state flow, and equilibrium with indigenous 

sources of NOM should be expected. Yet most of the NOM transport experiments 

utilized interstitial velocities in excess of 20 meters/day, and added NOM from non-

indigenous sources at artificially high concentrations. Although nonequilibrium has 

been observed in the field under conditions of changing flux (43,46), in the 

laboratory, experimental technique could be maximizing nonequilibrium. 
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4.5.5 Colloid Transport 

Several studies have shown facilitated transport of colloidal associated 

pollutants (68,56,80,48). Other colloid transport studies in the laboratory and field 

under natural gradients or in the absence of artificial or chemical perturbation, have 

shown colloid transport to be insignificant (32,70,112,113). The conditions under 

which colloidal transport was observed can be generalized as high flow through 

highly porous media at low ionic strength, or high pH. McDowell-Boyer (70), stated 

that mobilization of colloids occurs in groundwater when shear forces in pore 

spaces cause weakly held particles to become suspended. This may occur 

through changes in flux, or changes in groundwater chemistry which acts to 

decrease the forces sustaining attachment of particles to aquifer surfaces. 

Consequently, she concluded that in natural porous media, colloid mobilization is 

negligible without some kind of physical or chemical alteration of the system (70). 

Since NOM significantly increases colloidal stability, an understanding of colloid-

NOM interactions and transport should be useful in the interpretation of dissolved 

NOM transport, although again, the distinction between the two is not well defined. 

In water, colloidal stability is dependant on the magnitude of electric double 

diffuse layer (DDL) repulsive forces and London-van der Waals (LVDW) attractive 

forces between particles. The interaction energy between two particles is the sum 

of the repulsive energy generated by the overlap of their DDLs and the attractive 

energy from LVDW forces (88). Consequently, interaction energy is a function of 

distance, and colloidal stability is maintained if the DDLs are sufficiently large such 
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that repulsive forces are greater than LVDW forces at the distance of interaction. 

NOM sorbed onto colloidal particles can contribute to stability by increasing the 

DDL either directly by the addition of charge to similarly charged colloid, or by 

causing a displacement of the Stern plane (the assemblage of oppositely charged 

ions) away from the particle surface (88). Additional effects of adsorbed NOM may 

be a lowering of the effective Hamaker constant, and hence LVDW forces, or via 

steric stabilization (88). 

Steric stabilization implies that NOM adsorption reduces the effectiveness 

of van der Waals forces between the colloidal particles due to configurational 

limitations, i.e. increased surface roughness reduces the DDL overlap. Kaplan et 

al. (48) suggested the neutralization of positive clay edge surfaces by organic 

carbon coatings may have reduced the potential for edge-face aggregation. In 

separate studies, Kretczhmar et al. and Heil and Sposito, observed that the 

electrophoretic mobility of kaolinitic (50) and illitic (38,39) colloids did not change 

with or without adsorbed NOM, leading them to postulate that steric stabilization 

was probably responsible for increased colloidal stability. Sposito (91) defined 

the principal mechanisms affecting colloidal stability as: electrolyte concentration, 

pH, ion adsorption, and polymer ion adsorption. DLVO theory predicts colloidal 

stability over at low electrolyte concentrations, whereas proton and ion adsorption 

reduce colloidal stability by reducing the colloids surface charge density. 

Adsorption of polymeric ions (i.e. NOM) may reduce stability through the formation 

of polymer bridges, or conversely increase stability by the mechanisms previously 
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discussed. Overall, the presence of polyvalent cations can significantly reduce 

colloid stability. Of interest was the discovery that for one NOM-illitic colloid, 

stability increased with pH (38). Obviously, these mechanisms are a reiteration 

of the major factors influencing NOM behavior (Section 2.2.2,4). Colloidal theory 

and predictive use on NOM behavior may be a necessary addition to the current 

science of attempting to predict NOM transport behavior from adsorption studies. 

Due to the inherent hydrophobicity of humic substances, perhaps a more suitable 

term than "dissolved", is the use of "charged colloidallike" humic substances. 

Accurate prediction of NOM behavior is probably tied to the development of an 

appropriate thermodynamic description of NOM molecules as charged particles. 

2.6 GEOCHEMICAL CONSIDERATIONS OF NOM TRANSPORT 

In summation, accurately predicting transport behavior of NOM based on 

known aquifer material and solution properties, requires an understanding of all 

potential interactions between NOM and the solid phase. Because an accurate 

model of NOM thermodynamic behavior based on solution and solid phase 

chemistry does not exist, predictions of transport should be limited to general 

observations about the apparent controlling geochemical mechanisms. Their 

approximate order of importance is variable, due to their interdependence on 

affecting NOM behavior. 
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Cation Complexation - the ability of NOM to complex metals greatly 

influences its stability in solution. Molecules with a high binding capacity 

are usually more hydrophobic and aromatic, polyvalent cation complexation 

reduces charge density, and hence solublity. The affinity for cations in 

solution is paralleled by an ability to complex via hydrogen bridging to 

adsorbed cations at the surface phase. 

Mineral Surfaces and Metal Oxides - the presence of metal oxides greatly 

influences NOM adsorption, because of the electropositive nature (usually 

trivalent) of the central cation. Irreversible sorption and dissolution of oxide 

minerals has been proposed. 

pH - pH can greatly reduce the mobility of NOM especially in the presence 

of metal oxides due to protonation of hydroxyl groups. Increasing pH 

generally increases mobility. 

Hydrophobicity - sorption increases with increasing molecular weight and 

hydrophobicity. Transport therefore is characterized by a chromatographic 

effect, where the heaviest and most hydropohbic fractions of NOM are 

retarded most significantly. 

Ionic Strength - In natural groundwaters ionic strength is relatively low, and 

may not have as great an influence. Very low ionic strengths may increase 

the potential for colloid transport. 
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An overall observation of the aforementioned processes is that; the 

abundance of metal oxides in most soils, generally acid soil water conditions and 

increased complexation of metal cations in the root zone (91), can create 

unfavorable conditions for the transport of NOM beyond the root zone. The typical 

rapid decrease of dissolved and solid NOM in the soil profile, the typically low 

concentration and old age of organic carbon in groundwater (104), and the 

development of NOM and metal oxide illuvial horizons all suggest that NOM and 

humic substances in particular are not significantly transported under natural 

conditions. The higher complexation affinity of HA compared to FA indicates that 

many of the favorable metal complexation sites are located on the more 

hydrophobic portions of NOM, i.e. aromatic structures. This and a general 

reduction in aqueous stability upon metal complexation, will enhance the 

adsorption of NOM molecules. It appears that that metal complexation and 

facilitated transport via NOM is likely to occur under the same conditions defined 

for colloidal transport, i.e. under conditions of anthropogenically induced non-

equilibrium, such as the observed NOM-colloid assisted transport of trace metals 

by the addition of deicing salts on roads (2a). In this study, Amrhein and co

workers (2a) noted that leaching salt treated soils with deionized water released 

metals primarily NOM-colloid or colloid associated. 

Much of our existing knowledge is based on experiments carried out with 

isolated humic substances which do not exist naturally (78) and which intrinsically 

ignore inorganic and organic associations typically formed in nature (39). 
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Additionally, although useful for research purposes, studies using monovalent 

electrolyte solutions at a constant pH removes the influence of polyvalent cations 

and variable pH, both of which are common in soils and aquifer systems and have 

significant influence on NOM behavior. There is a need to develop experimental 

techniques which can delineate the controlling mechanisms in more complex 

realistic soil-water-NOM systems. 



CHAPTER 3 
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MATERIALS AND METHODS 

3.1 METHODS OVERVIEW 

The sorption behavior of several humic substances and cadmium onto soil 

was investigated using both batch studies and miscible displacement experiments. 

The soil used for all experiments was collected from a 25-50 cm depth from the 

C horizon from a Hayhook series soil, a coarse-loamy, mixed, non-acid thermic 

typic torriorthent. Soil was air dried to approximately 0,62% moisture content as 

determined gravimetrically, and sieved through 1 mm mesh. Physical and 

chemical properties of the soil were determined at the Soils, Water and Plant 

Analysis Lab using standard procedures (119). Surface areas were determined 

via the ethylene glycol monoethyl ether (EGME), glycerol and water adsorption 

methods. The results are summarized in Table 3.1. The clay fraction of the soil 

is primarily montmorillonite and mica, with trace to small amounts of kaolinite. All 

reagents used were analytical grade, and solutions were prepared in Type 1 

reagent grade water produced by a Barnstead Nanopure Series 550 System 

(Barnstead Thermolyne Co., Dubuque, IA). All reagent solutions were prepared 

in 0.01 M KN03 (J.T. Baker Inc. Phillipsburg, N.J.). Solutions were prepared using 

Class A glassware, and stored in polyethylene bottles (Nalgene, Rochester, NY) 
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%Sand %Silt %Clav %O.C. CEC HC03 Surface Area (Glycerol) 
(meq/Kg) (mg/l) Ext (m7g) Int (m2/g) 

85.55 4.35 10.15 0.11 63.0 16.6 15.8 13.1 

Cations (1:1 Fixed Ratio Extract) Anions (1:1 Fixed Ration Extract) 
K Na Ca Mg CI N03 S04 

(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) 
2.9 2.5 2.7 1.3 3.8 3.5 3.9 

DTPA Extractable Metals DCB Extractable 
Zn Cu Cd Pb Mn Fe %Fe203-Fe 

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
0.5 0.8 <0.1 0.5 8.8 6.9 0.183 

at approximately 4° C when not in daily use. Prior to use, ail glassware was 

washed in 2% HN03, rinsed thoroughly, and triple rinsed in Nanopure water. 

Initial batch tests by repetitive washing (1:1 liquid to solid ratios) of the 

Hayhook soil with 0,01 M KNOa, showed that the Hayhook soil equilibrated at a pH 

= 6.3. All further experiments were performed in unbuffered 

solutions, in order to more simulate a natural environment, and to 

observe pH phenomena of humic substance - soil interactions. Batch 

tests were performed with peat FA (PFA); soil FA (SFA); Suwannee 

River FA (SRFA): peat HA (PHA); and Aldrich sodium humate (ASH). 

Batch tests with the same humic substances were also performed with 

cadmium contaminated soil. Two miscible displacement (column) 

experiments were performed with PFA and SRFA. 
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An additional column experiment was performed with PFA and cadmium 

contaminated soil. 

3.2 REAGENTS 

Peat, soil and Suwannee River fulvic acids, and peat humic acid were 

obtained in a freeze dried hydrogen-saturated form in 100 mg lots from the 

International Humic Substances Society (IHSS), C/O Dr. P. MacCarthy, 

Department of Chemistry and Geochemistry, Colorado School of Mines, Golden, 

CO). Aldrich sodium humate was obtained from the Aldrich Chemical Co. The 

basic chemical composition of the humic substances is presented in Table 3.2. 

Visually, the dried humic substances varied in color and density, with colors 

ranging from: ASH - black; PFA - dark brown; SFA - light brown; and SRFA -

yellow. The density of the humic substances decreased in the same order, with 

the SRFA being very light and fluffy, having an apparent volume of almost three 

times the PFA. Stock solutions of 400 mg/l were prepared of the IHSS substances 

by dissolving 100 mg in 250 ml Nanopure water. A stock solution of 500 mg/l of 

Aldrich sodium humate was prepared by dissolving 500 mg in 1 liter Nanopure 

water. Standard solutions of 10, 20, 40, 80, 100 and 200 mg/l were prepared in 

0.01 M KN03 from the stock solution for each of the IHSS substances. Standard 

solutions of 10, 25, 50, 100, and 250 mg/l sodium humate were prepared via 

dilution in 0.01 M KN03 from the stock solution. 
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Table 3.2 Elemental Composition of Humic Substances by Weight 

%C %H %0 %N C/N COOH Phen-OH 
mea/g meg/q 

Suwannee River FA1 53.5 4.24 41.3 0.69 90.42 6.0 1.2 

Soil FA1 50.48 4.01 42.60 2.68 21.97 

Peat FA1 51.54 3.51 42.58 2.31 26.02 

Peat HA1 56.82 4.06 34.91 3.74 17.72 

Aldrich Na-Humate2 42.5 

1 From IHSS (103) 
2 Soil, Water and Plant Analysis Lab 

Carbon concentrations of standard humic substance solutions were determined by 

TOC analysis on a Beckman Model 915A Total Carbon Analyzer (Beckman 

Instruments Inc., Irvine CA). Concentrations corresponded closely to the estimated 

carbon concentration. 

A 0.1 M cadmium nitrate stock solution was prepared from cadmium nitrate 

4-Hydrate (J.T. Baker Inc. Phillipsburg, N.J.). Standard solutions of 1 X 10"4, 1 X 

10'3, 0.01, 0.1, 1, and 10 mM were prepared via dilution in 0.01 M KNOa from the 

stock solution. A dilute solution of tritiated water was prepared by diluting 5 

[il of 1 mCi/gr stock solution (NEN Research Products, Dupont Chemical Co., 

Boston, MA) in 1000 ml 0.01 M KN03. A dilute bromide solution (5 mg/l) was 

prepared from KBr (Baker) in 0.01 M KN03. Both solutions were used as 
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conservative tracers in characterizing soil column properties in the miscible 

displacement experiments, 

3.3 PROCEDURE - BATCH EXPERIMENTS 

Two types of batch experiments were conducted, varying humic substance 

concentrations with a constant soil mass, and varying soil mass with a constant 

humic substance concentration. The latter technique was only performed for the 

IHSS fulvic acids and soil experiments. Batch experiments with cadmium 

contaminated soil were conducted with constant soil mass. All batch experiments 

were conducted at room temperature (« 23° C), in duplicate, and control samples 

with 0.01 M KN03 were also run with each experiment. A summary of the different 

batch experiments performed is presented in Table 3.3. 

3.3.1 Varying Humic Substance Concentration Batch Experiments 

For the varying FA concentration experiments, 10.0 g (± 0.05 g) of Hayhook 

soil were weighed (Mettler PL 300, Mettler Instrument Co., Highstown, NJ) into 50 

ml polycarbonate centrifuge tubes (Nalgene, Rochester, NY).. Ten ml aliquots of 

varying concentrations (10, 20, 40, 60, 80, 100, or 200 mg/l) of the humic 

substance of interest were added via serological pipet, to each centrifuge tube. 

Tubes were closed and placed in a centrifuge tube rack mounted on a Glas-Col 

Laboratory Rotator RD-355 (Glas-Col Apparatus Co., Terre Haute, IN)), and gentiy 

rotated for 24 hours at 16 RPM. The tubes were then removed from the apparatus 
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freatments ASH1 PFA' SFAJ SRFAJ PHAU 

Vary FA 
Soil Filtered X XX 
Soil Centrifuged XX XX X 

Soil w/ 10'3 M Cadmium X 
Soil w/5 X 10^ M Cadmium XXX X 
Soil w/10 5 M Cadmium X XX 

Vary Soil Mass 
Soil Filtered X XX 
Soil Centrifuged X XX 

1 Aldrich Sodium Humate 2 Peat Fulvic Acid 3 Soil Fulvic Acid 
4 Suwannee River Fulvic Acid 5 Peat Humic Acid 

and the soil solution allowed to settle for a period of 24 hours. At such time, the 

soil solution was either filtered through a Supor 0.45 micron Filter (Gelman 

Sciences, An Arbor, Ml) held in a 25 mm Acetal Syringe Filter Holder (Gelman 

Sciences), or centrifuged (Beckman GP Centrifuge) at 3580 g for 20 minutes. 

Samples were then analyzed for total carbon and pH. Inorganic carbon was also 

analyzed for on several of the initial batch studies. Since it was determined that 

the contribution of inorganic carbon to the total carbon concentration was 

insignificant (< 0.5 mg/l), further batch studies were only analyzed for total carbon. 

All samples which were not immediately analyzed after separation were stored at 

approximately 4° C. 
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An additional experiment was performed to determine the effect of soil 

washing by 0.01 M KN03. Ten gram samples were repeatedly extracted with 25 

ml aliquots of 0.01 M KN03, until the soil had been washed by a 10:1 solution to 

soil ratio. Peat fuivic acid was then added to the washed soil as previously 

described. 

3.3.2 Varying Soil Mass Experiments 

For the varying soil mass batch experiments, soil masses of 2,5, 5.0, 7.5, 

10.0, or 15.0 g (± 0.05 g) were weighed into the centrifuge tubes. Ten (10) ml 

aliquots of 20 mg/l or 10 mg/l humic substance were added via serological pipet, 

and the samples were rotated for 24 hours. Samples were allowed to settle for 24 

hours and then filtered or centrifuged as described, and analyzed for total carbon. 

Since the dissolved carbon concentration due to antecedent carbon is dependant 

on the soil mass, blanks were run in triplicate with 0.01 M KN03 to determine the 

relative antecedent carbon contribution. 

3.3.3 Cadmium Contaminated Soil Experiments 

For batch studies investigating the effect of humic substances on cadmium 

contaminated soils, the varying HS concentration method was used. 10 ml 

aliquots of varying cadmium concentrations were added to the soil samples and 

rotated for 24 hours. Samples were then centrifuged at 3580 g for 15 minutes, 

and the supernatants discarded. Twenty five (25) ml of 0.01 M KNOa was then 
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added, the samples were hand shaken, then centrifuged at 3580 g for 15 minutes, 

and the supernatants discarded. 10 ml aliquots of the humic substance of interest 

were then added, the samples were rotated for 24 hours as described, centrifuged 

or filtered as described and then analyzed for total carbon and total cadmium. 

Samples were not analyzed for free cadmium, because screening experiments 

showed the effect of added HS to be low, and the concentrations of total cadmium 

in solution approached the detection limits of convential methods for the analysis 

of free cadmium (i.e. ion selective electrode). 

3.4 PROCEDURE - MISCIBLE DISPLACEMENT EXPERIMENTS 

Soil columns were prepared by packing Hayhook soil into 2.8 cm diameter 

X 10 cm length plexiglass soil columns obtained from Soil Measurement Systems, 

(Tucson, AZ). Nitex nylon screen, 360 filaments/inch (Tetko Inc., Briarcliff Manor, 

NY), was used as a barrier between the soil and the column ends in the inner 

portion of the column. CTFE chromatography tubing and fittings were used for all 

connections (Kontes Scientific Glassware/Instruments, Vineland N.J.). The 

columns were upwardly saturated at a flow rate of 0.1 ml/min (Darcy velocity v « 

0.04 cm/min) using a SSI Model 380 liquid chromatography pump (Scientific 

Systems Inc., SSI, State College, PA). After the column was fully wetted, the flow 

rate was increased to 1.0 ml/min, until approximately 150 pore volumes were 

pumped through the column. 
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The columns were weighed without soil, with soil, and after wetting in order 

to estimate the bulk density and porosity. The hydrodynamic characteristics of the 

columns were determined by displacing a conservative solute, either tritlated water 

or bromide, through the column at a flow rate of 0.5 ml/min (u = 0.25 cm/min), and 

analyzing the breakthrough curves (See Section 3.6.4). 

Two IHSS FAs were displaced through different soil columns, peat and 

Suwannee River. Peat fulvic acid was also displaced through a column which had 

been saturated with 0.001 M cadmium solution. Standard solutions of 20 mg/l FA 

were displaced through the column at the flow rate of 0.4 ml/min (u « 0.60 

cm/min), except the flow rate for the cadmium contaminated column was 1.0 

ml/min (u = 1.50 cm/min). Eluent fractions were collected every 20 minutes in 

either a Soil Measurement System or Eldex Universal (Eldex Laboratories Inc., 

San Carlos, CA) fraction collector. Eluent fractions were refrigerated at 

approximately 4° C until analysis. Selected eluent fractions were analyzed for 

total carbon, manganese and pH. Eluent from the cadmium saturated column was 

also analyzed for cadmium, though not for manganese. Due to the types of 

fraction collectors used, interrupted flow occurred (See Section 4.2) 

Because mass loss was observed over the course of the column 

experiments, 5 ml aliquots were taken from selected eluent samples, placed into 

a preweighed aluminum weighing dish, weighed to 10'5 g on a Mettler AE 240 

balance (Mettler), dried and then reweighed to determine total dry mass. Surface 

areas were determined via the EGME and water adsorption methods on soil from 
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the Suwannee River FA transport experiment. Changes in the column 

hyclrodynamic properties were also determined after the fulvic acid displacement 

experiments, by the conservative tracer method previously described. 

3.5 METHODS OF ANALYSIS 

Physical and chemical properties of the soil were determined at the 

University of Arizona's Soil, Water and Plant Analysis Lab using standard 

procedures outlined in Standard Methods for Soil Analysis. Total and inorganic 

carbon measurements were performed on the Beckman Model 915A Total Carbon 

Analyzer. Fresh total organic carbon standards were prepared monthly from 

potassium biphthalate (Mallinkrodt), and refrigerated when not in use. The pH was 

measured for all samples using a microelectrode (Beckman) with a Beckman 71 

pH meter. The pH meter was standardized to buffered standards of pH = 4, and 

7 approximately every two hours. Cadmium concentrations were determined with 

an Inductively Coupled Plasma emission spectrophotometer (ICP Leeman Labs 

Inc., Lowell MA). Cadmium standards were obtained from SPEX Industries Inc. 

(Edison, NJ). Bromide analysis was performed via an automated colorimetric 

technique on an Alpkem Rapid Flow Analyzer (Alpkem Co., Clackamas OR). 

Bromide standards were prepared from KBr (Baker) on a daily basis, Tritium 

concentrations were determined by pipetting 0.6 ml of the tracer eiuent solution 

into 5 ml of scintillation cocktail (Scintiverse BD, Fisher Scientific) and counting 
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decays per minute (dpm) via a Packard 1600 TR Liquid Scintillation Counter 

(Packard Instrument Co., Meriden, CT). 

3.6 DATA ANALYSIS 

Data from column and batch experiments were analyzed to estimate fuivic 

acid and cadmium transport through the Hayhook soil, and to try to understand the 

controlling processes on transport behavior, 

3.6.1 Varying Humic Substance Concentration Batch Experiments 

Carbon recovery from the varying FA concentration batch experiments 

showed interference from interactions between antecedent carbon and added the 

humic substances. Consequently, the interference severely affected how the data 

could be analyzed. Total carbon data were interpreted to determine: carbon 

recovery from HS added, sorbed carbon mass, and adsorption isotherms. 

Additionally the data was interpreted for differences between carbon recoveries 

from the centrifuged and filtered treatments and the relation between dissolved 

carbon concentration and pH. 

Carbon recovery was determined by normalizing the final dissolved carbon 

concentration to the added HS carbon concentration: 
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%craoorared = Cfin"> " (18) 
^acfcfed 

Where Cfinat is the final dissolved carbon concentration, Cadded is the dissolved 

concentration of added humic substance, and C^,. is the antecedent carbon 

concentration. 

The filtered and centrifuged treatments were compared for the effect of 

particle size on recovery. The nominal particle cutoff diameter from the centrifuged 

treatment was determined to be less than 0.1 by the following application of 

Stoke's law: 

D2 = V18r] (19) 
(P3 -Pj)sr  

Where V is the particle velocity, determined as the distance traveled through the 

water column in the centrifuge tube over time of centrifugation (1.44 x 10*3 cm/sec); 

ri is the solution viscosity (0.01 g/cm sec), pB is the particle density {assumed 2.65 

g/cm3); p, is the solution density (1.0 g/cm3); and g is the gravitational force in the 

centrifuge (2850g (cm/sec2)). This is only a gross approximation, assuming a 

standard particle density and a dilute solution density and viscosity. It must be 

cautioned that the particle diameter calculated approximates an uncharged mineral 

particle, which probably underestimates the diameter of any NOM in solution. 

Charged colloidal material may have a lower "particle" density and larger sizes 

depending on the colloidal stability. 
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Inital mass isotherms were determined using Equations 15-17, by plotting 

RE vs C, for each experiment, and performing a regression analysis to calulate the 

slope m. Partition coefficients and retardation factors (R) were then calculated 

from Equations 17 and 3 respectively. 

To utilize a Freundlich adsorption isotherm, antecedent carbon was factored 

out of the final dissolved carbon concentration, and the sorbed concentration 

calculated accordingly: 

^true = Cfinal ~ ^ontec ( 2 0 )  

$ = Cadded " rue (21) 

There are several assumptions to this approach which may be invalid. First, 

the contribution of antecedent carbon to Cfina| should remain the same throughout 

all samples. Negative carbon recovery indicates that this is not the case. 

Secondly, Equation 20 assumes that C(rua is the remaining dissolved mass of 

added HS, whereas and CaddBd may not remain separate enitites if molecular 

interaction is occuring. Finally, the condition that solute fugacity (activity) remain 

constant over the concentration range is probably not met as evidenced by greater 

observed interference at lower humic substance concentration, and different 

sorption behavior between the different treatments. Nonetheless, the Freundlich 

parameters K, and n (Equation 14), were determined from the y-intercept and 

slope respectively, of the Log Ctnje vs Log S relationship for each of the humic 

substances studied. 
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3.6.2 Varying Soil Mass Batch Experiments 

The data was analyzed as discussed in Section 3.6.1, except that 

antecedent carbon was not uniformly released on a per mass basis in the blank 

treatments (See Section 4.1.1). Because the amount of antecedent carbon 

released was different for each soil mass used, RE (Equation 15) could not be 

correlated between the different soil masses. Therefore, initial mass isotherms 

were not utilized to evaluate the varying soil mass experiments. 

3.6.3 Cadmium Contaminated Soil Batch Experiments 

The data was analyzed as discussed in 3.6.1, however, the cadmium 

washing procedure left approximately 3 ml of solution per 10 grams of soil, to 

which 10 ml aliquots of humic substance were added. So, to determine the true 

concentration of added HS, initial HS concentrations (Cj) were multiplied by the 

factor 0.769. 

3.6.4 Column Experiments 

The bulk density of the packed columns was estimated as total soil 

mass/volume of the column, whereas the porosity was estimated both via the bulk 

density and as the difference in mass/volume between the dry and wetted column. 

Relative solute concentration and solution volumes were determined by non-

dimensionalizing the eluent solute concentrations and volume of solution displaced 

through the column: 
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C 
C/Ca =  ™ a f l  (22 )  

inp 

(") 

where C/C0 is the relative solute concentration, CmBas is the eluent solute 

concentration, is the initial solute concentration in solution, Vdis is the volume 

of solution displaced through the column, 0 is the porosity and V^, is the total 

volume of the column. The denominator in Eq. 23 is commonly referred to a pore 

volume, hence, PVtot is the total number of pore volumes displaced in 

nondimensional time. Solute breakthrough curves (BTCs) for all column 

experiments were plotted as C* vs PV. 

The advective dispersion equation previously developed (Eq 4) can also be 

non-dimensionalized by substituting the following parameters into Eq. 4: 

c* = — p = T = x = — 
Co D L L 

p  dc' =  1 d*c- _ dc• 
~!Pr p IfjF" W ( } 

where C" is described by Eq 22, t is time, x is distance, L is column length, v is 

velocity, D is the dispersion coefficient and P is the Peclet number. The Peclet 

number describes the relative dispersion which occurs in the column, and should 
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be constant regardless of the solute. Consequently, determining P for the column 

allows the advective dispersion equation to be solved using C*, PV and the 

determined sorption characteristics for the solute of interest. Under conditions of 

nonlinearity or nonequilibrium, Equation 24 can be modified to account for 

changing sorptive behavior (110,7) (See also Section 4.2.3.1). Using the C* and 

PV data from the conservative nonreactive tracers, Peclet numbers as well as the 

estimated retardation in each of the columns were determined by fitting the 

observed breakthrough using the nonlinear least squares fitting program CFITIM 

(110), The program additionally requires the input pulse (of tritium or bromide). 

Soil mass loss was estimated in each aliquot by assuming: 

oss ~ "abs ~ (flWO, + ^Carb'2 ) (25) 

where Mobs is the measured mass, is the theoretical electrolyte mass, and 

MCarb*2's ^e mass of dissolved NOM, determined by assuming that measured 

dissolved carbon concentrations are 50% percent of the total mass. 
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RESULTS AND DISCUSSION 

Experimental results exhibited significant non-ideal behavior, much of which 

can be attributed to changing pH conditions, the sorption dynamics of added HS 

and the effect of antecedent NOM in solution. Carbon recovery from the humic 

substance batch experiments showed major interference from antecedent carbon 

in the Hayhook soil. Carbon recovery from the addition of humic substances to 

cadmium contaminated soils was not as influenced by antecedent carbon levels. 

Presaturation of the columns in the miscible displacement experiments removed 

antecedent carbon, however, nonequilibrium sorption and irreversible adsorption 

and/ or rate limited sorption of FA occurred. Cadmium recovery from cadmium 

contaminated soils slightly increased in the presence of humic substances in the 

batch experiments and at "steady state" conditions in a column experiment. 

Based upon the experimental results, it appears that there are several 

chemical mechanisms which control the behavior of added humic substances to 

the Hayhook soil: 

1) Interaction of antecedent NOM and added humic substances in the soil 

solution. Based upon the initial pH and type of added humic substance, 

there may be enhanced adsorption/precipitation, or dissolution of 



68 

antecedent NOM into solution. Interaction was most observable at low 

added humic substance concentrations, or high soiksolution ratios. 

2) A reduction of antecedent NOM and added humic substance interactions 

in the presence of cadmium, possibly due to the influence of divalent 

cations (cadmium) on the solubility of antecedent NOM. 

3) Adsorption of humic substances through non-specific binding mineral 

surfaces. 

4) Kinetically limited adsorption to mineral surfaces through ligand exchange. 

5) A secondary humic substance product, possibly a chelate induced 

dissociation of manganese or iron from amorphous oxides and subsequent 

dissolution of the metal-humic substance complex. 

Of the mechanisms cited, 1 -2 were predominately observed in the batch 

experiments, whereas 3-5 were more observable in the column studies. The batch 

and the column studies differed in that by the process of saturating the columns, 

reactive substances such as calcium carbonate and antecedent NOM should have 

been flushed out. Additionally, the time period of 48 hours used in the batch 

studies may be inadequate time to observe the latter two mechanisms. 
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4.1 BATCH EXPERIMENTS 

4.1.1 Effects of Antecedent NQM and pH 

The addition of electrolyte solution to unwashed Hayhook soil caused 

dissolution of organic matter from the soil. As the soil to solution ratio increased 

in the varying soil mass blank experiments, the organic carbon detected in solution 

increased linearly for the filtered treatments, but approached a maxima for the 

centrifuged treatments (Figure 1). It appears that as the solution concentration of 

organic carbon increases, the dissolved organic matter self-associates into larger 

structures, which are then removable by centrifugation. Soil solution pH and the 

dissolved NOM were also weakly correlated in the blank treatments, with 

increasing carbon concentration causing the pH to increase (Figure 2). This pH 

relationship could be a function of the neutralization capacity of the soil, as 

opposed to a direct correlation with NOM. Figure 1 shows that the pH is 

consistently higher for the filtered treatment than for the centrifuged treatment, 

however, due to the limited data set, filtered vs centrifuged pH measurements 

were not significantly different at the 95% confidence level. 

In batch experiments with added HS, the extent of interference from 

antecedent NOM seemed to be controlled by the concentration of HS added per 

soil mass. Inspection of literature data shows that interference from antecedent 

carbon is not uncommon in experiments with soils (42,69,75,111). Percent carbon 

carbon recovery (Eq. 18) for both treatments on a per soil mass basis is compared 
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in Figures 3-6. Generally at the lower concentrations of HS added, the average 

carbon recovery was less than the blank treatments indicating co-sorption of the 

antecedent carbon. The exceptions to this were the varying FA concentration 

filtered SFA treatment (Figure 3), the varying soil mass PFA treatments (Figure 5) 

and the ASH experiment (Figure 6). Apparently in these treatments, added HS 

caused a concomitant dissolution of antecedent NOM. If sorption behavior was 

linear and ideal, carbon recovery would be linear with concentration (slope = 0). 

Some type of association occurs between the added HS and antecedent 

NOM, and significant amounts of the associated material less than 0.45 \i in size 

can be removed by centrifugation. Figures 3-6, shows the filtered treatments (0.45 

n) had greater recovery in addition to greater variability in recovery (not shown). 

Carbon recoveries via filtration were never less than 0%, whereas recoveries after 

centrifugation were consistently less than zero at the lower concentrations of humic 

substance added, except for the previously mentioned experiments. Of the two 

treatments (varying FA and varying soil mass), the varying soil mass treatment 

shows the least interference from antecedent soil carbon, probably due to the 

reduced availability of NOM as the solution to soil mass ratio increases. Both 

treatments appear to approach a consistent level of recovery at the highest 

concentrations of FA to soil, however, the sorption behavior with each treatment 

prior to that point appears to be quite different. This may be attributed to 

differences in the experimental setup and artifacts caused by the data 
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interpretation, or possibly, structural changes within the solute macromolecules 

with varying concentrations. 

The difference between filtered and centrifuged treatments, and the 

magnitude of interference from antecedent NOM was especially significant at the 

lower concentrations of HS added in the varying HS concentration experiments. 

This is partly an artifact of the error induced by trying to account for the antecedent 

carbon. This type of error would also be magnified by the greater sensitivity of 

carbon recovery to small mass changes at the lower concentrations. Regardless 

of experimental error, duplicate centrifuged experiments with PFA and SFA 

(Figures 4 and 5) showed similar trends in behavior. The reasons for differences 

in recovery between the duplicate experiments is unclear, but may be due to 

experimental differences such as room temperature, or the initial FA solution pH. 

It was observed that the pH of the FA solutions would slowly decrease over time 

(weeks). Antecedent carbon measurements also varied much more inter-

experimentally than within individual experiments. Finally, assuming that the 

system is in equilibrium over 48 hours may be incorrect. Lawson (55) observed 

significant increases in the sorption of FA to y Al-oxides over time. 

Figures 7 and 8 are a comparison of the observed difference in carbon 

recovery between the centrifuged and filtered treatments. This is an analysis of 

the raw data without accounting for antecedent NOM. Similar differences are 

observed in the cases where co-sorption of antecedent NOM occurred (SFA and 

PFA in Figure 7, and SRFA and SFA in Figure 8). This seems to indicate that the 
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centrifugable fraction of the solution phase carbon is dependant on the amount of 

antecedent NOM rather than the type of HS added, One interesting observation 

is the co-sorption of antecedent NOM by SRFA in the varying soil mass treatment, 

vs increased dissolution of antecedent NOM in the SRFA varying FA treatment. 

Conversely, the opposite effect was observed between the two treatments of PFA. 

Assuming that the batch systems reach a similar equilibrium over the 

experimental time period; increased dissolution or co-sorption of antecedent NOM 

Table 4.1 Calcium, Magnesium Contration and pH in Selected Extracts from 20 

mg/l FA* Added to Varying Soii Mass 

Added Humic Sub CaTT Mg++ TO (mg/l)' pH (initial)"4 pH (Final) is • 

and Treatment fma/l) fma/l1) Cen Fil Cen Fil 

SRFA4 

2.5 g Soil (41 mg/kg) 57.1 11.2 9.51 14.1 4.56 6.30 6.52 
10 g Soil (10 mg/kg) 108.0 21.7 10.35 16.0 4.56 6.74 6.77 
15 g Soil (3.4 mg/kg) 66.1 13.1 10.56 16.1 4.70 6.98 6.81 

SFA5 

2.5 g Soil (41 mg/kg) 50.5 9.78 8.30 12.88 4.49 6.49 6.50 
10 g Soil (10 mg/kg) 103.0 20.8 13.3 17,51 4.49 6.72 6.84 
15 g Soil (3.5 mg/kg)118.0 24.2 9.02 18.26 4.70 6.75 6.86 

PFAG 

2.5 g Soil (39 mg/kg) 47.0 9.15 8.12 7.64 4.20 6.34 6.30 
10 g Soil (9.8 mg/kg) 105.0 21.5 13.2 15.06 4.20 6.76 6.73 
15 g Soil (2.9 mg/kg)119.0 23.9 17.4 25.43 5.78 6.83 6.82 

a 20 mg/l FA « 10 mg/l Carbon 1 Total Carbon zpH of initial FA Solution 
3 Final Soil Solution pH 4 Suwannee Fuivic Acid 5 Soil Fulvic Acid 
6 Peat Fulvic Acid 



73 

is likely a function of the macromolecular stability in solution, rather than different 

in solution prior to centrifugation or filtration, especially in the ASH experiments, 

sorption processes. In the experiments where increased dissolution occured, 

visual observation of the supernatant showed high dispersion of colloidal materia. 

lAnalysis of the sodium humate solutions revealed sodium concentrations of less 

than 0.05 meq/l, over 1000 times less than the equivalent CEC of the soil. 

Therefore, clay dispersion due to sodium, was ruled out as a mechanism. In 

accordance with experimental evidence on NOM colloidal associations, 

(38,39,48,50), the increased dissolution of antecedent NOM may be due to stable 

HS-antecedent NOM colloids. This effect is finite, at higher concentrations of 

added HS, carbon recoveries decrease. Determining the factors controlling the HS-

antecedent NOM stability cannot be done with existing data. The batch 

experiments suffered from variability due to the lack of pH control, and possibly 

ionic strength and cation composition variations. In selected extracts, differences 

in initial pH, calcium and magnesium concentrations did not appear to have an 

effect on the total carbon in solution (Table 4.1). However, sorption at oxide 

surfaces would be enhanced by a lower initial solution pH, if the acid was not 

totally consumed in reaction with soil carbonate minerals. Since the initial FA 

solution pH was not measured on a regular basis, no correlation can be drawn 

without further experimentation. 

Experimental evidence from the cadmium contaminated soil studies 

suggests that the presence of divalent cations could affect the extent of HS-NOM 
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associations. The cadmium contaminated soil experiments, showed a significant 

reduction in antecedent NOM concentration and interference (Figures 9-11). 

Additionally, antecedent NOM interference was reduced in the soil washing 

experiment with PFA, though not as significantly as in the cadmium experiments 

(Figure 12). The presence of cadmium as a divalent cation may affect the 

configuration and hence sorption of PFA and/or reduce the dissolution and hence 

interaction of antecedent NOM. Murphy et al. (73) noted that the presence of 

calcium caused smaller molecular configurations, and reduced size variabilities 

within PFA. Consequently, sorption behavior could be expected to be less 

variable. Furthermore, if a colloidal association is assumed, then divalent cations 

could decrease colloidal stability causing a decrease in observed antecedent-NOM 

and HS interaction. 

Finally, structural differences within HS in the stock solutions may have 

contributed to the high nonideality shown. Even though the TOC concentrations 

for the standards was consistent through most of the experiments, heterogenous 

structures due to differences in pH etc, may have had considerable impact. For 

example, difficulties were experienced in preparing Suwannee River FA standards 

such that the actual standard concentrations bore little resemblance to the 

calculated concentrations, even though identical dilution procedures were used in 

all experiments. Variability between the prepared SRFA standards also occurred 

more than once. There could be an uneven distribution of SRFA in the 400 mg/l 

stock solution, or incongruent dissolution of SRFA in the standards. The 
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mechanism responsible for such a phenomena is unknown, however, it was 

observed that the Suwannee FA is light and fluffy (having considerably more 

volume) as a solid than compared to the solid peat and soil FAs. Consequently, 

dissolved in the 400 mg/l stock solution the spatial configuration of Suwannee FA 

may be greater than the other FAs (on a mass basis), resulting in less space for 

the macromolecules to uncoil with the subsequent formation of spherocoiloids as 

described by Ghosh and Schnitzer (31). 

4.1.2 Humic Substance Adsorption Behavior 

4.1.2.1 Humic Substance and Soil Experiments 

As discussed in Section 3.6.2, the data was not adequately described by 

the Freundlich or Langmuir isotherms. These equations do not take into account 

the presence of native adsorbed or labile substances initially present in the soil 

(75). Data were not evaluated via the Langmuir equation because of high non-

ideality as well as the belief that the conditions for utilizing the equation were not 

met. Adsorption isotherms were highly non-linear and analyses via the Freundlich 

equation (Log Clrua vs Log S plots) were poorly correlated for almost all of the 

experiments (Table 4.2). Where negative carbon recovery occurred, (Clrue) 

approached 0, and those data points could not be used in the Freundlich analysis. 

Consequently, the data was so severely affected by antecedent NOM interference 

that the Freundlich analysis was not useful. 
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Table 4.2 Freundlich and Initial Mass Adsorption Isotherm Parameters 
Humic Substance and Soil Experiments 

Added Humic Sub. Freundlich Analysis Initial Mass Analysis 
and Treatment Kf n Ra r2 Kd R r^ 

SRFA1 

Vary FA2 Centrifuged 8.8 0.18 8.6 0.431 1.57 9.3 0.813 
Vary SM3 Centrifuged 11.2 0.39 16.6 0.504 

i • » • « 

Vary FA Filtered7 « » • i • « • • » « 0.57 4.0 0.038 
Vary SM Filtered 1.2 0.81 5.3 0.056 

SFA4 

Vary FA Centrifuged 1 15.1 0.52 29.0 1.06 5.44 29.8 0.987 
Vary FA Centrifuged 2 18.6 0.60 43.3 1.06 7.52 40.8 0.984 
Vary SM Centrifuged 12.8 0.19 5.5 0.057 

j » • « • 

Vary FA Filtered 3.3 0.42 5.9 0.084 3.39 19.0 0.957 
Vary SM Filtered 2.0 0.72 7.0 0.651 

-«.» >.» » •  » i » *  A'A'A'A'A1 

PFA5 

Vary FA Centrifuged 1 12.6 0.62 30.7 0.582 5.27 28.9 0.989 
Vary FA Centrifuged 2 i i i i i VCrCtfrCPt 

Vary FA Cen - Washed 22.4 0.25 23.4 0.9926 5.71 31.2 0.998 
Vary SM Centrifuged7 4.9 0.55 10.7 0.075 
Vary FA Filtered 1.26 1.25 13.7 0.486 6.82 37.1 0.970 
Vary SM Filtered7 47.1 -1.73 1.5 0.5806 •  i  •  j  '  -i-i-i-i-a. 

PHAS 

Vary HA Centrifuged 
' i i i t  ***** 13.2 71.1 0.992 

ASH9 

Vary SH Centrifuged7 

Vary SH Filtered7 J *  1 1  • > .  .  i  i  .  i .  

8 If C = 10 mg/l Carbon 1 Suwannee Fulvic Acid 2 Fulvic Acid 
3 Soil Mass 4 Soil Fulvic Acid 5 Peat Fulvic Acid 
6 3 or less data pairs 7 Dissolution of Antecedent NOM 8Peat Humic Acid 
"Aldrich Sodium Humate *****unable to analyze, antecedent NOM interference 
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Artifacts from the varying concentrations of antecedent carbon per given soil 

mass may partly attribute to the different sorption behavior. At high FA to soil 

mass ratios, antecedent carbon interference should decrease with a concomitant 

increase in mineral surface sites. Consequently, adsorption may appear more 

significant at higher FA to soil mass ratios. Previous studies have also shown 

evidence of multiple layering of humic acid, particularly under conditions which 

favor elongation (72,73). Table 4.1 shows that concentration of calcium and 

magnesium in solution decreased at the high FA to soil mass concentrations, 

apparently due to the decrease in carbonate mass. Consequently, the varying soil 

mass experiments may have favored multiple layering, more than the varying FA 

concentration experiments. Probably more significant however, are pH effects. 

At the higher FA to soil mass ratios, the soil mass, and hence sorption sites has 

been reduced, whereas the FA solution concentration remains the same. 

Therefore, more protons are available to protonate mineral oxide surfaces, this is 

reflected by a decrease in final pH as the soil mass decreased (Table 4.1). Such 

an equilibrium shift would cause greater protonation and hence greater FA sorption 

to mineral oxide surfaces. 

The initial mass (IM) isotherm method showed significantly better correlation 

than the Freundlich analysis in the varying FA concentration experiments. Partition 

coefficients determined were somewhat consistent between the SFA and PFA 

duplicate experiments and the PFA soil washing experiment (Table 4.2). Initial 

mass isotherms determined for the filtered and centrifuged treatments are 
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presented in Figures 13-16. Except for the PFA, estimated partition coefficients 

were lower for the filtered than the centrifuged treatments. The higher Kj for the 

filtered treatment is probably due to the high sorption measured at the highest 

concentration of FA added (Figure 15). Partition coefficients determined from the 

initial mass isotherm (Eq. 17) are highly sensitive to minor changes in the slope 

m. In addition to the potential effect of outliers, experimental setup can have a 

significant effect on the predicted as data points lying in a region of non-ideality 

(i.e adsorption where Freundlich n>1) will affect the predicted Kd. The magnitude 

of this effect increases with the increasing number of data points in the non-Ideal 

region. Consequently, partition coefficients determined via initial mass isotherms 

should be viewed as "apparent" K^s. Nonetheless, equilibrium partition coefficients 

determined via IM isotherms from the varying FA experiments were utilized in 

modeling transport behavior observed in the column experiments and generally 

modeled the data well (Section 4.2.3). 

Because the dissolution of antecedent soil carbon changed and did not 

linearly correlate with soil mass {Figure 1), IM isotherms could not be used to 

describe the adsorption behavior in the varying soil mass concentration 

experiments because the IM relationship (Equation 16), assumes the effect of 

antecedent soil carbon to be constant. Attempts to account for expected 

antecedent NOM concentrations were unsuccessful. Overall, the varying soil mass 

experiments were not useful in mathematically describing equilibrium behavior, due 

to the variable effects of antecedent soil carbon. 
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In all of the batch experiments, adsorption isotherms have limited 

applicability due to the nonsingularity of adsorption processes {i.e. sorption to 

antecedent carbon and mineral surfaces), and possible variability in sorption due 

to pH differences. To obtain a clearer picture of HS adsorption to the Hayhook 

soil, further experiments with antecedent carbon removed from the soil are 

necessary. Additionally, if the FA structural configuration changes with 

concentration, the surface area occupied by a "representative" sorbed FA molecule 

will differ. Therefore, batch experiments performed by the varying soil mass 

method may be more representative of natural HS interactions, if matrix 

interferences are removed. 

4.1.2.2 Humic Substance. Soil and Cadmium Experiments 

As in the humic substance and soil experiments, adsorption isotherms for 

HS in the presence of cadmium again suffered from nonlinearity, with the IM 

isotherms providing the best correlation (Table 4.3). Since there was less 

interference from antecedent carbon in these experiments, there were sufficient 

data points (not showing negative sorption) to approximate the adsorption 

isotherms via the Freundlich equation (Figures 17-19). Comparing the adsorption 

parameters in Tables 4.2 and 4.3, illustrates the different sorption behavior 

observed. The presence of cadmium generally caused the calculated Freundlich 

exponent n to approach 1, as well as increase the data correlation (r2). 

Additionally the estimated initial K, decreased in the presence of cadmium. The 
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Table 4.3 Freundlich and Initial Mass Adsorption Isotherm Parameters, 
Humic Substance, Soil and Cadmium experiments 

Added Humic Sub. Freundlich Analysis initial Mass Analysis 
and Treatment Kf n rf Kd R r2 

SOIL CONTAMINATED WITH 105 M CADMIUM 
SRFA1 

Vary FA2 Centrifuged 4.4 0.25 5.4 0.348 1.70 10.6 0.937 
Vary FA3 Filtered 1.4 1.00 8.6 0.652 1.51 9.5 0.940 

SFA4 

Vary FA Centrifuged 4.2 0.81 16.1 0.610 3.01 18.1 0.990 
Vary FA Filtered 4.3 0.74 141 0.934 2.13 13.0 0.995 

PFA5 

Vary FA Centrifuged 4.6 1.02 27.8 0.430 6.73 38.9 0.989 
Vary FA Filtered 2.0 1.23 20.1 0.828 3.04 18.1 0.992 

SOIL CONTAMINATED WITH 5 X 10^ M CADMIUM 
SFA 
Vary FA Filtered 2.88 0.80 11.3 0.230 3.49 19.5 0.990 
Vary FA Filtered 10"3 M Cd 6.64 0.26 4.74 0.321 3.01 18.1 0.946 

PFA 
Vary FA Filtered ***** ***** ***** ***** 4.89 26.9 0.920 

PHA6 

Vary HA Filtered 0.98 0.55 2.93 0.020 6.66 36.3 0.861 

ASH7 

Vary SH Filtered0 ***** ***** ***** ***** 0.50 3.64 0.121 

0 If C = 10 mg/l Carbon 1 Suwannee Fulvic Acid 2 Fulvic Acid 
3 Soil Mass 4 Soil Fulvic Acid 5 Peat Fulvic Acid 
ePeat Humic Acid 7 Aldrich Sodium Humate 6 dissolution of antecedent NOM 
***** Unable to analyze due to antecedent NOM interference 



81 

high K, observed in the HS only experiments is an artifact of co-sorption which 

occurred: when the dissolved HS concentrations finally rose above background, 

a considerable proportion of the HS had already sorbed, and is reflected by the K,. 

The observed overall increases in the n parameters, again reflects an increase in 

linearity of the cadmium-HS data. 

Retardation factors R, were estimated via the Freundlich parameters 

assuming an initial carbon concentration of 10 mg/l, and then compared to 

estimated Rs from the IM isotherms (Tables 4.2 and 4.3). A carbon concentration 

of 10 mg/l was chosen because it approximates the concentrations of FA used in 

the column experiments. This allows a strictly qualitative comparison at that 

expected concentration. Retardation factors derived from Freundlich parameters 

which had r3 greater than 1, generally agreed with the Rs calculated from the IM 

isotherms. 

It appears that the presence of cadmium decreases HS sorption to the 

Hayhook soil (Tables 4.2 and 4.3). Observed changes in sorption could be 

attributable to electrostatic surface changes or configurational changes in the HS 

macromolecule rather than ionic strength effects; the increase in I from cadmium 

in solution was small (< 10%). Since the interference from antecedent NOM 

significantly affected data evaluation, it is quite possible that observed differences 

are an artifact from antecedent NOM interference. This could occur if the 

assumption of linearity in Eq 18 is false. Additionally, the sensitivity of m (Eq. 18), 

to outliers or changing sorption behavior may have caused much of the observed 
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differences. This is shown particularly well by Figure 20, which shows the change 

in calculated K^s due to the elimination of one set of data points from the sorption 

of PFA to 1CT5 M cadmium contaminated soil. 

4.1.3 Cadmium Adsorption Behavior 

Cadmium adsorption to the Hayhook soil is non-linear and has been 

modeled via a Freundlich equation using the parameters K, = 35.5 and n = 0.62 

(101). Cadmium and carbon data are summarized in Table 4.4. A screening 

experiment where 10'3 M cadmium solution was added to Hayhook soil, showed 

that the addition of soil FA depressed the aqueous cadmium concentrations at low 

concentrations of added FA (Figure 21), even though carbon concentration 

increased. Similar behavior was exhibited by PHA and ASH in the 5 X 10"4 M 

experiments, though the magnitude of cadmium concentration depression was 

much greater in the HA experiments (Figure 22). It is believed that loss of 

cadmium in solution is caused by the sorption of cadmium-HS complexes. Since 

the depression was seen primarily with HMW humic substances, a loss of solvation 

energy due to charge quenching could be occurring. 

The addition of FA to soil generally increased the aqueous concentration of 

cadmium. Aqueous concentrations were in the range of 0.02 to 9 X 10"4 mM. 

Although free and complexed cadmium concentrations were not determined, 

general conclusions may be drawn from the data. Assuming that any observable 

increase in cadmium concentration is directly correlated to the added FA, cadmium 
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Table 4.4 Cadmium and Carbon Concentrations in Humic Substance, Soil 
and Cadmium Experiments 

Added Humic Sub. Max. Increase (mg/l) Max Cd'* Predicted Complexation (meq/g)' 
and Treatment Carbon Cad % Desorb" Cd v Car* R2 Cd v RE X Kdc Rz 

SOIL CONTAMINATED WITH ICT5 M CADMIUM 

SRFA3 

Vary FA4 Centrifuged 7.7 0.030 0.33 0.055 0.598 0.060 0.764 
Vary FA Filtered 2.7 0.031 0.34 0.096 0.595 0.110 0.739 

SFA5 

Vary FA Centrifuged 8.6 0.048 0.72 0.089 0.731 0.086 0.908 

PFA6 

Vary FA Centrifuged 5.4 0.021 0.44 0.048 0.058 0.111 0.785 

SOIL CONTAMINATED WITH 5 X 10"4 M CADMIUM 

SFA 
Vary FA Filtered 8.1 0.263 0.88 0.50 0.935 0.532 0.949 

PFA 
Vary FA Filtered 7.1 0.133 0.44 0.12 0.172 0.294 0.838 

PHA7 

Vary HA Filtered 40.3 -0.294 -0.96 0.13 0.858 -804 0.099 

ASH0 

Vary SH Filtered 34.8 -0.544 -1.33 -0.23 0.685 -1.9e4 0.049 

SOIL CONTAMINATED WITH 10^ M CADMIUM 

SFA 
Vary FA Filtered 9.9 0.293 0.41 0.31 0.141 0.824 0.692 

1 Values determined via simple linear regression 
3 Suwannee River Fulvic Acid 4Soil Fulvic Acid sPeat Fulvic Acid 
7 Peat Humic Acid 0 Aldrich Sodium HUmate 
n Maximum Desorption of Cadmium as estimated from Total Cd Sorbed = K,C" 
b Predicted complexation capacity of FA carbon, estimated via Equation 25 
c Estimated from Total Carbon vs Total Cadmium Regression 
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desorption due to increasing concentrations of added FA was slight, less than 1% 

for all experiments (Table 4.4). Comparing the cadmium desorption data in the 

SFA and PFA experiments it appears that cadmium complexation by FA reaches 

a maxima (on a mass/mass basis), and then decreases as the solution (and 

sorbed) cadmium increases above a certain threshold. Increased cadmium 

desorption over the ranges of FA added was compared between the centrifuged 

and filtered SRFA, and the different SFA and PFA experiments, and is somewhat 

correlated (R2 = 0.67, 0.96 and 0.87 respectively). 

Aqueous cadmium and carbon concentrations were poorly correlated {Table 

4.4) probably due to antecedent soil carbon interference. Cadmium concentrations 

actually showed a stronger correlation to the sorbed HS which can be related to 

the function RE via linear regression. 

Cdf - wreRE + Cd± (26) 

dCd± m  ~  ( 2 7  )  
re dRE 

where Cd, and Cdf are the initial and final total cadmium in solution, and m signifies 

the rate increase of aqueous cadmium per mg/Kg of FA sorbed. the IM isotherm 

to develop an approximation of the effective complexation Since the sorbed FA 

and aqueous FA phases are related via K^, and if we assume the function RE 

approximates the sorbed mass of FA, we can use the partition coefficient 

determined from the IM isotherm to determine an "effective" complexation capacity 
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of the added FA on a meq of cadmium per gram of carbon basis. "Effective" 

connotes the fraction of cadmium in solution above equilibrium concentrations 

without added humic substances to a complexed fraction. 

CcL 
—£ = mieKd{lQQQmg/g) (28) 
'-FA 

where mr0 is the slope of the cadmium - RE relationship (meq/mg), and C)a is the 

dissolved concentration of added FA as carbon. Estimations of the effective FA 

complexation capacity estimated via Equation 28 agreed well with two of the data 

sets (SFA w/10"5 M Cd, SFA w/5 X 10"4 M Cd) which showed correlation between 

carbon and cadmium (Table 4.4). Consequently, Equation 28 may sufficiently 

estimate the complexation capacity of FA for cadmium under the experimental 

conditions. An example of the use of Equation 28 to model cadmium data is 

presented in Figure 23. 

Insufficient data exist to develop an apparent stability constant for the HS, 

soil and cadmium system, such that predictions can be made between the various 

experimental concentrations. Calculating the cadmium released into solution (Cd, -

Cdj) as a percentage of cadmium sorbed (Table 4.4), shows that the percent Cd 

desorbed for each FA is fairly consistent between the different cadmium 

treatments. The data suggests that at higher concentrations of added HS, the rate 

of cadmium-NOM complexation may become relatively constant (Figure 24). 

There also is a question of stability of HS in solution; in several instances, 
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decreases in carbon and cadmium were observed though there was not a 

consistent pattern. 

4.1.4 Measurement Errors in Batch Studies 

There was considerable variance in dissolved carbon measurements in the 

batch studies, especially at the lower concentrations of HS added. Tables 

presenting the dissolved carbon concentrations with a calculation of error (see % 

Error Column) are presented in APPENDIX B. The samples experiencing the 

greatest measure of variablity between repiicates were generally those samples 

which also experienced the greatest interfence or deviation from linearity. Overall, 

the varying FA concentration method showed greater variability in measurement 

than the varying soil mass method, except for SRFA and PFA which both 

experienced non-linearity in the varying soil mass experiments. Error between 

replicates was frequently less than 5%, though in some cases error was significant 

(10-50%). It is interesting to note that the soil washing experiment had significant 

error in some replicates even after the extended washing. 

Overall, the non-linearity and attendant error in the batch data limits their 

usefulness in quantifying sorption equilibria. 



87 

4.2 FULVIC ACID COLUMN STUDIES 

Three column experiments were performed with PFA, SRFA and cadmium 

and PFA, Extended washing of the soil column occurred during the saturation 

phase (a 150 pore volumes), which is believed to have removed any interfering 

soluble carbon which severely affected the batch experiments. This is verified by 

the very low TC in the column eluent (< 0.5 mg/l) at the initiation of FA input, and 

the consistent initial breakthrough of the FA. Due to high retardation of the 

substances studied and low flow rates (< 0.9 m/day), the experiments occurred 

over the course of several weeks. Consequently, some experimental artifacts are 

expected to be accentuated. Column characteristics are summarized in Table 4.5. 

4,2.1 Loss of Mass and Change of Hydraulic Properties in Columns 

Transport experiments with conservative tracers showed that the column 

characteristics changed over time, as measured before and after the experiment. 

Particularly, a loss in soil mass with a concomitant increase in porosity was 

observed during both FA experiments. Soil loss in the cadmium PFA experiment 

was indeterminate; that experiment was not under the author's direct control. Soil 

loss effectively increased the dispersion (lower Peclet number), and the estimated 

retardation of tritiated water in both columns (Figure 25). Another experiment with 

the conservative tracer bromide showed earlier breakthrough than tritium, 

indicating that the Hayhook soil surface may be highly charged, causing anion 
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Table 4.5 Estimated Physical Properties of Columns Used in Hayhook Soil 
and Humic Substance Experiments 

Genera! Column Measurements 

Length 10 cm Diameter 2.8 cm Volume 61.544 cm3 

COLUMN 1 - TRANSPORT OF PFA. Average Darcy flux = 0.20 cm/sec (±0.025} 

Before* 
Est. Bulk Density (pj3 1.73 g/cm3 

20.88 cm3 

0.35 
0.34 

Conservative Tracer - Tritium 
Est. Peclet # 54 
Est, Retardation4 1.03 

PV from Mass HaO 
Estimated 9 from pb 

Estimated 9 from HzO 

After2 

Est. Pb
3 

PV from Mass H20 
1 ,79 g/cm3 

cm3 

0.32 Estimated G from pb 

Estimated 0 from H20 
Conservative tracer - Tritium 
Est. Peclet # 15 
Est. Retardation4 1.19 

COLUMN 2 - TRANSPORT OF SRFA. Average Darcv flux = 0.15 cm/sec (±0.031) 

Before1 

Est. Bulk Density (pt)3 

PV from Mass HzO 

HaO 

1.85 g/cm3 

20.91 cm3 

0.30 
0.34 

Estimated 0 from pb 

Estimated 0 from 
Conservative Tracer - Tritium, Bromide 
Est. Peclet # 36 24 
Est. Retardation" 

After2 

Est. Pb 
PV from Mass H20 
Estimated 0 from pb 

Estimated 0 from H2< 
Conservative tracer • 
Est. Peclet # 

1.07 0.717 Est. Retardation4 

1.81 g/cm3 

22.6 cm3 

0.32 
) 0.38 
Tritium, 

20 
1.19 

COLUMN 3 WITH 1Q-3 M CADMIUM. Average Darcv flux = 0.51 cm/sec 

Before1 

Est. Bulk Density (p^3 1.89 g/cm3 

19.96 cm3 

0.29 
0.32 

Conservative Tracer - Tritium 
Est. Peclet # 28.8 
Est. Retardation4 0.96 

PV from Mass H20 
Estimated 9 from pb 

Estimated 0 from H20 

After2 

Est. Pb
3 

PV from Mass HaO 
Estimated 0 from pb 

Estimated 0 from HaO 
Conservative tracer - Tritium 
Est. Peclet # 7.42 
Est. Retardation4 1.03 

g/cm 
cm3 

1 Measured before column run 
3 Particle Density of 2.65 g/cm3 assumed 
4 Parameters assumed from bulk density used 

2 Measured after column run 
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exclusion to occur (Figure 26). The cause of a termporary drop in bromide 

concentration after reaching C/Co = 1 is unknown. Observed changes in 

dispersion over time is probably due to increased diffusional mass transfer. 

Causes for increased diffusional mass transfer may be a shift in the particle size 

or the pore size distribution experienced as a result of mass loss.. 

Flow rates were also observed to fluctuate and generally decrease during 

the course of the experiment (i.e. Figure 27). Whereas fluctuations did occur 

during times when flow was stopped, flow rates were also observed to decrease 

or increase randomly. Drastic changes in flow as observed in Figure 27 must be 

due to some clogging mechanism on the inlet or outlet port of the column. Visible 

precipitate was formed in the outlet tube in the peat FA study. Changes in 

column hydraulic conductivity over time may be a result of soil and clay-NOM 

aggregate dispersion/dislocation, with a subsequent reduction in hydraulic 

conductivity. A recent study by Gu and Doner (35), showed that soil humic acid 

increased dispersion of soils with both expanding (montemorillonite) and non-

expanding (illlite) Na-clays. It should be cautioned however, that in their 

experiment, the control treatment also decreased hydraulic conductivity by an order 

of magnitude. 

A random number of eluent samples from the Suwannee River FA study 

were measured for mass loss, Eluted mass due to soil loss occurred primarily in 

the beginning of the experiment, and gradually decreased overtime (Figure 30). 

Mass loss appears to be slightly correlated to carbon concentrations in solution as 



evidenced by the small mass and carbon peaks at the end of the experiment-

However, the primary driving force behind column mass loss seems to be the initial 

change in system conditions and the slow approach to carbon equilibrium. This 

concurs with other observations of colloidal transport (70). 

Because mass loss is probably restricted to the fine size particles, soil 

surface area was measured before and after the SRFA column study via the water 

adsorption and EGME methods. In both methods, the measured surface area for 

the soil decreased after the experiment, although more samples are necessary to 

establish significance at the 95% level. 

Since the solutes investigated are highly reactive with the soil, and 

consequently are transported slowly, the significance of physical changes due to 

soil mass loss or hydraulic conductivity is not apparent. 

4.2.2 Transport Behavior of Fulvic Acid Through Havhook Soil 

Under the experimental conditions, complete breakthrough of both FAs was 

not observed, rather, concentration appeared to plateau at a steady state of C/Co 

< 1 (Figures 32 and 33). With both the FAs used, transport was characterized by 

rapid breakthrough of an initial fraction, with long extended tailing. The interrupted 

pulse technique (8) demonstrated system nonequilibrium in both column studies, 

by showing increasing carbon concentrations when the flow was stopped. The 

magnitude of "rebound" appeared to increase over the length of the experiment, 

and with time of flow interruption. Observed increases in C/Co to greater than 
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1, especially in Column 1, indicate that the system is not at equilibrium with the 

input solution, and different equilibria may exist for adsorption and desorption. 

This is verified by the lack of complete desorption for either FA, indicating 

"irreversible" sorption. Irreversiblity implies that either the back reaction of 

adsorption is kinetically limited to a greater degree than the forward reaction, or 

there are further reactions which transform the original sorbate. It is believed that 

much of the sorbed FA undergoes an irreversible ligand exchange reaction with 

mineral oxides present in the soil. The observed "rebound" may be an FA ligand 

promoted dissolution of mineral oxides, and/or possibly reductive dissolution of 

manganese oxide, 

4.2.2.1 Adsorption Behavior 

Either the adsorption processes are non-singular, and/or possibly, a 

chromatographic effect is occurring, where differential sorption occurs within the 

mix of FA molecules. The distribution of molecular size fractions of NOM in 

solution has been noted to change upon sorption, with the larger molecules 

experiencing the greatest sorption (22,68,111), If this is the case, the smaller less 

sorbed molecules should breakthrough early, subsequently followed by the larger 

molecules as the system approaches equilibrium. Inspection of Figures 28-29 

shows an initial steep slope with gradual decline to the plateau. This behavior is 

more evident in the SRFA BTC, probably due to a greater fraction of smaller 

molecules than the PFA. 
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A chromatographic effect may also create a sorbed mass distribution 

different than observed in the batch studies. Because of the limited amount of FA 

in the batch studies, the dissolved concentrations of the strongly sorbing fractions 

would be negligible, resulting in insufficient weight for those fractions within the 

batch data. In such a case, the cumulative effect of differential sorption, would be 

to increase the observed Kj over batch predictions. Mineral oxides in the soil 

appeared to play a significant role in adsorption of the PFA and SFA as evidenced 

by strong correlation between solution pH and C/Co (Figures 30-31). It is 

generally accepted that adsorption of organic acids to mineral oxide surfaces is 

highly influenced by pH, with adsorption increasing as pH drops below the zero 

point of charge (zpc), (14,105,97,73,35). Both the hydrolysis of metal oxides and 

ionization of functional groups on humic substances can be represented by the 

following equilibrium reaction for a monoprotic acid (97): 

mXORz ** mXOH + H* ** =XO" + 2H* (29) 

where sXO signifies either the metal oxide or the humic functional group. The zpc 

of iron oxides has been reported to be approximately pH = 6.5-6.7 (95). In both 

column studies the pH of the influent solution was < 5, and the pH of the soil 

solution equilibrated at approximately 6.3. At the solution pH, FA should readily 

form outer-sphere complexes with protonated hydroxy! groups on the mineral oxide 

surface. From Figures 30 and 31, it is seen that upon the addition of FA, 

increases in pH correspond closely to increases in the relative C/Co. As HS are 



93 

sorbed to a mineral oxide surface, the protonation of unreacted hydroxyl groups 

will increase to maintain XOH+
2, XOH, and XO' equilibria, resulting in an increase 

in surface protonation, as well as a loss of protons from solution (97,105). The 

release of a hydroxyl group, has also been taken as direct evidence for the ligand 

exchange reaction (73). This relationship further suggests that FA undergoes a 

ligand exchange reaction with the mineral oxide. Ligand exchange has recently 

been identifed as the primary mechanism for adsorption of NOM to iron oxides 

(36), furthermore, the desorption of FA (Section 4.2.2.2) to mineral oxides in 

several studies left significant fractions (70-90%) of NOM "irreversibly" bound 

(21,55,56,64,76,114). Given the observed pH relationship and evidence of 

irreversible adsorption in the desorption limb, it seems that mineral oxides play a 

significant role in HS sorption to the Hayhook soil. 

Assuming that mineral oxide surfaces such as iron oxide (0.2%) are not 

limiting in these experiments, differential sorption can also explain the observed 

plateau in C/Co. Plateaus failing to reach C/C0 = 1 have been observed in other 

NOM BTCs (44,55,64,68,76). The low pH of the influent solution will continually 

create a source of protonated oxide sorption sites until the oxide surfaces are 

exhausted. Consequently, the plateau may represent the continual sorption of the 

FA fraction which is most sterically favorable for the ligand exchange reaction. 

This suggests that equilibrium for some FAfraction(s) was not acheived during the 

length of the column studies, however, the plateau does not necessarily identify 

the only FA fraction which can undergo ligand exchange. Rather, ligand exchange 
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to minor mineral oxides (i.e. MnOa) which are subsequently exhausted, or 

irreversible reactions with less sterically favorable FA molecules, may also occur. 

Additionally, any effect of layering is unknown. 

4.2.2.2 Desorption Behavior 

Desorption of both FAs was constrained, with less than 20% of both FAs 

desorbed after more than 50 pore volumes of flushing. Additionally, a great deal 

of scatter was observed in both columns after reaching the plateau (Figures 28-

29). Scatter in Column 2 (SRFA) can be attributed to a change in the influent 

solution concentration (See Section 4.1.1). which also corresponded to a decrease 

in flow rate. The resultant "snow plow" due to the equilibrium shift was followed 

by intense scattering, possibly due to equilibrium differences from the variable 

times of fluid retention in the column. Scatter in Column 1 (PFA) was due to 

increases in carbon concentration after the flow interrupts (Figure 28). This 

behavior was characterized by a carbon peak often exceeding C/Co > 1, with a 

slow decrease back to the plateau. 

It is hypothesized that increases in C/Co and pH during the flow interrupts 

can be attributed to a FA promoted dissolution of mineral oxides. This may be 

occuring by the release of metal-FA complexes and subsequent consumption of 

protons by the mineral surface, or by the reductive dissolution of oxidative mineral 

species such as manganese. Evidence exists both from laboratory and field 

studies that organic chelate induced dissociation of oxide minerals can occur with 
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both NOM, HS, and NOM analogues (15,45,56,96). Thefollowing mechanism has 

been suggested for the adsorption and ligand exchange of FA to an iron oxide 

surface with a subsequent time dependant Fe-oxide dissolution reaction (97): 

(30) 

(31) 

(32) 

where M signifies the metal with its hydroxyl ligands, and the FA is illustrated by 

a bidentate ligand. The first reaction step consists of the previously discussed 

ligand exchange; the second dissolution step is considered to be much slower than 

the ligand exchange reaction, and the final step is the rapid consumption of two 

protons by the reprotonation of the mineral surface. It should be noted that the 

dissolution reaction is much slower than the adsorption reaction, and that the 

energetics of dissolution become more favorable as pH increases. Other 

researchers have noted that irreversibility of sorbed HS decreases as the pH 

increases (55,73,102). 
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Reductive dissolution of mineral oxides may also have occured, most 

probably with manganese oxide. Manganese oxide reduction can occur directly 

under anoxic conditions, or coupled in the oxidation of labile organic matter (91). 

Either reduction reaction will consume protons. The following reaction scheme for 

metal hydroxide reduction by an organic ligand has also been suggested (97): 

+ HA- * sMe( III) HA + H20 (33) 

mMe(III)HA + H20 < «  sMe(II)OH2 +  HA' ( 3 4 )  

sAfe( II) OH2 + H* ** new surface site + Me**(ag) ( 3 5 )  

where Me(lll)OH2
+ represents a sorption site at the mineral oxide surface 

(Mn(III.IV) in the case of manganese oxide), HA" is the organic ligand, and HA* is 

an organic radical which can then reduce more Me(lll). Equation 33 represents 

a ligand exchange reaction similar to Eq. 30. However, the rate of reductive 

dissolution will decrease with increasing pH due to unfavorable energetics (97). 

Consequently, reductive dissolution would be more favorable at low pH, whereas 

the simple dissolution reaction would expect to be favored at higher pH. 

Manganese concentrations were determined in eluent samples from both 

column studies, and are plotted vs the FA breakthrough curves in Figures 32 and 

33. Although iron is the dominant mineral oxide in the Hayhook soil, it was not 

analyzed for because screening tests showed manganese to have higher 

concentrations, and attempts to optimize the graphite furnace for iron analysis 
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were unsuccessful. Increased levels of manganese corresponded to the flow 

interrupts and increases in pH for both FAs, though the effect was clearly more 

significant in the PFA column. Several manganese peaks during the flow 

interrupts were more than order of magnitude above background levels. The 

association of manganese and pH with SRFA was not as strong, and was primarily 

observed during a flow interrupt after desorption was initiated. The stronger 

correlation of PFA to both manganese and pH, can be expected, due to more 

sorbed mass, in addition to PFA probably having more bidentate ligand exchange 

sites than the aquatic SRFA (92). Based upon the observed rate limited 

desorption and dissolution of manganese oxides in this system, the adsorption of 

FA to mineral oxides appears significant. A FA ligand promoted dissolution of 

mineral oxides appears to occur, though whether the mechanism is simple or 

reductive dissolution or a combination of both, is unclear. 

4.2.3 Transport Modeling of Fulvic Acid Through HavhooK Soil 

Conceptually, sorption of FA to the Hayhook soil could be described as 

follows: 

K2 
Cs ** ®rev,ins ** ®rev,kin 

1 Xsl 

Sirr, kin 

where C6 is the dissolved FA, Srevins is instantaneously sorbed FA, S(evkin is 

reversible kinetically limited sorbed FA, and ShitoI is irreversibly sorbed, or 
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transformed FA. This is an extension of two domain model to include an 

"irreversible" phase, due to ligand exchange. Ligand exchange occurs initially as 

instantaneous {outer sphere) sorption, then as a rate limited inner sphere reaction 

{97). Consequently, the conceptual model is an extension of the two domain 

model to include the transformation of SraV|ns to S^. 

Mathematically, the non-dimensional governing equations for the conceptual 

model assuming steady-state water flow are: 

( 3 6 ,  

( 1  - - to(C' - S-)  ( 3 7 )  

Where the following non-dimensional parameters are defined as: 
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C' - C/Co ( 3 8 a )  

S' = S2/[(l-F)KfCjn-^] ( 3 8 b )  

X = x/i ( 3 8 c )  

T = tv/t ( 3 8 d )  

P = u C  /D ( 3 8 e )  

J ?  =  1  +  { p / B )  K t C 0
1 " - ^  ( 3  8 f )  

p  =  [ 1  +  ( p / 0  )FKfCQ(D'l)]/R (  3 8 g )  

O> = K2 (1 - P) J?C /v ( 3 8 h )  

^ = (PJ? -l)xali/v (38i) 

where C is the concentration of carbon in the solution (M/L3), S is the sorbed 

phase concentration (M/M), C0 is the concentration of carbon in the influent 

solution, t is time (T), x is distance (L), S is column length (L), p 

is bulk density of the packed soil column (M/L3), e is the fractional 

volumetric water content of the packed column, u is the average pore water 

velocity, (L/T), D is the hydrodynamic coefficient (L2yT), KFC0
(n'1) is the nonlinear 

partition coefficient derived from the Freundlich equation (L3/M), F is the fraction 

of sorbent for which sorption is instantaneous, K2 is the reversible rate limited 
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sorption constant, and Xsi's the first-order transformation rate constant for the 

equilibrium (instantaneous) sorbed phase. 

4.2.3.1 Transport Model and Assumptions 

Futvic acid transport data was mathematically modeled via a finite difference 

code simulating the 1-D AD equation, assuming two domain non-linear, non-

equilibrium sorption, with a first order transformation term to describe irreversible 

sorption (University of Florida, Gainesville). The model requires the following input 

parameters: 

R = Retardation 
n = Freundlich equation exponent 
P = Peclet number, Ratio of residence time to dispersivity 
Pulse = Length of FA input 
Xsi = First order rate coefficient for irreversible sorption 
p = Fraction of sorbent with instantaneous sorption sites 
k2 = First order rate coefficient for reversible sorption 
co = Ratio of reversible kinetic rate Kz to the flow (Damkohler #) 

All but n, p and w were estimated from batch or mass balance data, p and 

to were estimated by fitting. The retardation factor R, was estimated via Eq. 3, 

using partition coefficients determined via the IM isotherms of the batch data. 

Because of heterogeneities inherent to FA, the partition coefficient and hence R, 

determined from the batch studies is a lumped term, which cannot reflect actual 

sorption dynamics (i.e. low molecular weight (MW) fraction breakthrough vs the 

continuing sorption of high MW fraction). Whereas, partition coefficients dervied 

from the inital mass isotherms describe the lumped partition behavior, a nonlinear 
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partition function is necessary to describe transport of this heterogenous molecular 

mixture. As discussed in 4.2.2.1 the general shapes of the BTCs (Figures 28-29) 

indicate differential sorption characterized by rapid initial breakthrough with tailing. 

Consequently, the BTCs could not be approximated unless the Freundlich 

exponent n was > 1.5, with n = 2 providing the best fit. The steady state C/Co < 

1 observed was assumed to represent a psuedo-first order transformation process 

and Xsi was consequently determined using the mass balance at steady state 

(120). It should be cautioned that xBi represents only the process causing the 

plateau, and may not reflect any irreversible sorption which may occur in other 

sorption domains or with different FA fractions. The same parameters except for 

R, and to were used to estimate transport for both FAs. 

4.2.3.2 Model Results 

The model fit the adsorption limb for both FAs well (Figures 34-35). Other 

estimations of R, and n from the Freundiich parameters as well as merely iterative 

fitting, did not fit the data as well, specifically, the early breakthrough could not be 

predicted regardless of the other parameters unless a value of n > 1.5 was used. 

For the PFA, the R derived from the batch filtered treatment provided the best fit, 

whereas the R from the centrifuged treatment for the SRFA also fit well. Due to 

antecedent carbon interference the R from filtered treatment for SRFA had an R2 

of « 0, and therefore was not used. Fitting the BTC with (3 and a>, it was 

necessary to use a different u> for each FA. In Column 1 (PFA), an to of up to 10 
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(4 was used) fit the data reasonably well, indicating that the sorption rate in the 

kinetically limited reversible domain was large, and could almost be considered an 

instantaneous reaction. An co = 1 was necessary to fit the BTC in Column 2. 

Because of the slower reaction rate, this indicates less mass was sorbed to the 

reversible domain. Inspection of Eq. 38h shows that if k2 and p are constant, co 

correlates directly to R, consequently, the model indicates that k2 is constant, or 

reasonably the same for both FAs. This is a robust conclusion; regardless of 

physical differences between individual FA molecules, sorption is a function of 

molecular energetics and will be reflected in the R term, i.e. the SRFA has more 

molecules with a higher solvation energy than the PFA. 

The ability of the model to fit both adsorption limbs using the same 

parameters except for R, indicates that the conceptual model may be valid. 

However, the model fails, as have all previously published models, to describe 

desorption. Since the model assumes adsorption and desorption equilibria are the 

same, the predicted desorption limbs seriously overestimate C/Co, with the 

magnitude of overestimation increasing with pulse size. Recalling that differential 

sorption would change the distribution of sorbed mass, at desorption, the sorbed 

mass should be dominated by FA fractions with high K,,. Consequently, the sorbed 

low Kj fraction would desorb rapidly, and the desorption of the high Kj fractions 

would occur slowy, especially if a ligand exchange reaction occurred. Additionally, 

since Xsi only relates to the apparent 'irreversible" domain, the rate limited 

reversible domain predicted in the model may also undergo irreversible reactions. 
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Furthermore, since the dissolution or secondary reaction is much slower than the 

adsorption reaction, extended long tailing should occur as observed. Further 

understanding of the kinetics of the ligand exchange reaction and the extent of 

differential sorption is necessary to appropriately modify the mathematical code of 

the model. 

4.2.4 Transport Behavior of Fulvic Acid and Cadmium Through Soil 

An additional column (Column 3) was saturated with 10"3 M, CdN03 solution, 

and then 10 mg/l of PFA as carbon was pumped into the column at 1 ml/min (2.2 

m/day). Batch experiments were not performed to achieve the equilibrium 

concentration of 10'3 M cadmium in solution. The BTC of PFA and the desorption 

of cadmium with and without PFA present, is presented in Figure 36. After 

approximately 300 pore volumes of PFA solution, a 15 pore volume pulse of 80 

mg/l PFA (39 mg/l carbon) was displaced through the column, after which the 

column was flushed with 0.01 M KN03. 

4.2.4.1 PFA Transport in Cadmium Contaminated Soil 

Peat fulvic acid transport in cadmium contaminated soil was significantly 

retarded in comparison to PFA only transport (Figures 28 and 36). The adsorption 

limb was very gradual, seeming almost linear. There was an initial unexplained 

early breakthrough over the first seven pore volumes, then C/Co stabilized back 

to almost 0 and slowly increased over time. The absence of a consistent PFA 
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fraction breaking through early, indicates that the presence of cadmium and/or a 

change in pH may have altered the structural characteristics of that fraction of 

PFA, since it is less mobile. A plateau was again observed, however, the plateau 

acheived a higher C/Co by approximately two thirds (mass/mass). 

Again, pH was correlated to C/Co during transport (Figure 37). The pH 

peak corresponding to the 80 mg/l pulse rose rapidly to a maxima two pore 

volumes after input, and then declined to initial levels within 5 pore volumes. 

Assuming pH increase is a function of the mineral oxide adsorption reaction, this 

indicates that the initial, or outer sphere, FA adsorption by mineral oxides is fairly 

rapid. The equilibration pH was significantly lower («=» 5.4), than the pH observed 

in the PFA only column. The lower pH is undoubtedly due to competition with 

cadmium for exchange sites on the soil and PFA. A lower solution pH would shift 

the equilibrium on mineral hydroxyl groups (Eq. 29) to increase the total sorption 

sites, as well as increase the protonation of Fa functional groups. Accordingly, 

sorption should increase. The total contribution of pH to PFA sorption is 

indeterminate because the influence of cadmium on sorption may also be 

significant. 

4.2.4.2 Cadmium Transport 

Cadmium desorption was retarded by the presence of relatively small 

concentrations of PFA. This behavior is consistent with the batch study behavior 
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of the HMW humic substances and cadmium; where extensive sorption of 

cadmium-PFA complexes reduced the background concentration of cadmium. 

Carbon concentrations quickly increased to an equivalent C/Co for the new 

Co concentration, indicating that even at higher concentrations of PFA, the system 

approached a similar equilibria. A corresponding spike of cadmium was displaced, 

indicating faciliated transport by PFA. The maximum increase in cadmium 

concentration was 2.5 mg/l, which corresponds to an effective complexation 

capacity of 0.55 meq/g carbon FA. After the pulse of PFA was stopped, cadmium 

and carbon concentrations returned rapidly to the levels prior to input. 

For the latter desorption phase, the eluent cadmium concentration in the 

PFA rose above the cadmium concentration observed in the column w/o PFA. 

Whether this is an effect of facilitated transport, or just higher equilibrium 

concentrations due to the greater mass of cadmium left sorbed in the column is 

unknown. However, after the PFA spike, PFA concentration dropped to almost 0, 

without significantly changing the cadmium concentration. Additionally, sorbed 

NOM has been shown to compete for complexation of dissolved cations in solution 

(21), and has even been cited as fully explaining the binding of cadmium to 

sediments (30). During elution, the cadmium equilibrium will include cadmium-

PFA complexes, however, given the much greater mass of sorbed PFA than in 

solution, the low cadmium complexation capacity of PFA, and the relatively high 

concentrations of cadmium, PFA complexation of cadmium may not significantly 

increase the total concentration. 
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Overall in this system, PFA retarded the transport of cadmium. 

Nonetheless, PFA is not a very mobile FA, and cadmium concentrations were 

extremely high such that fiocculation or coagulation due to divalent cation effects 

may be expected (38,79). This was also slightly observed in the batch studies. 

Conversely, 10'3 M is not an uncommon concentration for calcium in natural 

groundwaters. Humic substance stability constants determined for cadmium and 

calcium are generally within the same order of magnitude (37). 

4.2.4.3 Transport Modeling of Fulvic Acid in Presence of Cadmium 

In the absence of batch data, the PFA BTC in the presence of cadmium, 

was modeled by fitting the parameters R and n, and using the parameters fi and 

K2 as estimated in Column 1. The parameters W and xSj. were calculated, as 

described in Section 4.2,3.1. An adequate fit is shown in Figure 38. 

Lowering the n value to 1.6 proved a better fit than 2. In accordance with 

the spherocolloid theory (31), the PFA molecules should approximate a more 

uniform spherical shape at the lower pH, and in the presence of the divalent cation 

cadmium. Recent research with High Performance Size Exclusion 

Chromatography affirms that the presence of calcium causes Peat Humic Acid to 

assume a more uniform structure (73). Consequently, if the mixture of FA 

molecules is more uniform, less variation in sorption may be expected, hence 

differential sorption and the observed chromatographic effect may decrease. 
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The best fits of R were in the 105-115 range, an retardation increase of 

almost 3 times. It is interesting to note that the estimated irreversible 

transformation coefficient decreased by almost three times. It could be argued 

that sorption represented by Xsi is merely transferred from protonated hydroxyl sites 

to cadmium occupied hydroxyl sites, which sorb PFA via cation bridging. The 

subsequent shift in sorption type site distribution would shift the equilibrium of the 

reversible domain, changing kz with a concomitant three fold increase in R. More 

likely however, is the the equilibrium shift PFA retardation also increased 

undoubtedly due to energetic losses from charge quenching of the PFA by 

complexed cadmium. Regardless of the mechanisms occurring, changing 

equilibria due to the temporal elution of cadmium will make modeling difficult. 
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CONCLUSIONS 

5.1 OVERVIEW 

Under the conditions studied, non-linear, non-equilibrium transport of FA 

occurred in Hayhook soil. Fulvic acid interacted with both soil carbon and metal 

oxide. Sorption was kinetically rate limited (or irreversible), probably through ligand 

exchange with metal oxides. Kinetically limited release of sorbed FA was 

correlated with increases in pH and metal concentrations, indicating that dissolution 

of metal oxides was occurring. The addition of cadmium to the system retarded 

the transport of both cadmium and PFA, In this system, sorption processes are 

not continuous, and they cause fractionation of Hs mixtures. Consequently, 

equilibrium condition assumptions for HS transport in natural systems may fail due 

to differences in sorption processes and kinetics of macromolecular mixtures and 

their interactions with soil carbon and metal oxides. 

The following specific observations can be made: 

1) The addition of humic substances to the Hayhook soil resulted in 

aggregation/association with antecedent NOM in the soil. In these 

instances, either co-sorption or enhanced dissolution was observed. 
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Enhanced dissolution of antecedent NOM by the HAs and higher molecular 

weight PFA indicates that these molecules readily associate with the solid 

phase, increasing aqueous particle stability at low ionic strength, 

monovalent ion solutions. Conversely, the presence of divalent cations 

even at low concentrations (< 0.1 mmoles) can cause increased co-

sorption, possibly through aggregation. 

In agreement with Gshwend and Wu (34), the batch studies exhibited high 

non-linearity due to the presence of antecedent organic carbon. 

The column experiments showed soil loss, and change of hydraulic 

properties over time. Future column studies with any solution which 

effectively changes colloidal or small soil particle stability, should attempt to 

minimize and be aware of this phenomena. 

Complete breakthrough of fulvic acid in the column studies was not 

observed, rather extensive tailing occurred during the sorption phase. 

Desorption was characterized by a rapid decrease to baseline carbon 

concentration, with large percentages of fulvic acid either irreversibly 

adsorbed to the soil, or constrained by very slow desorption kinetics. 

Desorption may be facilitated by an increase in pH. 

Adsorption of the FA in the column studies was adequately modeled using 

a two domain 1 AD model, by assuming that sorption never reached 

equilibrium, or changed overtime (i.e. continual source of protons, layering), 



110 

and a specific fraction of FA irreversibly sorbed to the solid phase. The 

model failed to adequately model desorption. 

Both adsorption and desorption of HS to mineral oxide surfaces is highly pH 

dependant. The pH of the soil solution varied with the fulvic acid input, and 

a positive correlation generally existed between the pH and the carbon 

content in the eluent. Additionally, increases in manganese concentrations 

correlated to carbon concentrations and pH, indicating a secondary 

"desorption" reaction believed to involve the dissolution of mineral oxides. 

Facilitated transport of cadmium was not observed in the PFA column 

experiment, until some sort of a "steady state" was acheived between the 

fulvic acid and the soil. The presence of cadmium in the column studies 

caused increased adsorption of fulvic acid, and retarded transport of 

cadmium until steady state was achieved. 

Assuming antecedent NOM is in equilibrium with the solid phase, facilitated 

transport of metals may occur by the following scheme: the introduction of 

metals into the subsurface will cause structural changes in the humic 

substances with a concomitant change in sorption characteristics. A period 

of non-equilibrium may follow where adsorption of humic substances is 

enhanced, eventually followed by facilitated transport when the humic 

substances reach equilibrium with the solid matrix. The source of NOM, 

aquifer material composition and the groundwater flow rates should all affect 

observed transport. 
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5.2 FUTURE RESEARCH 

This research raises several questions which could be pursued with future 

research. 

1) The strong association of added humic substances with antecedent NOM 

as shown in the batch studies indicates that current procedures isolating 

NOM into different fractions may not approximate the natural distribution of 

dissolved NOM. A useful experiment would be to take varying 

concentrations of NOM from the same source, and isolate relative fractions 

under varying pH and ionic strength conditions. It is possible that the 

proportion of each fraction is totally dependant on the system conditions. 

2) In the system studied, dissolved NOM concentration appeared to be highly 

influenced by pH. This has also been noted by Jardine et al. (42), among 

others. It is conceivable that the frequently observed "plateau" of NOM 

breakthrough in column and field studies is a concentration, pH, and ionic 

strength dependant "energetic" limit of a (in)soluble fraction of NOM. 

Future studies should focus on defining preferential partitioning by various 

fractions of NOM and HS 

3) Because of limitations on sensitivity and the inability to differentiate different 

fractions of NOM, further experiments should avoid using total carbon 

analysis. There has been recent success with High Performance Size 
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Exclusion Chromatography (HPSEC) in not only quantifying DOC, but also 

separating it on the basis of molecular size (17, 73). The use of perchlorate 

salts instead of nitrate salts should allow the use of UV adsorption methods. 

This method would be quicker, and simultaneously differentiate between 

the fractions of NOM. 

4) The reduction in antecedent carbon interference observed in the cadmium 

contaminated soil batch experiments relative to the soil washing 

experiments indicates that the presence of divalent cations had a significant 

effect on NOM behavior. Whereas this is commonly known, which 

mechanisms dominate (i.e. cation bridging, loss of solubility due to entrophic 

considerations) is unclear, Further experiments should investigate transport 

behavior in a mixed cation electrolyte solution, (i.e. 0.005 M KCI04, 0.0025 

M CaCI04). 

5) Elution (or desorption) cannot be modeled with existing applications of the 

1-D AD model. Accounting for effects of molecular heterogeneity on 

partitioning and irreversible sorption, i.e. determining individual partition 

coefficients per size fraction, should allow the system to be modeled more 

adequately. 

6) The secondary dissolution reaction observed, may be due to a chelate 

induced desorption/dissolution or strict reductive dissolution. However, a 

cheate induced dissolution should be more favorable at a higher pH 

whereas reductive dissolution is more favorable at a lower pH. Utilizing the 
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method of flow interruption at a lower column equilibrium pH (i.e. as 

observed in the cadmium-PFA column experiment) may provide insight into 

the desorption/dissolution mechanism. 
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Figure 5 
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APPENDIX B 

RAW BATCH DATA 



ORIGINAL BATCH STUDIES WITH VARV1NG FA CONCENTRATIONS 
101F Fulvic Acid Extracts w/ Haytiook Centrifuged S/26&] TOC Avg TOC % Error S (m(j/Kg) 
BLANK! 0 0 3.3 1.09E+01 3.59E+01 1 10.98 10.98 0 0.0 

BLNK2 0 0 40 1.56E+0I 6.16E+01 1 10.98 10.98 0 00 
FA1 10 6.05 2.7 4.0 1.60E+01 6 40E+01 1 9.92 7.51871 31.98551 7.1 
FA1 10 6.05 2.7 2.4 5.B4E+00 1.41 E+01 1 5.11 7.61871 31.98551 11.9 
FA1 40 11.35 9.4 5.4 2.B6E+01 1.53E+02 1 14.24 12.671 12.374 8.1 
FA6 40 11.35 0.4 4.4 1.91E+01 8.37E+01 1 11.10 12.671 12.374 11.2 
FA1 20 13.15 11.3 6.3 3.97E+01 2.50E+02 1 17.39 12.9576 34.18325 6.7 
FA1 20 13.15 11.3 3.6 1.26E+01 4.47E+Ot 1 B.53 12.9576 34.1B325 15.6 
FA7BO 16.2 16.4 7.0 4.B7E+01 3.39E+02 1 19.63 16.6322 18.30472 7.5 

FAB 80 16.2 16.4 5.2 2.65E+01 I.37E+02 1 13.59 16.6322 18.30472 13.6 
FA9 100 19.4 19.9 59 3.4SE+01 2.O3E+02 1 15.97 16.384 2.541347 14.4 
FA10 100 19.4 19.9 6.1 3.75E+01 2.30E+C2 1 16.80 t6.384 2.541347 136 

1G.56481 Avg 

102F FuMc Aod Extracts w/ Haytiook Centrilugod 6/3/93 TOC Avg TOC £
 

rn
 

5
 

S (m&Kg) 
BLANK) 0 0 2.9 8.12E+00 2.31E+01 1 11.0 10.98 0 00 
BLNK2 0 0 36 1.26E+01 4.47E+01 1 11.0 10.98 0 00 
FA1 10 4.7 4 3.9 1.52E+01 5.93E+01 1 92 8.52408 7.7492B9 65 
FA2 10 4.7 4 3.5 1.19E+01 4.11E+01 1 7.9 8.52406 7.749289 7.8 
FAS 20 9.2 B.3 4.0 1 60E+01 6.40E+01 1 9.5 9.55429 0.774985 107 
FA4 20 9.2 8.3 4.1 1.64E+01 6.64E+01 1 9.6 9.55429 0.774985 106 
FAS 40 18.1 17.3 4.1 1.68E+01 6.B9E+0I 1 9.8 10.3732 5,751235 193 
FA6 40 18.1 17.3 4 5 2.03E+01 9.1lE+Ot 1 11.0 10.3732 5.751235 18 1 
FA7 80 38.5 37.2 5.9 3.48E+01 2.05E-02 1 15.2 15.718a 2.987699 34,2 
FAB 80 38.5 37.2 6.2 3 84E+01 2,38 E: *02 1 16.2 15.71B8 2.987699 33 3 
FA9 100 48.5 48.5 69 4.76E+01 3.29E+02 1 18.4 18.0123 2.219964 41.1 
FA10 100 43.5 46.5 6 7 4 42E*01 2.94E+02 1 17.6 18.0128 2519964 41.9 

3.24719G Avg 

Fulvic Acid Extracts IR1Q2F with Cenlrifuging 2/1/93 Avg TOC % Error S (m^/Kg) 
BLANK 1 0 0 4.8 2.30E+01 1.11E+02 1 10.98 10.90 0 0.0 
BLANK 1 0 0 4.2 1.76E+01 7,41E +01 1 11.0 10.98 0 0.0 
FA1 10 4.7 5.5 30 9.00E+00 2.70E+01 1 7.96 7.51315 5.993226 7.7 
FA2 4.7 5.5 2 7 7.29E+00 1.97E-01 1 7,06 7.51315 5.99322S 8.6 
FA3 9.2 10.3 3 7 1.37E+01 5 07E*0! 1 10.06 8.56033 17.49308 10,1 
FA4 9.2 10.3 2 7 7.29E+00 1.97E-01 1 7,06 8.56033 17.49308 13 1 
FAS 18.1 19.9 32 1.02E+01 3.2BE.01 1 8.56 9.31022 8.02965 20.5 
FAG 18.1 19.9 37 1 37E-01 5 07E*01 1 10.06 9.31022 8.02965 19.0 
FA7 33.5 39.6 5.3 2.76E+01 1 4SE*C? 1 14.69 13.8674 5.935642 34 0 
FA8 38.5 39 6 4.7 2.21E+01 1.04E*02 1 13.04 13.8674 5.935642 36.4 
FA9 94.7 94.7 9 G 9.22E+01 8 8SE*02 1 23.22 22.7363 24.13265 77.5 
FAtO 94.7 94.7 6 1 3 72E+01 2.2 7 E *02 1 17.25 22.7363 24.13265 88 4 

10.26404 Avg 

103F FuMc Add Extracts w/Hnyhook Centrifuged 6/10693 % Error S (mg/Kg| 
BLANK 1 0 0 2.9 8.12E+00 2 31E+01 1 11.0 10.98 0 00 
BLANK 1 0 0 36 1.26E+01 4.47E.01 1 11.0 10.98 0 0.0 
FA1 10 5 4.4 34 1.16E+01 3 93E+01 1 7.7 9.2688 16.73528 83 
FA2 10 5 4.4 4 5 1.98E+01 8.81E+01 1 tO.B 9,2688 16.73528 5.2 
FA3 20 9.4 92 4.1 1.68E+01 6 89E*01 1 9.8 11.5857 15.61459 10.G 
FA4 20 9.4 92 53 2.81E+01 1.49E.02 1 13.4 11.5857 15.61459 7.0 
FAS 40 18.9 18.9 52 2.65E+01 1.37E*02 1 12.9 12.2536 5.56937 16.9 
FAG 40 13.9 18.9 4.7 2.21E+01 1 04E.02 1 11.6 12.2536 5.56937 18 3 
FA7 80 39 6 40.9 5.3 2.81E+01 1.49E+02 1 13.4 13.2417 1.155549 37.2 
FAS 60 39.6 40.9 5.2 2.70E+01 1.41E+02 1 13.1 13.2417 1.155549 37.5 
FA9 100 49.4 49.4 7.4 5.40E+01 3.97E+02 1 19.9 19.7864 0.411067 405 
FA10 100 49.4 49.4 7.3 5.33E+01 3.B9E*02 1 19,7 19.7864 0.411067 40.7 

6.560976 Avg 

Fuhnc Add Extracts 103F 12/10/92 Centrifuged 
Sam pis (Carbon) Pk HI TOC AVG TOC % Error S (mg/Kg) 
BLANK 1 0 0 17.6 310E+02 5.45E+03 1 10.98 10.96 0 00 
BLANK 1 0 0 21.6 4.67E+02 1 01E+04 1 10.98 10.98 0 0.0 
FA1 10 5 56 7.7 5.93E+01 4.57E+02 1 4.59 4.31771 6.191004 11.4 
FAI 10 5 5.6 7.0 4.90E+01 343E+02 1 4.05 4.31771 6.191084 11.9 
FA1 10 9.4 9.7 11.7 1.37E+02 1 60E+03 1 7.70 6.6801G 15.2231 12.7 
FAI 10 9.4 9.7 9.1 8.2 BE+01 7.54E+02 1 566 6.6801G 15.2231 14.7 
FAI 10 18.9 19.0 11.2 1.25E+02 1.40E+03 1 7.30 7.02806 3.90918 22.6 
FAI 10 18.9 19 105 1.10E+02 1.16E*03 1 675 7.02 BOG 3.90918 23 1 
FAI 10 396 38 4 11.0 1.21E+02 1.33E+03 1 7.15 8.53912 16.32042 43 4 
FAI 10 39.G 38.4 14 5 2.10E+02 3 05E»03 1 9.93 8.53912 16.32042 406 
FA 200 95 2 95,2 29 0 8 41E+02 2 44E+04 1 22.24 23 0488 3.4962 839 
FA 200 952 95.2 30 B 9 49E+02 2 92E*04 1 23 85 23 0488 3.4962 8? 3 

7.523331 Avg 



166 

ORIGNAL BATCH STUDIES - FILTRATION EXPERIMENTS 
10IF Fulvic Acid Extracts w/ Hayhook Filtered 8/26/93 TOC Avg TOC % Error S (mg/Kg) 
BLANK1 0 0 4.5 2.03E+01 9.11 E+01 1 14.89 14.89 0 0.0 
BLNK2 0 0 5.5 3.03E+01 1.66E+02 1 14.89 14.89 0 0.0 
FA1 10 6.05 9.4 8.3 6.89E+01 5.72E+02 t 24.29 23.5881 2.9B9196 -7.3 
FA2 10 6.05 9.4 7.9 6.24E+01 4.93E+02 1 22.88 23.5681 2.9B9196 -5.9 
FA5 40 11.35 13.3 16.6 2.74E+02 4.53E+03 1 55.99 50.3226 11.2696 •33.7 
FAS 40 11,35 13.3 13.7 1.68E+02 2.59E+03 1 44.65 50.3226 11.2696 -22.3 
FA3 20 13.15 15 6.0 3.63E+01 2.19E+02 1 16.47 42.3436 61.11216 7.7 
FA4 20 13.15 15 19.5 3.80E+02 7.41 E+03 t 68.22 42.3436 61.11216 -44.1 
FA7 80 16.2 16 8.6 7.40E+01 6.36E+02 1 25.36 22.4755 12.83366 1.8 
FAB 80 16.2 16 7.0 4.83E+01 3.36E+02 1 19.59 22.4755 12.83366 7.6 
FA9 100 19.4 18.9 9.7 9.41 E+01 9.13E+02 1 29.34 25.9342 13.1158 1.0 
FA10 100 19.4 18.9 7.8 6.08E+01 4.75E+02 1 22.53 25.9342 13.1158 7.8 

16.88674 Avg 

102F Fulvic Acid Extracts w/ Hayhook Filtered 3/26/93 TOC Avg TOC % Error S (mg/Kg) 
BLANK 1 0 0 5.6 3.08E+01 1.71 E+02 1 14.89 14.9 0 0.0 
BLANK 1 0 0 5.6 3.14E+01 1.76E+02 1 14.89 14.9 0 0.0 
BLANK 1 0 0 5.6 3.14E+01 1.76E+02 1 14.89 14.9 0 0.0 
FA1 10 4.2 11.0 8.4 6.97E+01 5.82E+02 1 24.90 18.5 34.59037 -5.8 
FA2 10 4.2 11.0 5.7 3.19E+01 1.80E+02 1 15.63 18.5 15.51953 3.5 
FA2 10 4.2 11.0 5.5 2.97E+01 1.62 E+02 1 14.98 18.5 19.07084 4.1 
FA3 20 8.8 12.6 5.8 3.36E+01 1.95E+02 1 16.13 17.4 7.056077 7.6 
FA4 20 8.8 12.6 6.3 3.97 E+01 2.50E+02 1 17.80 17.4 2.55783 5.9 
FA4 20 8.8 12.6 6.4 4.10E+01 2.62 E+02 1 18.13 17.4 4.498247 5.6 
FAS 40 18.1 17.1 8.4 7.06E+01 5.93E+02 1 25.08 24.8 1.201183 7.9 
FA6 40 18.4 17.1 8.3 6.81 E+01 5.62 E+02 1 24.55 24.8 0.960312 8.7 
FA6 40 18.1 17.1 8.3 6.89E+01 5.72E+02 1 24.73 24,8 0.240872 8.3 
FA7 80 38.5 39.7 7.0 4.90E+01 3.43E+02 1 20.17 23.7 15.04114 33.2 
FAB 80 38.5 39.7 8.5 7.14E+01 6.03E+02 1 25.26 23.7 6.385872 28.1 
FAS 80 38.5 39.7 8.6 7.40E+01 6.36E+02 1 25.80 23.7 8.655266 27.6 
FA9 200 108 108 13.4 1.80E+02 2.41 E+03 1 44.32 42.3 4.824058 78 6 
FA10 200 108 108 12.7 1.61 E+02 2.05E+03 1 41.46 42.3 1.934526 81.4 
FA10 200 108 108 12.6 1.59E+02 2.00E+03 1 41.06 42.3 2.889531 81.8 
F16400 216 216 33.1 1.10E+03 3 63E+04 1 110.4 113.3 2.547199 120.5 
F17 400 216 216 35.4 1.25E+03 4.44E + 04 1 119.8 113,3 5.723142 111.1 
F18 400 216 216 32.9 1.03E+03 3.56E+04 1 109.6 113,3 3.233346 121.3 

7.607186 Avg 

103F Fulvic Acid Extracts w/ Hayhook Filtered 4/16/93 
BLANK 1 0 0 6.9 4.69E+01 3.21 E»02 
BLANK 1 0 0 6.6 4.36E+01 2.87 E+02 
BLANK 1 0 0 6.1 3.72E+01 2.27E+02 
FA1 10 5 7.9 6.8 4.62E+01 3.14E + 02 
FA2 10 5 7.9 7.0 4.83E+01 3.36E+02 
FA2 10 5 7.9 5.7 3.19E+01 1.80E+D2 
FA3 20 9.4 14.8 7.2 5.11 E+01 3.66E+0Z 
FA4 20 9.4 14.8 8.5 7.23E+01 6.14E+02 
FA4 20 9.4 14.8 7.2 5.11 E+01 3.66E+02 
FA5 40 18.9 21.8 8.2 6.72E+01 5.51 E+02 
FA6 40 18.9 21.8 6.1 3.66E+01 2.21 E+02 
FA6 40 18.9 21.8 11.0 1.21 E+02 1.33E+03 
FA7 80 39.6 41.1 7.5 5.63E+01 4.22E+02 
FAB 80 39.6 41.1 6.4 4.10E+01 2.62E+02 
FA8 80 39.6 41.1 9.1 8.28E+01 7.54E+02 

FA9 200 103.6 103.6 10.9 1.18E+02 1,26Ei03 

FA10 200 103.6 103.6 10.0 1.00E+02 1.00E+03 

FA10 200 103.6 103.6 10.8 1.17E+02 1,26E«03 

% Error S (mg/Kg) 
14.89 14.9 0 0.0 
14.89 14.9 0 0.0 
14.89 14.9 0 0.0 
17.49 16.5 6.127284 -1.0 
17.95 16.5 8.922644 -1.5 
14.00 16.5 15.04993 7.5 
18.57 20.0 7.039418 2.9 
22.78 20.0 14.07884 •1.3 
18.57 20.0 7.039418 7.3 
21.84 22.6 3.524235 4.0 
15.20 22.6 32.82737 10.7 
30.86 22.6 36.35161 4.5 
19.65 20.2 2.736503 15.7 
16.27 20.2 19.48087 19.1 
24.69 20.2 22.21738 31.4 
30.37 29.4 3.339157 25.7 
27.59 29.4 6.11819 28.5 
30.20 29.4 2.779033 89.9 

12.50879 Avg 
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BATCH STUDIES - Blanks of 10 g Soil with 0.01 M KN03 
Blanks 10 g in 0.01 M KN03- Centrifuged 
BLANK1 0 1.0000 18.7 3.50E+02 6.54E+03 
BLNK2 0 1.0000 16.2 2.62E+02 4.25E+03 
BLANK 1 0 1.0000 17.6 3.10E+02 5.45E+03 
BLANK 1 0 1.0000 21.6 4.67E+02 1.01 E+04 
BLANK 1 0 1.0000 4.7 2.23E+01 1.05E+02 
BLANK 1 0 1.0000 4.1 1.66E+01 6.89E+01 
BLANK 1 0 1.0000 2.9 8.12E+00 2.31 E+01 
BLANK 1 0 1.0000 3.6 1.26E+01 4.47E+01 
BLANK1 0 1.0000 3.3 1.09E+01 3.59E+01 
BLNK2 0 1.0000 4.0 1.56E+01 6.16E+01 
BLNK2 0 1.0000 5.5 3.03E+01 1.66E+02 
BLNK2 0 1.0000 6.1 3.72E+01 2.27E+02 

Blanks 10 g in 0.01 M KN03- Filtered 
BLANK1 0 1.0000 4.5 2.03E+01 9.11 E+01 
BLNK2 0 1.0000 5.5 3.03E+01 1.66 E+02 
BLANK 1 0 1.0000 5.6 3.08E+01 1.71E+02 
BLANK 1 0 1.0000 5.6 3.14E+01 1.76E+02 
BLANK 1 0 1.0000 6.9 4.69E+01 3.21 E+02 
BLANK 1 0 1.0000 6.6 4.36E+01 2.87E+02 
BLANK 1 0 1.0000 6.6 4.36E+01 2.87E+02 
BLANK 1 0 1.0000 7.5 5.63E+01 4.22E+02 

BATCH STUDY. WITH PREWASHING OF 10:1 SOLUTION TO SOIL 
103F Fulvic Acid Extracts w/ Hayhook Centrtfuged 6/10693 
WASH 1 0 25 ml 5.6 8.12E+00 2.31 E+01 
WASH 1 0 25 ml 4.6 1.26E+01 4.47E+01 
WASH 2 0 25 ml 2.3 1.16E+01 3.93E+01 
WASH 2 0 25 ml 1.8 1.98E+01 8.81 E+01 
WASH 3 0 25 ml 1.4 1.6SE+01 6.89E+01 
WASH 3 0 15 ml 2.6 2.81 E+01 1.49E+02 
WASH 4 0 15 ml 4.0 2.65E+01 1.37E+02 
BLANK 1 0 10 ml 4.5 2.21 E+01 1.04E+02 
BLANK 1 0 10 ml 1.6 2.01 E+01 1.49E+02 
FA1 10 3.65 10 ml 2.6 2.70E+01 1.41 E+02 
FA2 10 3.85 10 ml 2.8 5.40E+01 3.97E+02 
FAS 20 7.23 10 ml 4.2 5.33E+01 3.89E+02 
FA4 20 7.23 10 ml 1.5 2.81 E+01 1.49E+02 
FA7 80 29 10 ml 4.8 2.61 E+01 1.49E+02 
FAB 80 28.71 10 ml 4.1 2.70E+01 1.41 E+02 
FA5 60 45.66 20 ml 6.7 2.65E+01 1.37E+02 
FA6 60 45.66 20 ml 6.9 2.21 E+01 1.04 E+02 

TOC Avg TOC % Error pH 
1.00 13.37 12.3431 8.346646 6.85 
1.00 11.31 12.3431 8.346646 6.76 
1.00 12.46 14.1356 11.83859 6.85 
1.00 15.81 14.1356 11.83859 6.76 
1.00 11.6 12.6291 8.154193 
1.00 13.7 12.6291 8.154193 
1.00 6.1 7.14011 14.2256 6.85 
1.00 8.2 7.14011 14.2256 6.76 
1.00 7.76 8.76506 11.43651 6.85 
1.00 9.77 8.76506 11.43651 6.73 
1.00 10.15 10.8432 6.372002 6.41 
1.00 11.53 10.6432 6.372002 6.7 

Avg 10.976 10.06226 Avg 

TOC Avg TOC % Error PH 
1.00 11.50 13.1148 12.3159 7,07 
1.00 14.73 15.0166 1.90834 7.14 
1,00 15.30 15.3054 0.534305 6.9 
1.00 15.47 16.5549 6.568203 7.1 
1.00 17.64 17.2595 2.21807 7.05 
1.00 16.88 14.7914 14.09801 6.9 
1.00 12.71 13.7839 7.81926 6.7 
1.00 14.86 7.43084 100 6.43 

Avg 14.8859 14.71785 Avg 

TOC Avg TOC % Error S (mg/Kg) 
1 9.20 8.37199 9.893229 1.8 
1 7.54 8.37199 9.893229 3.4 
1 3.29 2.97622 10.52668 7.7 
1 2.66 2.97822 10.52868 8.3 
1 1.79 3.01701 40.73108 9.2 
1 4,25 3.01701 40,73108 6.7 
1 6.68 6.68482 0 4.3 
1 7.57 4.98803 51.85869 •2.6 
1 2.40 4.98803 51.65669 2.6 
1 4.18 4.73545 11.79062 4.7 
1 5.29 4.73545 11.79062 3.5 
1 7.71 4.98621 54.54794 4.5 
1 2.27 4.98621 54.54794 10.0 
1 8.16 7.56322 7.890194 25.5 
1 6.97 7.56322 7.890194 26.7 
2 11.54 11.7337 1.61947 39.1 
2 11.92 11.7337 1.61947 38.7 

24,67874 Avg 
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BATCH EXPERIMENTS WITH VARYING AMOUNTS OF SOIL MASS 
101F Fulvic Acid Extracts w/ Hayhook Centrifuged 
Soil Mass PKHt 

2,5 6.25E+00 1.56E+01 5.4 2.95E+01 1.60E+02 10.3475 10.00 
2.5 6.25E+00 1.56E+01 5.0 2.50E+01 1.25E+02 10.3475 9.02 

5 2.50E+01 1.25E+02 5.4 2.89E+01 1.55E+02 10.3475 9.B7 
5 2.50E+01 1.25E+02 5.4 2.94E+01 1.60E+02 10.3475 9.98 

7.5 5.63E+01 4.22E+02 5.7 3.25E+01 1.85E+02 10.3475 10.61 
7.5 5.63E+01 4.22E+02 5.7 3.25E+01 1.B5E+02 10,3475 10.61 
10 1.00E+02 1.00E+O3 5.9 3.42E+01 2.00E+02 10,3475 10.96 
10 1.00E+02 1.00E+03 5.7 3.25E+01 1.B5E+02 10.3475 10.61 
10 1.00E+02 1.00E+03 5.6 3.08E+01 1.71 E+02 5.0448 10.27 
10 1.00E+02 1.00E+03 5.6 3.08E+01 1.71 E+02 5.0448 10.27 
15 2.25E+02 3.38E+03 5.8 3.31 E+01 1.90E+02 5.0448 10.72 
15 2.25E+02 3.38E+03 5.8 3.31 E+01 1.90E+02 5.0448 10.72 
15 2.25E+02 3.38E+03 6.2 3.88E+01 2.41 E+02 11.23 
15 2.25E+02 3.38E+03 5.6 3.14E+01 1.76 E+02 9.73 

mg/Kg TOJDiss TOCAvg TOC 
9.51067 
9.51087 
9.9246 
9.9246 

10.6099 
10.6099 
10.7625 
10.7B25 
10.2664 
10.2664 
10.7248 
10.7248 
10.5624 
10.5624 

% Error 
5.146938 
5.146938 
0.572605 
0.572605 

0 
0 

1.600686 
1.6006B6 

0 
0 
0 
0 

1.220038 Avg 

S (mg/Kg) 
23.04 
26.96 
13.85 
13.62 
12.27 
12.27 
10.20 
10.55 
5.59 
5.59 
3.27 
3.27 

6.25E+00 1.56E+01 
6.25E+00 1.56E+01 

102F Futvic Acid Extracts w/ Hayhook Centrifuged 
Soil Mass 

2.5 
2.5 

5 
5 

7.5 
7.5 
10 
10 
10 
10 
15 
15 

2.50E+01 
2.50E+01 
5.63E+01 
5.63E+01 

1.25E+02 
1.25E+02 
4.22E+02 
4.22E+02 

1.00E+02 1.00E+03 
1.00E+02 1.00E+03 
1.00E+02 1.00E+03 
1.00E+02 1.00E+03 
2.25E+02 3.38E+03 
2.25E+02 3.38E+03 

PKHt 
4.8 
4.6 
5.7 
4.5 
5.5 
5.5 
6.5 
7.2 
5.2 
4.9 
4.8 
5.0 

2.30E+01 
2.07E+01 
3.19E+01 
2.00E+Q1 
3.03E+01 
3.O3E+01 
4.23E+01 
5.18E+01 
2.65E+01 
2.40E+01 
2.28E+01 
2.50E+01 

103F Fulvic Acid Extracts w/ Hayhook Centrifuged 
Soil MassAntec Carton Pk Ht 

2.5 6.25E+00 1.56E+01 4 
6.25E+00 1.56E+01 
2.50E+01 1.25E+02 
2.50E+01 1.25E+02 
5.63E+01 4.22E+02 
5.63E+01 4.22E+02 

2.5 
5 
5 

7.5 
7.5 
10 
10 
10 
10 
15 
15 

1.00E+02 1 .OOE+03 
1.00E+02 1.00E+03 
1.00E+02 1.00E+O3 
1.00E+02 1.00E+03 
2.25E+02 3.3SE+03 
2.25E+02 3.38E+03 

1 1.66E+01 
5 3.03E+01 
1 3.69E+01 
4 5.48E+01 

5.B9E+01 
2.66E+01 
5.55E+01 
4.90E+01 
5.58E+01 
4.26E+01 
7.27E+01 

8 9.51 E+01 

1.11E+02 
9.42E+01 
1.80E+02 
8.91 E+01 
1.66E+02 
1.66E+02 
2.75E+02 
3.73E+02 
1.37E+02 
1.18E+02 
1.09E+02 
1.25E+02 

6.77E+01 
1.66E+02 
2.24E+02 
4.05E+02 
4.52E+02 
1.53E+02 
4.13E+02 
3.43E+02 
4.16E+02 
2.78E+02 
6.20E+02 
9.27E+02 

mg/Kg TOOiss TOCAvg TOC 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
5.3300 
5.3300 
5.3300 
5.3300 

8.57 
8.02 

10.50 
7.84 

10.15 
10.15 
12.47 
14.14 

9.36 
8.80 
8.52 
9.02 

8.29701 
8.29701 
9.16558 
9.16558 
10.1523 
10.1523 
13.3034 
13.3034 
9.07604 
9.07804 
8.76998 
8.76998 

% Error 
3.341845 
3,341845 
14.50676 
14.50676 

0 
0 

6.263048 
6.263048 
3.091003 
3.091003 
2.866229 
2.866229 
5.011481 

S (mg/Kg) 
28.43 
30.64 
12.43 
17.75 
12.77 
12.77 
8.61 
6.94 
6.78 
7.34 
4.93 
4.60 

Avg 

9.7903 
9.7903 
9.7903 
9.7903 
9 7903 
9.7903 
9.7903 
9.7903 
4.3598 
4.3598 
1.3598 
4.3598 

TOC 
6.69 
9.56 

10.75 
13.54 
14.14 
9.25 

13.65 
12.69 
13.69 
11.69 
15.99 
18.74 

Avg TOC 
8.12309 
8.12308 
12.1448 
12.1448 
11.6941 
11.6941 
13.1706 
13.1706 
12.6866 
12.6866 
17.3642 
17.3642 

% Error 
17.67316 
17.67316 
11.52209 
11.522D9 
20.88499 
20.88499 
3.651285 
3.651285 
7.888166 
7.888166 
7.900258 
7.900258 
11.58666 Avg 

S (mg/Kg) 
34.07 
22.58 
10.98 
5.38 
6.82 

13.33 
6.95 
7.91 
1.48 
3.48 

-0.70 
-2.52 



BATCH EXPERIMENTS WITH VARYING AMOUNTS OF SOIL MASS 
101F Futvic Acid Extracts w/ Hayhook Filtered 
Sol) Mass^ntec Carbon Pk Ht 

2.5 6.25E+00 1.56E+01 7.0 4.83E+01 
2.5 6.25E+00 1.56E+01 7.4 5.45E+01 

5 2.50E+01 1.25E+02 6.7 4.42E+01 
5 2.50E+01 1.25E+02 6.6 4.36E+01 

7,5 5.63E+01 4.22E+02 8.3 6.81 E+01 
7.5 5.63E+01 4.22E+02 8.1 6.60E+01 
10 1.00E+02 1 .DOE+03 8.4 7.06E+01 
10 1.00E+02 1.00E+03 7.5 5.63E+01 
10 1.00E+02 1.00E+03 8.2 6.64E+01 
10 1.00E+02 1.00E+03 8.6 7.31 E+01 
15 2.25E+02 3.38E+03 8.6 7.31 E+01 
15 2.25E+02 3.38E+03 7.5 5.58E+01 

102F Futvic Acid Extracts w/ Hayhook Filtered 
Soil MassAntec Carbon Pk Ht 

2.5 6.25E+00 1.56E+01 6.5 4.23E+01 
2.5 6.25E+00 1.S6E+01 6.9 4.69E+01 

5 2.50E+01 1.25E+02 6.7 4.46E+01 
5 2.50E+01 1.25E+02 6.9 4.76E+01 

7.5 5.63E+01 4.22E+02 8.0 6.40E+01 
7.5 5.63E+01 4.22E+02 8.6 7.31 E+01 
10 1.00E+02 1.00E+03 7.2 5.16E+01 
10 1.00E+02 1.00E+03 9.9 9.80E+01 
10 1 .00E+O2 1.00E+03 7.7 5.85E+01 
10 1.OOE+O2 1.00E+03 7.4 5.44E+01 
15 2.25E+02 3.38E+03 9.6 9.12E+01 
15 2.25E+02 3.38E+03 8.2 6.70E+01 

103F Fulvic Acid Extracts w/ Hayhook Filtered 
Soil MassAntec Carbon 

2.5 6.25E+00 1.56E+01 
6.25E+00 1.56E+01 
2.50E+01 1.25E+02 
2.50E+01 1.25E+02 
5.63E+01 4.22E-t02 
5.63E+01 4.22 E+02 
1. OOE+O2 1.00E+03 

2.5 
5 
5 

7.5 
7.5 
10 
10 
10 
10 
15 
15 

1.00E+02 1.00E403 
1. Q0E+O2 1.00E+03 
1. OOE+O2 
2.25E+02 
2.25E+02 

1.00E+Q3 
3.36E-<03 
3.36E-<03 

Pk Ht 
6 
3 
3 
3, 
7, 
B 
6. 
9. 
9. 

10, 
9. 

15, 

1 3.66E+01 
0 9.00E+00 
5 1.24E+01 
3 1.11 E+01 
8 6.08E+01 
6 7.40E+01 
8 4.56E+01 
4 8.SBE+01 
1 8.33E+01 
7 1.14E+02 

9.03E+01 
2.39E+02 

3.36E+02 
4.02 E+02 
2.94E+02 
2.87E+02 
5.62 E+02 
5.36E+02 
5.93E+02 
4.22E+02 
5.41 E+02 
6.25E+02 
6.25E+02 
4.16E+02 

2.75 E+02 
3.21 E+02 
2.97E+02 
3.29E+02 
5.12E+02 
6.25E+02 
3.73E+02 
9.70E+02 
4.48E+02 
4.01 E+02 
8.71 E+02 
5.48E+02 

2.21 E+02 
2.70E+01 
4.38E+01 
3.68E+01 
4.75E+02 
6.36E+02 
3.08E+02 
8.37E+02 
7.60E+02 
1.23E+03 
8.57E+02 
3.70E+03 

10.3475 
10.3475 
10.3475 
10.3475 
10.3475 
10.3475 
10.3475 
10.3475 
5.0448 
5.0448 
5.0448 
5.0448 

TOC 
13.54 
14.58 
12.82 
12.71 
16.70 
16.39 
17.08 
14.86 
16.45 
17.45 
17.45 
14.78 

10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10.2666 
10,2666 
5.3300 
5,3300 
5.3300 
5.3300 

TOC 
12.47 
13.30 
12.88 
13.42 
16.08 
17.45 
14.14 
20.89 
15.23 
14,56 
19.99 
16.54 

AvgTOC 
14.0581 
14.0581 
12.7652 
12.7652 
16.5478 
16.5478 
15.9686 
15.9686 
16.9525 
16.9525 
16.1155 
16.1155 

Avg TOC 
12.8846 
12.8846 
13.1508 
13.1508 
16.7673 
16.7673 
17.5142 
17,5142 
14.8927 
14,8927 
18.2624 
18.2624 

% Error 
3.704497 
3.704497 
0.463006 
0.463006 
0.935473 
0.935473 
6.931981 
6.931981 
2.935606 
2.935606 
8.281903 
8.281903 
3.875411 Avg 

169 

S (mg/Kg) 
9.90 
5.73 

10.93 
11.17 
5.15 
5.56 
5.77 
7.98 
1.08 
0.09 
3.09 
4.87 

% Error 
3.215975 
3.215975 
2.032611 
2.032611 
4.072322 
4.072322 
19.28466 
19.28486 
2.242251 
2.242251 
9.445908 
9.445908 
6.715654 Avg 

S (mg/Kg) 
13.85 
10.53 
10,65 

9.58 
5.87 
4.05 
8.62 
1.87 
2.60 
3.26 
1.59 
3.69 

9.7903 
9.7903 
9.7903 
9.7903 
9.7903 
9.7903 
9.7903 
9.7903 
4.3598 
4.3590 
4.3598 
4.3598 

10.69 
4.59 
5.61 
5.22 

14.41 
16.16 
12,16 
18.00 
17.33 
20.92 
18.17 
32.69 

Avg TOC 
7.63949 
7.63949 
5.41027 
5.41027 
15.2825 
15.2825 

15.08 
15.08 

19.1236 
19.1236 
25.4301 
25.4301 

% Error 
39.97718 
39.97718 
3.604401 
3.604401 
5.728986 
5.728988 
19 36373 
19.36373 
9.400264 
9.400264 
28.55155 
28.55155 
17.77102 Avg 

S (mg'Kg) 
19.05 
43.48 
24.25 
25.03 

7.47 
5.13 

10 12 
4.28 

-0 47 
-4.07 
2.16 

-7.52 
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BATCH EXPERIMENTS WITH VARYIING FA CONCENTRATIONS WITH CADMIUM 
Centrifugod 
101F Fulvic Acid and 10-5 M Cd Contaminated Hayhook 8/26/93 TOC Avg TOC % Error S (mg/Kg) 
BLANK1 0 0 1.7 2.89E+00 4.91 E+00 0 3.1 2.9 4.900052 0.0 
BLNK2 0 0 1.6 2.56E+00 4.10E+00 1 2.8 2.9 4.900052 0,0 
FA1 10 6.05 4.65385 2.5 6.00E+00 1.47E+01 2 5.3 4.2 26.2718 2.3 
FA2 10 6.0S 4.65385 1.7 2.89E+00 4.91 E+00 3 3.1 4.2 26,2718 4.5 
FA3 20 11.35 8.73077 2.7 7.29E+00 1.97E+01 4 6.0 5.6 7.308539 5,7 
FA4 20 11.35 8.73077 2.4 5.88E+00 1.43E+01 5 5.2 5.6 7.308539 6.5 
FA5 40 13.15 10.1154 2.3 5.41 E+00 1.26E+01 6 4.9 5.2 6.374275 8.2 
FA6 40 13.15 10.1154 2.6 6.50E+00 1.66E+01 7 5.5 5.2 6,374275 7.5 
FA7 80 16.2 12.4615 3.2 1.02E+01 3.28E+01 8 7 5 8.3 9.274601 7.9 
FAB 80 16.2 12.4615 3.7 1.37E+01 5.07E+01 9 9.0 8.3 9.274601 6,4 
FA9 100 19.4 14.9231 4.5 2.04E+01 9.21 E+01 10 11.6 11.6 0.228978 6.3 
FA10 100 19.4 14.9231 4.5 2.03E+01 9.11 E+01 11 11.5 11.6 0.228978 6.3 

9.059708 AVG 

102F Fulvic Acid and 10-5 MCd Contaminated Hayhook 6/9/93 TOC Avg TOC % Error S (mg/Kg) 
BIANK1 0 0 1.4 1.96E+00 2.74E+00 0 2.0 2.0 0 0.0 
BLNK2 0 0 1.4 1.96E+00 2.74E+00 3 2.0 2.0 0 0.0 
FA1 10 4.7 3.61538 1.9 3.61 E+00 6.86E+00 6 3.4 3.3 4.293517 3.1 
FA210 4.7 3.61538 1.8 3.24E+00 5.83E+00 9 3.1 3.3 4.293517 3.4 
FA3 20 9.2 7.07692 2.0 4.00E+00 8.00E+00 12 3.7 3.9 5.421071 6.3 
FA4 20 9.2 7.07692 2.2 4.62E+00 9.94E+00 15 4.1 3.9 5.421071 5.9 
FA5 40 18.1 13.9231 1.7 2.89E+00 4.91 E+00 18 2.9 3.2 10.96222 14.0 
FAS 40 18.1 13.9231 2.0 3.80E+00 7.41 E+00 21 3.6 3.2 10.96222 13.3 
FA7 80 38.5 29.6154 3.1 9.30E+00 2.84E+01 24 6.7 10.4 35,76439 25.8 
FA8 80 38.5 29.6154 5.6 3.08E+01 1.71E+02 27 14.2 10.4 35.76439 18.4 
FA9100 48.5 37.3077 3,3 1.09E+01 3.59E+01 30 7.4 10.6 30.20883 32.8 
FA10 100 48.5 37.3077 5.5 2.97E+01 1.62E+02 33 13 9 10.6 30.20883 26.4 

14.44167 AVG 

103F Fulvic Acid and 1 10-5 M Cd Contaminated Hayhook 6/9/93 TOC Avg TOC ' % Error S (mg/Kg) 
BLANK 1 0 0 1.4 1.96E+00 2.74E+00 0 2.0 2.0 0 0.0 
BLANK 1 0 0 1.4 1.96E+00 2.74E+00 3 2.0 2.0 0 0.0 
FA1 10 5 3.84615 1.7 2.89E+00 4.91 E+00 6 2 9 3.6 19.80057 3.9 
FA2 10 5 3.84615 2.2 4.84E+00 1.06E+01 9 4 3 3.6 19.80057 2.5 
FA3 20 9.4 7.23077 1.9 3.42E+00 6.33E+00 12 3.3 3.1 4.481336 6.9 
FA4 20 9.4 7.23077 1.8 3.06E+00 5.36E+00 15 30 3.1 4.481336 7.2 
FAS 40 18.9 14.5385 1.7 2.89E+00 4.91E+00 18 2 9 4.9 41.98075 14.6 
FAG 40 18.9 14.5385 3.2 9.92E+00 3.13E+01 21 70 4.9 41.96075 10.5 
FA7 80 39.6 30.4615 2.4 5.52E+00 1.30E+01 24 4 7 3.9 19.86709 28.7 
FA8 80 39.6 30.4615 1.8 3.24E+00 5.83E+00 27 3.1 3.9 19,86709 30.2 
FA9 100 49.4 38 3.9 1.52E+01 5.93E+01 30 92 9.0 2.465621 31.7 
FA10100 49.4 38 3.8 1.41 E+01 5.27E+01 33 87 9.0 2.465621 32.2 

14.7659 AVG 



171 

BATCH EXPERIMENTS WITH VARYIING FA CONCENTRATIONS WITH CADMIUM 
Filtered 
10IF Fulvic Acid and 10-5 M Cd Contaminated Hayhook #26/93 TOC Avg TOC % Error S (mg/Kg) 
BLANK1 0 0 3.3 1.06E+01 3.43E+01 0 7.7 7.9 2.905643 0.0 
BLNK2 0 0 3.4 1.16E+01 3.93E+01 2 8.1 7.9 2.905643 0.0 
FA1 10 6.05 4.65385 4.7 2.16E+01 1.01E+02 3 12.0 10.0 20.33787 -4.4 
FA2 10 6.05 4.65385 3.4 1.12E+01 3.76E+01 5 8.0 10.0 20.33787 -0.4 
FA3 40 11.35 8.73077 4.6 2.12E+01 9.73E+01 6 11.9 11.4 4.180274 •0.2 
FA4 40 11.35 0.73077 4.3 1.85E+01 7.95E+01 8 10.9 11.4 4.180274 0.7 
FAS 20 13.15 10.1154 4.9 2.35E+01 1.14E+02 9 12.7 13.3 4.860402 0.4 
FA6 20 13.15 10.1154 5.3 2.76E+01 1.45E+02 11 14.0 13.3 4.860402 -0.9 
FA7 80 16.2 12.4615 6.0 3.54E+01 2.11E+02 12 16.3 12.2 33.43272 -0.9 
FAS 80 16.2 12.4615 3.4 1.16E+01 3.93E+01 14 8.1 12.2 33.43272 7.3 
FA9 100 19.4 14.9231 4.7 2.21 E+01 1.04E+02 15 12.2 13.7 11.23789 5.7 
FA10 100 19.4 14.9231 57 3.19E+01 1.80E+02 17 15.3 13.7 11.23789 2.6 

12.8258 AVG 

102F Fulvic Acid and 10-5 M Cd Contaminated Hayhook 5/2EV93 TOC Avg TOC % Error S (mg/Kg) 
BLANK1 0 0 3.4 1.16E+01 3.93E+01 0 7.7 7.7 0 0 0 
BLNK2 0 0 3.4 1.16E+01 3.93E+01 2 7.7 7.7 0 0.0 
FA1 10 4.7 3.61538 3.6 1.28E+01 4.59E+01 4 8.2 8.3 1.229269 -1.7 
FA2 10 4.7 3.61538 3.7 1.33E+01 4.86E+01 6 8.4 8.3 1.229269 -1.9 
FA3 20 9.2 7.07692 4 5 1.98E+01 8.81 E+01 8 10.8 9.6 12.30536 -0.8 
FA4 20 9.2 7.07692 3.7 1.33E+01 4.86E+01 10 8.4 9.6 12.30536 1 6 
FAS 40 18.1 13.9231 4.2 1.76E+01 7.41 E+01 12 10.1 10.1 0 6 8 
FAS 40 18.1 13.9231 4.2 1.76E+01 7.41 E+01 14 10.1 10.1 0 6 8 
FA7 80 38.5 29.6154 5.2 2.65E+01 1.37E+02 16 12.9 16.6 22.1376 19.6 
FA8 80 38.5 29.6154 7.5 5.60E+01 4.19E+02 18 20.3 16.6 22.1376 12.2 
FA9100 48.5 37.3077 6.6 4.36E+01 2.87E+02 20 17.5 19.4 10.2547 22.8 
FA10100 48,5 37.3077 7.8 6.13E+01 4.80E+02 22 21.4 19.4 10.2547 1 8 8  

7.654487 AVG 

103F Fulvic Acid and 10-5 M Cd Contaminated Hayhook 5/28/93 % Error S (mg'Kg) 
BLANK 1 0.0000 0 3.4 1.16E+01 3.93E+01 0 7.7 7.71764 0 00 
BLANK 1 0.0000 0 3.4 1.16E+01 3.93E+01 2 7.7 7.71764 0 00 
FA1 10 5.0000 3.84615 4 3 1.87E+01 8.12E+01 4 10.5 9.455015 10.64148 -3.7 
FA2 10 5.0000 3.84615 3.7 1.33E+01 4.86E+01 6 8.4 9.455015 10.64148 - 1 7  
FA3 20 9.4000 7.23077 4.6 2.12E+01 9.73E+01 8 11.3 9.493845 18.70901 -1 1 
FA4 20 9.4 7.23077 3,4 1.16E+01 3.93E+01 10 7.7 9.493845 18.70901 24 
FAS 40 18.9 14.5385 4.5 2.03E+01 9.11 E+01 12 11.0 10.89488 0.687622 6.5 
FAS 40 18.9 14.535 4,5 1.98E+01 8.81 E+01 14 10.8 10.89488 0.687622 6 6 
FA7 80 39.6 30.4615 5.5 3.03E+01 1.66E+02 16 14.0 13.62548 2.817336 19 4 
FAB 80 39.6 30.4615 5.3 2.76E+01 1.45E+02 18 13.2 13.62548 2.B17336 20 1 
FA9 100 49.4000 38 64 4.10E+01 2.62E+02 20 16.8 18.58821 9.517037 24 1 
FA10 100 49.4000 38 7.5 5.63E+01 4.22E+02 22 20.4 18.58821 9.517037 20 6 

7.062081 AVG 



BATCH EXPERIMENTS WITH VARYING FA CONCENTRATIONS AND CADMIUM 
Filtered Treatments 
5 X 10-4 M Cadmium and Humic AckJ Extracts (103H) 4W93 Cs Cs Avg % Error S (mo/Kg) 
BLANK1 0.0000 0 3 8 1.44E+01 5.49E+01 1 10.2 12 1 1596515 0.0 
BLNK2 0.0000 0 5.0 250E+01 1.25E+02 1 14 1 12 1 1623991 0.0 
HA1 10 11.2000 B.61538 4.4 1.94E+01 B.52E+01 1 121 164 2611731 8.6 
HA2 10 11.2000 8.61536 6.9 4.76E+01 3.29E+02 1 20.7 164 26 2087 -0.0 
KA3 40 19.1000 14.6923 7.7 5.93E+01 4.57E+02 1 236 18 4 28 48157 3.2 
HA4 40 19.1000 14.6923 4.7 2.21E+01 1.04E+02 1 131 10 4 28 66033 13.7 
HA5 100 62.9000 46.3046 7.1 S04E+01 3.58E+02 1 21.4  10 B 14 07333 390 
HAS 100 62.9000 43.3046 5.6 3.14E+01 1.76E+02 1 162 18 B 14 08323 44.3 

21.22869 avg 

10-3 M cadmium treatment - filtered 102F Treatment Cs Avg % Error S (mgrt<g) 
BLANK 1 0.0000 0 3.2 1.02E+01 3.28E+01 1 87 9.379666 7291116 0.0 
BLNK2 00000 0 3.6 1.3OE+01 4 67E+0I  1 101 9379665 7.291116 0.0 
102F 10 56000 4.30769 3 4 1.16E+01 3.93E+01 1 94 10 83755 13 45713 7.0 
102F 10 56000 4.30769 4.3 1.B1E+01 7.68E+01 1 123 10 83755 13 45713 4.1 
102F 20 9 7000 7.46154 5.3 2.B1E+01 1.49E+02 1 159 15,58421 2 232128 3 6 
102F 20 9 7000 7.46154 5.1 2.60E+01 1.33E+02 1 152 1558421 2 232128 4.3 
102F 40 190000 14.6154 6.5 4.23E+01 2.75E+02 1 201 1B64749 8.012162 6 6 
102F 40 19 0000 14.6154 5.7 ai9E+01 1.80E+02 1 172 1B64749 8 012162 96 
102F 100 47.6000 36.6154 8.3 6.81E+01 S.62E+02 1 264 19 09319 38 30446 22.3 
102F 100 47 6000 36.6154 4.1 1.68E+01 6.89E+01 1 1VB 19 09319 38 30446 36.9 

13 8594 OVG 

5 X 10-4 M Cadmium and Futvic Actd Extracts (102R 4/9/93 Cs Avg % Enor S (mo/Kg) 
BLANK 1 0 0000 0 3.0 1.44E+01 549E+01 1 102 12 1 15 96515 0,0 
BLANK1 0 0000 0 5.0 asoE+oi 1.25E+02 1 14 1 12 1 16 23991 0,0 
FAi 10 5 6000 4,30769 5.8 a36E+01 1.95E+02 1 168 15 1 11 529 -0.4 
FA2 10 5 6000 4.30769 4.8 2.30E+01 1.11E+02 1 134 15 1 11 22634 30 
FA3 20 97000 7.46154 5.2 2.706+01 1.41E+02 1 148 131 12 870B1 4 8 
FA4 20 97000 7.46154 4.2 1.76E+01 7.41E+01 1 11.5 13 1 12 66353 0 1 
FAB 40 190000 14.6154 53 2.81E+01 1.49E+02 1 15 1 14 6 3.598737 116 
FA6 40 19 0000 14.6154 5.0 2.50E+01 1.25E+02 1 14 1 146 3 469)1 12 6 
FA7 100 47 6000 36.6154 6.4 4.10E+01 2.62E+02 1 189 20 9 9 375985 290 
FAS 100 47 6000 366154 7.5 5.63E+01 422E+02 1 22 9 20 9 9 472565 258 

10 64111 AVG 

5 X 10-4 M Cadmiums Fidvtc Acid Extracts (103F) 4/9'93 Cs Cs Avg rn
 

a
 

S (mafKg) 
BLANK 1 0.0000 0 3,8 1.44E+01 S49E+01 1 102 12 1 15 96515 00 
BLANK 1 0 0000 0 50 2 50E+01 1.25E+02 1 14 1 12 1 1662121 00 
FAI 10 44 3.39174 4.0 1.60E+01 6.40E+01 1 108 12 E 13 23459 4 7 
PA2 10 4 4 3 38462 4.2 1.76E+01 7.41E+01 1 11 5 12 5 B 3D2978 40 
FA3 40 16 9 14.535 B.6 7 40E+01 6 36E+02 1 27.0 192 40 41911 -04 
FA4 40 18 9 14 5385 59 3 40E+O1 2 05E+02 1 17 2 192 10 48369 95 
FA5 100 49 4 37.9032 56 314E+01 1.76E+02 1 162 167 3109779 33 9 
FA6 100 49 4000 3a 6.5 4 23c+01 2 75E+02 1 19.3 167 IE 53688 30 B 

15 4588 AVG 

5X 10-4 M Cadrrsum and Humic Acid Extracts (103H 4/16^)3 - Filler© Cs CsAvg % Enor S (mgKg) 
dr 0 0000 0 14 6 2.13E+02 311E+03 1 80 B958036 11 14939 00 
BLNK2 0 0000 0 17.4 301E+02 5.22E+03 1 10.0 8.958038 11 14939 0 0 
HA1 10 11 2000 8.61538 298 8B8E+02 265E+04 1 19.4 19.38766 0 306519 0.0 
HA2 10 11 2000 8.61538 29.7 8.79E+02 2.61E+04 1 19.3 19 38786 0 306519 0 0 
HA3 20 126 9.69231 27.0 7.73E+02 2.15E+04 1 17.9 22.20495 19 51426 08 
HA4 20 126 960231 3S.5 1.4BE+03 5.71E+04 1 26 5 22.20495 1951426 0.0 
HA5 40 19 1000 14.6923 32.8 1.08E+03 3.53E+04 1 21.8  20.84629 4 806622 1.8  

HA6 40 19 1000 14.6923 30.3 9.1BE+02 2.78E+04 1 19.8 20 84629 4 806622 38 
HAT BO 49.5 38.0769 756 &72E+03 4.32Ei05 1 61.6 49 31525 24 B2325 0.0 
HAB BO 49 5 38.0769 50.6 2.56E+03 1.30E+05 1 37 1 49 31526 24 62325 100 
HA9 200 125 B 96.7692 38.5 1.48E+03 569E+04 1 265 24 12006 9 9207B6 79 2 
HAI0 20C 125 8 96.7692 32.7 1.07E+03 3.48E+04 1 21.7 24.12006 9 920706 840 

11 75347 AVG 

5X 10-4 M Cadmium and Sodum Humate Extracts 4/16/93 - Filtered % Error 5 (mg/Kg) 
BLANK1 0 0 17.4  aoiE+02 5 22E+Q3 1 100 90 10 63116 0.0 
BINK2 0 0 14.6 2.13E+02 3.11E+03 1 80 90 11 14939 10 

HA1 10 112 0.59386 45.5 2.07E+03 9 39E+04 1 325 40 4 19 5777 0.0 
HA2 10 11 2 8.61538 626 3 92E+03 245E+05 1 48 3 40 4 19 6163  00 
HA3 20 152 11.6923 41.7 1.74E+03 725E+04 1 29 2 34 7 1571684 0.0 
HA4 20 152 1V6923 540 2.92E+03 1.57E+05 1 40 2 347 1575122 0.0 
HAS 50 266 20 4615 32.9 1 08E+03 3 54E+04 1 21 9 23 7 7 642604 75 
HAG 50 266 20.4615 37.2 1.38E+03 5.15E+04 1 25 5 23 7 7 529657 4 0 
MA7 100 45 9 35 3077 585 342E+03 2 00E+05 1 44 4 430 1 369771 00 
HAfl 100 45 9 35.3077 57,3 328E+03 1 BBE+05 1 43 3 43 6 1 296411 1 0 

11 02813 AVG 


