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ABSTRACT 

To improve the understanding of the movement of copper plumes in natural ground 

water systems, the partitioning and transport of Cu(II) in the presence of natural humic sub

stances were investigated in the lab. The humic substances were isolated from high organic 

content ground water in Orange County, CA (5mgCL-1). Batch and titration experiments 

produced one-site Langmuir isotherms for the sorption of Cu(II) (0.1-5.0 mgL-1) to am-Si02 

(KL=1.46Lmg-1, Q=5.92|igg-1), a-Al203 (KL=100Lmg_1, Q=130(igg-1), and aqueous humics 

(pK1=-5.5, pL1=5.1). Results of the column experiments suggest that mobile humics facilitate 

the transport of Cu(II) by lowering the free Cu(II) concentration. Mineral-bound humics 

retarded the transport of Cu(II) by increasing the concentration of immobile binding sites 

and by binding considerably more Cu(II) per mass carbon than aqueous humics. The meas

ured Langmuir isotherms accurately predicted retention times and explained much of the 

tailing of the desorption breakthrough curves. 
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CHAPTER 1 

INTRODUCTION 

7.7 Purpose 

The hydrologic system plays a crucial role in the cycling and availability of nutrients in 

the environment. Many of these nutrients are trace metals which occur naturally at concen

trations well below 1 mgL-1. Living organisms need particular trace metals in small doses to 

build proteins, enzymes, and other subcellular compounds. 

The trace element studied in this work is copper. Organisms primarily use copper to 

build proteins (Nriagu, 1979). Typical concentrations of copper in streams and oceans are 7 

and 0.5 |igL_1, respectively (Drever, 1988). The concentrations in streams and ground water 

can be elevated to toxic levels by human activity. Mining, smelting, the application of cupric 

pesticides to land and ponds, and industrial waste discharges can cause environmental levels 

of copper which far exceed the levels tolerated by living organisms. 

Bioassays have shown that many aquatic species, ranging from unicellular organisms 

to fish, cannot tolerate copper concentrations higher than 0.1 mgL-1 (Roales, et. al. 1974, 

Windom, H. L. et. al., 1979). The U. S. Environmental Protection Agency set the maximum 

allowable concentration level of copper in aquatic environments at "0.1 times a 96-hour LC50 

as determined through nonaerated bioassay using a sensitive aquatic resident species," 

(EPA, 1976). LC50 is the aquatic concentration at which 50 percent of the species population 

dies during the specified time period. 

Copper predominantly is found associated with crystalline phases, precipitated as salts, 

absorbed by biota, and bound to particle surfaces (Nriagu, 1979). The dissolution of Cu(II) 

into the water is controlled by the solubilities of the non-aqueous Cu(II) compounds. The 

total amount of aqueous Cu(II) is a function of the concentrations and types of aqueous com-

plexing ligands in the water. If the element binds to these ligands and the complexes remain 

dissolved, the maximum aqueous Cu(II) concentration increases. 

Natural organic matter (NOM) provides a plethora of aqueous complexing ligands for 

the complexation of elements. NOM originates from the natural decomposition of plant and 

microbial tissues. These molecules are abundant in natural waters and can significantly 

increase the solubility of trace elements. 

Elevated levels of toxic trace elements often are found in the ground waters beneath 

retention ponds, mine tailings, and landfills. When aqueous NOM is present, the elements 
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can bind to it, increasing the elements' concentration. A higher aqueous concentration 

means that a greater mass of the element is mobilized and that the ecosystems down gra

dient may be exposed to higher doses. On the other hand, the mobilization of a plume may be 

decreased, depending on the aquifer, the characteristics of the trace element/NOM aqueous 

complex, and the amount of immobilized (adsorbed) NOM. 

The purpose of this research is to determine the effects of humic substances on the 

transport of Cu(II) in ground water. Humic substances make up the bulk of the dissolved 

NOM. The goal is to describe these effects using a deterministic model. 

1.2 Objectives and Experimental Plan 

The specific objectives of this research are as follows: 

1. to determine experimentally the partitioning of Cu(II) in the presence of aqueous humic 

substances from one particular NOM source; 

2. to determine experimentally the partitioning of Cu(II) in the presence of model sand 

and clay surfaces; 

3. to observe the effects of aqueous and adsorbed humic substances on the one-

dimensional transport of Cu(II); and 

4. to use experimentally-derived partition coefficients to model the transport of Cu(II) in 

the presence of aqueous and adsorbed humic substances. 

The natural humic substances are derived from Orange County ground water. The 

sand and clay surfaces are modeled by manufactured non-porous amorphous silica beads and 

reagent-grade aluminum oxide. The partitioning of Cu(II) with the humics, silica, and 

aluminum oxide is determined by batch and complexometric titration experiments. 

Mathematical models are applied to the observed partitioning to derive constants which 

describe the partitioning. Continuous flow column experiments are then performed to evalu

ate the steady state partitioning and transport of Cu(II) in the presence of different combina

tions of aqueous and adsorbed humics. The resulting breakthrough curves are compared to 

simulations resulting from a computer model called REACT, developed by Grove and Stol-

lenwerk (1984). This model simulates one dimensional transport based on the partition 

coefficients derived in the batch and titration experiments. Comparisons of experimental 

breakthrough curves to each other and to breakthrough curves generated by REACT are 

made to reveal the effects of aqueous and adsorbed humics on Cu(II) transport. 
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CHAPTER2 

BACKGROUND 

2.1 Cu(ll) 

Copper at an oxidation state of two reacts with water to form aqueous and solid copper 

hydroxides. The most important copper hydroxides at pHs less than 8.5 are CuOH+, 

Cu(OH)2 (aq), and Cu(OH)2 (s). These hydrolysis reactions are given as 

Cu2+ + H20 KL CUOH+ + H+ (2.1) 

Cu2+ + 2H20 ^ Cu(OH)2(aq) + 2H+ (2.2) 

Cu2+ + 2H20 *** Cu(OH)2(s) + 2H+ (2.3) 

Paulson and Kester (1980) measured these equilibrium constants in carbonate-free titration 

vessels using cupric ion selective electrodes. The values they measured for pK1, pKg, and 

pKSQextrapolated to zero ionic strength are 7.93, 8.37, and -10.3, respectively. A plot of the 

aqueous speciation of Cu(II) versus pH is shown in Figure 2.1. 

2.2 Humics and Cu(ll)/Humics Interaction 

Natural organic matter (NOM) in ground water originates from the natural decomposi

tion of plant and animal tissues and residues. The dissolved fraction is operationally defined 

as the NOM fraction that passes through a 0.45 micron filter. Humic substances make up 50 

percent or more of the dissolved organic carbon (DOC). In the case of Orange County ground 

water, approximately 80 percent of the DOC is humics (Waterbury, 1990). Humic substances 

can be further classified as humin, humic acid or fulvic acid. Humin is insoluble at all pHs, 

humic acid is insoluble at pH 10, and fulvic acid is soluble at all pHs, as defined by Summers 

and Roberts (1980). Humic acid and fulvic acid make up the aqueous humic substances and 

are called "humics" in this report. 

The structure of humic substances is far from uniform. The molecular weights of the 

molecules that make up the aqueous humic fraction vary over three orders of magnitude. A 

typical humic macromolecule contains aromatic rings and aliphatic chains which host 

numerous carboxylic, hydroxyl, and other function groups. Other characteristics are the 

presence of nitrogen groups, a highly polyelectrolyte nature, and inter-/intra-molecular 

aggregation (Buffle, 1988). Kleinhempel's model (Figure 2.2) is an example of a humic 
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Figure 2.1 Aqueous speciation of Cu(II) by hydrolysis versus pH in absence of car
bonate. Total aqueous Cu(II) is 10"4 M. 
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molecule which displays many of these characteristics. 

Cu(II) binds readily to humic substances. The copper may bind at specific surface sites 

(functional groups) or be held in a "diffuse ion swarm" (Sposito, 1986; Evans, 1989; Stumm 

and Morgan, 1981). The binding of Cu(II) by these different mechanisms is difficult to deter

mine precisely, although many researchers have attempted it with some success (Gamble, 

1970; Schnitzer, 1972; McKnight, et.al., 1983; Thurman, 1985; Ephraim, et.al., 1989; Castro, 

1990). 

The complexation reaction, assuming 1:1 stoichiometry, can be represented as a set of 

reactions, each involving a different binding strength. It is written as 

where L is the representative ligand and j specifies which representative ligand. This model 

is called the discrete ligand model and has been used in many recent studies (McKnight 

et.al., 1983; Cabaniss et.al., 1984; Dzombak et.al., 1986; Holm and Curtiss, 1990; Hering and 

Morel, 1988; Waterbury, 1990). Dzombak et.al. (1986) recommend using one set of Langmuir 

constants for each order of magnitude of free ion concentration. The equilibrium constants 

are not true thermodynamic equilibrium constants; they are conditional because they are 

functions of pH, ionic strength, concentrations of competing metal ions and ligands, etc. (Per

due, 1989). Likewise, the metal complexation capacities determined by model fits to titration 

data are conditional. They increase with increasing pH, decreasing ionic strength, and 

increasing dissolved organic carbon (DOC) (Perdue, 1989). The humic compositions of dif

ferent waters vary, but source variation appears less important to Cu(II) complexation than 

pH and ionic strength variations (Cabaniss and Shuman, 1988b; Buffle et.al., 1980). 

2.3 Minerals and Cu(ll)/Mineral Interaction 

The surface of a mineral generally is covered with surface hydroxyl groups at a surface 

density of 4 to 10 per square nanometer (Schindler, 1981). These hydroxyl groups can depro-

tonate or become protonated as they react with water, imparting a charge on the surface. 

The general reactions are given by 

MZ+ + LJW~ ^ MLJ(Z+W) (2.4) 

>X-OH£ Kal 

>x-OH n**2 

> 

>x-cr+h+ 

>X-OH + H+ (2.5) 

(2.6) 
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where >X is the mineral surface and O and H represent oxygen and hydrogen atoms. 

The relative speciation of the surface sites is a function of the pH and the equilibrium 

constants, Kal and K^, which are defined as 

[>X-OH][H^]e-.v/kT 

[>X-OH£] 

Y [>X—O ][H+] -cw/kT /r. />\ 
Ka2" [>X-OH] 6 (2>8) 

where e~€v/kT is the Boltzman factor (Stumm and Morgan, 1981; Bales, 1986). The parame

ters in the Boltzman factor are the charge on the electron (e), the surface potential (\y), the 

Boltzman constant (k), and the temperature (T). The Boltzman factor accounts for the 

energy required to move a charged particle to the surface against the electrostatic gradient 

created by the charged surface. The thickness of the layer of adsorbed ions is related to the 

capacitance of the mineral surface. In the constant capacitance model, the ratio of surface 

charge to surface potential, or integral capacitance, is constant (Stumm and Morgan, 1981). 

Solving these equations for two minerals, am-Si02, and Y-A1203, over a range of pH values 

gives the equilibrium concentration ratios of surface species similar to those shown in Fig

ures 3.1 and 3.2. 

The adsorption of solute molecules to mineral surfaces may result from covalent bond

ing, hydrophobic bonding, and electrostatic attraction (Stumm and Morgan, 1981). The 

adsorption of metal ions like Cu(II) traditionally has been treated as covalent or short-range 

adsorption where the metal ion binds with one or two surface hydroxyl groups. These reac

tions are defined as 

K8 

>X-0" + Mz+ 1 >X-OM(z"1) (2.9) 

and 

2>X-0~ + Mz+ ** (>X-0)2M(z"2) (2.10) 

where M is the metal ion and z is the valence. Increased adsorption results from longer-

ranged electrostatic forces. 

The extent of metal adsorption depends on pH and the mineral. For example, the 

am-Si02 surface is strongly negatively charged at natural pHs. As a result, am-Si02 binds 

Cu(II) more extensively than a-Al203 which has a lower negative specific surface charge. 
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A comparison of the extent of adsorption of various metals to am-Si02 for a range of pH 

is displayed in Figure 2.3. The fraction of Cu(II) adsorbed increases from 10 percent to 90 

percent as pH increases from 5.5 to 6.5 for a given ratio of total copper concentration to 

mineral surface area. 

2.4 Humic/Mineral Interaction 

Humics adsorb readily to aluminum oxide clays and little to silica (Buffle, 1988). Physi

cal and chemical mechanisms are postulated to describe this behavior. The principle physi

cal mechanism for adsorption of humics is that the solid-liquid interface provides a state of 

lower energy for humic molecules. It results from the hydrophobic nature of various humic 

components. The chemical mechanism involves inner-sphere complexation of humic func

tional groups with mineral surface hydroxyl groups. 

The silica surface is strongly negatively charged at natural pHs. The forces due to the 

steric repulsion of the predominantly negatively charged humic molecules from the silica sur

face become strong enough to counteract the hydrophobic removal of humic molecules from 

the aqueous phase (Buffle, 1988). 

a-Al203 has a net positive surface charge for pHs less than 8.2 (Odem, 1991). Electros

tatic attraction, therefore, facilitates the adsorption of humic molecules to aluminum oxide. 

Kummert and Stumm (1980) conclude that inner-sphere complexation of humic functional 

groups with surface hydroxyl groups can occur. Nonetheless, hydrophobic attraction appears 

to be the dominant force for the adsorption of humics to aluminum oxide (Davis and Gloor, 

1981; Jardine et.al., 1989; Zutic and Tomaic, 1988; Buffle, 1988). Davis and Gloor (1981) 

observed that higher molecular weight humic molecules adsorb more readily than lower 

weight ones. Jardine et.al. (1989) observed the same relationship and attributed 75 percent 

of the adsorption to hydrophobic partitioning. 

The extent of adsorption of humics to aluminum oxide is controlled by the nonunifor-

mity of binding sites and the cation exchange capacity (Zutic and Tomaic, 1988; Brownawell 

et.al. 1990). These properties are believed to cause the non-linear Langmuir-type adsorption 

isotherms observed in many studies (Kummert and Stumm, 1980; Jardine et.al., 1989; Zutic 

and Tomaic, 1988; Brownawell et.al., 1990). The properties of the humics may also play a 

role while pH appears to have little effect on humics adsorption (Brownawell, et.al., 1990). 
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Figure 2.3 pH dependence on the binding of metal ions to am-Si02 (Schindler, et.al. 
1976). 
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2.5 Solute Transport through Porous Media 

The rate of transport of a solute through porous media depends on aquifer characteris

tics and solute properties. Important aquifer characteristics include mineral composition, 

water composition, and all properties that affect general water flow. The rate at which a 

solute species moves in relation to the general water velocity depends on how the solute 

interacts with the water chemistry and the mineral surfaces. If the solute is conservative, 

i.e. does not interact with mineral surfaces or other aqueous solutes, then its average rate of 

transport through the aquifer theoretically is equal to the average rate of transport of a 

water molecule. 

The mean velocity of a solute through an aquifer decreases when the solute binds to the 

porous matrix because solute is removed from the mobile aqueous phase. Generally, indivi

dual solute particles do not bind irreversibly but instead adsorb and desorb repeatedly as 

part of a dynamic system (Stumm and Morgan, 1981). As the time an average particle 

spends in the immobile phase increases, the mean solute velocity decreases. This 

phenomenon is called retardation and is discussed at length in section 3.6. 

The mean solute velocity may exceed the pore water velocity (i.e. facilitated transport) 

if the solute particles are large (West, 1990; Enfield, et.al., 1989). According to theory, large 

particles that cannot penetrate small pores remain in the larger pores where water velocities 

are greater. Secondly, by virtue of their size, larger particles adjacent to fixed solids are sub

ject to greater flow velocities than smaller particles adjacent to fixed solids. This is a conse

quence of the velocity gradient across a pore. Thus, facilitated transport of contaminants 

may result from their binding to humic substances. 

Theoretically, small pore size relative to solute size is not the only potential cause for 

facilitated transport. Facilitated transport may be caused by the strong binding of solutes to 

humics or other suspended matter (Magaritz et.al., 1990). If the flow of the ground water is 

fast relative to the rate of desorption of solutes, the suspended matter may transport solutes 

for considerable distances. Once the solute desorbs, it may adsorb to other suspended matter 

or to fixed solids in its new location. 
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CHAPTER 3 

METHODS 

3.1 Materials and Their Preparation 

The chemicals, minerals, and natural organic matter used in this study were derived 

from the same stocks and prepared using the same procedures for all experiments. 

3.1. J Chemicals 

All chemicals used were reagent grade. The Cu(II) solutions were derived from a stock 

Orion cupric standard (942906) of 0.1 M copper nitrate (Cu(N03)2). Ionic strengths of solu

tions were adjusted to 10 mM with sodium nitrate (NaN03). MES hydrate (4-morpholine-

ethane-sulfonic acid), a zwitterion buffer produced by Aldrich, was used at a concentration of 

1 mM to buffer the pH of solutions at pH 6.2. This buffer was used because it does not bind 

with copper, and it showed only small effects on the pHzpc of the aluminum oxide (Odem, 

1991). Various concentrations of nitric acid (HN03) and sodium hydroxide (NaOH) were 

used to adjust the pH of the solutions. All dilutions were made with Milli-Q, a water deion-

ized in the laboratory by Millipore's Milli-Q reagent water system. 

Before use, all glassware, plastic containers, stir bars, and other equipment which con

tacted solutions were washed with a detergent solution, acid washed with 4 M HN03, rinsed 

thoroughly with Milli-Q, and dried. 

3.1.2 Humics 

The humics were derived from the groundwater of Orange County Water District 

(OCWD), California. A chemical analysis of the unfiltered groundwater is shown in Table 

3.1. 

The water was filtered using 0.45 |im filters to remove the larger suspended solids. The 

hydrophobic fraction of the remaining humics was extracted. It was this fraction, the dis

solved hydrophobic humic fraction, that was used in all batch and column experiments in 

this study. This fraction is referred to as "NOM" or "humics" in the remainder of this report. 

The humic substances were extracted using a column containing XAD-8 exchange resin 

and the same procedure as Waterbury (1990). The filtered ground water was acidified to pH 

2.0 using concentrated HN03 and passed through the exchange column at a rate of approxi

mately 1 cm min'1. Afterwards, about two pore volumes of Milli-Q adjusted to pH 2.0 were 
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Table 3.1 Properties and composition of water for well D-1, Orange County, CA 
(1988). 

Elemental and Molecular Composition1 

Species mq/1 Species mg/1 

Na* 84.0 Fe 0.0290 
K* 0.8 Mn 0.0074 
Mg2* 0.7 Ag 0.0011 
Ca2* 6.4 A1 0.0220 

Zn 0.0600 
HCO,- 102.0 As 0.0050 
Cl" 14.0 Ba 0.0062 
S042* 4.4 Cd 0.0001 

Cr 0.0032 
TOC 3.7 Cu 0.0030 

Selected Properties2 

Conductivity 0.42 mmhos 
Ionic Strength 3. mM 

Molecular Weight Characterization of XAD-8 NOM2 

Fraction 
(1000 daltons) 

UV 
Absorbance 

DOC 
(mg/1) 

Specific 
Absorbance 

0 - 1  
1 - 5  
5 - 1 0  
10 - 30 

0.016 
0.040 
0.044 
0.220 

0. 
1. 
1. 
4. 

95 
04 
37 
66 

0.017 
0.038 
0.032 
0.047 

0 - 0.45 urn 5.66 

x Analysis performed by Orange County Water District 
2 Waterbury (1990) 
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passed through the column to remove most of the NOM remaining in solution. The adsorbed 

humics were removed by passing about two pore volumes of Milli-Q adjusted to pH 10.0 

(adjusted using concentrated NaOH) through the column. The concentrated humic solution 

in the effluent contained a large concentration of sodium ion. The sodium was removed by 

mixing the solution in a beaker with AG 50W-X8 cation exchange resin until the conductivity 

dropped below 1.0 mS (jo. = 2 mM). 

Waterbury (1990) investigated various properties of the Orange County humics. He 

found that 80 to 90 percent of the natural organic matter (NOM) in the filtered groundwater 

was humic material. Odem (1991) concluded that the average molecular weight is between 

1700 and 1800 daltons, which is considerably lower than Waterbury's estimate of between 

10,000 and 30,000 daltons. 

3.1.3 am-Si02 

The silica beads used in all experiments were obtained from Potter's Industries. The 

beads were made of amorphous, non-porous, nearly spherical, soda-lime glass. They were 

sieved to obtain a size range of 425 to 600 (im which corresponds to a specific surface area of 

approximately 0.005 m2 g_1. 

The surface of the silica beads consists of hydroxyl groups which can deprotonate. Fig

ure 3.1 exemplifies the effect of pH on the relative concentrations of protonated and depro-

tonated sites. In the absence of adsorbing species, and at pH 6.2, the pH of all experiments 

in this study, the dominant surface group >SiOH has a neutral charge. Of the charged sur

face groups, under the same conditions, the negatively charged surface group, >SiO-, dom

inates. The pH at which there are an equal number of positive and negative surface groups 

(pHzpc) is 2.0 (Stumm and Morgan, 1981). Other properties of the silica beads are displayed 

in Table 3.2. 

Before the beads were used, a rigorous cleaning process removed surface contaminants. 

The cleaning started with a Milli-Q rinse. Concentrated NH4OH was used in the first wash 

such that the surface area to solute ratio equaled 1 m2 mole-1. This mixture was stirred for 

one hour. Another Milli-Q rinse followed. Next, HN03 at 2 m2mole-1 was used to reflux the 

beads for two hours. After another thorough Milli-Q rinse, the beads were placed in a 117°C 

oven to dry. 
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Figure 3.1 Constant capacitance model of the speciation of am-Si02 surface sites 
versus pH for packed 425-600 pm am-Si02 beads. Values for capacitance 
and pKfl's came from Bales (1986) and Lawson (1988). The solids concen
tration given is actually the ratio of the mass of solids (Ms) to the pore 
volume (V„) in an experimental column. 



Table 3.2 Properties of minerals used in experiments. 

Property am-Si02 a-Al203 

Mean Diameter Oxm) 510 1.85 

Density (gem-3) 2.45 2.6 

Specific Surface Area 
(mV) 0.005 6.5 

Surface Site Density 
(sites nm~2) 5.01 1.31 

PHzpc 2.02 8.53 

'Bales, 1986 
2Stumm and Morgan, 1981 
3Odem, 1991 



26 

3.1.4 a-Al203 

The aluminum oxide used in all experiments was called Linde SF-6 and was obtained 

from Union Carbide. The average size of the grains was about 1.85 jj.m. The grains were 

assumed to be non-porous and appeared crystalline in shape. A BET surface area analysis 

performed by Union Carbide on the aluminum oxide gave an average specific surface area of 

approximately 6.5 m2g-1. The surface pHzpc was measured by electrophoresis mobility 

experiments to be 8.5, although it dropped to 8.2 in the presence of ImM MES (Odem, 1991). 

In the absence of adsorbing species, and at pH 6.2, the dominant charged surface group is 

>A10H2+. An example of the speciation of a-Al203 surface groups is displayed in Figure 3.2. 

Other properties of the oxide are displayed in Table 3.2. 

The a-Al203 was prepared for use as follows. Ninety grams a-Al203 were suspended 

in 900 ml 0.1 M NaOH in a 1000 ml transparent beaker for 15 minutes. Hohl and Stumm 

(1976) used this procedure on y-Al203 having a surface area of 117 m2g-1. The stirrer was 

stopped to allow a-Al203 to settle. When the level of the settling a-Al203 reached roughly 

the 300 ml marker (about 90 minutes), a syphon was used to carefully decant the liquid 

suspension. The decanted liquid was replaced with Mill-Q and the sediment was suspended 

again. The mixture was centrifuged at 15,000 g for 10 minutes using a Beckman Model J2-

21. Afterwards, the liquid was syphoned out and replaced with Milli-Q. The mixture was 

resuspended, centrifuged, syphoned, and replenished with Milli-Q four more times. The 

remaining a-Al203 was dried in an oven at 117°C. 

3.2 Analytical Methods 

3.2.1 Organic Carbon Analysis 

Dissolved organic carbon concentrations of stock solutions were measured with a 

Shimadzu Model TOC-500 carbon analyzer. Samples of the stock solutions were diluted to 

develop a calibration curve for DOC versus specific absorbance. Like all solutions used in 

titration, batch, and column experiments, the dilutions contained ImM MES buffer and 

appropriate amounts concentrated HN03 or NaOH for the pH to equal 6.2. Similarly, all 

dilutions were adjusted to an ionic strength of 10 mM with addition of concentrated NaN03. 

Specific absorbance was measured on a Beckman DU-4 spectrophotometer at a wavelength of 

254 nm. A typical calibration curve is shown in Figure 3.3. For the column experiments, 

absorbance was measured with a Hitachi 100-40 UV/Vis spectrophotometer which had an 



27 

-3 

O -6 
M O 

-9 

1 1 1 

>A10H2+ 

-
^^£IOH 

* 

- / 

% 
* 

• • * 

>A10- ... 

-

Cap.= 0.89/2.6 F/m2 
Surf Area= 6.5 m2/g 
Solids Conc= 7.29 g/1 
pKal= 7.4 pKa2= 10.0 " 

1 1 1 1 
10 

PH 

Figure 3.2 Constant capacitance model for the speciation of (X-AI2O3 surface sites 
versus pH. Values for capacitance and pKa's came from Bales (1986). 
Parameters used are for Y-AI2O3. The solids concentration given is actu
ally the ratio of the mass of solids (Ms) to the pore volume (Vq) in an 
experimental column. The two values for capacitance (0.89 and 2.6 F m'2) 
correspond to the values below and above the pHzpc, respectively. 
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Abs oflmM MES = 0.057 
Specific Abs of Humics = 0.036/ppm C 
Wavelength = 254 nm 

Linear Regression: 

Cone = 27.2 Abs -1.36 
R squared = 0.998 

» » I I 
1 2 3 4 5 6 7 8 9  

Cone. Humics (mg/1 DOC) 

10 

Figure 3.3 Typical Orange County humics absorbance calibration curve for a 
wavelength of 254 nm. The specific absorbance of Orange county humics 
is approximately 0.036 per mgLT1 C. 
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Altex 155-00 flow through cell. 

3.2.2 Total Copper Analysis 

Total copper concentrations for batch experiments were measured using a Perkin Elmer 

360 flameless atomic adsorption spectrophotometer. Copper nitrate standards of 0.1, 0.2,0.5, 

and 1.0 jxM were used for calibration. Samples having concentrations greater than 1.0 |iM 

were diluted with Milli-Q to bring the concentration into the range of the calibration. 

Total copper concentrations of effluent fractions collected from column experiments 

were measured using a Varian Video 12E flame atomic absorption spectrophotometer. This 

instrument measured Cu(II) concentrations ranging from 0.01 to 1.0 mgLT1. Samples having 

concentrations greater than 1.0 mgLT1 were diluted 1 + 9 with Milli-Q. 

The total copper concentration of the copper nitrate stock solution was measured using 

the cupric ion selective electrode. The stock was titrated with EDTA as described in the 

cupric electrode instruction manual to the potentiometric endpoint. This method was also 

used to determine the total copper concentration of the Cu(N03)2 titrant used in the titration 

experiments. 

3.2.3 pH and pCu Analysis 

A Fisher Scientific Accumet 950 pH/ion meter was used to measure pH and free copper 

concentrations. A Radiometer America pH electrode measured the pH, and an Orion cupric 

electrode in combination with a double junction reference electrode measured the free copper 

concentration. 

The pH was calibrated daily to 4.00, 7.00, and 10.00 pH buffers. An automatic tempera

ture (ATC) probe was used during calibration to compensate for mV response to changes in 

temperature. Temperatures for pH calibration and measurements were between 23 and 

26°C. 

For the titration experiments, free Cu(II) concentrations were continuously measured 

under dark conditions in the polypropylene titration vessel of the reactor. Equilibration 

times for the titrations ranged from 5 minutes to 24 hours. The cupric electrode was cali

brated by titrating Milli-Q blanks in the reactor with 0.025 M Cu(N03)2 at 25.0°C. The aver

age linear regression was: 

pCu = -log[Cu2+] = -0.0375 (mV) + 7.96 
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Repeated calibrations varied negligibly. 

For the column experiments, free Cu(II) concentrations of effluent fractions were meas

ured in 1 ml Orion microsample dishes. The probes and samples were placed in a dark box 

during measurements. Free Cu(II) measurements require dark conditions be cause light 

alters the electric potential measured by the electrode and Cu(II) can be reduced in the pres

ence of NOM and light. Equilibration times ranged from 3 to 5 minutes. The standards used 

for calibration were adjusted to 10 mM ionic strength with addition of NaN03. In addition, 

the standards contained 1 mM MES, and their pHs were adjusted to 6.2. 

3.3 Batch Experiments 

Batch experiments were performed to determine the partitioning of Cu(II) with the 

solid surfaces, am-Si02 and a-Al203. The surfaces were studied separately and involved dif

ferent techniques. These experiments were designed to measure the Cu(II) partitioning at 

high free Cu(II) concentrations (0.5 - 6.0 mgL-1). 

3.3.1 am-SiO 2/Cu(ll) 

Various masses of prepared silica beads and Cu(II) were added to water in 30 ml 

translucent teflon vials. The ratios of the mass of silica beads to the mass of Cu(II) added to 

the water were chosen, based on an estimated adsorption isotherm, to allow for 30 to 70 per

cent adsorption of the Cu(II). All batch mixtures contained 1 mM MES, 10 mM NaN03, and 

were adjusted to pH 6.2. Prior to mixing, all carbonate species were driven out of the Milli-Q 

water by nitrogen sparging. Five milliliters of was allowed to remain in the vials. 

The mixtures were placed on a rotary mixer parallel to an angled axis (20 degrees from 

horizontal). After 24 hours the pHs of the mixtures were checked using the tip of a cali

brated 4 mm, refillable glass, combined pH electrode from Radiometer America. Mixtures 

having pHs which deviated from 6.2 by more than +/- 0.03 pH units were adjusted to 6.20 

with minute amounts of concentrated HN03 or NaOH. All mixtures were returned to the 

rotary mixer. After another 24 hours the pHs were checked and readjusted if necessary. 

When all pHs were stable at 6.2 (+/- 0.03), the total copper concentration of the water 

was measured using the Perkin Elmer 360 atomic absorption spectrophotometer. The total 

copper concentrations of samples of the water with Cu(II) prior to mixing with the silica 

beads were also measured. The amount of Cu(II) adsorbed was calculated by mass balance. 
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3.3.2 a-A\203/Cu(ll) 

Various masses of prepared a-Al203 and Cu(II) were added to water in 30 ml translu

cent teflon vials. The ratios of the mass of a-Al203 to the mass of Cu(II) added to the water 

were chosen in the same manner as the ratios in the silica batch experiments. All batch mix

tures contained 1 mM MES, 10 mM NaN03, and were adjusted to pH 6.2. Prior to mixing, 

all carbonate species were driven out of the Milli-Q water by nitrogen sparging. Five millil

iters of air was allowed to remain in the vials. 

The mixtures were placed on a rotary mixer so that the vials would invert on each rota

tion. After 24 hours the pHs of the mixtures were checked using the tip of a calibrated 4 mm, 

refillable glass, combined pH electrode from Radiometer America. Mixtures having pHs 

which deviated from 6.2 by more than +/- 0.03 pH units were adjusted to 6.20 with minute 

amounts of concentrated HN03 or NaOH. All mixtures were returned to the rotary mixer. 

After another 24 hours the pHs were checked and readjusted if necessary. When all pHs 

were stable at 6.2 (+/- 0.03), the mixtures were centrifuged at 15000g for 10 minutes using a 

Beckman Model J2-21. After centrifugation, some aluminum oxide remained as a film on the 

liquid-air interface. Volumes of 1.5 ml were extracted by pipette from the clear regions of 

each mixture and placed in 1.5 ml Beckman polypropylene micro-centrifuge tubes. These ali-

quots were centrifuged in a Beckman Microfuge E for 15 minutes. Afterwards, 1 ml was 

pipetted from the mid-depth regions of the centrifuged aliquots into new micro-centrifuge 

tubes. 

The total copper concentrations of the 1 ml aliquots were measured using the Perkin 

Elmer AA. The total copper concentrations of samples of the water with Cu(II) prior to mix

ing with the a-Al203 were also measured using the AA. The amount of Cu(II) adsorbed was 

calculated by mass balance. 

3.4 Complexometric titrations. 

Complexometric titrations were performed to measure the binding of the copper to the 

NOM and to the silica surfaces. The apparatus is shown in Figure 3.4. The entire system 

was automated. The reactor was kept in the dark and consisted of a non-reacting plastic 

beaker placed inside a jacketed beaker. The titrant was 0.025 M Cu(N03)2. Free Cu(II) con

centration was measured by an Orion cupric electrode with a double junction reference elec

trode connected to a Fisher Accumet 950 pH-mV meter. 
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Figure 3.4 Apparatus for complexometric titrations. 
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The cupric electrode was calibrated by titrating a 100 ml solution of 10 mM NaN03l 

ImM MES, at pH 6.2 with the copper titrant. This calibration method provided a twenty 

point linear calibration curve from pCu 5.8 to 4.0 (R2 = .999). 

Titrations were performed by first preparing the solution to be titrated (10 mM NaN03, 

1 mM MES, pH 6.2 using concentrated HN03 or NaOH, and either 5.0 mgLT1 DOC or 

am-Si02) and waiting for the pH and temperature to stabilize. During this time N2, purified 

of carbonate by bubbling through 2 M NaOH, was bubbled into the solution to drive off any 

COl". Equilibrium often required several hours. The autoburet was rinsed several times 

with titrant, and then the buret was filled. The sixteenth inch teflon tubing attached to the 

end of the buret was rinsed with distilled water, dried, and placed in the reactor so that the 

tube mouth was below the surface of the water and the reactor cap hole was sealed. The 

cupric electrode (ISE) and reference electrode were prepared according to instructions and 

placed into the solution in the reactor. Dust was wiped from the pH-mV meter with an anti

static spray and cloth to minimize electrical interference. To prime the autoburet, a program 

that allowed control of the stepper motor was run to carefully equalize the pressure in the 

autoburet and expel any air in the tip of the tubing. As soon as the mV reading of the ISE 

jumped, indicating that the buret was primed, the minute deliveries were stopped. Priming 

never resulted in an initial pCu greater than 6.5 which was five times below the lowest Cu2+ 

concentration needed in this study. 

The titration was controlled by the computer. The program was designed to allow 

larger aliquots and longer equilibration times for later titrant deliveries. The blank titra

tions required 5 minute equilibration times while the NOM titrations required as many as 30 

minutes for equilibration during the later part of the titrations. In addition, the program 

was designed to obtain an average of several mV readings during the last 20-25 percent of 

the delivery interval. This was necessary because the mV readings fluctuated. pH and tem

perature were monitored during the titrations. The amount of bound Cu(II) could be deter

mined by subtracting the amount of free Cu(II) from the amount of total Cu(II) delivered. 

3.5 Continuous-Flow Column Experiments 

The effects of NOM on the transport of Cu(II) were studied in detail using continuous-

flow column experiments. These column experiments simulated sustained pulses of Cu(II) 

traveling through aquifers having various amounts of dissolved and adsorbed NOM. 
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3.5.1 Apparatus 

The column experiments were conducted using an apparatus consisting of a feed sys

tem, a Spectrum glass column, detection instruments, and a sample collector. All tubing was 

translucent teflon (outside diameter of 1/8 or 1/16 inch), except for 1/16 inch stainless steel 

section between the pump and the bypass switch. The column was made of heavy wall boro-

silicated glass and had dimensions of 0.9 cm diameter by 15 cm length. The end plates and 

tubing connectors were made of teflon. Teflon mesh (10 |im) was used to prevent the 

am-Si02 beads from clogging the tubing. A water jacket, also manufactured by Spectrum, 

surrounded the column and was connected to a Haake KT2 water bath which operated at 

25°C for all experiments. The feed system was constructed of two 10 liter Nalgene carboys; 

one reservoir contained the solute solution while the other contained the solute-free solution. 

Each reservoir was equipped with a He-purge system and a probe access. The pH of the solu

tions was monitored by a Radiometer pH electrode hooked to an Orion Model 925 mV/pH 

meter. A rubber stopper was fixed to the pH probe cable to allow the probe to continuously 

monitor pH without exposing the solution to the atmosphere. An Eldex B-94 Intermediate 

and High Pressure Single Piston Pump with a micrometer setting was used to achieve a con

stant flow rate of 0.5 mlmin-1. The flow into the pump could be switched between the solute 

and the solute-free reservoirs by turning a valve. The column could be bypassed to check the 

concentration of the inflow solution. The detection instruments consisted of a Wescan Con

ductivity Detector (for the conservative tracer), a Hitachi 100-40 UV/vis spectrophotometer 

with an Altex 155-00 flow through cell (for NOM), and a Fisher Accumet 925 pH/mv meter 

with Orion cupric and double junction reference electrodes. A chart recorder was connected 

to either the conductivity detector or the spectrophotometer, depending on the experiment. A 

Pharmacia Frac-100 fraction collector was used to collect discrete volumes of the column 

outflow. These were analyzed for free and total aqueous Cu(II) using the cupric electrode 

and an atomic absorption spectrophotometer. 

3.5.2 Column Packing 

The column was packed with either am-Si02 beads or a mixture of am-Si02 beads and 

a-Al203. Prior to packing, the column was washed with detergent, acid washed with 4 M 

HN03, rinsed thoroughly with Milli-Q water, and dried. 

For the columns which contained only am-Si02, the empty column was weighed and 

the prepared am-Si02 beads were poured into the column in eight approximately equal addi

tions. Between additions, the column was gently tapped on the counter and tapped on the 
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Figure 3.5 Apparatus for continuous-flow column experiments. 
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side with a pencil for 15 seconds each to induce settling. When the packing was complete the 

mass of am-Si02 added to the column was determined by mass balance. 

The procedure for packing the columns containing both am-Si02 and a-Al203 was 

more complicated. To assure a fairly uniform distribution of the two solids throughout the 

column, the column was packed using a slurry method. The desired amount of a-Al203 to 

add to the column was 50 mg, a mass that was orders of magnitude smaller than the mass of 

the column. Therefore, it was necessary to weigh the amount of a-Al203 being added and 

subtract the amount that did not transfer to the column. The weighed amount of a-Al203 

was first transferred to a pre-weighed Spectrum 250 ml packing reservoir which already con

tained about 80 percent of the mass of am-Si02 beads known to fill the column. The exact 

mass of am-Si02 beads in the column was known prior to the a-Al203 addition by the mass 

difference of the reservoir with and without am-Si02 beads. The reservoir was then care

fully attached to the column. Enough Milli-Q was added to the reservoir to create a slurry 

and the solids were mixed thoroughly with a clean pre-weighed glass rod. The slurry was 

added to the column all at once and gently packed with the glass rod. The water was allowed 

to drain into a preweighed 100 ml glass beaker. Several additional pore volumes of Milli-Q 

were passed through the column into additional preweighed glass beakers until the outflow 

turned from cloudy to clear. The column was topped off with a known mass of am-Si02. The 

glass beakers along with the packing rod and packing reservoir were dried and weighed to 

determine the mass of a-Al203 that either did not transfer to the column or passed through 

the column. The mass of a-Al203 added to the column was calculated by subtracting the 

mass of a-Al203 detected in the glass beakers and packing reservoir and on the glass rod 

after packing from the original mass of a-Al203 added to the packing reservoir. 

3.5.3 Experimental Procedure 

Before the flow was started through the column, the solute and solute-free solutions 

were purged of dissolved gas and inorganic carbon by bubbling helium into the solutions 

overnight. The initial solute-free solution, or baseline, contained 10 mM NaN03, ImM MES^ 

and a pH adjusted to 6.2 with appropriate amounts of concentrated NaOH or HN03. The ini

tial solute solution was the tracer; it contained 15 mM NaN03, ImM MES, and a pH 

adjusted to 6.2. 

After the pHs stabilized, the solute and solute-free solutions were pumped through the 

bypass to assure that no air was entrained in the tubing between the pump and the 
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reservoirs. Also, the conductivity meter flow-through cell was hooked to the bypass to test 

the conductivities of the solutions and the response of the chart recorder. Afterwards, the 

conductivity flow-through cell was attached to the tubing between the spectrophotometer and 

the fraction collector, and the solute-free solution was pumped through the column at a flow 

rate of 0.5 mlmin-1. The flow rate was monitored gravimetrically by measuring the mass of 

effluent over time. 

The solute-free (baseline) solution was pumped through the column until the effluent 

pH matched the influent's (6.2), the conductivity was stable, and the flow rate was stable at 

0.5 mlmin-1. Then, all at once, the influent reservoir was switched from the baseline to the 

tracer, and a stopwatch was started. The fraction collector was not needed for the tracer 

experiment because the conductivity meter flow-through cell and chart recorder was used to 

collect the data. The flow rate was monitored (and corrected when necessary) every three 

minutes for the duration of the experiment. After the breakthrough curve leveled off and the 

column was in steady state equilibrium with the tracer, the influent reservoir was switched 

back to the baseline and the time of the switch was recorded. The baseline was pumped 

through the column until the conductivity returned to its original magnitude. 

The next column experiment after the tracer pulse involved a pulse of Cu(II)-spiked 

solution. The baseline solution was the same as in the tracer experiment (10 mM NaN03, 1 

mM MES, pH 6.2). The solute solution was like the baseline solution (10 mM NaN03, 1 mM 

MES, pH 6.2), but it also contained Cu(N03)2 at a concentration of about 50 pM (3.18 mgL-1 

Cu(II)). No conductivity meter was needed for this run. Instead, the solutions were checked 

for free copper ion concentration using Orion microsample dishes and the ISE apparatus. 

Before the start of the run, solutions were pumped through the bypass to obtain measure

ments of the free copper ion concentrations in the solutions, and then the column was precon

ditioned with the baseline solution. The Cu(II)-spiked solution was not introduced to the 

column until the pHs and flow rate stabilized. Then, all at once, the influent solution was 

switched to the Cu(II)-spiked solution, the stopwatch was started, and the fraction collector 

was engaged. The flow rate, as in all column experiments, was monitored and kept at 0.5 

ml min-1. The fractions were collected in 5 ml polypropylene vials and were sealed with air

tight caps after filling. The size of the fractions changed from 2 ml to 5 ml depending on the 

expected change in effluent concentration with time. The free copper ion concentrations of 

the the fractions were monitored by ISE and indicated when the column reached steady state 

equilibrium. When steady state was evident, the influent reservoir was switched back to the 

baseline. Fraction collection and monitoring continued until the effluent free copper ion 
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concentration appeared to drop below one percent of the pulse concentration. The fractions 

were analyzed for total copper using an atomic absorption spectrophotometer. 

The third column experiment on each column involved a pulse of Orange County hum-

ics at 5.0 mgLT1 DOC (10 mM NaN03, 1 mM MES, pH 6.2). The baseline solution was the 

same as in the previous two runs (10 mM NaN03, 1 mM MES, pH 6.2). This experiment pro

ceeded exactly like the tracer experiment except the spectrophotometer (X = 254 nm) was 

used to monitor solute breakthrough instead of a conductivity meter. 

The fourth and final column experiment on each column simulated Cu(II) transport in 

the presence of NOM. It was conducted like the second run except that Orange County hum-

ics (5.0 mgL-1 DOC) was added to both the baseline and Cu(II)-spiked solutions. However, 

in addition to measuring the collected fractions for total aqueous copper, the fluctuation of 

NOM in the effluent was monitored continuously by the spectrophotometer and recorded on 

the chart recorder. 

3.6 Data Analysis 

The data from the batch and column experiments were used to determine partitioning 

and transport of Cu(II) under the various environmental conditions outlined in this report. 

Models were used to approximate observed partitioning and to identify important 

phenomenon involved in Cu(II) transport. 

3.6.1 Adsorption Isotherms 

One-site Langmuir isotherms were fit to complexometric titration and batch data for 

the binding of Cu(II) to am-Si02 and a-Al203 according to the relationships derived from the 

following general chemical reaction equation, 

>Xj + Cu2+ = >XjCu (3.1) 

where >Xj is a surface binding site for mineral i, Cu2+ is the free aqueous copper ion, and >Xj 

is the adsorbed ion. When Cu(II) binding to NOM (aq) is considered, the reaction is 

NOM(aq) + Cu2+ = CuNOM(aq) (3.2) 

where NOM (aq) represents one aqueous NOM binding site for copper and CuNOM (aq) 

represents one copper-complexed NOM binding site. 

The equilibrium constants, KL, for the reactions are the ratios of the products over the 

reactants 
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These are known as the Langmuir equilibrium constants. Notice that the Boltzman factor 

for surface adsorption in equations 2.7 and 2.8 is not included here. These Langmuir con

stants are not intrinsic thermodynamic constants. 

Mass balances of copper in the batch and titration experiments are given by 

[Cu]t = [Cu2+] + [>XiCu] (3.5) 

or 

[Cu]t = [Cu2+] + [CuNOM(aq)] (3.6) 

depending on the sorbate present. Sorbate mass balances are given by 

[>Xj]t = [>Xi] + [>XjCu] ̂  [XiCu]max (3.7) 

[NOM(aq)]t = [NOM(aq)] + [CuNOM(aq)] = [CuNOM(aq)]max (3.8) 

where the subscript "max" denotes the maximum sorbable concentration of Cu(II). Note that 

these equations assume that all binding sites can be filled if a sufficient amount of copper is 

present. 

Solving for [>Xj] and [NOM (aq)] in equations 3.7 and 3.8, substituting these equalities 

into equations 3.3 and 3.4, and solving for [>XjCu] and [CuNOM (aq)] gives 

[>XiCu]max [Cu2+] 

Kf;} + [Cu2+] 

and 

[>XiCu] = n max (3.9) n "-1 J. rp„2+i 

[CuNOM(aq)]max [Cu2+] 
[CuNOM(aq)] = - ma* (3.10) 

K£n0M + [Cu2+] 

Inverting these equations gives a linear relationship between the inverses of the sorbed and 

free copper concentrations 

1  1  1 . 1  
[>XiCu] KL i[>XiCu]max [Cu2+] t>XiCu]niax 

1 11 
[CuNOM(aq)] KL)NOM[CuNOM(aq)]max [Cu

2+] tCuNOM(aq)]n 

(3.11) 

(3.12) 



40 

This relationship allows calculation of the Langmuir equilibrium constants and maximum 

sorbable concentrations by linear regression of experimental [>X.Cu]'1 versus [Cu2"1"]'1 and 

[CuNOM (aq)] versus [Cu2"1"]"1 data (Stumm and Morgan, 1981). 

In this study [>X.Cu] and [>X.Cu]max are converted to Sj and Qj by the following equa

tions: 

Si=-^[>XiCu] (3.13) 

Qi= ~j~ [>xiCu]max (3.14) 

where Sj is the sorbable solute mass per unit mass of adsorbate i [MM'1], Qj is the maximum 

adsorbed solute concentration [MM"1], 0 is the volumetric water content [L3L"3], and <t> is the 
O 

dry bulk density [ML' ]. Q is also referred to as the complexation capacity. Substituting Sj 

and Qj into equation 3.9 gives 

Qi[Cu2+] 
Si = 1 5— (3.15) 

KL,f1 + [Cu] 

[CuNOM (aq)]max was set equal to QNOM- Equation 3.10 then becomes 

QNOm[CU2+] 
[CuNOM(aq)] = (3.16) 

(^LJJOM^- + [Cu ] 

In the field, as well as in column experiments, the concentration of Cu2+ cannot be 

measured easily. During sampling and analysis, the samples may be contaminated by atmos

pheric gases like oxygen and carbon dioxide which can alter the speciation of the chemical 

components (Wood, 1976). Thus, the free metal ion concentration could change significantly. 

However, the total metal concentration, as long as all metal stays in the aqueous phase, 

should not change, and this is one reason that most metal analyses in practice measure total 

metal concentration. 

One objective of this study was to develop a useful model for field prediction of Cu(II) 

transport. Because metal concentrations in field samples usually are analyzed for total metal 

concentrations using an atomic absorption spectrophotometer, and because total metal con

centrations are less likely to change during sampling and analysis than free metal concentra

tions, our model needed to predict free copper concentrations from measured total concentra

tions. 
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At pH 6.2 in our study, the two dominant species of aqueous Cu(II) were Cu2+ and 

CuNOM (aq). In the titration experiments the free metal concentrations were measured by 

copper ion electrodes because they could be performed in situ. However, in the column 

experiments, [Cu2+] was estimated from total copper analyses of the effluent fractions by 

assuming local equilibrium conditions. Replacing [CuNOM (aq)] in equation 3.16 with the 

difference of total aqueous copper concentration, C^,., and free copper concentration, [Cu2+], 

results in the following quadratic equation: 

[Cu2+]2 +1 QNOM + (KL,NOM)_1 ~ Ctotj [Cu2+] - = 0 (3.17) 

Solving for [Cu2+] gives 

JL 
[Cu2+] = -|W± |(W2 + 4Ctot(KLiNOM)-1)2 (3.18) 

where 

W = |  Q N O M  +  ( K L , N O M ) -1 ~ ctot • (3-1Q) 

It was this estimate of [Cu2+] that was used in equation 3.15 to estimate the partitioning of 

Cu(II) with the mineral surfaces during column experiments. 

3.6.2 Steady State Analysis of Breakthrough Curves 

The tracer, Cu(II), and NOM breakthrough curves obtained from the continuous-flow 

column experiments were used to determine the actual mobile/immobile partitioning of 

Cu(II) and NOM during steady state transport and the spreading of Cu(II) sorption limbs 

relative to varying concentrations of model predictions and assumptions. 

Figure 3.6 shows two hypothetical breakthrough curves from a single column. The x-

axis is dimensionless time, T, known as relative time, or pore volumes eluted, and is 

represented by the following equation: 

T = ^  ( 3 . 2 0 )  
Li 

where v is the average pore velocity [LT"1], t is the time elapsed since the introduction of 

solute to the column [T], and L is the effective length of the column [L]. The y-axis is dimen

sionless effluent solute concentration, Cg, known as relative effluent concentration. It is 

represented by 
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Figure 3.6 Hypothetical nondimensional breakthrough curves for a tracer and sorb-
ing solute. Pulses (Tpuige) are 5 pore volumes for each case. The mean 
retention time (TK,SS) f°r the sorbing solute is 1.77, which equals the sum 
of areas A and B. Areas A and D equal one, and areas B and E are equal 
to each other. Areas B and E are directly related to the mass of solute 
adsorbed at steady state (CR = 1). 
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c-Cj 
CR=C^7 (3.21) 

where c is the observed effluent concentration, C; is the initial effluent concentration, and C„ 

is the solute concentration of the pulse solution pumped through the column. At steady state 

equilibrium, c equals C0 and CR equals one. 
Q 

The void volume, V„ [L ] (or pore volume) was determined experimentally by fixing the 

flow rate and measuring the amount of time elapsed, tQ, for the relative effluent concentra

tion, CR, of the tracer to increase to 0.5. Thus, 

V0 = qt0 (3.22) 

3 1 where q is the flow rate [L T" ]. This is only true if there are no immobile regions such as 

micropores which cause physical non-equilibrium conditions. Our mineral particles were 

essentially non-porous and equation 3.22 was assumed valid for that reason. By definition, 

when CR becomes 0.5, the relative time, T, equals one. It should be noted, however, that V0 

is the total void volume from the influent reservoir control switch to the fraction collector. 

In this study, the average pore water velocity, v, is not averaged over the entire pore 

volume, V0. Instead, it represents the average pore water velocity in the column itself and 

was calculated from the flow rate, q, the porosity in the column, G^j, and the cross-sectional 

area of the column, Acol, as follows, 

v=vcoi=e-^~ (3-23) 

col col 

where the substrict "col" implies that these parameters are properties of the column and are 

not averaged over the entire pore volume, V0. 0co] is calculated directly from the ratio of the 

volume of minerals in the column to the volume of the column. Because v is defined as vcoj in 

this study, the effective column length, L, is not the actual column length. L is calculated 

from equation 3.20 at tQ, the time when T equals one. 

The solute breakthrough curve in Figure 3.6 is plotted as CR versus T. If the solute 

adsorbs, its breakthrough curve will shift right as shown. 

The amount of solute retained in the column can be expressed nondimensionally by Rv, 

the retention volume. For this study, Rv is the number of pore volumes, V0, that would con

tain a mass of solute at a concentration of C0 equal to the mass retained in the column. 

Thus, instantaneous mass balance gives 
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RVV0C0 = cV0 + SMs (3.24) 

q — 
where c is the average total aqueous solute concentration [ML' ], S is the average total 

adsorbed solute mass per unit mass adsorbate [MM"1], and Ms is the mass of mineral in the 

column [M]. Solving for Rv gives 

p _ c . Ms s _ jj). _£?_ 
" ' - v ^ r C i c ,  < 3 - 2 5 )  

At steady state equilibrium, c equals C0, and S becomes Sgs- Substitution changes equation 

3.14 to 

RV,SS = 1 + q" (3-26) 

where the "ss" subscript denotes steady state equilibrium. 

Effluent mass balance over time, which is different from instantaneous mass balance as 

described by equation 3.24 to calculate Ryss from breakthrough curves. At steady state 

equilibrium, for example at T equal to Tpulge in Figure 3.6, the mass of solute pumped into 

the column is TpulgeV0C0. At the same time, the mass that flowed out of the column during 
Tpulseis (A™*1 G)VoCo- Thus> at time Tpulse, 

Ry.ss C0V0 = TpUige VDC0 - (Area C)V0C0 (3.27) 

Substituting the sum of Areas A, B, and C for and dividing by V0C0 gives 

Rv>ss = (Area A) + (Area B) (3.28) 

By definition, Area A equals one. 

Rv,SS (aq)= Area A = 1 (3.29) 

g 
Rv ss (ads) = Area B = (3.30) 

This relationship allows calculation of Ssg and Rv,ss fro™ the integrated area occupied by 

Areas A and B. 

The term "retention volume" can be a difficult concept to understand. A more easily 

understood term which has the same meaning is "mean relative residence time," denoted in 

this report as Tr- Specifically, TR is the mean residence time of a solute particle in the 

column relative to the mean residence time of a conservative tracer particle. It can be 



45 

calculated from the following ratios: 

m Solute Tsolute Rv of solute 
R= W = Ttracer 

= Ryof tracer (3-31) 

where the bar indicates an average value. Tgolute and Ttracer represent the average pore 

volumes eluted needed to transport a solute and tracer particle through the column. Note 

that Ttracer and Ry of tracer equals one by definition. Therefore, 

TR = TSOLUTE = RV of solute (3.32) 

TR at steady state (TR ss) is plotted for the example in Figure 3.6. 

Consider another dimensionless parameter, VR, the mean relative velocity of a solute 

particle. It is the ratio of the mean solute velocity, v8olute, to the mean pore water velocity, v. 

If it is assumed that the solute particles travel at a mean velocity equal to v when they are 

not adsorbed to the matrix, then the ratio of aqueous to total concentration equals the ratio of 

solute to tracer velocity, 

Vn.I-SSi._5 
v . JS 

c e c 

Multiplying the numerator and denominator by (c)'1 shows that VR = Ry"1, 

VR = =- = RY-1 (3.34) 

0 c 

At steady state equilibrium, 

VR,SS = O— = ^V.SS)1 = ^TR,SS^-1 (3.35) 
i + 4.®§§. 

e c0 

Since Ry equals TR, the mean relative solute velocity equals the inverse of the mean relative 

residence time, as is expected. 

3.6.3 Transient State Analysis of Breakthrough Curves 

The best way to analyze the shape of experimental breakthrough curves is to compare 

them to curves predicted by models based on parameters measured independently. The 

models incorporate equations that represent theoretical relationships between various 
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parameters. Differences between experimental and predicted breakthrough curves suggest 

that either the parameter relationships are incorrectly defined in the model or that the model 

is too simplistic. 

The one-dimensional transport equation used to predict the flow of solutes in a porous 

medium in a majority of studies, including this study, was developed from the standard 

convection-dispersion equation 

lr = D^-f-v-!r (3-36) at gx2 3X 
Q 

where c is the total aqueous solute concentration [ML' ], D is the coefficient of hydrodynamic 
O 1 i 

dispersion [L T" ], v is the average pore water velocity [LT" ], t is time [T], and x is distance 

[L](van Genuchten, 1981; Bear, 1972). This equation assumes steady state water flow, a con

stant volumetric water content, 0, and no removal of solute from the aqueous phase. 

Equation 3.36 was fit to experimental tracer breakthrough curves for each experimental 

column to obtain dimensionless measurements of hydrodynamic dispersion known as the 

Peclet number. The Peclet number, P, originates from nondimensionalizing equation 3.36. 

The nondimensional equivalents of c and t are relative effluent concentration, CR, and pore 

volumes eluted, T, as defined in equations 3.21 and 3.20. The nondimensional form of x is 

relative distance, Z, defined as 

Z = J" <3-37) 
L 

where L is the effective length of the column [L] (van Genuchten, 1981). Substituting CR, T, 

and Z into equation 3.36 and rearranging gives 

acR 1 a2cR acR 

3T p az2 az 

where the Peclet number, P, is defined as 

(3.38) 

P=-^ (3.39) 

P is determined for our column experiments by fitting the experimental tracer breakthrough 

curves to the analytical solution using CFITIM, a program developed by van Genuchten 

(1981). The Peclet number is assumed constant for all non-tracer experiments on the same 

column and is used as input for modeling non-tracer breakthrough curves. 
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1 + |f = E>-^f - v-jp (3.41) at ax2 0x 

To accommodate adsorbing solutes a term that accounted for the loss or gain of solute 

mass over time to or from the solid matrix surface was added to the transport equation. 

Equation 3.36 becomes 

3c d) 3c 
f + e ^ r = D | l - v f  ( 3 - 4 0 )  

where 4>, 0, and Sj are defined as before. Using the chain rule on the second term and factor

ing gives 

as, 
9 He 

The term in brackets is known as the retardation factor, RF, and is dimensionless. 

REACT, a computer program developed by Grove and Stollenwerk (1984), uses equation 

3.41 to simulate one-dimensional solute transport under equilibrium conditions. The partial 

derivative of adsorbed solute concentration with respect to total aqueous solute concentration 

OSj/ac) in the second term can be determined in the program from linear, Langmuir, or 

Freundlich binding parameters. In this study, the Langmuir constants measured in the 

batch and titration experiments were used. 

From the relationship of SJ to [Cu2+] given in equation 3.15, ASJ/3(Cu2+) can be shown to 

be 

3S: KL:Q: 1 
; ^,i ^ (3 42) 

a[Cu2+] (1 + KLi[Cu2+])2 

This equation represents the slope of the Langmuir isotherm. If [Cu2+] approximates the 

total aqueous solute concentration, c, then KLi and Q; can be plugged directly into REACT. 

At high pH or when aqueous NOM is present, [Cu2+] cannot approximate c, and REACT can

not be used to simulate Cu(II) transport. 

Equation 3.41 assumes steady state water flow, a constant volumetric water content, 

and local equilibrium adsorption to a single immobile adsorbate, i. Because REACT can only 

accommodate one type of adsorbate during simulations, the Langmuir constants used for the 

a-Al203/am-Si02 was a summation of the two mineral isotherms. The summation was 

weighted by the ratio of masses of the two minerals in the column. 

Both transport simulation programs, REACT and CFITIM, assume that the entire pore 

volume, V0, is within the column. In the laboratory experiments, V0 included the volume of 
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the tubes and flow-through cells between the influent reservoir control switch and the frac

tion collector or conductivity meter. By defining v as vrol in equation 3.23, the REACT simu

lations represent flow through columns which are different but equivalent to the experimen

tal columns. 

The dimensional parameters which do not change between the experimental conditions 

and the computer simulations are pore volume (V0), pore water velocity (v), flow rate (q), and 

the masses of minerals in the column. Other dimensional parameters change because the 

computer programs assume that all pore space (V„) is within the column. These parameters 

include length of column (L), porosity (0), and dry bulk density (<(>). The effect is that the 

computer models treat the columns as if all pore space (V0) is contained within a longer but 

slimmer column having greater porosity and lower bulk density. This treatment is assumed 

legitimate as long as the dimensionless parameters in equation 3.38 do not differ between 

experiments and computer simulations. 

The mathematical model used to describe the Cu(II) transport for the systems in this 

study is an equilibrium Langmuir adsorption transport model called ELATM in this report. 

The equations that describe ELATM are summarized in Table 3.3. 

ELATM requires the local equilibrium assumption (LEA). That is, it assumes that all 

chemical reactions are fast relative to the physical time scale so that at any time and at any 

location within the column all species concentrations are at equilibrium. 

Bahr and Rubin (1987) developed a dimensionless LEA indicator (PD) for Langmuir 

reactions based on four dimensionless parameters: two Damkohler numbers, Dal and Da2, a 

source strength ratio, S, and a dimensionless concentration, C. The Damkohler numbers are 

defined as follows: 

k(QL kbL 
Dal = ; Da2 = (3.43) 

0v <pv 

where kf [T'1] and kb [L3(MT)_1] are the forward and backward rate coefficients of the chemi

cal reaction given in equation 3.1. The rate coefficients are related to the Langmuir equili

brium constant by the following relationship 

kf 
KL(i=lT (3.44) 

Kb 

S and C are computed as 

S = -^ C = — (3.45) 
<t>Qi cref 
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3.3 Equations used in the equilibrium Langmuir adsorption transport model 
(ELATM). 

Equilibrium Model 

Cu(II) Aqueous Mass Balance 

Equilibrium Concentration, CuNOM (aq) 

Cu(II) Adsorbed Mass Balance 

Equilibrium Concentration, >X.Cu 

Mobile/Immobile Partitioning 

c = CU» = [Cu2+] + Z[CuLj(aq)] 

M QNOM[CU2+] [CuNOM (aq)] = 

S = IS, 

' 6 [-tCu] Q'tC"!*1 

' • ' (KLj-1 + [CuJ'l 

^ c 

Equilibrium Transport Model 

Convection-Dispersion Equation 

Steady State Retention Volume 

Steady State Relative Residence Time 

Steady State Relative Solute Velocity 

Retardation Factor 

6 3S 3c _ n 32c 3c 
[0 3c J 3t 3x2 3x 

3S 3S 3[Cu2+] 
3c 3[CU2+] 3C 

3S Ku Q; 
3[Cu2+] (1 + KU[CU2+])2 

r n —i 
StCu2*] _ J ( 

KLJJOMQNOM 

(1 + KLJJ0MtCu2+])2 

P _ L , ^ 
R V S S ~ 1 + E  C T  

TR^S = Rv,ss 

•VR,SS = (Rv.ss)"' 
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where cref is usually set at one half of c. 

PD, the local equilibrium indicator, is derived from adding the net chemical rate equa

tion 

aSi 
-^L = kb[KL,ic(QrSi)-Si] (3.46) 

to the adsorption-convection-dispersion equation (Equation 3.41). This results in an added 

term which accounts for nonequilibrium conditions. When the coefficient of this term is 

large, then the local equilibrium assumption (LEA) is invalid. PD is the inverse of this 

coefficient. Bahr and Rubin (1987) found it to be 

-1 
PD = Dal i + ^-SC 

Da2 
+ Da2 

Da2 
(3.47) 

When PD is in the range of 50-250, the measure of approach to local equilibrium is around 

0.98 (Bahr and Rubin, 1987). 
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CHAPTER 4 

RESULTS 

Batch experiments were performed to investigate the binding of Cu(II) to am-Si02> 

a-A]203, and Orange County humics. In addition, column experiments were conducted to 

investigate the transport of Cu(II) through porous media in the presence of aqueous and 

adsorbed humics. The results were compared to the predictions of an independent equili

brium transport model. 

4.1 Adsorption Isotherms 

The equilibrium partitioning of Cu(II) with am-Si02, a-Al203, and Orange County 

humics was determined by batch and complexometric titration experiments. They were con

ducted for final free Cu(II) ion concentrations ranging from 0.05 to 5.0 mgL""1. Each of the 

resulting isotherms was distinctly non-linear for this range. The data were fitted using a 

one-site Langmuir isotherm model. The fitted constants are displayed in Table 4.1. 

4.1.1 Cu(ll)/am-Si02 Isotherm 

The data obtained from batch and titration experiments for the adsorption of Cu(II) to 

am-Si02 are shown in Figure 4.1 along with a one-site Langmuir isotherm fit. The condi

tional Langmuir constants derived from a linear regression of linearized data are 1.46 Lmg-1 

(Kl) and 5.92 ngg-1 (Q). These constants describe Cu(II) adsorption to 425-600 (im am-Si02 

beads at 25°C, pH 6.2, and ionic strength 0.01 M. The complexation capacity, Q, corresponds 

to a surface site density of 9 Cu(II) atoms per square nm. 

4.1.2 Cu(ll)/a-A\203 Isotherm 

The batch data for Cu(II) adsorption to a-Al203 (dp = 1.85 |im) shows that the 

Cu(II)/a-Al203 isotherm is extremely nonlinear at 25°C, pH 6.2, and ionic strength 0.01 M 

for the range of free copper concentration studied (0.1-5.0 mgL-1 Cu2+). The data are 

displayed in Figure 4.2. It appears that no adsorption sites remain when [Cu2+] is greater 

than 0.5 mgL-1. The fitted conditional Langmuir constants are 100 Lmg-1 (K^) and 130 

Hg(gC)-1 (Q). The complexation capacity, Q, corresponds to a surface site density of 0.19 

Cu(II) atoms per square nm. 



Table 4.1 Measured one-site Langmuir constants for Cu(II) sorption. 

Sorbate, i 
Ku, 

(Lmg-1) 
Qi 

(Hgg-1) 

am-Si02 
(0.005 m2g"1) 1.46 5.92 

a-Al203 

(6.5 m2g_1) 100 130 

Orange County Humics 
(5.0 mgCL"1) 4.85 1.10 E+5 
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o Batch 

x Titration 

Langmuir Fit 

[Cu2+] (mg/1) 

Figure 4.1 Cu(II)/am-Si02 isotherm. The constants of the one-site Langmuir isoth
erm fit are KL = 1.46 Lmg-1 and Q = 5.92 Hgg-1. The specific surface area 
of the am-SiC>2 is 0.005 m2g-1. 
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Figure 4.2 Cu(II)/a-Al203 isotherm. The constants of the one-site LangmuiT isoth
erm fir are KL = 100 Lmg"1 and Q = 130 jigg-1. The specific surface are of 
the a-A^Oa is approximately 6.5 m2 g-1. 
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4.1.3 Cu(U)/Orange County Humics Isotherm 

The binding of Cu(II) to Orange County humics (5.0 mgLr1 DOC) also exhibits non

linear, Langmuir behavior for the range of [Cu2+] studied (0.1-5.0 mgL-1 Cu2+). The data are 

shown in Figure 4.3. The fitted one-site Langmuir constants at 25°C, pH 6.2, and ionic 

strength 0.01 M are 4.85 Lmg"1 (KL) and 1.10 x 105 |igg_1 (Q). KL translates to a pK: of -5.5. 

The complexation capacity, Q, is equivalent to 3.5 meq(gC)-1. 

4.2 Column Experiments 

A series of continuous-flow column experiments were run to obtain experimental data 

on the steady state partitioning and rate of transport of Cu(II) in porous media in the pres

ence of aqueous and adsorbed humic substances. The resulting breakthrough curves were 

compared to each other and to breakthrough curves obtained from experiments in which no 

humics were present. They were also compared to curves predicted by an equilibrium tran

sport model which assumed Langmuir partitioning as observed in the batch and titration 

experiments. 

4.2.1 Tracer Breakthrough Curves 

A typical experimental tracer breakthrough curve is shown in Figure 4.4. The conduc

tivity versus time data is plotted as relative concentration, CR, as defined in equation 3.21, 

versus pore volumes eluted, T. The actual values of CR versus T for all tracer breakthrough 

curves are presented in Appendix A. 

Notice that T equals one when CR initially reaches 0.5. This relationship establishes 

the relationship between T and dimensional time for all Cr values calculated. It also deter

mines other physical properties of the flow system as explained in section 3.6. They include 

the pore volume, average pore water velocity, effective porosity, effective dry bulk density, 

and effective column length. Table 4.2 shows the values of these properties for each flow sys

tem used in this study. 

Table 4.2 also gives values of the Peclet number and coefficient of hydrodynamic disper

sion for each flow system. The Peclet numbers were determined by fitting an analytical 

breakthrough curve to the experimental tracer breakthrough curves using CFITIM as 

explained in section 3.6.3. The input to CFITIM for all tracer breakthrough curves is 

presented in the appendix. Execution of CFITIM on these input files generated best-fit 

breakthrough curves and statistically-evaluated values for pulse duration (Tpujge), steady 
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Cu(II) titration curve of Orange County humics. The one-site Langmuir 
fit gives pKLIN0M = -5-5 and a complexation capacity of 3.5 meq(gC)"1. 
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Figure 4.4 Experimental conservative tracer breakthrough curves and model fits. 
The fit is performed by CFITIM, a program developed by van Genuchten 
(1981). 
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Table 4.2 Physical properties of experimental columns. 

Properties1 Symbol Column 
SiCol4 

Column 
SiCol5 

Column 
AlSiCol3 

Mass am-Si02 (g) Ms 16.85 16.85 16.47 
Mass a-Al203 (g) Ms 0 0 0.0434 
Flow Rate (ml/min) q 0.50 0.50 0.50 
Pore Velocity (cm s-1) V 0.0469 0.0469 0.0446 
Pore Volume (ml) Vo 6.85 6.65 5.95 
Effective Porosity e 0.499 0.492 0.469 
Effective Dry Bulk Density (g/cc) <t> 1.23 1.25 1.30 
Effective Column Length (cm) L 38.6 37.4 31.8 
Peclet Number P 309.0 236.4 290.1 
Effective Hydrodynamic Dispersion (cm2s-1) D 0.0059 0.0074 0.0049 

1 The masses of minerals, flow rates, and pore velocities are measured directly or estimated geometri
cally. The other properties in the table are derived from tracer breakthrough curves and their fits 
using CFITIM. 
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state retension volume (Ry.ss) and Peclet number (P). These values are given in Table 4.3. 

An example of a fitted tracer breakthrough curve is shown in Figure 4.4. The fit 

matches the data very well except for the last parts of the adsorption and desorption curves. 

This slight deviation is typical of all tracer breakthrough fits in this study. 

4.2.2 NOM Breakthrough Curves 

Pulses of NOM at 5.0 mgL-1 for the am-Si02 column and the a-Al203/am-Si02 column 

gave the breakthrough curves shown in Figure 4.5. The dotted lines in Figure 4.5 are the 

expected results of sending a tracer solute through each column for the same amount of time 

as the NOM pulses. They were generated by CFITIM using the same Peclet numbers 

estimated from the tracer breakthrough fits. The retardation factors were fixed at 1.0 to 

prohibit adsorption. All three parameters, the retardation factor, Peclet number, and pulse 

duration, were treated as known values. 

Comparison of the expected tracer breakthrough curves to the measured NOM break

through curves shows that NOM behaves like a tracer when am-Si02 is the only mineral in 

the system. The steady state retention volume, Rv,ss> of NOM at 5.0 mgL-1 for the am-Si02 

column is 1.003 and indicates negligible immobilization of NOM by the am-Si02. 

The RV)ss f°r the system with the a-Al203/am-Si02 column is 4.37. If it is assumed 

that all of this NOM binds to the <X-A1203, then the steady state adsorbed concentration, Sss» 

of NOM on the OC-A1203 is 2300 ^igg-1. 

4.2.3 Cu(ll) Breakthrough Curves 

The five experimental Cu(II) breakthrough curves shown in nondimensional form in 

Figure 4.6 represent the breakthrough curves obtained in this study for different sets of 

experimental conditions. Two came from the am-Si02 column (SiCol4), two from the 

a-Al203/am-Si02 column (AlSiCol3), and one came from another am-Si02 column (SiCol5). 

In each of the subsets containing two breakthrough curves, one breakthrough curve resulted 

from the absence of NOM, and the other from the continuous presence of NOM at 5.0 mgL-1 

DOC in the feed solutions. The fifth experimental breakthrough curve is shown in Figure 

4.6b. It came from the am-Si02/Cu(II)/no humics experiment on column SiCol5. The physi

cal properties of the columns are presented in Table 4.2 and the boundary conditions, e.g. 



Table 4.3 Tracer breakthrough curve fits to convection-dispersion equation. 

Parameters Column 
SiCoW 

Column 
SiCol5 

Column 
AlSiCol3 

Pulse 
95% Confidence 

1.475 
±0.003 

1.270 
±0.006 

1.700 
±0.003 

Rv.ss 
95% Confidence 

1.004 
±0.002 

1.008 
±0.005 

1.007 
±0.003 

Peclet Number 
95% Confidence 

308.6 
±13.5 

236.4 
±23.5 

290.2 
±15.6 

Number of Data Points 37 40 71 

Sum of Square Errors 0.0020 0.0127 0.0110 
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influent concentrations, DOCs, durations of pulses, etc., are given in Table 4.4. 

The desorption curve measured for the Cu(II)/no humics experiment in column SiCol5 

(shown in Figure 4.6b) falls considerably below the SiCol4 desorption curves. It should be 

noted that unlike the previous column experiments, this column was not freshly packed. It 

was the same column as SiCol4 and was regenerated after being stored saturated with water 

for three months by flushing the column with Milli-Q at a pH around 3.0 to remove the 

adsorbed Cu(II) and organic matter. The pore volumes (V0) differ between SiCol4 and SiCol5 

because the spectrophotometer was bypassed in SiCol5. Except for the Ryss measurement, 

which matched the expected Ry ss, the results of SiCol5 are not compared to the results of 

the other column experiments for the remainder of this report. 

The data for each run can be found in the appendix. Note that the Cu(II) breakthrough 

curves in Figure 4.6 and subsequent figures are plotted as if the pulses are identical for runs 

with and without NOM in each column. This is done for easier comparison of adsorption and 

desorption curves. 

The dotted lines shown in Figure 4.6 represent the expected breakthrough curves of a 

nonreacting tracer. They were obtained by using REACT to simulate the transport of pulses 

of nonreacting solute through columns under equivalent conditions. Column properties were 

simulated by setting the parameters according to the results of the tracer experiments (Table 

4.2). The durations of the pulses were set equal to the durations of the Cu(II)/NOM pulses 

for each column. The REACT input files are located in the appendix. The differences 

between the simulated tracer breakthrough curves and the experimental Cu(II) break

through curves indicates the extent of copper adsorption. 

Increased adsorption of NOM was observed in the column experiments when Cu(II) was 

added. Figure 4.7a shows the drop in the effluent concentration of NOM during the 

Cu(II)/NOM pulse relative to the Cu(II) breakthrough curve in Figure 4.7b. The added 

amount of adsorbed NOM is calculated from equation 3.30 by treating the area above the 

curve during the adsorption phase and below the CR = 1 line in Figure 4.7a as Area B. Doing 

this gives the steady state fraction organic content of the porous matrix, f^ ss" displayed in 

Table 4.4. 

The foc>ss value given in Table 4.4 for the Cu(II)/NOM pulse in the am-Si02 column 

was taken directly from an almost identical experiment performed by Waterbury(1990). The 

foc Sg value could not be determined for this run due to the erratic response of the spectropho

tometer during the experiment. A bubble in the flow-through cell may have caused the 
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Table 4.4 Measured and predicted steady state Cu(II) adsorption concentrations and 
retention volumes for column experiments. 

am-Si02 Columns a-Al203/am-Si02 Column 

Parameter Parameter 
SiCol4 SiCol5 AlSiCol3 

no NOM with NOM no NOM no NOM with NOM 

DOC (mgL-1) 0 0 5.0 0 0 5.0 
foc.SS (Hgg-1) 0 0 0.151 0 0 10 
C0(aq) (mgL-1) 3.24 2.30 2.30 2.10 3.05 2.53 
Tpulse 23.35 28.47 32.33 28.40 79.83 
Percent Desorbed 93% 84% 46% 91% 46% 

Measured 
Sss(Hgg_1) 4.9 4.3 4.4 5.5 11.6 
Rv.SS 4.7 5.6 6.4 5.9 13.8 

Predicted 
SssO^gg-1) 4.9 4.6 4.3 4.5 5.2 5.8 
Rv,ss 4.7 5.9 5.6 6.4 5.7 7.3 

1 estimated from results of Waterbury (1990) 
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Figure 4.7 Increased adsorption of humics during the Cu(II)/humics pulse for 
AlSiCol3. Figure (a) shows relative humics effluent concentration, and 
figure (b) shows relative Cu(II) effluent concentration. 
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problem. The only difference between the experiment by Waterbury (1990) and the one in 

this report is that his involved a larger column. 

4.2.4 Steady State Modeling of Cu(ll) Transport 

Integrating the experimental breakthrough curves as explained in section 3.6.2 gives 

the steady state retention volume (Ry.ss) f°r each column experiment. The steady state 

adsorbed concentration (Sss) is calculated then from equation 3.26. The measured values for 

all experiments are shown in Table 4.4. 

The measured values of Ry.ss an<3 Sss should be compared to each other while consider

ing the influent Cu(II) concentrations (C0). Unfortunately, C0 varies between the column 

experiments which means that more than one variable changes between experiments. This 

variation was due to copper sorption and precipitation in the reservoir; when acid was added 

to the solute solution, the total copper concentration rebounded from 2.3 to 3.2 mgL-1. 

The loss of Cu(II) from the solute solutions may have occurred in the Cu(II)/no humics 

experiments in columns AlSiCol3 and SiCol5. The C0 values for these experiments were 96 

percent and 91 percent of expected. Certainly, the removal of Cu(II) appears enhanced by 

the presence of humics. The Cu(II)/humics experiments in column AlSiCol3 and SiCol4 were 

80 percent and 72 percent of expected values. Most of the Cu(II) removal may have occurred 

before the column runs during the 24-48 hour pre-equilibration period. It is assumed that 

the solute solution Cu(II) concentration did not change during the experiments. 

Rv.SS ar,d Sgs are greatly affected by C0. In the case of the am-Si02 column experi

ments, the addition of NOM to the system along with the decrease in C0 resulted in increased 

retardation of the Cu(II) pulse. The same results were observed in the a-Al203/am-Si02 

column experiments, but the relative retardation was much greater when NOM was present. 

The predicted Ry.ss an^ Sss values for these systems are also presented in Table 4.4. 

Sss for each adsorbate is predicted using equation 3.15. The total Sss is the sum of the 

expected adsorbed Cu(II) concentrations to each immobile adsorbate in the system. The 

Langmuir constants used in the predictions are those measured in the batch and titration 

experiments. The free copper ion concentration is estimated from equations 3.18 and 3.19 

when NOM is present. These predicted Sss values give predicted Ry.ss values according to 

equation 3.26. 
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The Rv>ss a°d Sgs predictions match the measurements extremely well for the 

am-Si02 column runs (SiCol4 and SiCol5). This suggests that one-site Langmuir isotherms 

can be used to predict Sss and Ry.ss-

Another set of predictions were made to evaluate the effect of NOM alone on the retar

dation of Cu(II). The C0 was fixed at 2.30 mgL-1 as in the NOM run but no NOM was added. 

According to the results, which are shown in Table 4.4, the model, which appears accurate for 

the am-Si02 system, predicts a decrease in retention volume from 5.9 to 5.6 when NOM is 

added and C0 remains at 2.30 mgL-1. This means that the model predicts that aqueous 

NOM facilitates Cu(II) transport in the presence of am-Si02 surfaces. 

4.2.5 Transient State Modeling ofCu(ll) Transport 

REACT, a one-dimensional transport model which can simulate breakthrough curves 

for equilibrium Langmuir adsorption conditions, was used to simulate the experimental 

results. For the runs in which am-Si02 was the only mineral in the column, the straight 

Langmuir adsorption constants were used. REACT can only model adsorption for one type of 

site, so when a-Al203 was present in addition to am-Si02, the one-site Langmuir constants 

used were derived from fitting a weighted sum of the two individual mineral isotherms. For 

AlSiCol3, the resulting one-site Langmuir constants used in REACT were KL = 1.92 Lmg-1 

and Q = 6.06 Hgg-1. This isotherm fit is shown in Figure 4.8. 

Computer simulations of Cu(II) breakthrough curves based on column properties gives 

the dashed and dotted breakthrough curves shown in figures 4.9 and 4.10. Each simulation 

assumes that no NOM is present in the system because the presence of NOM cannot be simu

lated by REACT. The input files are included in the appendix. 

The model simulations in Figure 4.9 show good agreement with the experimental 

desorption curves, but not the adsorption curves. The model is an equilibrium model, so it 

appears that the local chemical equilibrium assumption is invalid during the adsorption 

phase. 

Figure 4.10 shows experimental and computer simulated Cu(II) breakthrough curves as 

Cu(II) concentration (ppm) versus pore volumes eluted (T). Again, the REACT computer 

simulations were for pulses of copper in the absence of NOM. The model curves show that 

the desorption curves coincide exactly after the effluent concentration falls below the lower 

influent concentration (C0). In other words, the model predicts that varying C0 in the 
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Figure 4.8 Combined mineral adsorption isotherm for AlSiCol3 input to REACT. The 
independent isotherms are normalized for total mass in column AlSiCol3. 
The Langmuir fit to the combined isotherm gives Kl = 1.92 Lmg"1 and Q = 
6.06 ligg'1. 
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absence of NOM does not affect the rate of change of effluent concentration with time (dc/dt)  

during desorption. 

The experimental curves show the same type of effect. Although both C0 and [NOM] 

are different between runs, the desorption curves coincide better in Figure 4.10 than in Fig

ure 4.6. However, note that the experimental desorption curves of the am-Si02 system are 

more coincident than those of the a-Al203/am-Si02 system. The Cu(II) desorption curve of 

the a-Al203/am-Si02 system when NOM is present tails significantly more than when NOM 

is absent. 



72 

CHAPTER 5 

DISCUSSION 

5.1 Cu(U)/Mineral Isotherms 

A thorough analysis of the binding of Cu(II) (0.1 to 5.0 mgL-1) to the mineral surfaces 

at pH 6.2 was undertaken after earlier studies showed that the amount of Cu(II) adsorbing to 

the am-Si02 surfaces at [Cu2+] equal to 3.2 mgL-1 appeared to approximate the literature 

value of the surface density of binding sites. This discovery suggested that a scarcity of bind

ing sites existed at high Cu(II) concentrations and that nonlinear Langmuir adsorption may 

have been occurring. 

The batch and titration experiments used to determine the adsorption of Cu(II) to the 

am-Si02 surfaces provided direct evidence of Langmuir adsorption (0.1 - 5.0 mgL-1 Cu2+, pH 

6.2) as shown in Figure 4.1. The measured complexation capacity of the am-Si02 was calcu

lated to be approximately 9 Cu(II) atoms nm-2. This capacity exceeds the surface site density 

of am-Si02 (5 sites nm-2) as reported by Bales (1986) but it falls within the range of mineral 

surface hydroxyl group density (3 to 12 ions nm-2). 

A diffuse layer of immobilized Cu(II), or Gouy layer, may account for adsorption in 

excess of surface site density. Stern (1924) proposed that adsorption consists of a layer of 

ions that is closely bound to the surface (the Stern layer) and an outside diffuse layer that is 

attracted electrostatically to the surface (the Gouy layer). If the Stern layer ions are bound 

to a large extent by forces other than electrostatic forces, superequivalent adsorption may 

occur (Stumm and Morgan, 1981). This may explain the apparent superequivalent adsorp

tion observed in this study. 

In the case of <x-AI203, batch experiments showed that the Cu(II) isotherm is extremely 

non-linear for our range of Cu2+ concentrations (Figure 4.2). Provided the specific surface 

area of a-Al203 is 6.5 m2g-1 as measured, 0.19 Cu(II) atoms nm-2 adsorb when [Cu2+] is 

between 1.0 and 5.0 mgL-1. Bales (1986) reports that the specific surface site density of 

Y-A1203 is 1.3 sites nm-2. If we assume that a-Al203 has a comparable site density, then the 

Cu(II) complexation capacity of a-Al203 is approximately 15 percent of the total site density. 

Although the pHzpc of a-Al203 is 8.2 (in the presence of 1 mM MES buffer) the exten

sive metal adsorption does not conflict with other observations. Hohl and Stumm (1976) 

observed significant adsorption of lead to y-Al203 at pHs below the pHzpc. The constant 

capacitance model of the speciation of surface hydroxyl groups on y-Al203 (Figure 3.2) 
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indicates that when no Cu(II) is present, roughly one percent, not 15 percent, of the sites are 

negatively charged at pH 6.2. The additional binding can be explained by the exchange of 

protons of surface hydroxyl groups for Cu(II). As Cu(II) adsorbs to the negatively charged 

surface sites, additional negatively charged sites are produced from the re-equilibration of 

surface site species. The combination of de-protonation of surface hydroxyl groups and pH 

buffering may account for the appreciable binding of Cu(II) to the a-Al203 at pH 6.2. 

The accuracy of the predicted overall concentration of adsorbed Cu(II) (Sss) for the 

column experiment in which Cu(II) was sent through a am-Si02 matrix at pH 6.2 in the 

absence of NOM further substantiates the Cu(II)/am-Si02 partitioning predicted by the 

isotherm at [Cu2+] equal to 3.24 mgL-1. As shown in Table 4.4, both the measured and 

predicted values of Sss are 4.9 |igg_1. Results show a significant increase in Sss as a-Al203 

is added; the Sgs for the a-Al203/am-Si02 column was measured to be approximately 5.5 

Hgg-1. However, the prediction of Sgs in the a-Al203/am-Si02 column was 5.2 |igg_1 which 

was not as close to the measured value as the Sgg predicted for the am-Si02 column run. A 

systematic bias inherent in the Cu(II)/a-Al203 batch experiments may be the cause of the 

slight underestimation of Sgg; double centrifuging may not have removed all a-Al203 and 

thus all Cu(II) bound to the a-Al203, from the supernatant. However, we believe that it is 

more likely that the difference between the measured and predicted Sss's of the 

a-Al203/am-Si02 column experiment is due to a small error in measuring the total copper 

(c) concentrations of the collected breakthrough fractions. A 6 percent error in the concentra

tions of the copper standards could account for the entire difference between the measured 

and predicted Sss's-

The rates of the sorption of Cu(II) to and from the mineral surfaces were not deter

mined in the batch and titration experiments. The batch experiments were conducted over 

72-hour periods to assure equilibrium conditions before total copper analysis of the superna

tant. In the complexometric titrations of the am-Si02, free Cu(II) readings could only be 

taken after the cupric ion specific electrode reached equilibrium with the equilibrated solu

tion. The rates of sorption were instead analyzed qualitatively by modeling the break

through curves of the column experiments. 
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5.2 Cu(ll)/Humics Complexation 

Traditionally, when the binding of Cu(II) to NOM is modeled discretely by a set of Lang-

muir equations, Langmuir constants are determined at intervals of free copper ion concentra

tions of one order of magnitude. In this research, one set of Langmuir constants was fit suc

cessfully to almost two orders of magnitude of [Cu2+], The Langmuir constants derived from 

this fit were used to predict the steady state free copper ion concentrations from the influent 

total copper concentrations in the column experiments involving NOM. In the case of the 

am-Si02/humics/Cu(II) run, they predicted a [Cu2+] which accurately predicted the adsorbed 

copper concentration (Sss) and average relative solute velocity (VR SS) at steady state equili

brium. 

The Langmuir constants derived from the complexometric titrations are similar to 

those found in the literature. Table 5.1 lists binding constants measured in several studies. 

The observed Cu(II) complexation capacity of Orange County humics (5.0 mgL-1 DOC, pH 

6.2, (i = 10 mM) is equivalent to 3.5 meq(gC)-1 which is consistent with the typical carboxylic 

acid content ofhumic substances of 5.0 meq(gC)-1 (Perdue, 1989). 

A rigorous comparison of these binding constants is practically impossible because dif

ferent models, experimental conditions, NOM fractions, and NOM sources are used. The 

fitted binding constants are conditional. They are functions of pH, ionic strength, total NOM 

concentration, and to a lesser extent, the source of the NOM (Perdue, 1989; Cabaniss et.al., 

1988). 

5.3 Steady State Cu(ll) Transport 

A major goal of this study is to determine the effects of humics on Cu(II) transport and 

the causes of these effects. Comparison of relative solute velocities (VR SS) or retention 

volumes (Ry.ss) f°r systems with and without humics allows determination of the effects of 

humics on Cu(II) transport under steady state conditions. If all conditions are the same 

between experiments except the concentrations of aqueous and adsorbed humics, then the 

change in Rv ss determines whether addition of aqueous humics or adsorbed humics facili

tates or retards the transport of Cu(II) under steady state conditions. 

Our column experiments, unfortunately, did not have identical steady state influent 

concentrations (C0) due to losses of Cu(II). Thus, not all conditions were held constant when 

humics were added. To factor out the effect of varying C0 values, the model was used to 

predict the effect of C0 on Cu(II) mobility. 



Table 5.1 Comparison of one- and two-site fitted Langmuir constants for 
Cu(II)/NOM complexation for different NOM sources. 

Sou roe1 
DOC 

(MGC L_1) 

PH LogK, 

(log [M]"1) 

LOGKA 

flog [M]'1) 

K>GQI 

(log [M]) 

LOGQJ, 

(log [MJ) 

Yuma Canal, AZz 3.6 6.25 1 mM KN03 6.0 8.5 -6.2 -6.9 

Biscayne Aquifer, FL2 16.0 6.25 IMMKNOA 5.6 7.5 -6.0 -6.5 

Ogeechee Estuary, GA3 19.95 6.00 100 mM KN03 6.44 4.74 -0.7 -0.09 

Sand Ridge State Forest 
G.W. well 4, IL4 1.0 6.1 20 mM NAN03 6.1 . -5.7 . 

Biscayne Aquifer, FLB 5.64 6.2 10 mM NANOA 6.5 11.6 •5.6 •6.0 

Orange County Water 
District Humics, CA6 5.0 6.2 10MMNANO3 5.5 - -6.1 -

'Table adapted from Waterbuiy, 1990 

^McKnight et.al., 1983 
3Cabaniss et.al., 1984 
4Holm and Curtiss, 1989 
60dem, 1991 
®This study 
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5.3.1 Steady State Cu(ll) Transport without Humics 

As discussed in section 5.1, the isotherms are good predictors of steady state Cu(II) 

adsorption and retention volume when no humics are present, at least for the steady state 

aqueous concentrations (C0) in the experiments. Table 4.4 shows that steady state Cu(II) 

adsorption during transport can be predicted accurately from experimentally derived isoth

erms when there is a low adsorbed organic fraction (foc). 

Figure 5.1 illustrates the effect of varying C0 on solute mobility and the dimensionless 

parameters used to describe it. Given the Cu(II)/am-Si02 isotherm (Figure 4.1) and the 

column properties of SiCol4 (Table 4.2), the steady state equilibrium transport model 

predicts about a tenfold increase in retention volume and retardation as C0 decreases from 

3.24 mgLT1 (as in the column experiment) to 0.30 mgL-1. The average relative solute velo

city decreases from about 21 percent of the average pore water velocity to about 6.3 percent. 

5.3.2 Steady State Cu(tl) Transport with Humics 

In the am-SiO^umics/CuQI) run, a small amount of humics adsorbed to the matrix. 

As a result, the model prediction of Cu(II) adsorption to bound humics is negligible (0.3 per

cent) compared to prediction of Cu(II) adsorption to silica surface sites. The retention volume 

at steady state was predicted by the Cu(II)/am-Si02 and Cu(II)/humics isotherms from the 

measured total aqueous Cu(II) concentration (C0). As in the am-Si02/Cu(II)/no humics 

column experiment, the predicted and measured Rv pss's matched. 

Although the retention volume at steady state increased (i.e. relative solute velocity 

decreased) when aqueous humics were added to the system, the increase does not imply that 

aqueous humics retard Cu(II) transport. As shown earlier, copper mobilization is a function 

of the total incoming aqueous concentration of Cu(II) (C0). In our column experiments, C0 

decreased from 3.24 to 2.30 mgL-1. The model shows that increased retardation is due to a 

decrease in C0, not an increase in aqueous humics. 

According to the model, aqueous humics facilitates Cu(II) transport under steady state 

equilibrium conditions. If C0 is fixed at 2.30 mgL-1 for the am-Si02/no humics/Cu(II) 

column experiment as it was in the experiment with humics, the model predicts a steady 

state retention volume of 5.9 which is slightly higher than the retention volume (5.6) 

predicted for the system in which no humics were present. Less Cu(II) partitions to the 

immobile phase when humics are present because the concentration of free copper is reduced 

by aqueous humics. Since a smaller fraction of total Cu(II) is adsorbed, the relative solute 
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Figure 5.1 Theoretical steady state transport parameters as a function of [Cu2+] for 
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velocity increases and the transport of Cu(II) through the column is facilitated. 

The one system for which the model provided a poor prediction of retention volume was 

the a-Al203/am-Si02/humics/Cu(II) system. The model predicted an Ry.ss °f 7.3 but the 

measured Ry.ss was 13.8. The severe underestimation of Cu(II) adsorption may be the result 

of the assumption that Cu(II) partitions with matrix-adsorbed humics in the same manner 

and extent as it does with aqueous humics. Some predictive error may have resulted from 

error in measuring the amount of humics adsorbed, but the severity of the underestimation 

suggests that mineral-bound humics may have a much higher complexation capacity than 

the bulk aqueous humics. 

A higher complexation capacity for the adsorbed humics may be explained by preferen

tial adsorption of the larger molecular weight more hydrophobic humic substances to the 

a-Al203, as has been observed in several studies (Davis and Gloor, 1981; Jardine et.al., 1989; 

Zutic and Tomaic, 1988; Buffle, 1988). Humic acids appear to have higher complexation 

capacities than lower molecular weight fulvic acids (Mantoura et.al., 1978). Mantoura et.al. 

(1978) also observed that soil humic substances have greater complexation capacities than 

aqueous humic substances. This relationship may be caused by binding mechanisms which 

are only apparent at a surface/water interface (Hansen et.al., 1990). 

Although the model does not seem to work well when the amount of adsorbed humics is 

substantial, the difference in measured Rv ,ss's between the a-A^C^/am-SiOjj/Cudl) and 

a-Al203/am-Si02/humics/Cu(II) column experiments clearly shows that adsorbed humics 

retards Cu(II) transport. As humics bind to the matrix more Cu(II) can be immobilized and 

retardation of Cu(II) transport can be expected. The model predicts increasing retardation of 

Cu(II) transport with increasing f^, but it underpredicts the extent. The addition to the 

model of a separate isotherm which describes the partitioning of Cu(II) with humics bound to 

a-Al203 could correct the model. This isotherm would have to be determined by batch exper

iments which have not been done. 

5.4 Transient Cu(ll) Transport 

Transient conditions apply to the adsorption and desorption fronts of traveling plumes 

because the concentration of a contaminant changes at a certain location in the aquifer with 

time. Isotherms alone cannot predict the shapes of adsorption and desorption breakthrough 

curves. Prediction of these shapes requires transport models that can handle transient 
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conditions. For this study, an equilibrium Langmuir adsorption transport model (ELATM) 

was used. 

5.4.1 Transient Cu(ll) Transport without Humics 

The results of ELATM show that the tailing of the Cu(II) desorption curves when no 

humics were present in both the am-Si02 and a-A^O^am-SiC^ columns (Figure 4.9) may 

be explained by equilibrium conditions. The non-linear Langmuir adsorption isotherm 

appears to cause much of the tailing. Thus, the desorption of Cu(II) from these mineral sur

faces appears rapid with respect to pore velocity (0.047 cm s-1). 

In contrast to the desorption curves, the adsorption curves were not predicted well by 

the equilibrium model. The explanation for the apparent local equilibrium conditions during 

the desorption phase and local non-equilibrium conditions during the adsorption phase can

not be explained by comparing the physical time scale to the chemical time scale. The ade

quate simulations of the desorption curves of the column experiments in which humics were 

absent suggest that the local equilibrium assumption (LEA) is acceptable during the desorp

tion phase. Since Pj), the local equilibrium indicator, does not change much within the range 

of Cu(II) concentrations in our experiments, the local equilibrium assumption should be 

either acceptable or unacceptable for both adsorption and desorption phases. However, the 

local equilibrium indicator does not take all physical processes into consideration. The mass 

transfer of Cu(II) to the sorption site may involve diffusion through a leached immobile layer. 

This diffusion process may be slow and cause the non-equilibrium conditions. 

Although the desorption limbs of the breakthrough curves are predicted well by the 

equilibrium model, the Cu(II) appears not to be completely desorbed for any of the experi

ments. Immobile regions such as internal or dead-end pores should not be the cause because 

significant tailing is not observed in the tracer experiments. 

A possible explanation for the non-equilibrium conditions during adsorption may 

involve a mass transfer limitation. The Cu(II) which is already adsorbed to the silica may 

electrostatically repel the free Cu(II) ions from the remaining silica surface sites (Stumm and 

Morgan, 1981). In this way, electrostatic repulsion can reduce the collision frequency of the 

free Cu(II) ion with the remaining adsorption sites, increasing the activation energy and 

decreasing the rate of the adsorption. 
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5.4.2 Transient Cu(ll) Transport with Humics 

It is more difficult to analyze the breakthrough curves when humics are present 

because there is no available computer code to simulate them. The available codes cannot 

calculate aqueous speciation and overall equilibrium at each time step. Nevertheless, much 

can be inferred from the shapes of the experimental breakthrough curves for these systems. 

For the am-Si02 system, when Orange County humics at an aqueous concentration of 

5.0 mgL-1 C were pre-equilibrated to the am-Si02 packed column, the humics breakthrough 

curve showed that no measurable amount of humics partitioned to the immobile phase. 

Later, after a plug of Cu(II) was added to the flow of water and humics, the foc increased. 

The amount of the increase was unknown in our system because the spectrophotometer was 

not working properly. However, the increase could be calculated from an identical experi

ment performed by Waterbury (1990). The same type of increase in adsorbed NOM was 

observed in the a-A^C^/am-SiOg/OC humics/Cu(II) run (Figure 4.8). Humics, like the 

am-Si02 surface, are predominantly negatively charged at pH 6.2. Cu(II), which binds 

strongly to humics and mineral surfaces, may act as a bridge between silica surfaces and 

silica-bound humics (Bourg and Schindler, 1978). Another possibility is that Cu(II) may 

cause aggregation and precipitation of Cu(II)/humics complexes which may accumulate in the 

column (Ryan and Weber, 1982; Langford et.al., 1983). 

As shown in Figure 4.10, the shapes of the Cu(II) adsorption curves are similar regard

less of the presence of humics. This indicates that the process that causes non-equilibrium 

conditions when humics are not present is the same process that causes the non-equilibrium 

conditions when humics are present. In this case, the process as described earlier may be 

steric repulsion of aqueous Cu(II) from the remaining silica surface binding sites by the high 

density of adsorbed Cu(II). Although the shapes are similar, more pore volumes are required 

to reach steady state equilibrium. A plausible explanation for this delay is that the desorp-

tion of Cu(II) from humics may not be extremely rapid. 

Figure 4.10 shows that when the experimental breakthrough curves are plotted as 

effluent Cu(II) concentration versus T, the desorption curves match for the am-Si02 system. 

The match is not as close for the a-Al203/am-Si02 system. The question then is what 

caused this to happen and why. Was it the change in C0, the existence or absence of 

mineral-bound humics, or a combination of both? 

The answer may come from the equilibrium Langmuir adsorption transport model 

(ELATM). The dashed and dotted breakthrough curves shown in Figure 4.10 were generated 
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by varying C0 only, since REACT cannot account for the addition of aqueous humics. Notice 

how the simulated desorption curves overlap perfectly once the effluent concentration falls 

below the lower C0. This implies that C0 does not affect the shape or the lateral placement of 

desorption curves when they are plotted on these axes. In the am-Si02 system, practically 

all humics remain in the aqueous phase, unlike in the a-Al203/am-Si02 system. Conse

quently, comparison of the experimental desorption curves for each system suggests that 

mineral-bound humics causes increased tailing of desorption curves while aqueous humics 

essentially does not affect the shape of Cu(II) desorption curves. 
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CHAPTER 6 

CONCLUSIONS 

This study confirmed that the strong binding of Cu (II) by naturally occurring humic 

substances alters the mobility of Cu(II) in porous media. The mobility under steady state 

conditions is strongly related to the partitioning observed in simple batch experiments. 

Cu(II) mobility under transient conditions, however, may be controlled by slow kinetic reac

tions involving Cu(II)/humics complexation and/or steric repulsion of copper from densely 

copper-sorbed silica surfaces during adsorption. 

The equilibrium partitioning of contaminants with minerals in an aquifer cannot 

always be described by linear isotherms. As shown in this study, the isotherms can be 

extremely non-linear and cause significant tailing of breakthrough curves. In many studies, 

a linear isotherm is fit to partitioning data obtained for one particular aqueous solute concen

tration. Often the observed tailing of breakthrough curves is attributed to non-equilibrium 

conditions when in fact the tailing may be caused by Langmuir partitioning. 

Aqueous complexes like dissolved humics or suspended matter increase the mobility of 

reacting contaminants by increasing the total aqueous concentration of contaminants and 

decreasing the uncomplexed aqueous contaminant concentration. An increase in total aque

ous concentration exposes more contaminant to convective transport. If the contaminant is 

strongly bound to the aqueous complexing agent, it may be carried large distances before 

reacting with immobile complexing agents. In addition, if the aqueous complexing agent is 

large relative to pore sizes, the velocity of contaminant transport may increase further. 

By decreasing the uncomplexed aqueous concentration of contaminants, aqueous com

plexes reduce the amount of contaminant that will partition to the immobile phase. The 

uncomplexed aqueous contaminant concentration determines the partitioning to the immo

bile phase. Isotherms, whether linear or Langmuir, show that as the uncomplexed aqueous 

concentration of solute decreases, so does the amount of solute sorbed. Therefore, not only 

does more contaminant become mobilized but less contaminant can sorb to the fixed matrix. 

This means that aqueous humics may facilitate the spreading of plumes in aquifers. 

The amount of contaminant that can be immobilized may be increased, however, by 

fixed organic matter. Fixed (immobilized) organic matter increases the amount of fixed sorp

tion sites. Adsorption of contaminants to fixed organic matter can retard the transport of 

contaminants. 
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These principles may be applied to aquifer clean-up strategies. Aqueous complexing 

agents, especially those which do not react with the porous matrix, may be used to clean up a 

contaminated aquifer. Injecting complexing agents in one well and pumping another could 

increase the mobility of the contaminant. This study shows, however, that if the aquifer 

matrix has a high fraction organic content, removal of contaminant from the fixed organics 

may require large volumes of water pumped. 



APPENDIX A 

SURFEQL Input Files 



SURFEQL input file for copper hydrolysis versus pH. 
(Figure 2.1) 

00005 -2.0 1.0e-02 
00050 -3.0 1.0e-03 
157 -2.0 1.10e-2 

9 -5.0 1.0e-04 

00002 
13595 -14.0 50-1 
4840 -7.93 50-1 9 1 
4860 -16.30 50-2 9 1 

00005 
20500 -17.70 50-2 9 1 

SURFEQL input file for silica surface hydrolysis versus 
(Figure 3.1) 

00050 -6.2 1.00e-6 
159 -3.6 2.59e-4 
160 -3.0 1.0 e-3 
5 -2.0 1.0 e-2 

157 -2.0 1.0 e-2 

159 1 160 1 
159 1160-1 

00002 
13591 -3.50 50 1 
13592 -7.50 50 -1 
13595 -14.0 50 -1 

00003 
20050 6.2 50 1 

00006 
160 

00007 
13591 
13592 
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SURFEQL input file for 7-AI2O3 surface hydrolysis versus pH. 
(Figure 3.2) 

00050 -6.2 1.00e-6 
159 -4.0 1.03e-4 
160 -3.0 1.0 e-3 

00002 
13591 7.40 50 1 159 1 160 1 
13592 -10.00 50 -1 159 1 160 -1 
13595 -14.0 50-1 

00003 
20050 2.0 50 1 

00006 
160 

00007 
13591 
13592 



APPENDIX B 

Batch Data 



Cu(II)/am-Si02 batch data. 

[Cu2+] S_ 
(mgL x) (^gg *) 

0.590 2.510 
2.180 4.200 
2.860 4.390 
3.140 5.030 
3.930 5.300 
5.150 5.350 

Cu(II)/a-A]203 batch data. 

[Cu2+] S 
(mgL x) (|igg-1) 

0.04 35.35 
0.26 124.47 
0.78 128.85 
1.77 134.17 
2.67 125.91 
5.94 104.74 
6.14 127.27 



APPENDIX C 

Titration Data 



Cu(II) titrations of am-Si02. 

[Cu2+] S 
(mgL x) (ngg x) 

0.500 2.320 
0.811 2.937 
1.104 3.706 
1.808 4.190 
2.138 4.639 
0.423 2.698 
0.577 3.002 
3.224 4.662 
3.568 4.959 
3.830 5.964 
4.274 5.401 
5.133 4.542 
5.446 5.101 
0.36 1.87 
0.45 2.32 
0.54 2.74 
0.65 2.93 
0.85 3.53 
0.97 3.25 
1.04 4.17 
1.16 4.17 



Cu(II) titrations of Orange County Humics 

log [CuT] log [Cu2+] log[CuT] log[Cu2+] 
Gog M) (log M) (logM) (log M) 

-5.51 -5.97 -4.08 -4.14 
-5.33 -5.73 -4.11 -4.16 
-5.20 -5.57 -4.13 -4.19 
-5.11 -5.41 -4.01 -4.07 
-5.03 -5.36 -4.04 -4.09 
-4.96 -5.25 -4.06 -4.11 
-4.90 -5.14 -4.26 -4.36 
-4.85 -5.08 -4.30 -4.36 
-4.81 -5.04 -4.34 -4.37 
-4.76 -4.98 -4.16 -4.22 
-4.73 -4.92 -4.19 -4.24 
-4.69 -4.89 -4.23 -4.32 
-4.66 -4.80 -3.99 -4.03 
-4.63 -4.77 -3.95 -4.01 
-4.60 -4.73 -3.97 -4.00 
-4.58 -4.70 -4.44 -4.55 
-4.55 -4.69 -4.46 -4.55 
-4.53 -4.67 -4.39 -4.51 
-4.51 -4.64 -5.51 -6.15 
-4.48 -4.59 -5.33 -5.81 
-4.46 -4.56 -5.20 -5.63 
-4.42 -4.54 -5.11 -5.49 
-4.37 -4.50 -5.03 -5.35 
-4.33 -4.43 -4.96 -5.27 
-4.28 -4.36 -4.90 -5.18 
-4.21 -4.31 -4.85 -5.12 
-4.25 -4.30 -4.81 -5.03 
-4.18 -4.27 -4.76 -5.00 
-4.15 -4.19 -4.73 -4.92 
-4.12 -4.16 -4.69 -4.89 
-4.10 -4.14 -4.66 -4.84 
-4.07 -4.11 -4.63 -4.80 
-4.05 -4.10 -4.60 -4.77 

-4.58 -4.72 
-4.55 -4.70 
-4.53 -4.63 
-4.51 -4.62 
-4.48 -4.61 



APPENDIX D 

Column Breakthrough Data 
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NOTE: Tracer breakthrough data is in Appendix E. 

SiCol4 Breakthrough Curves 

CudD Only BTC 

T CR 

0.146 0.018 
0.438 0.025 
0.730 0.027 
1.022 0.040 
1.313 0.040 
1.606 0.100 
I.897 0.085 
2.189 0.184 
2.481 0.290 
2.773 0.334 
3.065 0.374 
3.357 0.426 
3.649 0.438 
3.940 0.464 
4.232 0.477 
4.743 0.721 
6.473 0.747 
6.203 0.793 
6.932 0.863 
7.662 0.863 
8.392 0.887 
9.121 0.921 
9.851 0.913 

10.581 0.943 
II.311 0.923 
12.040 0.966 
13.500 0.930 
14.229 0.967 
14.959 0.958 
15.689 0.987 
16.419 0.990 
20.797 0.993 
21.627 0.986 
22.256 0.976 
22.986 0.921 
25.759 0.412 
26.197 0.348 
26.635 0.306 
27.072 0.269 
28.094 0.226 
28.824 0.203 
29.553 0.189 
30.283 0.164 
31.013 0.143 
31.743 0.136 
32.472 0.127 
33.202 0.123 
33.932 0.110 
34.661 0.101 
35.391 0.094 
36.121 0.093 
86.851 0.086 
37.580 0.083 
38.310 0.075 
39.040 0.071 
39.769 0.071 
40.499 0.065 
41.229 0.062 
41.959 0.062 
42.688 0.055 
43.418 0.053 
44.148 0.050 
44.877 0.052 
45.607 0.048 
46.337 0.049 
47.067 0.048 
47.796 0.040 
48.526 0.033 
49.256 0.027 

NOM Only BTC 

T CR 

0.000 0.000 
0.438 0.000 
0.657 0.000 
0.766 0.002 
0.876 0.135 
0.930 0335 
0.985 0.575 
1.095 0.860 
1.204 0.940 
1.313 0.964 
1.423 0.976 
1.532 0.980 
1.642 0.985 
1.761 0.988 
1.861 0.989 
1.970 0.990 
2.189 0.993 
2.627 0.998 
2.919 1.000 
&065 1.000 
3.503 1.000 
3.940 1.000 
4.159 0.999 
4.269 0.994 
4.324 0.962 
4.378 0.847 
4.433 0.479 
4.488 0.416 
4.697 0.117 
4.707 0.039 
4.816 0.023 
4.926 0.018 
6.035 0.015 
6.144 0.014 
5.254 OJOU 
6.473 0.008 
5.692 0.005 
6.130 0.004 
6.667 0.001 
7.005 0.000 
7.443 0.000 

CuflD BTC w/humict 

T Cr 

0.16 0.000 
131 0.062 
1.61 0.208 
1.90 0.311 
2.19 0.404 
2.48 0.433 
2.77 0.613 
a07 0.520 
a36 0.509 
a&5 0.538 
a94 0.687 
4.23 0.696 
4.76 0.549 
6.47 0.673 
620 0.728 
6.93 0.745 
7.66 0.760 
8.39 0.806 
9.12 0.797 
9.85 0.829 
1038 0.811 
1131 0.842 
12.04 0.877 
12.77 0.881 
1423 0.937 
15.69 0.963 
17.16 0.923 
18.61 0.979 
20.07 1.006 
2133 0.967 
22.99 0.889 
24.45 0.932 
25.91 1.001 
2737 0.946 
2832 0.891 
28.91 0.728 
2920 0.829 
29.49 0.609 
80.08 0J527 
30.44 0.451 
3038 0.417 
3132 0373 
31.76 0362 
32.19 0.331 
32.78 0.332 
3331 0.296 
3424 0254 
84.97 0238 
35.70 0.193 
36.43 0.197 
37.16 0.090 
3739 0.173 
3832 0.173 
3935 0.160 
40.08 0.163 
4031 0.138 
4134 0.131 
4227 0.126 
43.00 0.119 
43.73 0.115 
45.19 0.099 
4636 0.091 
48.11 0.084 
4937 0.163 



AlSiCol3 Breakthrough Curves 

CudD Only BTC 

T CR 

0.252 0.014 
I.261 0.034 
2.185 0.048 
2.521 0207 
2857 0380 
3.193 0.444 
3.529 0.489 
3.866 0323 
4.706 0.652 
7.815 0320 
II.176 0360 
14.538 0.961 
17.899 0.932 
21.261 0.974 
27.143 0.996 
28.824 0.932 
29.454 0.800 
29.874 0304 
30.294 0.563 
30.714 0.469 
31.261 0.459 
31.933 0.385 
32.605 0.311 
84.034 0.241 
35.714 0.174 
88.235 0.137 
40.756 0.100 
44.118 0.076 
47.479 0.059 
51.681 0.047 
65.882 0.034 
60.924 0.031 
65.966 0.022 
71.008 0.014 

NOM Bmkthroufh 

T CR 
0.000 0.000 
0.504 0.000 
0.757 0.000 
1.009 0.213 
1.513 0.455 
2.018 0.663 
2.522 0.639 
8.026 0.702 
3.531 0.750 
4.035 0.787 
4.540 0.815 
6.044 0.849 
6.548 0.868 
6.053 0.872 
6.657 0.884 
7.062 0.898 
7.666 0.906 
8.070 0.918 
9.079 0.929 

10.088 0.932 
11.097 0.937 
12.106 0.940 
13.114 0.949 
16.132 0.952 
18.169 0.963 
21.185 0.963 
24.211 0.966 
27.238 0.966 
30.264 0.966 
35.308 0.977 
40.352 0.980 
45.396 0.983 
60.440 0.986 
60.628 0.989 
66.672 0.991 
70.616 0.994 
74.652 0.997 
76.408 1.000 
76.661 0.483 
76.166 0.085 
76.669 0.071 
77.678 0.060 
78.687 0.067 
79.696 0.064 
80.705 0.064 
82.722 0.048 
84.740 0.048 
90.793 0.064 

CudD BTC w/humic* 

T CB 

0.262 0.009 
1.176 0.028 
1.513 0.049 
1.849 0.045 
2369 0.060 
3.277 0.062 
4.286 0.227 
4.958 0.361 
6.798 0.444 
8.319 0.614 
10.000 0.727 
12.521 0.706 
15.042 0.777 
16.723 0.826 
17363 0.876 
20.924 0.812 
24.286 0.869 
31.849 0.886 
33329 0.909 
86.060 0.848 
40.252 0.901 
48.655 0.963 
60.336 0390 
64.638 0.918 
67.059 0.963 
69.580 0.933 
62.941 0.961 
64.622 0.979 
67.143 0.964 
70304 0.993 
71346 0.961 
74.706 0.948 
78.067 0.960 
78.908 0.971 
79.748 0.887 
80.420 0.861 
80.924 0303 
81.429 0.616 
81.933 0.560 
82.437 0306 
83.445 0.423 
84.958 0327 
86.639 0.274 
89.160 0.217 
92321 0.172 
96.882 0.153 
99.244 0.130 

102.605 0.114 
105.126 0.097 

NOM Flus with CuOD 

T Cr 

0.000 1.000 
1.262 0.919 
2.624 0.886 
3.785 0.868 
6.047 0.884 
7.671 0.908 

10.094 0.927 
12.618 0.943 
16.141 0.946 
17.666 0.949 
20.188 0.957 
22.712 0.962 
25.236 0.970 
80.282 0.970 
36.329 0.973 
40.377 0.978 
46.424 0.978 
50.471 0.984 
66.618 0.989 
60.666 0.989 
65.612 0.996 
70.669 1.000 
76.706 1.000 
78.229 0.995 
80.763 0.916 
81.384 1.086 
82.015 1.119 
83.277 1.119 
85.800 1.106 
88324 1.100 
90.847 1.092 
93.371 1.084 
95394 1.081 
98.418 1.078 
100.941 1.076 
103.465 1.073 
106.988 1.073 



SiCol5 Breakthrough Curve 

CuCID Only BTC 

T CR 

0.23 •0.006 
0.68 •0.002 
1.05 0.003 
1.35 •0.002 
1.65 0.020 

(coot.) 1.95 0.137 (coot.) 
2.26 0.276 » r« 
2.56 0.354 T Lr 

2.86 0.402 
3.23 0.463 47.44 0.072 
3.68 0.602 48.20 0.072 
4.14 0.641 48.95 0.072 
4.59 0.676 49.70 0.076 
6.04 0.602 60.45 0.076 
5.64 0.658 61.95 0.042 
6.39 0.676 62.71 0.060 
7.14 0.706 63.46 0.055 
7.89 0.715 64.21 0.060 
8.65 0.736 64.96 0.050 
9.40 0.767 65.71 0.069 
10.90 0.762 66.47 0.055 
11.65 0.788 67.22 0.046 
12.41 0.797 67.97 0.060 
13.16 0.832 68.72 0.046 
13.91 0.819 69.47 0.042 
14.66 0.849 60.22 <0.003 
15.41 0.806 60.98 0.037 
16.17 0.840 61.73 0.046 
16.92 0.849 
17.67 0.827 
10.42 0.862 
19.17 0.871 
19.92 0J62 
20.68 0.888 
22.18 0.863 
22.93 0.914 
23.68 0.914 
24.44 0.919 
2S.19 0.888 
25.94 0.906 
26.69 0.910 
27.44 0.832 
28.20 0.901 
28.95 0.945 
29.70 0.949 
30.45 0.940 
31.20 0.968 
31.95 0.940 
32.78 0.910 
33.08 0.780 
33.38 0.389 
33.68 0.302 
33.98 0.289 
34.28 0.272 
34.66 0.272 
36.11 0.224 
36.66 0.202 
36.16 0.168 
36.92 0.160 
37.67 0.142 
38.42 0.103 
39.27 0.129 
40.68 0.094 
41.43 0.103 
42.18 0.098 
42.93 0.092 
43.68 0.092 
44.44 0.083 
46.19 0.081 
46.94 0.074 
46.69 0.076 



APPENDIX E 

CFITIM Input Files 



CFITIM input files for tracer experiments. 

tr*e4.out 
trac4.pK 

1 6 
1 1 10 37 

Trmc*r Break thro ugh SiColff4 
peclet retard pulae 

245.00 1.000 1.000 
1 1 1 
0.000 0.000 
0.175 0.000 
0.350 0.000 
0.525 0.000 
0.701 0.000 
0.788 0.000 
0.832 0.002 
0.876 0.036 
0.919 0.140 
0.963 0.321 
1.007 0.535 
1.051 0.738 
1.095 0.867 
1.138 0.936 
1.182 0.964 
1.226 0.979 
1.270 0.987 
1.313 0.991 
1.401 0.994 
1.576 0.994 
1.751 0.996 
1.926 1.000 
2.102 0.998 
2.189 1.000 
2.277 0.998 
2.320 0.989 
2.364 0.942 
2.408 0.807 
2.452 0.604 
2.496 0.398 
2.639 0.219 
2.683 0.105 
2.627 0.050 
2.671 0.024 
2.715 0.015 
2.802 0.000 
2.890 0.000 

trac3.out tne3.plt 
1 6 
1 1 20 71 

tout Lplt 
1 6 
1 1 20 40 

TRACER FOR SICOL #6 
250.0 1.00 1.681 350.0 1.00 
1 1 1 1 1 1 
0.000 0.000 0.000 0.000 
0.202 0.000 0.181 0.000 
0.403 0.000 0.361 0.000 
0.605 0.000 0.542 0.000 
0.806 0.000 0.722 0.000 
0332 0.005 0.812 0.003 
0.857 0.018 0.857 0.025 
0.882 0.050 0.903 0.096 
0.907 0.096 0.948 0.246 
0.932 0.173 0.993 0.463 
0.958 0.276 1.038 0.663 
0.983 0.393 1.083 0.813 
1.008 0.541 1.12S 0.899 
1.033 0.664 1.173 0.939 
1.058 0.755 1.218 0.957 
1.084 0.832 1.264 0.967 
1.109 0.884 1309 0.975 
1.134 0.922 1354 0.980 
1.159 0.941 1.444 0.985 
1.184 0.955 1.625 0.992 
1.210 0.966 1.805 0.995 
1.235 0.974 1.986 1.000 
1.260 0.982 2.076 0.997 
1.285 0.984 2.121 0.975 
1.310 0.986 2.166 0.904 
1.336 0.987 2.211 0.754 
1361 0.987 2.256 0.559 
1386 0.987 2301 0.367 
1.411 0.987 2347 0.225 
1.462 0.992 2392 0.137 
1.512 0.999 2.437 0.086 
1.613 1.000 2.482 0.058 
1.714 1.000 2327 0.043 
1315 1.000 2372 0.028 
1.915 1.000 2.617 0.023 
2.016 1.000 2.708 0.018 
2.117 1.000 2.798 0.013 
2218 1.000 2388 0.010 
2319 1.000 3.069 0.006 
2.419 1.000 3249 0.000 
2.520 0.992 
2545 0.987 
2371 0.961 
2396 0.928 
2.621 0348 
2.646 0.755 
2.671 0.651 
2.697 0.622 
2.722 0.406 
2.747 0.289 
2.772 0.212 
2.797 0.147 
2323 0.109 
2348 0.072 
2373 0.067 
2398 0.044 
2.923 0.031 
2.949 0.026 
2.974 0.023 
2.999 0.021 
3.024 0.018 
3.049 0.016 
8.075 0.013 
3.100 0.010 
3.125 0.008 
3.175 0.008 
3226 0.005 
3327 0.005 
3.427 0.006 
3328 0.005 
8329 0.005 



APPENDIX F 

REACT Input Files 



SiCol4 Cu-Only Breakthrough 
2,1,156,100,50, .2,1,1,7,156,1.0,156 
19200,38.58,0.04692.-.04106,1,1.227,0.499 
0,3.24,5.92,0,0,0,0,0,1.46 

AlSiCol3 Cu-Only Breakthrough 
2,1,151,100,80,1,1,1,7,151,1.0,151 
20280,31.835,0.0446,-0.03971,1,1.301,0.469 
0,3.05,6.06,0,0,0,0,0,1.92 

SiCol5 Cu-Only Breakthrough 
2,1,156,100,60,.2,1,1,7,156,1.0,156 
25800,37.4,0.0469,-0.0395,1,1.2456,0.4916 
0,2.1,5.92,0,0,0,0,0,1.46 



APPENDIX G 

Computer Programs 



CFITIM 

C 
C *' 
c * 
c * 
c * 

c 
IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION Y(90),X(90),F(90),R<90),DELZ<90,5),B(10),E(5),TH(10), 

1P(5),PHI(5),Q(5),LSORT(90),TB(10),A(5,5),D(5>5)>INDEX(5) 
CHARACTER TITLE*60,BI(10)*3,FILEIN*20,FILEOUT*20,PLOTOUT*20 
DATA STOPCR/0.0005/ 

C 
C OPEN I/O FILES ----

WRITE(*,»)'INPUT FILENAME = ?' 
READ(*,19)FILEIN 

19 FORMAT(A20) 
OPEN(B,FILE=FILEIN,STATUS='OLD') 

C WRITE(*,*)'OUTPUT FILENAME = ?' 
READ(5,21)FILEOUT 

21 FORMAT(A20) 
KP=6 
OPEN(6,FILE=FILEOUT,STATUS=•NEW,) 

C WRITE(V)'PLOT FILENAME = 7" 
READ(5,21)PLOTOUT 
OPEN(7,FILE=PLOTOUT,STATUS=rNEW) 

C 
C READ NUMBER OF CASES 

READ(5,1006) NC,KP 
IF(KP.NE.6) KP=1 
DO 120 NCASE=1,NC 
WRITE(KP,1000) 

C 
C READ INPUT PARAMETERS 

READ(5,1006) MODE,NDATA,MIT,NOB 
M=(MODE-iy2 
IF(M.EQ.O) WRITE(KP,1021) 
IFCM.EQ.l) WRITE(KP, 1022) 
IF(M.EQ.2) WRITE(KP, 1023) 
N=MODE-2*M 
IF(N.EQ.l) WRITE(KP,1024) 
IF(N.EQ.2) WR1TE(KP,1025) 
NU=3 
IF(MODE.GT.2) NU=5 
NUUNU+1 
NU2=2»NU 
READ(5,1001) TITLE 
WRITE(KP,1002) TITLE 

C 
C READ COEFFICIENTS NAMES 

READ(5,1004) (BI(I),I=1,NU2) 
C 
C READ INITIAL ESTIMATES 

READ(5,1005) (B(I),I=NU1,NU2) 
IF(M.EQ.2) B(8)=1VB(7) 

C 
C READ INDICES 

READ(6,1006) (INDEX(I),I=1,NU) 
IF(M.EQ.2) INDEX(3)=0 
WRITE(KP,1007) 
DO 4 I=1,NU 
J=2*I-1 

4 WRITE(KP,1008) I,BI(J),BI(J+1),B(I+NU) 
IF(NDATA.EQ.0) GO TO 10 

C 
C READ AND WRITE EXPERIMENTAL DATA 

DO 6 1=1,NOB 
6 READ(5,1005)X(I),Y(I) 
10 WRITE(KP,1009) 

DO 12 I=l^lOB 

* 

NON-LINEAR LEAST-SQUARES ANALYSIS CFITIM • 
* 



12 WRITE(KP,1010) I,X(I),Y(I) 
C 
C 

NP=0 
DO 14 I=NU1,NU2 
TB(I)=B(I) 
IF(INDEX(I-NU).EQ.O) GO TO 14 
NP=NP+1 
K=2*NP-1 
J=2*(I-NU)-1 
B1(K)=BI(J) 
BI(K+1)=BI(J+1) 
B(NP)=B(1) 
TB(NP)=B<I) 
TH(NP>=B(NP) 

14 TH(I)=B(I) 
C 
C 

GA=0.02 
NIT=0 
NP2=2*NP 
CALL MODEL(TH,F,NOB,X,INDEX,MODE) 
SSQ=0. 
DO 32 I=l,NOB 
R<I)=Y(I)-F(I) 

32 SSQ=SSQ+R(I)*RO) 
WRITE(KP,1011)(BI(J),BI(J+1),J=1,NP2,2) 
WRITE(KP,1012) NIT,SSQ,(B<I),1=1,NP) 

C 
C BEGIN OF ITERATION 

34 N1T=NIT+1 
GA=0.1*GA 
DO 38 J=1,NP 
TEMP=TH(J) 
TH(J)=1.01*TH(J) 

Q(J)=0 
CALL MODEUTH,DELZU,J),NOB,X,INDEX, MODE) 
DO 36 I=l,NOB 
DELZ(I,J)=DELZ(I,J>F(I) 

36 Q(J)=Q(J)+DELZ(I,J)»R(I) 
QW)=100.*Q(jyTH(J) 

C 
C Q=XT*R (STEEPEST DESCENT) 

38 TH(J)=TEMP 
DO 441=1,NP 
DO 42 J=1,I 
SUM=0 
DO 40 K=l,NOB 

40 SUM=SUM+DELZ(K,I)*DELZ(K,J) 
D(U)=10000.*SUM/(TH(I)»TH(J)) 

42 D(J,I)=D(I,J) 
44 E(I)=DSQRT(D(I,I)) 
50 DO 62 1=1,NP 

DO 52 J=1,NP 
52 A(I,J)=D(I^iy(E(I)*E(J)) 

C 
C A IS THE SCALED MOMENT MATRIX 

DO 541=1,NP 
P(I)=Q(iyE(I) 
PHI(I)=P(I) 

54 A(I,I)=A(I,I)+GA 
CALL MATINV(A.NP.P) 

C 
C P/E IS THE CORRECTION VECTOR 

STEP=1.0 
66 DO 58 1=1,NP 
58 TB(I)=P(I)*STEP/E(I)+TH(I) 

DO 62 1=1 J^P 
IF(TH(I)*TB(I))66,66,62 

62 CONTINUE 
SUMB=0 
CALL MODEUTB,F,NOB,X,INDEX,MODE) 
DO 64 I=l,NOB 
R(I)=Y(I>F(I) 



64 SUMB=SUMB+R(I)»Rtf) 
66 SUM 1=0.0 

SUM2=0.0 
SUM3=0.0 
DO 68 1=1,NP 
SUM1=SUM1+P(I)»PHI(I) 
SUM2=SUM2+P(I)*P(I) 

68 SUM3=SUM3+PHI(I)*PHI(I) 
ARG=SUM1/DSQRT(SUM2*SUM3) 
ARG1=0. 
IF(NP.GT.l) ARG1=DSQRT( 1 .-ARG* ARG) 
ANGLE=57.29578*DATAN2(ARG1,ARG) 

C 
C 

DO 72 1=1,NP 
IF(TH(I)*TB(I))74,74,72 

72 CONTINUE 
IF((SUMB-SSQ).LT. 1.D-08X3O TO 80 

74 IF(ANGLE-30.0)76,76,78 
76 STEP=0.6*STEP 

GO TO 56 
78 GA=10.*GA 

GO TO 50 
C 
C PRINT COEFFICIENTS AFTER EACH ITERATION 

80 CONTINUE 
DO 82 1=1,NP 

82 TH(I)=TB(I) 
WRITE(KP,1012) NIT,SUMB,(TH(I),I=1,NP) 
DO 86 1=1,NP 
IF(DABS(P(I)*STEP/E(I)y(1.0D-20+DABS(TH(I)))-STOPCR) 86,86,94 

86 CONTINUE 
GO TO 96 

94 SSQ=SUMB 
IF(N1T.LE.MIT) GO TO 34 

C 
C — END OF ITERATION LOOP — 

96 CONTINUE 
CALL MATINV(D,NP,P) 

C 
C WRITE CORRELATION MATRIX 

DO 98 1=1,NP 
98 E(I)=DSQRT(DMAXl(D(I,I),l.D-20)) 

WRITE(KP,1013) (I,I=1,NP) 
DO 102 I=I,NP 
DO 100J=1,I 

100 A(J,I)=D(J,iy(E(I)»E(J)) 
102 WRITE(KP,1014) I,(A(J,I),J=1,I) 

C 
C CALCULATE 95% CONFIDENCE INTERVAL 

Z= 1 yFLOAT(NOB-NP) 
SDEV=DSQRT(Z»SUMB) 
TVAR=1.96+Z*(2.3779+Z*(2.7135+Z*(3.187936+2.466666*Z**2))) 
WRITE(KP,1015) 
DO 108 I=1^P 
SECOEF=E(I)*SDEV 
TVALUE=TH(iySECOEF 
TSEC=TVAR*SECOEF 
TMCOE=TH(I)-TSEC 
TPCOE=TH(I)+TSEC 
J=2*I-1 

108 WRITE(KP,1016) I,Bl(J),BI(J+l),TH(I),SECOEF,TVALUE,TMCOE,TPCOE 
C 
C — PREPARE FINAL OUTPUT — 

LSORT(l)=l 
DO 116 J=2,NOB 
TEMP=R(J) 
K=J-1 
DO 111 L=1,K 
LL=LSORT(L) 
IF(TEMP-R(LL)) 112,112,111 

111 CONTINUE 
LSORT(J)=J 
GO TO 116 

112 KK=J 



113 KK=KK-1 
LSORT(KK+l)=LSORT(KK) 
IF(KK-L) 115,115,113 

115 LSORT(L>=J 
116 CONTINUE 

WRITE(KP,1017) 
DO 1181=1,NOB 
J=LSORT(NOB+l-I) 
WRITE(7,2001) I,X(I),F(I),Y(I) 

118 WRITE(KP.IOIB) I,X(I),Y(I),F(I),R(I),J,X(J),Y(J),F(J),R(J) 
WRITE(KP,1020) 

120 CONTINUE 
C 
C END OF PROBLEM 
1000 FORMAT(//5X,67(1H*)/5X,1H*,65X,1H«/5X,1H»,5X,"NONLINEAR LEAST SQU 

1ARES ANALYSIS", 28X,1H"/5X,1H*65X,1H*) 
1001 FORMAT(A60) 
1002 FORMAT(5X,1H*,A60,5X,1H*/6X,1H*,65X,1H*/5X,67(1H*)) 
1004 FORMAT(6(2A3,4X)) 
1005 FORMATCSFIO.O) 
1006 FORMAT(5I5) 
1007 FORMAT(//5X,"INlTIAL VALUES OF COEFFICIENTSY5X,30(1H=)/5X,"NO", 

16X,"NAME",7X,"INITIAL VALUE") 
1008 FORMAT(4X,I3,5X,2A3,4X,F12.3) 
1009 FORMAT(//5X,'OBSERVED DATA'/5X,13(lH=y5X,'OBS. NO.",5X,'PORE VOLU 

1ME',5X,'CONCENTRATION*) 
1010 FORMAT(5X,I5,5X,F12.4,4X,F12.4) 
1011 FORMAT(//5X,'ITERATION\6X,'SSQ',2X,5(4X,2A3)) 
1012 FORMAT(5X,I5,6X,F9.7,2X,3F9.5,F10.5,E10.3) 
1013 FORMAT(//5X,'CORRELATION MATRIXV5X,18UH=y8X,10(2X,I2,7X)) 
1014 FORMAT(3X,I3,10(2X,F7.4,2X)) 
1015 FORMAT(///5X,"NON-LINEAR LEAST SQUARES ANAIJYSIS, FINAL RESULTS' 

l/5X,48(lH=y/54X,'95% CONFIDENCE LIMITS'/5X,'VAR',2X,"NAME" 
2,6X, VALUE",6X,'S.E.COEFF.',3X,T-VALUE',5X,"LOWER",8X,"UPPER') 

1016 FORMAT(5X,I2,2X,2A3,F12.5,3X,F9.4,4X,F8.2,2X,F9.4,4X,F9.4) 
1017 FORMAT(//5X,4(lH-),'ORDERED BY COMPUTER INPUT',5(1H-), 3X,8<1H-

1),'ORDERED BY RESIDUALS',6(lH-yilX,'PORE',3X,'CONCENTRATION", 
23X,'RESI-',9X,'PORE',3X>'CONCENTRATION',3X,'RESI-'/5X,'NO'>2X, 
3-VOLUME',4X,'OBS.",2X,"FITTED",4X,"DUAL',3X>'NO',2X,"VOLUME',4X, 
4"OBS.",2X,'FITTED',4X,'DUAL') 

1018 FORMAT(5X,I2,4F8.3,3XI2,4F8.3) 
1020 FORMAT(///5X,'END OF PROBLEM'/5X,14(lH=)) 
1021 FORMAT(6X,lH*,5X,'EQUILIBRIUM TRANSPORT (MODEL A)\29X,1H*) 
1022 FORMAT(5X,lH*,5X,"NON-EQUILIBRIUM TRANSPORT (MODEL B)",25X,1H») 
1023 FORMAT(5X>lH*,5X,'ONE-SITE KINETIC ADSORPTION (MODEL D)',23X,1H*) 
1024 FORMAT(5X,lH*,5X,'FIRST-TYPE BOUNDARY CONDITION",31X.1H*) 
1025 FORMAT(5X,lH*,5X,THIRD-TYPE BOUNDARY CONDITION",31X.1H*) 
2001 FORMAT(2X,I4,3(2X,F8.3)) 

C 
C —CLOSE FILES — 

CLOSE(5) 
CLOSE(6) 
CLOSE(7) 
STOP 
END 

C 
c 

SUBROUTINE MATINV(A,NP,B) 
IMPLICIT REAL*8( A-H .O-Z) 
DIMENSION A(5,5),BdO),INDEX(5,2) 
DO 2 J=l,5 

2 INDEX(J,1)=0 
1=0 

4AMAX=-1.0 
DO 11 J=1,NP 
IF(INDEX(J,1)) 11,6,11 

6 DO 10 K=1,NP 
IF(INDEX(K,1)) 10,8,10 

8 P=DABS(A(J,K)) 
IF(P.LE.AMAX) GO TO 10 
IR=J 
IC=K 
AMAX=P 

10 CONTINUE 
11 CONTINUE 



IF(AMAX) 30,30,14 
14 INDEX(IC,1)=IR 

IF(IR.EQ.IC) GO TO 18 
DO 16 L=1,NP 
P=A(IR,L) 
A(IR,L)=A(IC,L) 

16 A(IC,L)=P 
P=B(IR) 
B(IR)=B(IC) 
B(IC)=P 
1=1+1 
INDEX(I,2)=IC 

18 P=17A(IC,IC) 
A(IC,1C)=1.0 
DO 20 L=1,NP 

20 A(IC,L)=A(IC,L)*P 
B(IO=B(IC)*P 
DO 24 K=1,NP 
IF(K.EQ.IC) GO TO 24 
P=A(K,IC) 
A(K,IC)=0.0 
DO 22 L=1,NP 

22 A(K,L)=A(K,L)-A(IC,L)*P 
B(K)=B(K)-B(IC)*P 

24 CONTINUE 
GO TO 4 

26 IC=1NDEX(I,2) 
IR=INDEX(IC,1) 
DO 28 K=1,NP 
P=A(K,IR) 
A(K,IR)=A(K,IC) 

28 A(K,IC)=P 
1=1-1 

30 IF(I) 26,32,26 
32 RETURN 

END 
C 
C 

SUBROUTINE MODEL(B,Y,NOB,X,INDEX,MODE) 
C 
C PURPOSE: TO CALCULATE CONCENTRATIONS FOR GIVEN PORE VOLUME 
C 

IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION B(10),Y(90),X(90),INDEX(5),XG<20),W(20) 
DATA XG/.03877242,.1160841,.1926976,.2681622,.3419941,.4137792, 

1.4830758,.5494671,.6125639,.6719567,.7273183,.7783057,.8246122, 
2.8659595, .9020988,.9328128, ,9579168,.9772599,.9907262,.9982377/ 
DATA W/.07750595,.07703982,.07611037,.07472317,.07288658,.07061165 

1,.06791204,.06480401,.06130624,.05743977,.05322785,.04869581,.0438 
27091,.03878217,-03346019,.02793701,.02224585,.01642106,.01049828,. 
300452128/ 
K=0 
IF(MODE.LE.2) GO TO 12 

C 
C SOLUTION FOR NON-EQUILIBRIUM TRANSPORT (MODEL B) 

DO 2 1=6,10 
IF(INDEX(I-5).EQ.O) GO TO 2 
K=K+1 
B(I)=B(K) 

2 CONTINUE 
P=B(6) 
R=B<7) 
IF(MODE.GE.B) B(8)=17R 
BETA=DMIN1(B(8),.9999D00) 
OMEGA=B(9) 
DO 10 J=l,NOB 
DO 8 M=l,2 
C=0.0 
T=X(J)+(1-M)*B(10) 
IF(T.LE.0.) GO TO 6 
A=DSQRT(1.+.05*P) 
T2=DMINl(T,BETA*R*(l.+40.*(l.+AyP)) 
Tl=DMAXl(O.D0O,BETA»R*(l.+4O.*(l.-AyP)) 
IF(T2.LE.T1) GO TO 6 
DO 41=1,20 



TAU=0.5*(T1+T2+(T2-T1)*XG(I)) 
C=C+W(I)»CCO(P,R>BETA,OMEGA>T>TAU,MODE) 
TAU=0.B*(T1+T2+(T1-T2)*XG(I)) 

4C=C+W(I)»CCO(P1R,BETA,OMEGA>T>TAU1MODE) 
C=0.5*(T2-T1)*C 

6 IF(M.EQ.2) GO TO 8 
Y(J)=C 

8 CONTINUE 
10 Y(J)=Y(J)-C 

RETURN 
C 
C — SOLUTION FOR EQUILIBRIUM TRANSPORT (MODEL A) — 

12 DO 141=4,6 
IF(INDEX(I-3).EQ.O) GO TO 14 
K=K+1 
B(I)=B(K) 

14 CONTINUE 
E=0.0 
P=B(4) 
R=B(5) 
DO 18 J=l,NOB 
DO 16 M=l,2 
C=0.0 
T=X(J)+(1-M)*B(6) 
IF(T.LE.O.) GO TO 18 
CM=0.5*(R-T)*DSQRT(P/(R*T)) 
CP=0.5*(R+T)*DSQRT(P/(R*T)) 
C=0.B*EXF(E,CM)+0.5*EXF(P,CP) 
IF(MODE.EQ.2) C=C+DSQRT(.3183099»P*T/R)*EXF(-CM*CM,E>0.5,(2.+P+P» 

1T/R)*EXF(P,CP) 
1F(M.EQ.2) GO TO 18 
Y(J)=C 

16 CONTINUE 
18 Y(J)=Y(J)-C 

RETURN 
END 

C 
C 

FUNCTION CCO(P1R(BETA,OMEGA,T.TAU,MODE) 
C 
C PURPOSE: TO CALCULATE THE ARGUMENT UNDER THE INTEGRAL SIGN -
C 

IMPLICIT REAL*8 (A-H.O-Z) 
cco=o.o 
BER=BETA*R 
CM=P*(BER-TAU)**2/(4.*BER*TAU) 
C=.2820948*DSQRT(P*BERTAU,,3)*DEXP(-CM) 
IF((MODE.EQ.3).OR.(MODE.EQ.B)) GO TO 2 
CP=(BER+TAU)*DSQRT(P/(4.*BER*TAU)) 
C=2.*C*TAU/BER-0.S*PtEXF(P,CPyBER 

2 IF(C.LT.l.D-07) RETURN 
EPSI=OMEGA*TAU/BER 
ETHA=OMEGA*(T-TAU)/(R-BER) 
CCO=C*GOLD(EPSI,ETHA) 
RETURN 
END 

C 
C 

FUNCTION GOLD(X,Y) 
C 
C PURPOSE: TO CALCULATE J(X,Y) 
C 

IMPLICIT REAL»8(A-H,0-Z) 
GOLD=0.0 
BF=0.0 
E=2.*DSQRT(X*Y) 
Z=X+Y-E 
IF(Z.GT.17.) GO TO 8 
IF(E.NE.O.) GO TO 2 
GOLD=DEXP(-X) 
RETURN 

2 A=DMAX1(X,Y) 
B=DMIN1(X,Y) 
NT= 1 l.+2.*B+0.3*A 
IF(NT.GT.2B) GO TO 6 



1=0 
IF(X.LT.Y) 1=1 
GXY=1.+I*(B-1.) 
GX=1.0 
GY=GXY 
GZ=X.O 
DO 4 K=1,NT 
GX=GX*A/K 
GY=GY»B/(K+I) 
GZ=GZ+GX 

4 GXY=GXY+GY*GZ 
GOLD=GXY*DEXP(-X-Y) 
GO TO 8 

6 DA=DSQRT(A) 
DB=DSQRT(B) 
P=3.76/E 
B0=(.3989423+P*(.01328592+P*(.00225319-P*(.00157565-P*(.00916281-P 

1«(.02057706-P»(.02635537-P*(.01647633-.00392377«P))))))))/DSQRT(E) 
BF=B0*DEXP(-Z) 
P=1-/(1.+.3275911*(DA-DB)) 
ERF=P*(.2548296-P*(.2844967-P*( 1.421414-P*(l.453152-P*1.061405)))) 
P=0.25/E 
C0=1.-1.772454*(DA-DB)*ERF 
C1=0.5-Z*C0 
C2=0.75-Z«C1 
C3=1.875-Z*C2 
C4=6.5625-Z*C3 
SUM=.1994711*(A-B)*P*(C0+1.5*P*(C1+1.666667*P*(C2+1.75*P*(C3+P*(C4 
1*(1.8-3.3*P*Z)+97.45313*P))))) 
GOLD=O.B*BF+(.3635534*(DA+DB)*ERF+SUM)*BF/(BO*DSQRT(E)) 

8 IF(X.LT.Y) GOLD=l.+BF-GOLD 
RETURN 
END 

C 
C 

FUNCTION EXF(A,B) 
C 
C PURPOSE: TO CALCULATE EXP(A) ERFC(B) 
C 

IMPLICIT REAL*8 (A-H.O-Z) 
EXF=0.0 
IF((DABS(A).GT.170.).AND.<B.LE.0.)) RETURN 
IF(B.NE.O.O) GO TO 1 
EXF=DEXP(A) 
RETURN 

1 C=A-B*B 
IF((DABS(C).GT.170.).AND.(B.GT.0.)) RETURN 
IF(C.LT.-170.) GO TO 4 
X=DABS<B) 
IF(X.GT.3.0) GO TO 2 
T=iy(l.+.3275911*X) 
Y=T*(.2548296-T*(.2844967-T*(1.421414-T*(1.453152-1.061405*T)))) 
GO TO 3 

2 Y=.5641896/(X+.5/(X+l./(X+1.5/(X+27(X+2.5/(X+l.)))))) 
3 EXF=Y*DEXP(C) 
4 IF(B.LT.0.0) EXF=2.*DEXP(A)-EXF 

RETURN 
END 



REACT 

PROGRAM REACT1 
C THIS IS THE ORIGINAL PROGRAM 

C THIS PROGRAM CALCULATES THE CONCENTRATION PROFILE EXITING FROM 
C OR WITHIN A SOIL COLUMN AS A FUNCTION OF TIME. 
C THE PROGRAM UTILIZES A CRANK-NICOLSON FINITE DIFFERENCE 
C APPROXIMATION TO THE D EFINING DIFFERENTIAL EQUATION AND THE 
C DOUGLAS PREDICTOR-CORRECTOR METHOD TO ACCOUNT FOR THE 
C POSSIBLE NON-LINEAR SORPTION TERM. 
C EQUILIBRIUM CONTROLLED SORPTION IS ACCOUNTED FOR BY 
C EITHER THE MASS ACTION LAW, THE LANGMIUR, OR FREUNDLICH ISOTHERM 
C A FIRST ORDER IRREVERSIBLE RATE REACTION IS INCLUDED. 
C PROGRAM WRITTEN BY D. GROVE,U.S.GEOLOGICAL SURVEY 
C WATER RESOURCES DIVISION, DENVER COLORADO, NATIONAL 
C RESEARCH PROGRAM ON 6/83. 
(•****»***•»**••»***•••*»**••*•*»*************•••***••*******•****»***•*• 
c.................................... 
C ALPHA = HYDRAULIC DISPERSION CHARACTERISTIC LENGTH 
C CDELT = FRACTION CELL DISTANCE A SOLUTE WILL MOVE IN DELT 
C CEC = CATION EXCHANGE CAPACITY 
C CI = INITIAL CONCENTRATION ENTERING REACTOR 
C CTOT = TOTAL SOLUTION CONCENTRATION 
C DELT = TIME INCREMENT 
C DIF = MOLECULAR DIFFUSION COEFFICIENT 
C DPUL = TIME OF PULSE INPUT 
C EK = ION EXCHANGE EQUILIBRIUM CONSTANT 
C EKF = FREUNDLICH ISOTHERM CONSTANT 
C EKL = LANGMIUR ISOTHERM CONSTANT 
C IC = GT 0 FOR CONSTANT CONCENTRATION BOUNDRY CONDITION 
C K = CHEMICAL REACTION RATE CONSTANT 
C NEXC = 0 FOR NO ADSORPTION 
C = 1 FOR FREUNDLICH ISOTHERM 
C =2 FOR LANGMU1R ISOTHERM 
C =3 FOR MONO-MONO EXCHANGE 
C =4 FOR DI-DIVALENT EXCHANGE 
C =5 FOR MASS ACTION EXCHANGE WITH 2M+=2MX 
C =6 FOR MASS ACTION EXCHANGE WITH M++=MX2 
C NI = NUMBER OF NODES IN COLUMN 
C NK = NUMBER OF NODES FOR PARAMETER CALCULATION 
C NJ = NODE NUMBER OF DATA PRINTOUT 
C NP1 = GT 0 TO PRINT NODE NJ ONLY 
C NP2 = INCREMENT OF NODE PRINTOUT 
C NP3 = 7 FOR DISK OUTPUT FOR PLOT ROUTINES 
C PIPV = PORE VOLUME INCREMENT BETWEEN PRINTOUTS 
C POR = EFFECTIVE POROSITY 
C PSTOP = NUMBER OF PORE VOLUMES AT NJ IN REACTOR RUN 
C RHOB = SOIL BULK DENSITY 
C SLOPE = LINEAR SLOPE OF SORPTION ISOTHERM 
C V = INTERSTITIAL FLUID VELOCITY 
C XL = COLUMN LENGTH AT NI 
C XNF = SLOPE OF FREUNDLICH ISOTHERM 

DIMENSION A(201),B(201),C(201),D(201),CON(201),CE(201),X(201), 
&PON(201),RX(201),S(201),COEF(201),RCOE(201) 
REALK 
CHARACTER HEAD*80,INPUT*10,OUTPUT*10,PFILE*12,F1*10, 
1WNP1*3,WNP3*3,WIC*3,WNEXC*12 

C 
C»..».*..«.1NIT[ALIZE VARIABLES********** 
C 

TKOUT=0.0 
WNPl=*NO' 
PFILE="NO PLOT FILE' 
WIC='NO" 
F1=W 
ACC=0.0 
RF=1.0 



N6=0 
N =0 
FRAC=0.0 
TIME=0.0 
NLIN =0 
XIN = 0.0 
XOUT=0.0 
PPV=0.0 
PV=0.0 

C 
C»,,.,,.,,,READ input DATA**"'*"*"*"""***" 
C 

WRITE (*, FDTYPE IN NAME OF INPUT FILE-
READ (»,F1) INPUT 
WRITE (*,FDTYPE IN NAME OF OUTPUT FILE-
READ (*,F1) OUTPUT 
OPEN( 10)FILE=INPUT,Btatufl='oId') 
OPEN(20,FILE=OUTPUT(8tatus='new-) 
READ(lO.Fl) HEAD 
READ(10,*JNEXC,IC,NI,DELT,PSTOP,PIPV,NP1,NP2,NP3,NJ,CDELT,NK 
READ(10,*)DPUL,XL,V,DIF,ALPHA,RHOB.POR 
READUO,*)SLOPE,CI,CEC,CTOT,K,EKF,XNF,EK,EKL 
IF(NP1.GT.0) WNP1=-YES' 
IFdC.EQ.O) WIC=-YES' 
IF(ABS(SLOPE).GT..1E-20)NLIN=1 
IF(NP3.NE.7) GO TO 50 
WRITE (•,FDTYPE IN NAME OF PLOT FILE' 
READ(*,FD PFILE 
OPEN(30,FILE=PFILE,8tatUB='new') 

50 CONTINUE 
C 

NGO=NEXC+l 
GO TO(l 1,12,13,14,15,16,17),NGO 

11 WNEXC=-NONE' 
GO TO 25 

12 WNEXC=-FREUNDLICH-
GO TO 25 

13 WNEXC=-LANGMUIR' 
GO TO 25 

14 WNEXC='EXCHANGE(3y 
GO TO 25 

15 WNEXC=-EXCHANGE(4y 
GO TO 25 

16 WNEXC='EXCHANGE(5)-
GO TO 25 

17 WNEXC=-EXCHANGE(6)-
25 CONTINUE 

C.......*,,WRITE [NPUT DATA»«.....„ 
C 

WRITE<20,509) 
WRITE(20,510) HEAD 
WRITE(20,511) 
WRITE(20,520) 
WRITE(20,540)DELT,PIPV,NI,PSTOP,WNP1,NJ,NK^P2,PFILE,WIC,CDELT( 

&WNEXC 
WRITE(20,530)DPUL,XL,V,DIF,ALPHA)RHOB,POR 
WRITE(20,535)SLOPE,C1,CEC,CTOT,K>EKF,XNF,EK,EKL 

C 
C**********CALCULATE VARIABLES COMMON TO ALL ROUTINES********** 
C 

DO 100I=1,NI 
CON(I)=0.0 
RCOE(I)=1.0 
COEF(I)=1.0 
RX(I)=0.0 

100 CONTINUE 
IF(NLIN.NE.l) GO TO 120 
RF=l.+SLOPE*RHOB/POR 
DO 1101=1,NI 
RCOE(I)=RF 
COEF(I)=RF 

110 CONTINUE 
120 CONTINUE 

IF(CTOT.LT..1E-20)CTOT=.1E10 
FCTF=RHOB*EKF*XNF/POR 



FCTL= RHOB*EKL*CEC/POR 
FCTM = RHOB*CEC*EK/(POR»CTOT) 
C3=RHOB/POR 
CTOTH=CTOT/2. 
CMINF=.001»CI 
II=N1-1 
IF(NJ.EQ.O) NJ=NI 
IF(NK.EQ.O)NK=NI 
III=NJ-1 
PVC=FLOAT<Nl-iyFLOAT(NK-l) 
DX= XL/FLOAT(II) 
D1S=DI F+ALPH A*V 
PE = V*XL/(DIS*PVC) 
BN=PE/4. 
XK = K*XL/(V*PVC) 
XCI=CI 
DO 130 I=1,NI 

130 X(I)=DX*(FLOAT(l>-l) 
IF(CDELT.LT..lE-20) GO TO 140 
CALL NEWDT(NLIN,CDELT,DX,V,NGO,FCTF,FCTL,FCTM,XNF(CI,EKL,CTOT,EK, 
&CEC,RHOB,POR,RF,DELT) 

140 CONTINUE 
HDELT=DELT/2. 
D2=DIS/(DX*DX) 
D4= V/(4.*DX) + DIS/(2.»DX«DX) 
D6 = -V/(4.*DX) + DIS/(2.*DX*DX) 
D7 = DIS/(DX«DX) 
1=1 
A(I)=0.0 
C(I)= -DIS/(DX*DX) 
IF(IC.GT.O) C(1)=0.0 
DO 1501=2,11 
A(I)= -V/(4.*DX) - DIS/(2.*DX*DX) 
C(I)= V/(4.»DX) - DIS/(2.*DX*DX) 

150 CONTINUE 
I=NI 
A(I) = -DIS/(DX*DX) 
C(I)=0.0 

C 
c»»»«»THg VARIABLE STA MUST BE EQUAL TO OR LESS THAN ONE TO PREVENT 
C*****UNDAMPED OSCILLATION FROM OCCURING DURING SOLUTION. 
C 

STA = V*DX/(2.*DIS) 
IF(STA.LT.l.O) GO TO 160 
WRITE(20,660) STA 
NNI= XL*V/(2.»DIS)+2. 
WRITE(20,470) NNI 
STOP 

160 CONTINUE 
C 
C.......,.,WRITE CALCULATED DATA**'******* 
C 

WRITE(20,536) DIS,STA,DX,PE,XK,BN,RF,DELT 
170 CONTINUE 

IF(PV.LT.(PPV-.0001)) GO TO 220 
PPV = PPV + PIPV 
IF(NPl.LT.l) GO TO 200 
IF(N6.GT.O) GO TO 180 
WRITE(20,460) NJ 
N6=l 

180 CONTINUE 
IF(XIN.LT.0.1E-20)GO TO 190 
FRAC=XOUT/XIN 

190 CONTINUE 
CDIM=CON(NJ)/XCI 
WRITE(20,450) N,TIME,PV,CON(NJ),CDIM,FRAC 
IF(NP3.EQ.7)WRITE(30,440)PV,CDIM 
PRINT »,PV 
GO TO 220 

200 CONTINUE 
WRITE(20,580) TIME,N,PV 
DO 210 I=1,NJ,NP2 
CDIM=CON(iyXCI 
XDIM=X(iyXL 
WRITE(20,570)IrX(I),XDIM,CON(I),CDIM 
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GOTO 170 
410 CONTINUE 
420 CONTINUE 

C 
C**********CALCULATE MASS BALANCE"***"*** 
C 

SCC=CON(l)*(RCOE(l)-l.V2. 
DO 4301=2,111 
SCC=SCC+CON(I)*(RCOE(I)-l.) 

430 ACC=ACC+CON(I) 
ACC=ACC*DX+(CONd)+CON(NI))*DX/2. 
SCC=(SCC+CON(NJ)*(RCOE(NJ)-l.y2.)*DX 
XMB=(ACC+SCC+XOUT+TKOUT-XIN)/XIN 
WRITE(20,600)XIN,XOUT>TKOUT,ACC,SCC>XMB 

C 
C******""FORMAT STATEMENTS********** 
C 
440 FORMAT(F11.3,E12.3) 
450 FORMATdH ,1X,I5,E11.2,FU.3,2E12.3,F8.3,E12.3) 
460 FORMAT(lHl///,5X,'CONCENTRATION AT NODE "".IS," IN COLUMN*,/// 

&,5X,'N'5X,TIME',9X,'PV,6X,'CON(NJ)',7X,'DIM', 
&7X,'FRAC'//) 

470 FORMAT(1HO, 'OSCILLATION CAN BE ELIMINATED BY INCREASING THE',/ 
&-NUMBER OF NODES (NI) TO ',15) 

609 FORMATdH ,'•*********"•******»*••***••***•••*****•*******•*•', 

510 FORMATdH ,'",3X,A,T78,'*') 
511 FORMATdH /•>iT78,'*'/1X,'***********************«**********', 

620 FORMATdHO,' USER DEFINED OPTIONS AND PARAMETERS',//) 
540 FORMAT(1HO, 

&5X.TIME INCREMENT(DELT) '.F7.4/ 
&6X,'PORE VOLUME INCREMENT BETWEEN PRINTOUTS<PIPV)....',F9.4/ 
&6X.-NUMBER OF NODES(NI) ',13/ 
&6X.TOTAL PORE VOLUME OF RUN(PSTOP) ',F9.4/ 
&6X,'PRINT NODE NJ ONLY(NPl) 
&6X/NODE FOR PRINTOUT(NJ) *,13/ 
&6X/NUMBEROF NODES FOR PARAMETER CALCULATION(NK)....',13/ 
&6X,'INCREMENT OF NODE PRINTOUT(NP2) ',13/ 
&6X,"NAME OF PLOT DATA FILE(PFILE) \A/ 
&6X/FLUX INPUT BOUNDRY CONDITION(IC) ',A/ 
&6X,'FRACTION OF CELL THAT ION MOVES(CDELT) ',F4.2/ 
&6X,'CODE FOR POSSIBLE SORPTION(NEXC) \A) 

530 FORMATdH ,///,5X,'PHYSICAL CHARACTERISTICS OF COLUMN,SOIL,' 
&' AND SOLUTE',//, 
&6X.TIME DURATION OF PULSE(DPUL) '.E10.3/ 
&6X,'COLUMN LENGTHCXL) '.F8.3/ 
&6X,'INTERSTITIAL FLUID VELOCITY(V) '.E10.3/ 
&6X,"MOLECULAR DIFFUSION COEF(DIF) '.E10.3/ 
&6X,'DISPERSION CHARACTERISTIC LENGTH(ALPHA) '.F9.3/ 
&6X,'MEDIUM BULK DENSITY(RHOB) '.F8.3/ 
&6X/MEDIUM POROSITY(POR) *,F8.3) 

535 FORMAT(lH ///,5X,'CHEMICAL CHARACTERISTICS OF POROUS', 
&' MEDIUM AND SOLUTE'//, 
&6X,'SLOPE OF LINEAR ISOTHERM(SLOPE) '.E10.3/ 
&6X,'SOLUTE INPUT CONCENTRATION(CI) '.E10.3/ 
&6X/SORPTION OR CATION EXCHANGE CAPACITY(CEC) '.F9.3/ 
&6X.TOTAL SOLUTION CONCENTRATION(CTOT) '.E10.3/ 
&6X,'KINETIC RATE CONSTANT(K) ',£10.3/ 
&6X,'FREUNDLICH ISOTHERM CONSTANT(EKF) '.E10.3/ 
&6X'EXPONENT OF FREUNDLICH ISOTHERM(XNF) '.F8.3/ 
&6X,'ION EXCHANGE CONSTANT(EK) ',E10.3/ 
&6X,'LANGM UIR SORPTION CONSTANT(EKL) '.E10.3) 

560 FORMATdH ,'PROGRAM CANCLED BECAUSE STA =',E14.7,\IS', 
&' GREATER THAN THE MINIMUM VALUE OF ONE') 

536 FORMATdH ///,5X,'CALCULATED VALUES'// 
&6X,'DISPERSION COEFFICIENT(DIS) '.F9.4/ 
&6X,'OSCILLATION COEFFICIENT(STA) ',F7.4/ 
&6X,'DISTANCE INCREMENT(DX) '.F7.4/ 
&6X,'PECLET NUMBER(V*XL/DIS) ',F8.3/ 
&6X,'KINETIC FACTOR(K*XlW) '.E10.3/ 
&6X,'BRENNERNUMBER(V*XL/(4*DIS)) '.F8.3/ 
&6X/MINIMUM RETARDATION FACTOR(RF) ',F7.2/ 
&6X/DELT CALCULATED FROM CDELT(DELT) ',E10.3///) 

570 FORMATdH ,5X, 114,5(3X,E 10.3)) 



580 FORMATC1H1, //6X,'CONCENTRATION WITHIN THE COLUMN1//,6X, 
&6HTIME =,E9.3,/6X,22HNUMBER OF ITERATIONS =,I7/6X, 24HNUMBER OF PO 
&RE VOLUMES =,F9.4//6X,4HNODE,5X, 8HDISTANCE,3X,'DIM DISTANCE', 
& 4X,'CONC',7X,'DIM CONC') 

600 FORMATdH ///5X/MASS BALANCE CALCULATION*,// 
&6X,'COLUMN INPUTXXIN) ',E10.3/ 
&6X,'COLUMN OUTPUT(XOUT) '.E10.3/ 
&6X,'OUT BY CHEMICAL REACTION(TKOUT) '.E10.3/ 
&6X,'COLUMN ACCUMULATION(ACC) '.E10.3/ 
&6X/COLUMN SORBED ACCUMULATION(SCC) '.E10.3/ 
&6X/MASS BALANCE ERRORCXMB) '.E10.3) 

590 FORMAT(E14.7) 
STOP 
END 

C 
C 

ROUTINE IS THE THOMAS ALGOTHRIUM USED' 
SOLVE THE TRI-DIAGONAL MATRIX******** 

C 
SUBROUTINE TRIMAT(A,B,C,D,H,II,NI) 
DIMENSION A(NI),B(NI),C(NI),D(NI),H(NI),BETA(201),GAMMA(201) 
1=1 
BETA(1)=B(1) 
GAMMA(l)=D(iyB(l) 
DO 1001=2,NI 
BETA(I)=B(I)-A(I)*C(I-iyBETA(I-l) 
GAMMA(I)= (D(I)-A(I)*GAMMA(I-1))/BETA(I) 

100 CONTINUE 
H(NI)= GAMMA(NI) 
DO 110 J=1,II 
I=II+1-J 
H(I)=GAMMA(I)-C(I)*H(I+1)/BETA(I) 

110 CONTINUE 
RETURN 
END 

C 
C 
C**********THIS SUBROUTINE SOLVES THE QUADRATIC EQUATION**** 
C 

FUNCTION QUADX(A,B,C,D) 
QUADX=(-B+D*SQRT(B*B-4.*A*C))/(2.*A) 
RETURN 
END 

C 
C 
C**********THIS SUBROUTINE CALCULATES THE NEW DELT NECESSARY***** 
C**********TO MOVE A SORBING SOLUTE CDELT FRACTION OF A CELL DISTANCE** 
C 

SUBROUTINE NEWDT(NLIN,CDELT,DX,V,NGO,FCTF,FCTL.FCTM,XNF, CI, EKL, 
&CTOT,EK,CEC,RHOB,POR,RF,DELT) 

C 
C55=CDELT*DX/V 
IF(NLIN.EQ.l) GOTO 160 
GO T0(100,110,120,130,135,140,150),NGO 

100 DELT=C55 
GOTO 170 

110 RF=1.+FCTF*CI**(XNF-1.) 
DELT=C55*RF 
GOTO 170 

120 RF=1.+FCTL/(1.+EKL*CI)**2 
DELT=C55*RF 
GOTO 170 

130 RF=l.+FCTM/(CI/CTOT*(EK-l.)+l.)**2 
DELT=C55*RF 
GOTO 170 

135 RF=l.+FCTM/(2.*CI/CTOT*(EK-l.)+l.)**2 
DELT = C55*RF 
GO TO 170 

140 C3=RHOB/POR 
C2=CI*CI 
AA=CTOT-CI 
BB=C2*EK 
CC=-EK*CEC*C2 
CBAR=QUADX(AA,BB,CC,1.) 
DCBAR=(CBAR*CBAR-CBAR*2.*CI*EK+2.*CI*EK*CEC) 



114 
&/((CTOT-CI)*2.*CBAR+C2*EK) 
RF=1.+C3*DCBAR 
DELT=CB5*RF 
GOTO 170 

150 C4=EK*CEC 
C3=RHOB/POR 
C6=C4*CEC 
C6=CTOT*CTOT 
C2=CI*CI 
AA=EK*Cl*4. 
BB=-4.*C4*CI-C6+4.*CI*CTOT-4.*C2 
CC=C5*CI 
CBAR=QUADX(AA,BB,CC,-1.) 
DCBAR=(-4.*CBAR*CBAR*EK-CBAR*(-4.*C4+4.*CTOT-8.*CI) 
&-C5y(4.*EK*CI*(2.*CBAR-CEC)-C6+4.*CI*CTOT-C2*4.) 
RF=1.+C3*DCBAR 
DELT=C55'RF 
GOTO 170 

160 DELT=C55*RF 
170 CONTINUE 

RETURN 
END 

C 
C 
C„„„„„XH1S SUBROUTINE COMPUTES THE COEFFICIENTS' 
c„,.,...„FORTHE LANGMUIR S0RPTI0N**,**"»»*»»*»*»»«« 
C 

SUBROUTINE LANG(NI,RCOE,FCTL,EKL,CON,COEF) 
DIMENSION RCOE(NI),CON(NI),COEF(NI) 
DO 1001=1,NI 
RCOE(I)=l.+FCTIV(l.+EKL*CON(I)) 

100COEF(I)=1.+FCTL/((1.+EKL*CON(I))*'2) 
RETURN 
END 

C 
C 
C""»."..THIS SUBROUTINE COMPUTES THE COEFFICIENTS' 
C.»,.,.,.„F0R EQUAL VALENCE ION EXCHANGE""*****'**** 
C 

SUBROUTINE EXC(NI,RCOE,FCTM,CTOT,CON,EK,COEF) 
DIMENSION RCOE(NI),CON(NI),COEF(NI) 
DO 1001=1,NI 
RCOE(D=l.+FCTM*CTOT/((CTOT-CON(I))+EK*CON(I)) 

100 COEF(I) = l.+FCTM/((CON(I)/CTOT»(EK-l.)+l.)**2) 
RETURN 
END 

C 
C 
C**********THIS SUBROUTINE COMPUTES THE COEFFICIENTS' 
C***«******FOR MONO-VALENT DIVALENT*****************'***" 
C 

SUBROUTINE EXCM(NI,CON,CMINF,CTOT,EK,CEC,RCOE,COEF,C3) 
DIMENSION RCOE(NI),CON(NI),COEF(NI) 
DO 1101=1,NI 
IF(CON(I).LT.CMINF) GO TO 100 
C2=CON(I)*CON(I) 
AA=CTOT-CON(I) 
BB=C2*EK 
CC=-EK*CEC*C2 
CBAR=QUADX(AA,BB,CC,1.) 
RCOE(I)=l.+C3'CBAR/CON(I) 
DCBAR=(CBAR*CBAR-CBAR*2.*CON(I)*EK+2.*CON{I)*EK*CEC) 

&/((CTOT-CON(I))*2.*CBAR+C2*EK) 
COEF(I)=l.+C3*DCBAR 
GOTO 110 

100 RCOE(I)=l.+C3*SQRT(EK*CEC/CTOT) 
COEF(I)=RCOE(I) 

110 CONTINUE 
RETURN 
END 

C 
C 
C"""""THIS SUBROUTINE COMPUTES THE COEFFICIENTS****** 
C**********FORDIVALENT-M0N0VALENT******************** 
C 



SUBROUTINE EXCD(NfI,EK,CEC,CTOT,CON>CMINF,C3,RCOE,COEF) 
DIMENSION RCOE(NI),CON(NI),COEF(NI) 
C4=EK*CEC 
C5=C4*CEC 
C6=CTOT»CTOT 
DO 110 I=1,NI 
IF(CON(I).LT.CMINF) GO TO 100 
C2=CON(I)*CON(I) 
AA=4.*EK*CON(I) 
BB=-4.*C4*CONd)-C6+4.*CONd)*CTOT-C2*4. 
CC=CB*CON(I) 
CBAR=QUADX(AA,BB,CC,-1.) 
RCOE(I)=l.+C3*CBAR/CON(I) 
A=(-4.*CBAR*CBAR*EK-CBAR*(-4.*C4+4.*CTOT-8.*CONd))-C5) 
B=(4.*EK*CONd)*(2.*CBAR-CEC)-C6+4.*CON(I)*CTOT-4.*C2) 
DCBAR=A/B 
COEF(I)=l.+C3*DCBAR 
GOTO 110 

100 RCOEd)=l.+C3*EK*CEC*CEC/(CTOT*CTOT) 
COEF(I)=RCOE(I) 

110 CONTINUE 
RETURN 
END 

C 
c 

TH1S SUBROUTINE COMPUTES THE COEFFICIENTS***"** 
C********** FOR FREUNDLICH SORPTION***************************** 
C 

SUBROUTINE FREUN(CON,CMINF,RCOE,FCTF,XNF,COEF>NI) 
DIMENSION RCOE(NI),CON(NI),COEF(NI) 
XXNF=XNF-1 
DO 1101=1,NI 
IF(CON(I).LT.CMINF) GO TO 100 
RCOE(I)=l.+FCTF/XNF*CON(I )**XXNF 
COEF(I)= l.+FCTF*CON(I)**XXNF 
GOTO 110 

100 RCOE(I)=l.+FCTF/XNF 
COEF(I)=l.+FCTF*CMINF«*XXNF 

110 CONTINUE 
RETURN 
END 

C 
C 
C**********THIS SUBROUTINE COMPUTES THE CONCENTRATION AT* 
C**********THE NEW TIME STEP*********************************** 
C 

SUBROUTINE REACT(DELT,COEF,DIS,DX,VpRX,CON,Dl,D2>IC,CI, 
&II,NI,D4.D5,D6,D7,A,B,C,D,PON) 
DIMENSION COEF(NI),RX(NI),CON(NI),A(NI),B(NI),C(NI)> 

&D(NI),PON(Nl) 
1=1 

DT = DELT/COEF(I) 
B(I)= 1VDT + DIS/(DX*DX) +V*V/(2.*DIS) + V/DX+RX(I) 
Dl= 17DT - DIS/(DX*DX) -V*V/(2.*DIS) -V/DX-RXd) 
D(I)=CON(I)*Dl+CON(I+l)*D2+V«V*CI/DIS+2.*V*CI/DX 
IFdC.GT.O) B<1)=1. 
IFdC.GT.O) D(1)=CI 
DO 1001=2,11 
DT = DELT/COEFfl) 
B(I) = 1/DT + DIS/(DX*DX) + RX(I) 
D6 = iyDT - DIS/(DX*DX) - RX(I) 

100 D(I)=CON(I-l)*D4 + CON(I)*D5 + CON(I+l)*D6 
I=NI 
DT = DELT/COEFH) 
B(I) = 17DT + DIS/( DX*DX) + RX(I) 
D8= liDT - DIS/(DX*DX>RX(I) 
D(I)= CON(I-l)*D7 + CON(I)*D8 
CALL TRIMATCA,B,C,D,PON,II^n) 
RETURN 
END 
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