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PREFACE 

Environmental immunoassay is the use of animal-derived antibodies that will spe

cifically bind with targeted analytes, called antigens, to quantitatively measure levels of 

contamination of the analyte in the environment. Most commercially available forms of 

immunoassays require the analyte to be in solution. Therefore, for soil contaminants, the 

analyte must be extracted from the soil, usually by a strong solvent, prior to analysis. The 

potential inefficiency of the extraction process has led to the investigation of a method for 

direct detection in the solid phase. 

This project deals strictly with testing potential assay procedures using mono

clonal antibodies specific to naphthalene and polyclonal antibodies specific to pyrene. 

These antibodies were developed by Strategic Diagnostics, Inc. (SDI) under ajoint 

agreement with Amoco Production Co. (APC). The testing of the antibodies for their 

ability to bind to the targeted analyte in solution and their cross reactivity, or ability to 

bind with other similar polycyclic aromatic hydrocarbons (PAR's), were tested exclu

sively by SDI, and only the results of these tests are discussed in this thesis. 

Dextran, a chain of sugar molecules, was used as a surrogate antibody in estab

lishing procedures. This was done because the newly developed antibodies used in this 

study were available in very small quantities. There would be few chances for adjusting 

procedures and re-testing, and careful preparation for testing was crucial. 
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CHAPTER I 

INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAH's) are by-products of industrial and en

ergy conversion processes. They are hazardous components of creosote and oil refinery 

wastes. Several of these hydrocarbons are carcinogenic in microbial and mammalian 

tests (National Research Council, 1983). Because some PAR's are known carcinogens, 

Federal and State regulatory agencies may require clean-up of many of these sites. 

The use of immunoassays as rapid on-site indicators of hazardous contaminants in 

the environment is extremely attractive due to their low cost. There is a need for rapid, 

accurate and precise analytical methods to characterize contaminants, determine move

ment of contamination in the environment, and to monitor cleanup efforts as they pro

ceed. The standard laboratory methods usually employed for P AH analysis, EPA 

methods 8270, Gas Chromatograph/mass spectrometry (GCfMS) and 8310, high pressure 

liquid chromatography (HPLC), are relatively expensive, typically $200-$500 per sample, 

and suffer from a long turnaround time. 

Immunoassays are analytical techniques based on the specific and high affinity 

binding of animal-derived antibodies with particular target molecules called antigens 

(Miller et aI. , 1992). Binding between antibodies and target antigens, coupled with the 

use of indicator compounds and simple instrumentation for reading the response, form the 

basis of the immunoassay. 

A wide variety of immunoassay formats have been developed to allow either vis

ual or instrumental measurement of antibody-antigen binding. With rare exception these 



fonnats require soil analysis to be preceded by an extraction step (Miller et aI. , 1992). 

The efficiency of these extraction processes varies between 75% to 100%. Extraction 

efficiency depends on extraction method and soil type and has a bearing on assay time 

and accuracy (Krahn et aI., 1991). For this reason alone, investigation of a method for 

direct immunoassay of soil-bound analytes is a logical step in improving the accuracy of 

an assay. 

The objective of this research was to evaluate the ability of antibodies biologically 

engineered to be specific to naphthalene and pyrene to bind with these P AHs in the solid 

phase and, if feasible, design a solid phase assay that can be used on site. Adsorption 

isotherms were the investigative method chosen to evaluate specific and non-specific ad

sorption of the antibodies on a soil matrix. Arkansas river sand washed of clays and or

ganic matter was used as a simple soil matrix for the investigation. Dextran, a chain of 

sugar molecules, was used as a surrogate antibody to establish isotherm procedures, to 

conserve antibody supply, and to study non-specific adsorption. Fluorescent compounds, 

eosin-5-isothiocyanate conjugated with dextran and erythrosin-5-isothiocyanate conju

gated with the antibodies, were used as tags to measure their respective concentrations in 

solution. 

An evaluation of two commercially available immunoassay kits for the detection 

of P AH' s in soils and in water is included in this study. This evaluation was intended as 

an example of the current state of the art ofthis technology. Figure 1.1 is a flowchart 

itemizing the research structure. 
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STRATEGIC DIAGNOSTICS. INC (SOl) 
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l 
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Figure 1.1: Flowchart showing the research structure. The spin-off test was an addition to the original 
structure. 
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CHAPTERH 

LITERATURE REVIEW 

The purpose of this section is to review the biological, chemical, and physical 

phenomena involved in quantifying an analyte substance by immunoassay. Fluorescence 

labeling, as used in this study, can be a highly sensitive detection method for detennining 

concentrations of an analyte in solution, and is used in solid phase immunoassay (Stave, 

1994). Fluorescence labeling is not the method currently used in field test kits by many 

major kit manufacturers, including Quantix, EnSys, and Millipore. Calorimetric detec

tion is more commonly used due to the ability to utilize less sophisticated and less costly 

field equipment such as portable reflectometers, and is not hampered by the potential in

terferences to fluorescence measurements which are discussed in this chapter (EnSys, 

Inc., 1994). Absorbance measurement, which was used to measure concentrations in so

lution, is related to the calorimetric methods utilized by EnSys in their immunoassay kits. 

Adsorption isothenns were used as a developmental tool. They were chosen for this 

study as a means of comparing adsorption results while providing a method of determin

ing the reliability of those results. Immunoassay methods in general rely on single sam

ple data and are subject to variability. The user may average out random variability by 

repeating the test on one sample, however, this could become quite expensive, and highly 

accurate laboratory methods (gas chromatograph, mass spectrometer) are becoming faster 

and cheaper. 
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lnununology 

The immune system's principle function is to protect animals from infectious or

ganisms and their toxic products (Harlow and Lane, 1988). The adaptive immune system 

produces a specific reaction to each infectious agent (antigen) (Roitt, Brostoff, and Male, 

1985). A key feature of the immune system is its ability to synthesize a vast number of 

antibodies. Antibodies are proteins produced generally in response to an infection, with 

highly specific binding sites on which to bind and neutralize the infecting intruder. 

Bonding of the antibodies to foreign molecules provides the basis for the specificity of 

the immune response (Harlow and Lane, 1988) and is the basis for immunoassay tech

mques. 

Antibody Structure 

The basic structure of all antibody molecules (immunoglobulins) is a unit consist

ing of two identical light polypeptide chains and two identical heavy polypeptide chains 

linked together by disulfide bonds. Five distinct classes of immunoglobulins (Ig) are 

recognized in most higher mammals (e.g. mice, rabbits), namely IgG, IgA, IgM, IgD and 

IgE. Each of these classes has a specific role in the immune response system. The IgG 

class accounts for 70-75% of the total antibody pool, is the major antibody of the adap

tive immune system, and is the exclusive anti-toxin class (Roitt, Brostoff, and M.ale, 

1985). The two regions that carry the antigen binding sites are known as Fab fragments, 

named for the ftagment having the antigen binding site. The part that is involved in im

mune regulation is termed the Fc fragment for theftagment that crystallizes (Harlow and 

Lane, 1988). Figure 2.1 is a schematic of the structure of the IgG class antibody. The 

characteristic "Y" shape contains two antigen binding sites. The Fc region will readily 

bind to surfaces such as polystyrene, leaving the antigen binding sites free (Harlow and 

Lane, 1988). 
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antigen 
bjnding 
SItes 

Fe 
region 

Figure 2.1 The basic structure oflgG. (Roitt, Brostoff, and Male, 1985) 

Specific Bindinli 

II 

Antigens bind to antibodies by the formation of mUltiple non-covalent bonds. 

Although the attractive forces (hydrogen bonds, electrostatic, Van der Waals, and hydro

phobic) involved in these bonds are weak by comparison with covalent bonds, the multi

plicity of the bonds results in considerable binding energy (Roitt, Brostoff, and Male, 

1985). The non-covalent bonds are dependent on the distance d between the interacting 

groups. The force is proportional to 1/d2 for electrostatic forces and to l/d7 for Van der 

Waals forces; thus the interacting groups must be close in molecular terms, close enough 

to exclude water molecules, before these forces become significant (Roitt, Brostoff, and 

Male, 1985). The antibody and the antigen combining site must have complementary 

structures to be able to combine. In other words, two conditions must be met; (a) There 

must be suitable atomic groupings to form multiple non-covalent bonds on opposing parts 

of the antigen and antibody, and (b) the shape of the combining site must fit the antigen 
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so that several non-covalent bonds can form simultaneously (Roitt, Brostoff, and Male, 

1985). When these conditions are met there will be sufficient binding energy to resist 

disruption of the bond. If electron clouds of the antigen and antibody overlap, repulsive 

forces come into play which are inversely proportional to the twelfth power of the dis

tance between the clouds (F ex: Jld12) (Roitt, Brostoff, and Male, 1985). This concept is 

schematically depicted in Figure 2.2 below. These factors playa important role in de

termining the specificity of the antibody for a particular antigen and its ability to dis

criminate between antigens (Roitt, Brostoff, and Male, 1985). 

Figure 2.2 Good fit and poor fit between antigen and antibody (Roitt, Brostoff, and Male, 1985) 

Since receptors on anyone antibody can only bind to one antigen, it is easily seen how 

the immune system responds specifically to a particular antigen. 
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Antibodies are produced by B-cells. When B-cell surface antibodies bind to anti

gens, the B-cells are activated to secrete antibodies (Harlow and Lane, 1988). Antibodies 

develop complementary structures conforming to the shape of the antigen or to a side 

chain or protrusion called an epitope (Roitt, Brostoff, and Male, 1985). Through a 

screening process, B-cells that produce antibodies that are highly specific to a targeted 

antigen can be isolated (Stave, 1983). Antibodies isolated and reproduced in this way are 

called monoclonal because they are produced from a single line ofB-cells (monogenetic) 

and their antigen specificity is the same. When several lines ofB-cell are isolated be

cause oftheir specificity to a variety of similar antigens they are called polyc1onal. 

(Stave, 1983). For example, an antibody from one line of B-cells may have higher speci

ficity for pyrene while other B-celllines may provide higher specificity for naphthalene 

or anthracene. Combining these lines may be advantageous if the intent is for a general 

test for PAH's. 

Competitive Assay 

Enzyme-Linked Immunosorbent Assay (ELISA) is probably the most widely used 

of all immunological assays for antibodies since large numbers of tests can be performed 

in a relatively short time (Roitt, Brostoff, and Male, 1985). This is a competitive assay 

where antigens (the analyte) compete for antibody binding sites with enzyme-labeled an

tigens. The ELISA can have many different protocols. In the most commonly used form 

(Figure 2.3), the antibody is immobilized on a surface, (e.g. polystyrene plates, inside test 

tubes, etc.) (Harlow and Lane, 1988). The analyte solution is mixed with an enzyme

labeled antigen, commonly a reactive antigen conjugated to either horseradish peroxidase 

(HRP), alkaline phosphatase (AP), or ~-galactosidase (Brock and Madigan, 1991 , Stave, 

1994). This combined solution is introduced to the antibody. The analyte and the en

zyme-labeled antigen compete for binding sites on the antibody. The binding sites are 
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taken up in proportion to the respective concentrations ofthe competing substances. A 

color developer is added that converts to a soluble colored product in the presence of the 

enzyme. The amount of color developed is inversely proportional to the amount of anti

gen present (or directly proportional to the amount of enzyme present). 

Y AntiOOdy 

Iyyyl 
1. Antilxx:ty is bcxJrKj to poIyst}fene 

surface. 

I~WI 
3. The anaIyte antigen and en.zyrre 

labeled antigen c:orTlJeI:e fa bnding 
sites; excess is washed CfN'i1o/. 

• Antigen 

b Enzyme LabIed 
~Antigen 

Iyyyl 
2. Reactive antigen labled with enzyrre (E) 

is rrlxed wth the analyte antigen. 

p 
p p p 

1t0~yPl 
4. St.tlStrate (S) fer enzyrre is added. 

Colored prOOuct of enzyrre is formed 
(P). Coler is inversely propcxtional to 
the MOSrt of antigen. 

Figure 2.3 Enzyme-linked immunosorbent assay (ELISA). Single antibody method. Adapted from Brock 
& Madigan (1988). 

Fluorescence 

In any molecule, an electron can pass from a lower energy level to a higher one by 

absorbing an integral quantum of light which is equal in energy to the difference between 

the two energy states (Udenfriend, 1962). When electrons receive such energy promo

tions, the molecule is referred to as being in an excited state. During the time the mole-

9 



cule can spend in the excited state, about 10-4 second, some energy in excess of the low

est vibrational energy level is dissipated, through collision with other molecules. If all 

the excess energy is not dissipated the lowest vibrational level of the excited state is at

tained and the electron returns to the ground electronic state with the emission of energy. 

This phenomenon is called fluorescence. Because some energy is lost in the brief period 

before emission, the emitted energy is of longer wavelength than the energy that was ab

sorbed (Guilbault, 1973). 

Light, of a frequency which is incapable of producing a transition to an exited 

electronic state, is nevertheless capable of being absorbed by the molecule. An absorbed 

photon of energy excites an electron from its ground state to a higher vibrational level. 

Since there is no electronic transition, energy is entirely conserved and a photon of the 

same energy is re-emitted within 10-15 second, while the electron returns to its original 

state. Since the absorbed and emitted photons are ofthe same energy, the emitted light 

has the same wavelength as the exciting light. Light emitted in this manner is referred to 

as Rayleigh scattering. It occurs at all wavelengths and its intensity varies inversely with 

the fourth power of the wavelength (IocllA 4). Vibrational excitation, leading to Rayleigh 

scattering, influences a large proportion of the molecules in a solution as compared to 

electronic excitation, which produces relatively few excited molecules (Udenfriend, 

1962). 

Raman Effect 

The Raman effect, discovered by C. V. Raman while detennining why water ap

pears blue, is related to Rayleigh scattering. An electron absorbs a photon of energy pro

ducing vibrational excitation. Vibrational energy may be added or subtracted to this pho-
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ton depending upon the characteristic frequency of the electronic state. Energy is emitted 

at specific levels greater than and less than the exciting energy. The energy difference is 

characteristic of a given molecular structure and is independent of the energy of the excit

ing light. In liquids, the Raman bands are much fainter than the Rayleigh scatter peak 

(Guilbault, 1973). 

Fluorescence Quenchin~ 

True quenching is not related to absorption or light scattering, but is due to an in

teraction ofthe fluorescent molecule with solvent or with other solutes in such a manner 

as to lower the efficiency and or lifetime of the fluorescence process. Quenching is not 

random; each instance is indicative of rather specific chemical interactions. 

The presence in solution of a second molecule which absorbs radiation at or near 

the wavelength emitted by the fluorophor will in some instances lead to a decrease in the 

fluorescence . This type of quenching is due to transfer of the energy from the fluorophor 

to the second absorbing species. The second molecule may re-emit the energy as heat, it 

may dissociate, or it may emit its own fluorescence (Udenfriend, 1962). 

Reabsorption Interference 

When the fluorophor is present in high concentrations, a significant amount of the 

fluorescence radiation can be reabsorbed. Such reabsorption diminishes the observed 

fluorescence. This is termed the "inner filter" (Udenfriend, 1962). A plot of concentra

tion versus strength of fluorescence radiation made from serial dilutions of a known con

centration can indicate if inner filtering is a problem. Conjugation of a fluorophor to a 

protein can change this relationship do to interactions between the two molecules 

(Molecular Probes, 1994) 
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Fluorescent Spectra 

Fluorescent molecules have two distinct spectra called the absorption spectrum 

and the emission spectrum. The absorption spectrum is the range of excitation wave

length capable of producing fluorescence, while the emission spectrum is the relative in

tensity of fluorescence emitted at various wavelengths. The difference between these two 

spectra is called the Stokes loss and represents the energy dissipated during the lifetime of 

the excited state (Guilbault, 1973). Larger Stokes losses make possible observation of 

fluorescence spectra without interference from scattering effects. Since scattering effects 

occur at and on either side of the excitation wavelength, and the emission spectrum re-

mains constant, greater separation can be achieved by setting the excitation wavelength 

toward the lower end of the absorption wavelength spectrum. 

Absorbance 

Optical methods can be used to detennine the concentration of many dissolved 

substances. The Beer-Lambert Law, better known as "Beer's Law" relates the amount of 

light transmitted by a solution to the concentration of a light absorbing substance in that 

solution: 
I 

[Og2..=A=8bC 
I 

where 10 = intensity of monochromatic light transmitted through the reference solution 

I = intensity of the same light transmitted through the test solution 

A = absorbance (dimensionless) 

8 = absorptivity or molecular extinction coefficient, a constant for a given sol-

ute/solvent and a given wavelength (Llgecm) or CLimoleecm) (Veenstra, 1993). 

b = light path (cm) 

C = Concentration of solute (gi L) or (moleslL) 
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ThemlOdynamics 

Adsorption, a primary component of this study, involves many of the properties of 

thermodynamics. In the following discussion, each of the thermodynamic properties are 

related to adsorption. In Chapter V is a discussion of the change in free energy associated 

with naphthalene adsorption. This warrants a brief background discussion ofthermody

namlCS. 

Enthalpy 

Enthalpy is a concept developed for constant pressure systems like our environ

ment. The quantity of heat absorbed by a system at constant temperature and pressure is 

equal to the change in system enthalpy (Sawyer & McCarty, 1978). A change in system 

enthalpy occurs during adsorption called the heat of adsorption. 

Entropy 

The second law of thermodynamics is that all systems tend to approach a state of 

equilibrium. Entropy is concerned with the spontaneity of physical and chemical 

changes. It is a measure of the chaotic nature (disorder) of a system. As the system be

comes more disordered the entropy increases. Entropy is at maximum at equilibrium 

(Look & Sauer, 1986). Adsorption isotherms represent a state of maximum entropy. 

Free EnerilY 

Free energies can be used to determine the equilibrium state to which a reaction 

carries the system, as well as the reaction direction (Sawyer and McCarty, 1978). The 

change in free energy (~G) is defined as: 

~G= M/- TM 

13 



where !1H is the change in enthalpy, T is absolute temperature, and M is the change in 

entropy. Sawyer and McCarty (1978) describe the change in free energy from an equilib

rium reaction as follows: 

Consider aA+bB~cC+dD 

At equilibrium the rate of the forward reaction is equal to the rate of the reverse reaction 

and the concentration of reactants and products is constant. The change in free energy of 

this reaction, is given by the equation 

where !1Go is the standard free energy change, R is the universal gas constant, and Tis 

the absolute temperature. The concentration of the various reactants and products can be 

expressed as 

{Cl'{D/ 
-----'--:--=K 
{Ar{B/ 

where K is the equilibrium constant. Thus 

!1Go= -RT InK. 

Adsorption from Solution 

Adsorption is transfer of material from a gas or liquid phase to a surface. The sur

face may be a liquid or a solid. The substance being concentrated on the surface is 

termed the adsorbate; the material on which the adsorbate accumulates is termed the ad-

sorbent (Hines & Maddox, 1985). Adsorbate is bound to adsorbent by intermolecular 

forces . Physical adsorption results when the adsorbate adheres to the surface by Vander 

Waals (Hines & Maddox, 1985), hydrophobic, and electrostatic forces. A displacement 

of the electron cloud occurs and a quantity of heat is given off called the heat of adsorp

tion. Chemical adsorption involves the sharing of electrons between the adsorbate and 
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the adsorbent. In this case the quantity of heat released approximately equals the heat of 

reaction (Hines & Maddox, 1985). 

Isotherms 

An isotherm is an equilibrium relationship between the amount of solute adsorbed 

on the surface of a solid and the concentration of solute remaining in solution at a given 

temperature (Adamson, 1976). Four isotherm models will be discussed, (a) the Langmuir 

isothenn which is a monolayer adsorption model limiting the amount of solute that can be 

adsorbed, (b) the BET isothenn after Brunauer, Emmett, and Teller, which is characteris

tic of the fonnation of multiple layers of adsorbate molecules, ( c) the Freundlich isotherm 

which, according to some authors, is not limited to a monolayer and does not fit any par

ticular mechanism (Adamson, 1976 and Hiemenz, 1977) but is widely used in low to in

tennediate concentration ranges, and (d) Polanyi adsorption potential which is a 

multilayer approach, but differs from the other models because of its thennodynamic ap

proach (Hines & Maddox, 1985). These models represent a means of interpreting the 

isotherm data. If there is a good fit to a particular model, the empirical constants used in 

the model may have physical meaning. The environmental isothenns in this study are not 

definitive enough to fit anyone model particularly well. Therefore, they are just a con

venient way to compare adsorption results. 

Lan~muir Isothenns 

Langmuir (1918) proposed a model that quantitatively described the volume of 

gas adsorbed onto an open surface. His model includes the following assumptions: 

1. All the sites of the solid have the same activity for adsorption. 

2. There is no interaction between adsorbed molecules. 
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3. All of the adsorption occurs by the same mechanism, and each adsorbent complex has 

the same structure. 

4. The extent of adsorption is no more than one monomolecular layer on the surface 

(Hiemenz, 1977). 

Veenstra (1993) derives the Langmuir equation as 

f4 hC 
q= l+hC 

where q equals mass of solute adsorbed per mass of adsorbent, Qo is the maximum 

monolayer adsorption capacity, b = K/K2 and is the ratio ofthe forward reaction con-

stant to the reverse reaction constant, and C is the concentration of the solute in solution. 

The linear fonn becomes 

C 1 1 
-=-+-C. 
q bflo Qo 

Figure 2.4 is a graphical presentation of the Langmuir model. Qo is the limiting concen

tration determined by the forming of a single layer of adsorbate on the adsorbent surface. 

Figure 2.5 is the linear presentation of the model. 

Qo'~ --------------------------------------

c 

Figure 2.4: Langmuir model 
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The Langmuir derivation describes the adsorbed molecules interacting with the 

surface but not with each other. The adsorbed layer is assumed to be ideal. Once the sur-

face is covered with adsorbed molecules, the surface has no further influence on the sys-

tern. 

BET Isothenns 

Brunauer, Emmett, and Teller extended Langmuir'S approach to multilayer ad

sorption common to many nonporous solids. Their derivation became known as the BET 

equation. The basic assumption is that the Langmuir equation applies to each layer 

(Adamson. 1976). Adamson (1976) does an extensive treatment of the derivation of the 

BET equation. The derivation by Veenstra (1993) is more convenient since the terms are 

consistent with the previous model. 

q = (Cli - C)f 1 + (KB -J)(C ICs)J 

where KB is a constant related to energy of adsorption, C is the concentration of the solute 

at equilibrium, Qo is the monolayer adsorption capacity, and q is the equilibrium adsorp

tion capacity at concentration C, and Cs is the concentration at saturation. The linear 

form of this equation follows. 

If adsorption fits the multilayer BET model, a plot of J/(Cs-C)q versus C/Cs using Co' 

the initial concentration of the solute, in place of Cs will yield a straight line from which 

the constants Ks and Qo can be empirically derived from the slope and the intercept. Fig

ures 2.6 and 2.7 are the graphical representations of these forms. 
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C Cs 

Figure 2.6: Brunauer, Emmett, and Teller 
multilayer adsorption 

Freundlich Isothenns 

--L
(Cs.(: 

I 
K.Qo 

C/Cs 

Figure 2.7: linear plot of empirical data 

The Freundlich isothenn is an empirical model that was in use long before the in

terpretation of a certain distribution of sites was assigned to it. It does not presume a 

limit to adsorption capacity imposed by the formation of a monolayer (Hiemenz, 1977). 

The Freundlich isothenn is given by the expression 

q = KC/ln 

in which q is the mass of solute adsorbed per mass of adsorbent, C is the concentration of 

solute, and K and n are constants with n> 1 (Figure 2.8). The constants may be evaluated 

from the slope and intercept of a log-log plot of q versus C (Veenstra, 1993) (Figure 2.9). 

The Freundlich equation, unlike the Langmuir equation, does not become linear at low 

concentrations but remains convex to the concentration axis; nor does it show a saturation 

or limiting value (Adamson, 1976). Benefield, et al. (1982) have suggested that the sys-

tern that can be modeled by the Freundlich equation may be an example of monolayer 

adsorption at heterogeneous sites. 
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Figure 2.8: Freundlich empirical model 

Polanyi Adsorption 

=l/n 

-LogK 

Loge 

Figure 2.9: Linear fonn of the Freundlich 
equation. 

The Polanyi adsorption potential theory for gases is summarized by Manes (1980) 

as follows: The adsorption potential, E, of any molecule within the attractive force field 

of the solid surface is the work required to remove the molecule to infinity from its loca-

tion in the adsorption space. The value of E varies continuously in the adsorption space 

from some maximum value to zero. When the adsorbent is exposed to increasing pres-

sures of gas. the attractive forces of the solid for the gas molecules enforce their attraction 

for each other, with the result that the gas liquefies between the solid surface and that 

equipotential surface for which 

where R is the universal gas constant, T is temperature in degrees Kelvin, p is the equilib-

rium pressure of the gas, and p s the vapor pressure of the corresponding liquid at the 

equilibrium temperature (Manes & Hofer, 1968). Figure 2.10 schematically depicts a 

solid surface with equipotential surfaces grading from a liquid to a gas phase. 

19 



Gas Phase 
----------------, /~ 

.... " " " ... ,. --" 

........ 
". ........ 

Equipotential 
Surfaces 

Figure 2.10: Schematic model ofa region of a heterogeneous adsorbent, showing equi
potential surfaces (Manes, 1980) 

Given an adsorption isotherm over some capacity range, one can calculate what is 

defined as the characteristic curve over the same capacity range. (Manes, 1980). The 

curve is characteristic to all isotherms of the same components over the same range. An 

example is shown in figure 2.11. 

co 
8 ---
~ 

E = RT In ps /p p 

Figure 2.11: Characteristic curve and isotherms. The lines on the right represent two 
gas phase isotherms ofthe same solvent on one carbon taken at two different tempera
tures, T I and T 2' The line on the left is the characteristic curve of the two isotherms 
(Manes 1980). 
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To transform an isothenn point to a characteristic curve point, the pressure is converted to 

RT In Pslp, using the vapor pressure appropriate to the equilibrium temperature. For liq

uid-phase adsorption the calculations are in principal similar, with RT In Cs IC replacing 

RT In Ps Ip (Manes, 1980). Cs is the concentration ofthe solute at saturation and C is the 

equilibrium concentration of the solute at temperature T. Note in Figure 2.10 that the two 

isotherms taken at two different temperatures converge to one characteristic curve. 
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CHAPTER III 

EXPERIMENTAL APPARATUS 

Introduction 

This investigation required the use of several laboratory instruments that were op-

erated either by this investigator or by Amoco employees skilled in the use of the particu-

lar apparatus. The majority of the investigative work required the use of a McPherson 

Instruments FL-750 HPLC spectrofluorescence detector. This instrument was used to 

measure the change in concentration of the assay solutions through detection of the 

strength of the fluorescent response from the fluorophor label. The use of this instrument 

and the development of analytical tools for analyzing the output data, was critical to this 

study and is discussed here. 

Equipment 

FL-750 Spectrofluorometer 

The McPherson Instruments FL-750 HPLC spectrofluorescence detector (FL-750) 

is a single beam detector consisting of a 150W xenon arc ultraviolet and visible light 

source, two optical gratings for excitation and emission wavelength selection, and a pho

tomultiplier tube (PMT) for converting the fluorescence to a voltage output. The sample 

holder consists of fused quartz cuvettes placed in a holder at the front of the detector. 

The light source focuses at the center of the cuvette where the emissions can be read by 
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the PMT. The light passes through adjustable band width slits (0, 2, 8, & 16 nm) at four 

locations; the source, at the entrance ofthe sample holder, the exit of the sample holder, 

and at the PMT. Wavelength filters can be place either at the entrance to the sample 

holder or at the exit. Figure 3.1 illustrates the configuration of the FL-750. 

Excitation 
Grating 

Excitation 
wavelength -
Selector 

Cuvette Changer 

Mirrors 
\ 

Cuvette 

Photomultiplier 

Emission 
Grating 

Emission 
~ WaveleogJh 

Selector 

Figure 3.1: Schematic drawing of the McPherson Instruments, FL-750 Spectrofluorescence Detector. 

The PMT converts the fluorescent emissions to a DC voltage output. The emis-

sion voltage varies as the emission wavelengths are scanned via the emission grating. A 

McPherson model 789B controller controls the wavelength scanning rate of the motor-

driven emission and excitation gratings in the FL-7S0. The PMT voltage output is re-

ceived by an analog-to-digital converter adapted for use with the FL-750 by the Amoco 

Services department. Here the analog voltage signal is converted to digital values at pre-

23 



cise time intervals. The digital signal is then received by an IBM AT personal computer 

where it is processed by a Basic program written by Paul Pettit of the Amoco Services 

Department. This program triggers a scan controller and creates an abscissa for the in

coming voltage ordinates in units of nanometers wavelength, based on the relationship of 

the starting point of the scanning wavelength, the time interval between the digitized 

voltages, and the scanning rate set at the 7898 controller. The data is then output to an 

ASCII file as nanometers versus voltage. Data files contain 1800 digital pairs at intervals 

of 0.1726 nanometers. Quality control viewing of the emission spectrum is made possi

ble by routing secondary voltage outputs from the PMT to a Soltec model 1242 chart re

corder. 

Centrifu~e 

A Baxter Scientific Products Omnifuge model R T centrifuge was utilized to settle 

silts and colloids out of solution prior to fluorometric measurements. The centrifuge was 

also used to extract spiking fluids from sand pore spaces prior to performing isotherms 

with the spiked samples. 

Eppendorf Pipettes 

Eppendorf positive displacement pipettes with disposable tips were used to trans

fer liquids. Pipette tips were discarded after each transfer to prevent cross contamination 

of samples. Pipetted volumes were weighed for greater accuracy. 

Borosilicate vials (6 dram) model N -51 A from Kimble Manufacturing, with 

Teflon-lined screw caps were used for all adsorption isotherms and samples for GC 

analysis. A new vial was used for each sample to prevent the possibility of cross con-
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tamination. These vials stand 3.3 inches tall and are approximately 3/4 inch in diameter. 

This shape vial is ideal in that it makes a good continuous mix batch reactor when tum

bled end over end, it will fit in available test tube racks and centrifuge buckets, and will 

withstand the g-loading at 2000 rpm. 

Tyler Rotap Sieve Shaker 

Particle Sizing was perfonned with a Tyler Manufacturing Rotap model RX-29 

soil shaker. The Tyler nest of sieves #45, #60, #120, #140, #200, #230, and pan were 

used in the sizing. This corresponds to particle sizes of 0.0139, 0.0098, 0.0049, 0.0041 , 

0.0029,0.0025 inches (0.0353, 0.0249,0.0124,0.0104, 0.0074, 0.0064 em). 

Millipore Water Purification 

A Millipore Milli-Q Plus water system was used as the source of deionized water. 

The system contained carbon filters, an ion exchange unit and a .22 ~m-rated filter. 

Deionized water was used for rinsing in all cleaning procedures and as the solvent in all 

solutions. 

IBM Instruments' UV -VIS Spectrophotometer 

An IBM Instruments' ultraviolet and visible spectrum spectrophotometer model 

number 9430 was used to measure the concentration of the antibody solutions. This is a 

dual beam system that compares the sample with a reference (the solvent). The absor

bance, measured at the peak absorption wavelength of the fluorophor tag, was utilized 

with the Beer-Lambert law to compute concentration. The desired concentration was 

achieved by adjusting solute and solvent to obtain the required absorbance. This instru

ment was considered accurate enough (.001 absorbance units) to measure the starting 

concentration of the solute prior to performing adsorption isotherms, however, it was not 
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accurate enough to measure some of the very small changes in concentration that oc

curred with the isotherms. The absorbance method proved to be more accurate than gra

vimetric measurement due to the exceptionally small amounts of solute required for each 

solution, and the need to conserve samples. 

Mettler AT261 Balance 

A Mettler A T261 balance is an electronic balance with two accuracy settings, 0.1 

or 0.01 mg. The motorized canopy allows for ease of opening and closing to shield the 

sample from air currents while weighing. All samples were weighed to .1 mg accuracy. 

The 0.01 mg accuracy required more time to stabdize. 

Denver Instruments IR-I00 Moisture Balance 

A Denver Instruments IR -100 moisture balance was used to measure the moisture 

content of the spiked samples. The percent moisture content by weight is detennined by 

monitoring the change in weight as the sample is dried by a quartz infrared heating sys

tem. When less than 0.05% change in weight occurs over a one minute time interval, the 

heater shuts off and the data is printed. 

Rotating Tumbler 

A rotating tumbler, model no. 3748-8-BRE, by Associated Design and Manufac

turing Co., Alexandria, Virginia, was used to create continuous mixing in the vials used 

for isotherms. The tumbler contains holders for eight plastic-coated two liter jars and ro

tates at thirty revolutions per minute. 
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Thermolyne Maxi Mix 1 

The Thermolyne Maxi Mix 1 has a three inch diameter padded surface that re

volves in a rapid circular motion in the horizontal plane. Holding a vial of solution 

against the padded surface while in operation causes a circular vibration ideal for short 

mixing periods. 

Computer Equipment and Software 

Microsoft Excel (version 4.0a) spread sheet program on a IBM compatible per

sonal computer, was applied to analyze ASCII output data from the FL-750. The spread 

sheet capabilities were used to develop a method to remove background Doise and DC 

bias and to calculate the area under the emissions curve using Simpson's rule. 
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CHAPTER IV 

EXPERIMENTAL MATERIALS AND METHODS 

Adsorbents 

Arkansas River Sand 

Arkansas River Sand CARS) was chosen as an adsorbent because of its abundance 

in the Tulsa area, and because it was necessary to select a soil matrix that could be 

washed free of organics and be consistent from sample to sample. 

Two five-gallon buckets of ARS were collected and washed with water in a hy

drocyclone to remove most of the bound clays. This partially cleaned sand was washed 

further in a large bucket with copious amounts of water, stirring while allowing it to over

flow, until the remaining sand would settle rapidly. The goal was to bring the sand to a 

particle size distribution that could be settled quickly by centrifuge, leaving a clear super

natant. It was then washed with Clorox to remove organics, rinsed thoroughly in deion

ized water, and oven dried at 105° C for 24 hours. A sample of the dried sand was sieved 

to determine the particle size distribution. 

The supernatant from tumbling this sand in deionized water was found to produce 

a broad fluorescent response with a peak in the lower end (about 465 to 525 nm) of the 

emission spectrum of the fluorophors to be used in this investigation. This background 

28 



fluorescence is shown in Figure 4.1. The technique developed to remove the background 

is discussed later in this chapter. 
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Figure 4.1: Background fluorescence produced by ARS tumbled 
in deionized water. 

Ottawa Sand 

725 

Standard Ottawa sand (washed and ignited) was purchased from EM Science. After 

washing and drying in the same manner as the ARS, the background fluorescence was 

tested and found to be similar to that of the ARS, however, of lesser amplitude for 

equivalent amount of sands. This sand was also sieved to determine the particle size dis-

tribution. A comparison of the size distributions of the two sands is shown in Figure 4.2. 
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Figure 4.2: Comparison of particle size distributions of washed ARS and 
washed Ottawa sand. 

On the basis of this particle size distribution, Ottawa sand should have less surface area 

per unit weight than ARS. This was confinned with a surface area analysis perfonned by 

Micromeritics Instrument Corporation. A BET surface area analysis using Krypton gas 

adsorption showed 0.574 m2/g for ARS versus 0.039 m2/g for Ottawa sand. This is a ra

tio of 14.7 to 1. The theoretical ratio, based on spherical particles, gives a ratio of 2.5 to 

1. Kolodziej (1993) showed through scanning electron microscope images that ARS is 

highly pitted, creating a significant increase in surface area. 

Adsorbates 

Dextran-Eosin Coniu~ate 

The antibodies used in this investigation were available in very small quantities. 

Consequently, additional effort was required to conserve the available samples. Dextran-
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eosin conjugate (DEC), available through Molecular Probes, Inc. (Eugene, Oregon), was 

chosen as a surrogate to the antibody in order to establish testing procedures. Dextran is 

a chain of sugar molecules while eosin, short for eosin isothiocyanate, is a fluorescent 

label. Conjugated at a mole ratio of 6.6 to 1 (eosin to dextran), it has a combined molecu

lar weight of 75,000 grams per mole. This is about half the weight of an IgG-c1ass anti

body. Eosin has similar properties to erythrosin isothiocyanate (EITC), the fluorophor 

used to label the antibodies. DEC is water soluble and was available in solid form in 

quantities of 25 mil1igrams. 

Eosin and Erythrosin Isothiocyanate 

Eosin and EITC are commonly useful as phosphorescent or fluorescent probes 

(Molecular Probes, Inc., 1994). Fluorescein isothiocyanate (FITC) is more commonly 

used to prepare proteins because it has a higher quantum yield (Molecular Probes, Inc. , 

1994). However, the peak emission wavelength coincides more closely with the peak 

background emission of the adsorbents (500 nm) used in this investigation, making it less 

useful as a fluorescent label. The following table compares the characteristics of the three 

fluorophors. 

Eosin 

EITC 

FITC 

TABLE I 

CHARACTERISTICS OF SELECTED 
FLUOROPHORS 

Absorbance Emission Molecular 
Wavelength Wavelength Extinction 

(nm) (nm) Coefficient 
(EX 10-3) 

522 543 100 

528 553 86 
495 519 76 

From Molecular Probes 1994 catalogue 
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Figures 4.3 and 4.4 are plots of the area under the emissions curve versus concentration 

for eosin and EITC. The plots were generated from serial dilutions of the two fluoro

phors in their conjugate form in order to verify that inner filtering effects would not be a 

factor in relating the fluorescent energy to concentration. 
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Figure 4.3: Calibration curve for Dextran
eosin conjugate 
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Figure 4.4: Calibration curve for Ab-EITC 
conjugate 

These plots verify that area versus concentration is linear at low concentrations for both 

fluorophors , and that concentration can easily be computed as a function of the curve 

area. 

Polycyclic Aromatic Hydrocarbons 

Naphthalene. Naphthalene (CAS no. 91-20-3) is a product of petroleum refining 

and coal tar distillation and is best known for its use in moth balls. Its solubility is 31-34 

mg/l in distilled water at 250 C (Verschueren, 1983). It was purchased from Fluka 

chemical company as white flakes. Figure 4.5 is the structure of the naphthalene mole-

eule. 
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Figure 4.5: Naphthalene molecular configuration (re
produced from Verschueren, 1983). 

Pyrene. Pyrene (CAS no. 129-00-0) is present in crude oil at 3.5 to 4.5 ppm. Air 

pollution sources are numerous. Some man made sources are tail pipe emissions from 

gasoline engines at 63-484 J.lg/cu m and coke oven emissions at 206-4627 Ilg/g of sample 

(Verschueren, 1983). Its solubility is 0.16 mg/l at 260 C (Verschueren, 1983). It was 

purchased from Fluka chemical company in the form of yellow flakes. Its structure is 

shown in Figure 4.6. 

00 
00 

Figure 4.6: Pyrene molecular configuration (repro
duced from Verschueren, 1983). 
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Anthracene. Anthracene (CAS no. 120-12-7) has many man-made air pollution 

sources. Among them are coke oven emissions at 46.4 - 942.8 Ilg/g of sample, and ex-

haust condensates of gasoline engines, at 0.53 - 0.64 mg/I gasoline consumed 

(Verschueren, 1983). Its solubility is 1.29 mg/I at 250 C in distilled water. It was pur-

chased from Fluka chemical company as fine gray-white granules. The structure of an-

thracene is shown in Figure 4.7 below. 

000 
Figure 4.7: Anthracene molecular configuration (repro
duced from Verschueren, 1983). 

Arab Medium Crude Oil 

Arab Medium Crude oil was used for spiking ARS to simulate crude oil contami-

nation in soil. A GC analysis of the crude oil is displayed in the appendix. ARS spiked 

with crude oil was used to study the effect on DEC adsorption at various spiking levels. 
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Antibodies 

This project was executed under ajoint agreement with Strategic Diagnostic, Inc. 

(SD1), Newark, Delaware, and Amoco Production Company (APC), Tulsa, Oklahoma. 

Under this agreement, SDI developed monoclonal mouse antisera which binds specifi

cally with naphthalene while also possessing cross-reactivity characteristics to other 

similar P AH molecules. SDI also provided polyclonal rabbit antisera reactive to pyrene. 

Cross-reactivity characteristics of the polyclonal rabbit antibody are shown in Table II. 

Reactivity and cross-reactivity characteristics ofboth antibodies were verified by SDI us

ing standard ELISA protocol. 

The Anti-Pyrene Antibody was reacted with 18 different PAH's, establishing 

100% as the baseline reactivity to pyrene. Four different PAH's conjugated with the en

zyme alkaline phosphatase (AP) were used as indicator compounds in a standard ELISA 

protocol. The indicator conjugate competes for binding sites on the antibody with the 

material being assayed. The cross reactivity percentages varied, depending on which 

P AH was used with the enzyme as the indicator. 

Table II shows how changing the PAH-AP indicator conjugate changes the cross

reactivity, thus changing the selectivity of the assay (Stave, 1994). For example, using 

pyrene-AP as the indicator conjugate will produce an assay that is highly specific to py

rene, with 10 fold less reactivity to fluoranthene and very little reactivity to the remaining 

listed P AH's. With Chrysene-AP as the indicator compound, the assay is less specific to 

pyrene and becomes more of a general assay for the listed P AH molecules. 
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Table II 

ANTIBODY CROSS-REACTIVITY COMPARISON 
(Units of Percent Reactivity where 
Pyrene with Pyrene-AP = 100%) 

PAH Pyrene-AP Anthracene-AP Fluorene-AP 

Pyrene 100 100.0 25 
Fluorene 1 2.8 100 
Fluoranthene 10 200.0 

Naphthalene < 1 25.0 1 
Acenaphtylene 1 10.0 40 

Benzo(a)anthracene* 1 1.0 3.3 

Anthracene < 1 6.6 33 

Benzo(a)Pyrene* 2.5 100.0 160 

I ndenopyrene * 1 7.5 250 

Benzo(k)Fluoranthene* < 1 6.6 < 1 

Dibenz(a,h) anthracene* < 1 ND 10 

Benzo(g,h,i)Perylene < 1 100.0 66 

Chrysene* < 1 7.5 140 

Benzo(b )fluoranthene* < 1 15.0 50 

Acenaphthene 1 10.0 40 

Phenanthrene ND NO ND 

Dimethylnaphthalene 

Tetrahydroxynaph. 

* CarcInogenIc PAH's 

Chrysene-AP 

33 

22 

28 

100 

16 

25 

20 

100 

< 1 

9 

50 

10 

10 

100 

ND 

A third antibody, a negative control antibody, was used in this investigation. The 

negative control antibody was identical to the other antibodies in class and molecular 

weight. However, it was selected by SDI specifically to be non-reactive with PAR mole-

cules. SOl provided these antibodies conjugated with the fluorescent label EITC. The 

following table summarizes the quantities and the form in which the three antibodies 

were received. 
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TABLE III 

ANTIBODIES DEVELOPED BY STRATEGIC DIAGNOSTICS, INC. 

Degree of 
Antibodies Type Quantity Substitution Buffer Solu- Antibody 

(ml) (DOS) tion Concentration 
EITC:Ab (mglrnl) 

Anti- Monoclonal 4.4 4:1 0.1 M Bicar- 2.0 
Naphthalene Mouse bonate 

pH = 9 
Anti-Pyrene Polyclonal 4.0 1.2:1 Phosphate 1.6 

Rabbit Buffered Saline, 
0.05% azide 

pH = 7.4 
Negative Polyclonai 3.0 1.5:1 Phosphate 1.7 
Control Rabbit Buffered Saline, 

0.05% azide 
pH = 7.4 

Solvents 

Deionized Water 

Deionized water was used in all solutions containing water soluble solutes. The 

Millipore Milli-Q Plus Water System was the source for all deionized water. The system 

contained carbon filters, an ion exchange unit and a .22 J..l.m-rated filter. 

Phosphate-Buffered Saline 

Phosphate-buffered saline (PBS) with a pH of7.5 was used to dilute the antibody 

solutions to perform isotherms (Stave, 1994). PBS was prepared using 1.149 grams of 

dibasic potassium phosphate, 0.262 grams of monobasic potassium phosphate, and 8.33 

grams ofNaCI in one liter of deionized water. This formulation was adapted from Dul

becco's Phosphate-Buffered Saline advertised in GIBCO BRL, Life Technologies, Inc. 

catalogue (1994). Since the pH of this adapted formulation tended to rise over a period of 

24 hours, it was mixed for immediate use and then discarded. 
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Isotherm Procedure 

The following is a standardized isotherm procedure, followed with the isotherms 

performed in this study. This procedure is a constant concentration, variable mass 

method and was established through several trial isotherms with the goal of conserving 

adsorbates while staying safely above the lower fluorometric detection limits. Variations 

or additions to the procedure required for a particular test are discussed in the chapter 

dealing with that test. 

Standardized Isotherm Procedure 

1. Adsorbent was placed in 8 2S-ml vials by placing a vial on the balance, taring, 

and placing the target mass of adsorbent in the vial with a clean stainless steel 

spatula. Target masses were 2.4, 2.1, 1.8, 1.5, 1.2, 0.9, 0.6, and 0.3 grams. A tol-

erance of + 0.08 gram was allowed. Actual masses were recorded, the vials sealed 

with a Teflon lined screw cap, and numbered 1 through 8. 

2. Twenty five milliliters of adsorbate were prepared at a specific concentration ei-

ther gravimetrically by adding an aliquot of the antibody solution to PBS on a 

laboratory balance, or by adding a solid solute to deionized water until a specific 

absorbance value was achieved according to the following adaptation of the Beer-

Lambert law: 

Efl~lorophor X I Jluorophor / x l 
= Absorbance 

MWjluorOPhor 

where I is the length of the travel path through the solution (cuvette inside thick

ness). The remainder of the adsorbate solution was retained for spectrofluorome-

ter cali bration. 

3. The screw caps were removed from the vials containing the adsorbent, individu-

ally placed on the balance, and tarred. Approximately three milliliters of adsor-
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bate were placed in each vial using a 1000 ~l Eppendorf pipette. The masses of 

the solutions were recorded and the screw caps replaced. The volumes were com

puted at one milliliter per gram. A tolerance of ± 0.05 milliliter was considered 

acceptable. 

4. The vials were placed upright in the rotating tumbler jars with padding around the 

vials and filling the remainder of the jar. Adsorption equilibrium tests indicated 

that most ofthe adsorption occurred in 1.5 to 2 hours oftumbling. Figure 4.8 is a 

plot of the residual concentration of dextran-eosin with time when tumbled with 

ARS. The decline becomes essentially flat after 1.5 hours. As a safety factor, all 

isotherms were tumbled for a minimum ofthree hours. 
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Figure 4.8: Residual concentration of dextran-eosin with time when tumbled with ARS. 
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5. After tumbling for three hours the vials were subjected to centrifugation for ten 

minutes at 2000 RPM. 

6. Spectrofluorometer calibration was achieved by scanning a portion of the adsor-

bate solution retained in step two and recording the output voltage versus wave-

length in a computer file. A plot of curve area versus concentration projected 

through the origin constitutes a calibration curve as long as the concentrations are 

below the range of inner filtering effects. A second scan of the retained starting 

concentration was performed after scanning all of the isotherm supernatants. This 

was necessary when more than one isotherm was being run at the same time to 

adjust for photodegradation that occurred over the extended scanning period. The 

change in amplitude of the two calibration scans and the time of each scan as re

corded in the computer file, provided the basis for an amplitude decay correction 

linear with time. A 10% decay in amplitude was observed over a seven hour pe-

riod. Spectrofluorometer settings are shown in Table IV. 

TABLE IV 

SPECTROFLUOROMETER SETTINGS 

Adsorbate Excitation Emission Sensitivity Background Time 
Wavelength Scan Suppression Constant 

Dextran-Eosin 341 run 425-725 nm 0.1-0.3 none I 
Ab-EITC 355 nm 425-725 nm 0.1-0.3 none I 

7. Two milliliters of the supernatant from the centrifuged vials were placed into 

clean cuvettes and scanned for residual fluorescent emissions. Output voltage 

versus wavelength of the fluorescent emissions were recorded for each vial in 

separate computer files. The residual concentrations were then computed as a 

function of the area of the emissions curve with background emissions removed, 
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and the slope of the fluorophor calibration curve. The computer methods used in 

computing the concentrations are discussed in detail later in this chapter. 

8. Freundlich, Langmuir, and BET isotherm plots were constructed for each iso-

thermo 

Data Analysis 

The Microsoft Excel spreadsheet program was used to analyze the recorded fluo-

rescent emissions data. Emissions curves are digital recordings of the fluorescent radia-

tion in terms of voltage, monitored over a range of wavelengths. Interferences from 

Rayleigh scatter and Raman effect were avoided by setting the excitation wavelength at 

the lower end of the excitation spectrum. This shifted these interferences outside of the 

range of the emissions spectrum. The recorded data contain two components that inter-

fere with data analysis. These are (a) a shift in voltage from a zero baseline called DC 

bias, and (b) background emissions from various dissolved components that corne from 

mixing the adsorbate solution with the adsorbent. These two components must be re-

moved before the area under the emissions curve can be calculated. 

DC Bias Removal 

DC bias removal was accomplished by computing a straight line tangent to the 

base of the total emissions curve. To do this, an average amplitude over ten nanometers 

was computed at the low wavelength and high wavelength ends of the curve where the 

voltage was at a minimum, and a straight line was computed connecting the two points 

with matching values for each data point on the emissions curve. The line was then sub-

tracted from the emissions curve. 
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Figure 4.9: DC bias is removed by subtracting the voltage values of the DC bias curve from the data curve, 
causing the data curve to be shifted to the zero line. 

Background Removal 

Background emissions (background) were often of greater magnitude than the eo-

sin or EITC emissions (signal). However they proved to be additive, and although a nui

sance, did not obscure the signal. Figures 4.10 and 4.11 illustrate the additive nature of 

these signals. 
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Figure 4.11: Composite plot showing separate 
background and eosin emissions curves and 
the summation of the two. 

Figure 4.9 is a composite plot of eosin fluorescence and background fluorescence re

corded separately, and a summation of the two curves. The summation closely approxi

mates Figure 4.10 which is a single recording of eosin and background. 

The background emission, as labeled in Figure 4.11 above, was somewhat vari

able between isotherms. With the exception of amplitude variations, the shape of the eo

sin signature (signal) curve (Figure 4.11) proved to be consistent. Therefore, it was more 

accurate to subtract pure signal from the total output creating a computed background 

than to subtract background. 

Pure signal was scaled with a multiplication factor to approximate the signal in 

the recorded total emissions (output) curve. This was done by trial and error and the help 

of composite plots of the output and pure signal as shown in Figures 4.12 and 4.13 below. 
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Figure 4.13: Backgrounds have converged and pure 
signal equals signal in the output data. 

Including a plot of the computed background and a plot of pure background for compari-

son made a very convenient way of observing when the correct signal amplitude was 

reached. The amplitude of the sample background was adjusted by an automatically 

computed scale factor that would force the pure background and computed background 

curves to intersect at the wavelength of maximwn signal amplitude. As pure signal am-

plitude was adjusted, the two background curves converged. At maximum convergence, 

all signal was removed leaving only background. The amplitude-adjusted pure signal 

curve then became the sought after signal from the residual concentration separated from 

background. It was found to be helpful to substitute computed background from the pre-

vious analysis for pure background in the subsequent analysis. In Figure 4.l3 the two 

backgrounds have converged, however the crests at 475 to 500 nanometers are not per-

fectly matched. This is where the backgrounds tended to vary between samples. 
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Computin~ Residual Concentration 

The peak amplitude ofthe residual fluorescent signal as an indicator of concentra

tion tended to be slightly unstable, while the area under the emissions curve averaged out 

local amplitude variations for a more stable indicator. The area under the residual signal 

curve was computed by summing incremental trapezoidal areas between sample points. 

Since the calibration curve for low concentrations proved to be a straight line intersecting 

the origin, the slope of the calibration curve was the area under the emissions curve of the 

starting isotherm concentration divided by the concentration. The residual concentration 

was computed as the area under the residual emissions curve divided by the slope. 

DC bias and background removal, integration, and calculation of concentration 

were handled simultaneously in one spreadsheet. Each emissions output curve was re

trieved individually and pasted into the spreadsheet preset with the necessary computa

tions. Once the slope of the calibration curve was determined and a suitabl.e starting 

background sampl.e pasted into the spreadsheet, analysis proceeded by adjusting the am

plitude factor until the background curves converged. The residual concentration was 

then recorded in another spreadsheet where it was used to create isotherm plots. Photo

degradation adjustments were handled within the same spreadsheet by entering a "time 

factor" computed from the computer's directory information showing the time of re

cording. The "time factor" is a function of the elapsed time between the scanning of the 

data and the scanning of the known sample. The amplitUde was observed to decay ap

proximately 10% after seven hours. 

Spiking Procedures 

Specific adsorption is defined for the purposes of this investigation as specific 

binding of the antibody to the antigen while the antigen is in solid phase adsorbed to the 

soil surfaces. Testing for specific adsorption required that the soil CARS) be spiked with 
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the antigen (naphthalene or pyrene) at known concentrations. Two slightly different 

spiking procedures were employed for naphthalene and pyrene. 

Naphthalene Spikin~ Procedure 

A one-pint Kerr jar was filled with deionized water, leaving a small headspace. 

Naphthalene sufficient for greater than a 30 ppm solution, the maximum solubility 

(Verschueren, 1983), was added to the deionized water. A Teflon-coated magnet was 

placed in the bottom of the jar, and the jar was sealed and placed on a magnetic stirrer for 

24 hours, sufficient time to reach the concentration maximum solubility. After 24 hours, 

the jar was removed from the stirrer and the remaining undissolved naphthalene allowed 

to settle. Approximately ten milliliters of the solution was drawn off, taking care not to 

include undissolved naphthalene, and sealed in a 25 ml vial for later analysis. The re

maining solution was combined with ARS in a clean Kerr jar at known quantities of each 

and tumbled overnight After settling, approximately ten milliliters were placed in a 25 

ml vial and sealed. The two samples were taken to the Amoco analytical group for gas 

chromatograph (OC) analysis along with three samples of naphthalene in hexane at 

known concentrations. The GC analysis, with the help of the three calibration samples, 

provided the concentrations of naphthalene in deionized water before and after tumbling 

with ARS. From the difference in concentration of these two solutions the spiked con-

centration was computed. The sand was centrifuged to a 2% moisture content and stored 

in sealed vials with minimal headspace for later use. Greater spiking concentrations were 

achieved by combining less sand with the naphthalene solution. Confirmation by extrac

tion from the solid phase was not performed. 
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Pyrene Spikin~ Procedure 

Pyrene, with a solubility of 0.16 mg/I, is much less soluble in water than naphtha

lene (Verschueren, 1983). Consequently a different approach had to be taken in spiking 

ARS at a significant level. Known quantities of ARS, deionized water and pyrene were 

placed in a Kerr jar together and tumbled for 48 hours. The amount of pyrene and 

deionized water represented a theoretical starting concentration. After tumbling, the su

pernatant was sent to the APC analytical group for GC analysis and the sand was centri

fuged to a 2% moisture content and stored in 25 ml vials with minimal head space. For 

comparison purposes, a measured quantity of the spiked ARS was mixed with a measured 

quantity of methylene chloride, a solvent often used in hydrocarbon extraction. The su

pernatant was also taken to the analytical lab for GC analysis. The extraction efficiency 

using methylene chloride is unknown, but assumed to be less that 100% (Krahn et al. , 

1991). If the two methods are within 20% of each other and the extraction method shows 

slightly less concentration, then this is a logical relationship and the residual concentra

tion method is taken as the correct amount. If the two methods are within 20% and ex

traction is greater, then random error is assumed and the two are averaged. If a difference 

greater than 20% was obtained, the procedure was repeated. 

Crude Oil Spikin~ Procedure 

ARS was spiked with Arab Medium Crude oil to 10.6% by weight by mixing the 

crude oil directly with the sand. This entire sample was analyzed in parts for moisture 

content using a Denver Instruments Moisture Balance. The purpose was to evaporate 

most of the lighter volatiles while measuring the weight loss percentage and averaging 

the results. The resulting spiking level computed to be 8.7% by weight. This sample was 

cut with clean ARS serially to obtain five spiked samples ranging from 1.07 to 0.07% by 

weight. 
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CHAPTER V 

RESUL TS AND DISCUSSION 

The adsorption isotherm provides a statistical method for evaluating changes in 

adsorption characteristics of antibodies, to determine if the specificity of an antibody for 

its antigen changes those characteristics. Dextran-eosin conjugate (DEC) was used as a 

surrogate antibody to establish the isotherm procedures without wasting the antibodies. 

The adsorption characteristics of a negative-control antibody (antibody non-reactive to 

PAH's) were compared to adsorption ofa reactive antibody to determine if there were 

any measurable difference contributable to specific binding. It was assumed from the re

activity data provided by SDI that antigens desorbed during the isotherm procedures 

would specifically bind with the antibodies in solution. This was not considered a factor 

in the solid phase adsorption, since the weak attractive forces of antibody-antigen binding 

did not influence antigen desorption (Roitt, Brostoff, and Male, 1985). Following are the 

results and discussions of the significant isothenns that were run. 

Non-Specific Adsorption of Dextran-Eosin Conjugate on Clean Arkansas River Sand and 

Arkansas River Sand Spiked with Naphthalene 

Arkansas River Sand (ARS), abundantly available in the Tulsa area, was used as 

the adsorbent. The sand was prepared as described in Chapter IV. Approximately 16 

grams of ARS was spiked with naphthalene to a concentration of22 mg/kg. For the sec

ond test, the spiking level was raised to 128 mg/kg. 
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DEC was mixed with deionized water to a concentration of approximately 4.85 

mg/l using the absorbance method described in Chapter IV. The equivalent concentration 

of eosin is 0.3 mg/I. Since the absorbance method was used to mix most solutions, it be

came standard to express solution concentrations in terms of the amount of fluorescent la-

bel present. The ratio of DEC to eosin is 16.18 to 1. 

Results 

Table V is a sample of isotherm data from DEC adsorption on clean ARS. The 

remainder ofthe isotherm data are displayed in appendix A. 

Sample 
No. 

Co 

- . j 
1 
2 
3 
4 
5 
6 
7 
8 

Table V 

SAMPLE ISOTHERM OAT A FOR CLEAN 
ARKANSASruNnRSAND 

Emissions Residual 
Dextran- Dextran- ARS Sand Curve Concen-
Eosin Sol. Eosin SoL Dosage Area tration 
(grams) (ml) (grams) (v-om) (mgtl Eosin 

0 0 25.73 0.287 
2.9887 2.9887 2.4312 18.11 0.202 
2.9738 2.9738 ' 2.1519 15.625 0.174 
2.9735 2.9735 1.8266 16.505 0.184 
2.9822 2.9822 1.5194 17.168 0.191 
2.9804 2.9804 1.2448 16.314 0.182 

2.99 2.99 0.9371 18.711 0.208 

2.9906 2.9906 0.6373 20.048 0.223 
2.989 2.989 0.3391 20.831 0.232 

Adsorbed 
Conceo-
tration 

(gm/gm) 

1.044E-07 
1.556E-07 
1.673E-07 
1.872E-07 
2.512E-07 
2.495E-07 
2.97IE-07 
4.812E-07 

The combined Freundlich plot of four isotherms is shown in Figure 5.1. Two 

clean sand isotherms were run five days apart showing good repeatability, followed by 

two isotherms on naphthalene-spiked sand. Clean sand isotherms were generated using 

starting eosin concentrations of 5, 1, and 0.3 mg/l. Freundlich plots of the clean sand 

isotherms had slightly higher r2 values than did the Langmuir high and low plots. This 
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suggests that adsorption is proceeding past the point of fonning a monolayer. The Lang

muir plots are included in the appendix. The concentration of 0.3 mg/l was extrapolated 

from the earlier tests as a level that would be low enough to conserve resources and still 

have a residual concentration easily detectable above background fluorescence. Fluores-

cent dyes conjugated with proteins such as antibodies will be partially quenched due to 

partial absorption from the large mass of the antibody (Udenfriend, 1962, Mol.ecular 

Probes, Inc. 1993). This was anticipated in not choosing an even lower concentration. 

The isotherms on naphthalene-spiked sand exhibited inhibition of DEC adsorption. The 

inhibition increased as the spiking level increased. In Figure 5.1, adsorption potential 

decreases to the lower right on the graph. With decreased adsorption potential comes 

more random variability of the isotherm data. 
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Figure 5.1: Combined Freundlich plots offour isotherms of DEC on Arkansas River 
Sand. The two clean sand isotherms exhibit good repeatability while the isotherms 
using naphthalene-spiked sand exhibit increased inhibition of DEC adsorption as the 
naphthalene spiking level increases. 
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Discussion 

The adsorption isotherms in Figure 5.1 indicate a competition for free surface area 

on the sand. The more naphthalene that was adsorbed to the surface of the sand grains, 

the less area available for DEC adsorption. While this may seem somewhat contradictory 

to the multilayer adsorption model, according to Hiemenz (1977), naphthalene adsorp

tion fit closely to the monolayer adsorption model. Further support for this was found by 

generating a naphthalene adsorption isotherm with data from a DEC isotherm on naphtha

lene-spiked sand. GC analysis of the supernatant gave the residual naphthalene concen

tration C and, since the spiking level ofthe sand was known, the equilibrium con

centrations of naphthalene on the sand could be calculated. Freundlich and Langmuir 

plots were generated from the data. The Low Langmuir plot (C vs. C/q where q is the 

solid phase concentration) had an r2 value of essentially unity from the regression analy

sis. This was expected since q was a function of C only. The Freundlich plot, had an r2 

value of 0.4, which was much lower than for the Freundlich plots of the DEC isotherms 

on clean sand, which range from 0.7 to 0.9. The high Langmuir plot gave an r2 value of 

0.48. These values are both low and support for one model or the other cannot be con

firmed. The presence of any naphthalene in solution is enough to indicate that some 

desorption of naphthalene was occurring simultaneously with DEC adsorption. P AH 

molecules such as naphthalene adsorb primarily hydrophobically, as evidenced by its low 

solubility of 30 ppm (Verschueren, 1983). They are fairly neutral electrostatically, thus 

forming a barrier to adsorption by electrostatic bonding (Verschueren, 1983). 

These findings suggest that competition for free surface by DEC or similar com

pounds on contaminated soils could be the basis of a very inexpensive qualitative assay 

for total petroleum hydrocarbon CTPH) contamination. Potentially the relative concen

trations might be predicted in the field on this basis. The complexity of TPHs, as op-
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posed to just P AH's, and soil with organic content as opposed to washed river sand add 

complexity beyond the scope of this investigation. Further investigation is warranted. 

Non-Specific Adsorption of Dextran-Eosin Conjugate on Clean Ottawa Sand 

and Ottawa Sand Spiked with Naphthalene 

When a fluorescent material is conjugated with a protein such as an antibody, 

quenching of the fluorescent signal occurs (Molecular Probes, Inc., 1993). To enhance 

the signal-to-background ratio while perfonning adsorption experiments, an adsorption 

media was sought that would produce a minimum of fluorescent background when agi

tated with deionized water. As discussed in Chapter IV, standard Ottawa sand produced 

less background than ARS. The following experiment was designed to test its ability as 

an adsorbent. 

Standard Ottawa sand purchased from EM Science was prepared as described in 

Chapter IV. A portion of the sand was spiked with naphthalene at a concentration of ap

proximately 34 ppm. 

A solution of DEC in deionized water at an eosin concentration 0[0.3 mg/l (± 

3%) was prepared as the adsorbate. Two isothenns were run in parallel using clean sand 

and naphthalene-spiked sand. The experiment was duplicated later using the same batch 

of naphthalene-spiked sand. 

Results 

Table VI shows a sample of the data from the clean sand isotherm. Figure 5.2 is a 

combined Freundlich plot of the four isothenns. The heavy arrows indicate increasing 

sand dosage. 
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Sample Dextran-
No. Eosin SoJ. 

(grams) 

Co 
I 2.9495 
2 2.9453 
3 2.9487 
4 2.9436 
5 2.9332 
6 2.9439 
7 2.9428 
8 2.9429 

Table VI 

SAMPLE ISOTHERM DATA 
CLEAN OTTAWA SAND 

Emissions 
Dextran- Sand Curve 
Eosin Sol. Dosage Area 

(mt) (grams) (v-nm) 

157.558 
2.9495 2.4701 104.909 
2.9453 2.1885 99.919 
2.9487 1.8206 112.281 
2.9436 \.5217 123.846 
2.9332 1.2462 131.092 
2.9439 0.9133 135.899 
2.9428 0.6477 137.764 
2.9429 0.3138 143.339 

Residual Adsorbeil 
Concen- Concen-
tration tration 

m2l1 Eosin (2m/2m) 

0.297 
0.198 1.1 85E-07 
0.188 1.462E-07 
0.212 J.382E-07 
0.233 1.229E-07 
0.247 1.l74E-07 
0.256 1.316E-07 
0.260 1.695E-07 
0.270 2.514E-07 
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Figure 5.2: Combined Freundlich plot of two sets of isotherms on clean Ottawa sand and Ottawa 
sand spiked with naphthalene. The heavy arrows indicate the direction of increasing sand dosage. 
The presence of naphthalene on the sand inhibited DEC adsorption. 
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Run 2, displayed as black regressio.n lines (Figure 5.2), indicated increased ad

so.rptio.n efficiency o.ver Run I, sho.wn in gray, yet the relationship between clean sand 

and spiked sand iso.therms was duplicated. The two. spiked sand iSDtherms sho.wed a 

greater adso.rptio.n capacity fDr DEC as the residual concentratio.n Df DEC in so.lutio.n de

creased. This is reversed fro.m the no.rm. The residual co.ncentratio.n o.f DEC is also. de

creasing as the sand do.sage decreases. GC analysis o.f the supernatant indicated that the 

co.ncentratio.n of naphthalene remaining Dn the sand decreased as the sand do.sage de

creased. The clean-sand iso.therms sho.wed relatively little change in adsDrption with 

changing sand do.sage. 

Discussio.n 

The trend o.f adso.rbed co.ncentratio.n versus residual co.ncentratio.n was reversed 

with the spiked sand iso.therms. This trend reversal can be explained by understanding 

what happened to. the adso.rbed naphthalene as the sand do.sage changed and by under

standing the effect o.f the relative size differential in the DEC mo.lecule versus the naph

thalene mo.lecule. The many times larger DEC molecules would likely need to. find areas 

large eno.ugh to fully co.ntain it in o.rder to. adso.rb to. the sand surface. GC analysis veri

fied that naphthalene repartitio.ned into. so.lution and was also. seeking equilibrium, creat

ing a reverse isotherm. As the sand dosage decreased more naphthalene, on a gram per 

gram basis, desorbed into. so.lutio.n. This created a greater po.tential for DEC adso.rptio.n as 

mo.re contiguo.us surface area became free, reversing the nDrmal adsorptio.n trend. Co.m

petitio.n fo.r surface area was not a factor with clean sand. The adso.rbed concentratio.n 

was relatively co.nstant at all sand do.sages. 

Po.lanyi adso.rptio.n theory (Manes, 1980) was applied in an attempt to. determine if 

a change in ambient labo.rato.ry temperature could explain the apparent increase in adso.rp

tion efficiency of Ottawa sand in Run 2. It was po.ssible to. merge the characteristic 
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curves from Run I and 2 by adjusting the temperature parameter in the calculation. 

However, this required a change in the ambient laboratory temperature of -117°centi

grade, which was not a possible condition. 

The Freundlich isotherm of the two tests could also be made to nearly coincide by 

increasing the starting concentration (Co) in the first test by 3% and decreasing the area 

under the Co emissions curve by 9%. This did not affect the area under the emissions 

curves for the isotherm samples, however, it did change the computed residual concentra

tions and consequently the adsorbed concentrations. This amount of change is within the 

realm of possibility. A slight change in gain in the spectrofluorometer after the calibra

tion scan could cause such a reduction in curve area. This apparent error did not influ

ence the conclusions concerning adsorption mechanisms since that conclusion was based 

on the relationship between clean sand and spiked sand isotherms. That relationship was 

consistent between Run 1 and Run 2. 

Figure 5.3 is a composite Freundlich plot comparing ARS and Ottawa sand iso

therms. ARS is clearly the more efficient adsorbent as evidenced by larger values of XlM 

(gram per gram adsorption) under the same isotherm conditions. The BET analysis indi

cated ARS as having more surface area per gram than Ottawa sand (0.574 m2/g vs. 0.039 

m2/g), which explains its superior ability as an adsorbent. The positive slope of the ARS 

regression lines indicate that residual concentration was the primary driving force for 

DEC adsorption. The repartitioning of naphthalene into solution tended to flatten the 

slope, but did not reverse it. These characteristics made ARS the preferred choice for an

tibody testing. 

55 



-6 ,-----.------.----~~----~----~--~~ 

-6.5 

-7 o 

OeanOttawa 
Sand 2 ~ ~ -7.5 

Naphthalene 
-1---- Spiked ARS 1 OeanOttawa 

Sand 1 o 
~ 

-8 +----+-----+------+ 
I 

Naphthalene 
Spiked Ottawa 

Sand 2 

-8.5 +----+-----f---+----+--

CleanARS 1 
I 

-~--l-~,-

Naphthalene 
Spiked Ottawa 

Sand 1 
-9 +------+------~----~------~----~---

-0.8 -0.75 -0.7 -0.65 

Loge 

-0.6 -0.55 
Q.. 
Q.. 

~ -0.5 
= ""! 
II 
o 
U 

Figure 5.3: Composite Freundlich isotherm plots comparing ARS adsorption to Ottawa sand adsorption. 
ARS is a more efficient adsorbent and yields better repeatability. 

Non-Specific Adsorption of Dextran-Eosin Conjugate on Arkansas River Sand 

Spiked with Arab Medium Crude Oil 

The adsorption tests with DEC on naphthalene-spiked sand indicated that adsorp

tion was inhibited in proportion to the naphthalene concentration on the sand. DEC ad

sorption served as an assay for adsorbed naphthalene. This led to the idea of testing this 

as a potential assay technique for a qualitative analysis for less specific contaminants to 

soils, such as total petroleum hydrocarbons (TPH). 

Adsorption isotherms were perfonned on ARS spiked with Arab Medium Crude 

oil using DEC as the adsorbate. Samples were spiked, as described in the previous chap-
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ter, to a percent by weight range of 1.07 to 0.07% .. A clean sand sample was also in

cluded. Preliminary adsorption tests indicated a need to increase the starting DEC con

centration to one ppm eosin in order for the residual concentrations to be detectable above 

background. 

Results 

Figure 5.4 shows the results of the isotherms in a combined Freundlich plot. Sus

pensions or emulsions of crude oil are not easily settled by centrifugation. Optical clarity 

is decreased proportional to the crude oil content in the sample. Light scattering affects 

of the suspensions distorted the results. 
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Figure 5.4: Freundlich isothenn plots of ARS spiked with Arab crude oil at a range of percents by weight. 
Colloidal suspensions and emulsions suppressed the fluorescent signals by scattering. The higher the per
cent crude oil present in the sand, the greater the scattering from the suspensions, giving a false indication 
of increased adsorption with increased crude oil content. 
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The samples with 0.53% and 1.07% crude oil were centrifuged a second time resulting in 

less scattering which altered the apparent relationship to the other isotherms. Increasing 

the time in the centrifuge would result in increased settling. However, since this would 

result in diminishing returns, a more practical approach was taken. The isotherms were 

repeated using an anionic polymer, diethylamine-epichlorhydrin, in an additional step to 

settle the suspensions. After the standard isotherm procedures were performed through 

centrifugation, two milliliters of the supernatant were extracted from each vial and placed 

in separate vials containing 1 drop (.012 grams) of the anionic polymer. This was gently 

agitated and centrifuged. This procedure cleared the supernatant of suspensions leaving 

only the residual DEC in solution. The supernatant was scanned to measure the residual 

concentration. These results are shown in Figure 5.5. 
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Figure 5.5: Freundlich isotherm plots of ARS spiked with Arab medium crude oil at a range of per
cents by weight. An anionic polymer was employed to settle suspensions. 
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The indication from the second test is that adsorption of the DEC increases as the 

crude oil content increases. However, there is an apparent limit to adsorption beyond 

which increasing the crude oil content alone will no longer increase adsorption. Figure 

5.6 is a graph of the regression line values at the intersections of line AB. This line is a 

slice through the approximate midpoints of the regression lines and displays the 3rd di

mension of the data. 
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Figure 5.6: Crude oil content in percent by weight vs. Log of adsorbed concen
tration. Values are extracted from the intersections of the regression lines and line 
AB in figure 5.5. 

Figure 5.6 displays an apparent upper limit to adsorption. A fIrst order relation-

ship between crude oil content and adsorption of DEC exists only in a very narrow range 

of crude oil content. Beyond this, the relationship quickly becomes very nearly zero or

der. Potential exists for utilizing this technique for a qualitative measurement of TPH 

only within the range of the fIrst order relationship. This was not explored further in this 

investigation. 
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Discussjon 

Inhibited adsorption described in the earlier tests were based on a very simple 

model using a single PAH (naphthalene) for the spiking material. Naphthalene, being 

essentially electrically neutral and hydrophobic (low solubility) (Verschueren, 1983), 

forms a barrier to electrostatic adsorption and DEC, being more hydrophilic (high solu

bility), is effectively blocked from adsorption by the naphthalene. According to the GC 

analysis, Arab Medium Crude oil contains many more aliphatics, particularly paraffms, 

than aromatics. DEC adsorption is not inhibited by the presence of these complex or

ganic compounds but is actually stimulated. The GC analysis of Arab Medium Crude oil 

is displayed in the appendix. 

Specific and Non-Specific Adsorption of Anti-Naphthalene Antibody on Clean Arkansas 

River Sand and Arkansas River Sand Spiked with Naphthalene. 

From the adsorption tests using DEC as the adsorbate, it was learned that the 

presence of naphthalene on the surface of the adsorbent inhibited DEC adsorption by 

limiting free surface area and forming an electrostatically neutral barrier. The following 

experiments were designed to determine whether the anti-naphthalene antibody will bind 

specifically with the adsorbed naphthalene and remain in solid phase, overcoming the 

inhibition to adsorption. 

Standard isothenn protocol as described in Chapter IV was employed. Non

specific adsorption was tested using clean ARS while specific adsorption was tested us

ing ARS spiked with naphthalene according to the procedures described in Chapter IV. 

EITC-Iabeled anti-naphthalene antibody provided by SDI was used as the adsorb

ate. The time required to reach equilibrium was tested with a single vial containing 2.4 

grams of sand and 3 ml of a 1 mg!l solution of antibody (based on EITC Concentration). 

The vial was agitated and scanned at 20 min intervals. During this test, quenching of the 

fluorescent signal was observed (Molecular Probes, 1993). The quenching was much 
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greater than had been anticipated. To compensate, the starting EITe concentration was 

increased to 1 mg/l. Clean sand isotherms were run separately to test for repeatability. 

This was followed by one isotherm on naphthalene-spiked sand. 

Results 

Isotherm data for anti-naphthalene antibody is displayed in Figure 5.7. The curve 

is concave upward and does not indicate a maximum adsorption limit. Regression 

analysis of the linear plots gave nearly equal r2 values for the Freundlich and the high 

Langmuir plots (0.82 verses 0.80). The Low Langmuir slope is reversed from the norm 

and does not fit the theoretical curve displayed in Chapter II, Figure 2.3. The BET iso

therm has an r2 value of 0.4. It is inconclusive whether anti-naphthalene antibody fits a 

multilayer or a monolayer model, however, the concave upward shape does not suggest a 

limit to adsorption at these low concentrations. 
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Figure 5.7: Isothenn data for anti-naphthalene antibody on clean ARS. A concave upward pat
tern is displayed. 
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Figure 5.8 is a composite Freundlich plot oftwo clean sand isotherms and one on 

sand spiked with naphthalene. The two clean sand isotherms differ from each other by 

only 5.67% of the average ppm adsorbed, while the isotherm on the naphthalene-spiked 

sand differs from the clean sand isotherm by 16.89% of the average ppm adsorbed. This 

clearly displays inhibited adsorption. 
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Figure 5.8: Composite Freundlich plots comparing three isothenns of Anti-naphthalene anti
body on ARS. 

Chan~e in Free Ener~y. The standard change in free energy in calories per mole 

of a system at equilibrium is defmed as 

I1GO = -RT In K 

where K is the equilibrium constant (Sawyer and McCarty, 1978). For the isotherms that 

were performed using anti-naphthalene antibody on ARS, the equilibrium reaction can be 

written as 

Ab L ~ A b s 
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where Ab L is the antibody in liquid phase and Abs is the antibody in solid or adsorbed 

phase. From Sawyer and McCarty (1978), K is defined as 

The value of K is independent of expressing the concentrations as antibody-EITC conju-

gate or as EITC since the proportions are constant. K is evaluated as: 

K= qx 106 

C 

where q is in units of gm/gm and C is in units of mg/L. Multiplying q by 1(J6 converts q 

to units of mg/kg, making both concentration values equivalent units. 

Figure 5.9 is a cross plot of isotherm data from the adsorption of anti-naphthalene 

antibody on clean ARS and on ARS spiked with naphthalene. Lines of constant !y"GO val-

ues ranging from -900 callM to +200 callM were computed by solving for a range of q 

and C values for each constant !Y..Go. These lines are displayed with the cross plot. Enve-

lopes have been drawn around the two groupings of data. With the exception of one out-

lier from each grouping, all data falls into the two separate groupings. The !Y..Go values 

related to adsorption on naphthalene-spiked sand are between -250 and +50 calories per 

mole, indicating a very low heat of adsorption. 
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Figure 5.9: Cross plot of Anti-naphthalene antibody isothenn data with lines of equal flGO 

values in calories per mole. 

Discussion 

The specificity of anti-naphthalene antibody for naphthalene did not overcome the 

inhibition to adsorption observed with DEC adsorption in the presence of naphthalene_ 

This experiment does not rule out the possibility of a small degree of specific binding 

since a non-reactive control antibody was not used as a basis of comparison. SDI made 

available a "negative control" antibody that is non-reactive with P AH molecules accord-

ing to ELISA results. Test results comparing adsorption of the negative control antibody 

with anti-pyrene antibody on pyrene spiked sand follow. 
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Specific and Non-Specific Adsorption of Anti-Pyrene Antibody and Negative 

Control Antibody on Arkansas River Sand Spiked with Pyrene 

It was determined that ARS is a reasonable adsorptive media for testing the anti

naphthalene and anti-pyrene antibodies and that the presence of low solubility and electri

cally neutral P AH's, such as naphthalene, on the adsorptive media inhibited non-specific 

adsorption of both the DEC and the antibody-EITC conjugate. The following procedure 

is designed to test the ability of the anti-pyrene antibody to bind specifically with pyrene 

that is adsorbed to the soil surfaces. 

ARS was spiked with pyrene using the procedure described in Chapter IV. Poly

clonal Anti-pyrene rabbit antibodies tagged with EITC were provided by SDI along with 

negative control antibodies also tagged with EITC. Negative control antibodies are iden

tical to the anti-pyrene antibodies with the exception that they are non-reactive with P AH 

molecules. Reactivity characteristics were tested by SDI using ELISA protocol. Protocol 

design is shown in the appendix. 

Results 

Two adsorption isotherms were run concurrently using equal concentrations of 

each antibody as the adsorbate, and pyrene spiked ARS as the adsorbent. Freundlich 

plots and High Langmuir plots of these isotherms are shown in Figure 5.10 and 5.11 be

low. The adsorption characteristics of the two antibodies are nearly identical. 
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Figure 5.10: Freundlich isothenns of Anti-Pyrene antibody vs. Negative Control antibody on 
pyrene spiked ARS. 

Figure 5.11: Langmuir high plot of Anti-Pyrene antibody vs. negative control antibody on pyrene 
spiked ARS 
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Discussion 

The results of the isotherms indicate that the specificity of anti-pyrene antibody 

for pyrene does not enhance its ability to adsorb to sand spiked with pyrene. Since the 

bonding force for antibody-antigen bonding is proportional to lId2 for electrostatic forces 

and to l/d7 for Van der Waals forces, the interacting groups must be close to the point of 

bumping together and rotating into place before these forces become significant (Roitt, 

Brostoff, and Male, 1985). The flat structure of the P AH molecule adsorbed to soil 

particle surfaces is not accessible to the complementary structure of the antibody and the 

forces of attraction are not strong enough to lift the pyrene molecule from the soil surface. 

This situation can be illustrated by imagining picking up a dime from a flat surface while 

wearing mittens. If the dime were standing on edge the task would be easily achievable, 

however, this is not a likely state for a dime nor for a pyrene molecule adsorbed to soil. 

This suggests that immunoassay for pyrene in solid phase is not possible due to the 

physical nature ofthe required antibody-antigen bond. This result very likely extends to 

all P AH' s that adsorb to surfaces leaving the epitope (handle) inaccessible. These 

observations are in retrospect to the negative results of the tests but would not have 

negated the need for performing the tests to prove their validity. 

Evaluation of Commercially Available Immunoassay Field Test Kits Developed for 

Analysis of P AH Contamination to Soil 

A few commercially available immunoassay test kits have been marketed that 

claim to be accurate in testing for P AH contamination in soils and water. Two of the soil 

test kits, from Quantix Systems (Cinnaminson, New Jersey), and EnSys, Inc. (Research 

Triangle Park, North Carolina), were tested. Quantix claims to be able to give an exact 

reading in ppm from a hand held dual beam reflectometer (included in the kit). The 
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EnSys RIS~® test system was designed to give the levels in terms of a range from 1 to 10 

or 10 to 100 ppm with a portable dual beam photometer (sold separately). The test 

procedures for these kits required an extraction step using the solvents isopropanol or 

methanol, respectively, prior to beginning the assay. These kits were tested for accuracy 

first by using ARS spiked to known levels of pyrene and second by adding measured 

amounts of naphthalene, pyrene, or anthracene directly to the extraction solvent. 

Quantix Systems 

Kit Desi2n. The Quantix kit is designed as a portable workstation in a vinyl 

carrying case . All necessary supplies and instruments fit neatly into slots and holes in the 

workstation. The work table surface is designed to assay five samples at one time. The 

opened lid contains additional storage for assay kit supplies, and a set of index cards with 

abbreviated operating instructions are easily accessible. The assay is a standard ELISA 

protocol where the sample being analyzed is competing for binding sites on the antibody 

with an enzyme labeled reference analyte. The antibodies are immobilized on the surface 

of polystyrene discs approximately five millimeters in diameter. Figure 5.12 is a detector 

showing two wells containing the polystyrene discs coated with the antibody. Assay 

solutions are dropped onto the discs in metered drops and excess solution is absorbed into 

the body of the detector below the discs. This detector snaps into the hand held 

reflectometer which compares the color intensity of the sample, S, with the reference 

sample, R, as a measure of the concentration. Calibration curves are selected from 

permanent memory in the reflectometer, depending on concentration range and type of 

pollutant being assayed. 
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Figure 5.12: Quantix immunoassay detector. 

The soil samples are taken with a tube with a syringe plunger. The tube is pushed 

into the soil until full and loosely packed. This soil sample represents an average of 10 

grams of soil. By pressing the plunger, the soil sample is transferred into an extraction 

solution of 10 mg of isopropanol. The instructions call for mixing the soil with the 

extraction solution for one minute and then letting it settle. A tube with a filter covering 

one end surrounded by a rubber gasket is plunged into the extraction tube to filter a small 

amount of analyte solution. On the other end is a dropper tip for dispensing the solution. 

At this point the assay proceeds with as with a liquid sample. Figure 5.13 is a process 

flow diagram for the Quantix system. 
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Figure 5.13: Process flow diagram for the Quantix field test kit. Five samples can be tested 
simultaneously. 

Results. Arkansas River Sand spiked with pyrene was used to test the soil 

analysis system for PAH's. Table VII is a comparison ofthree types of analyses on three 

spiked samples. The GC analysis on the methylene chloride extraction is believed to be 

the more accurate analysis based on the intended spiking levels of 17.13 and 10.21 ppm. 
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TABLE VII 

COMP ARISON OF QUANTIX SOIL IMMUNOASSAY RESULTS TO KNOWN 
SPIKED SAND LEVELS AND GC ANALYSES OF EXTRACTIONS 

Spiking GC GC Quantix 
level using Analysis, Analysis, System 

Spiked pyrene Methylene Iso-pro- Assay- Iso-
ARS spiking Chloride panol propanol 

Sample procedure Extraction Extraction Extraction 
(ppm) (ppm) (ppm) (ppm) 

#1 97.58 - - 42.6 
#1 97.58 - - 46.6 
#2 17.13 15.234 3.958 1.60 
#3 10.21 8.497 4.516 6.10 

Methylene chloride extraction was not used to test spiked sample # 1. The isopro-

panol extraction was not as efficient as methylene chloride extraction for pyrene on soil. 

This partially accounts for a low Quantix System assay value. Since extraction efficiency 

is a variable in the accuracy of the assay, tests on three different PAR's were performed 

by assuming 100% extraction efficiency. This was accomplished by adding the P AH 

directly to the extraction solution in known quantities. Table VIII on the following page 

summarizes those results. 
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TABLE VIII 

COMP ARISON OF QUANTIX SOIL IMMUNOASSAY RESULTS TO 
KNOWN PAH CONCENTRATIONS IN SOLUTION 

Known Quantix Average 
PAH Concen- Assay Con- Percent Percent 

tration centration Error Error by 
(ppm) (ppm) PAH 

Naphthalene 68 17.0 75.00% 79.81% 

Naphthalene 247 38.0 84.62% 

Pyrene 108 86.0 20.37% 35.80% 

Pyrene 108 61.0 43.52% 

Pyrene 108 61.0 43.52% 

Anthracene 66 0.8 98.79% 98.56% 

Anthracene 72 1.2 98.33% 

The second and third test on pyrene was perfonned using a new package of assay 

supplies and the assayed concentration changed from 86.0 ppm to 61.0 ppm, as shown in 

Table VIII. A new package could have come from a different batch during manufacture 

of the kit supplies. This could explain the change in results and could indicate a quality 

control problem in manufacture. Repeated testing using the same supplies showed good 

precision in assay results although the accuracy was far less than desirable. Agitation for 

one minute was not adequate to dissolve the PAR's in the isopropanol. Naphthalene 

dissolved in slightly over one minute while pyrene took 15 to 20 minutes. Anthracene 

had to be placed on a shaker for several hours before completely dissolving. 

Discussion. The Quantix work station is very well designed and very easy to use 

and ideal for field conditions. The immunoassay results without extraction showed good 

precision although accuracy was very low. The antibody clearly displayed a higher 

affinity for pyrene than for naphthalene or anthracene. Field use of the kit would require 

calibration by laboratory analysis. As the proportionate concentrations of P AH's change, 

the calibration will certainly be affected. The extraction technique using the soil sample 
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syringe and isopropanol solvent increases the variability in the test results. Soil samples 

should be weighed and mixed more thoroughly with the solvent. Methylene chloride is 

not miscible in water. This makes extraction of moist soils difficult. Vibrating mixers 

such as the Thennolyne Maxi Mix 1, help in breaking up and thoroughly mixing the soil 

with the solvent. Anhydrous magnesium sulfate powder could be used to sequester the 

moisture and improve extraction efficiency of methylene chloride. 

A soil sample from a site undergoing remediation and known to be contaminated 

with P AH' s was tested using the Quantix kit. The actual PAH content in this soil sample 

was unknown. The sample was very high in clay content and tended to remain in clumps. 

An attempt was made to break up the clay with a small stainless steel spatula. The assay 

indicated that the level of P AH contamination was below the limit of detection. It is very 

unlikely that the extraction was successful on this clay. The extraction method provided 

was useful only for very sandy soil with low clay content. It would have been more 

beneficial to use a blender to thoroughly mix the clay and the isopropanol. 

EnSys RIS£@ Test System 

Kit Desi~n. The EnSys kit comes packaged in plastic trays that cannot be used as 

the work table. A separate test tube rack and flat table is necessary for running the tests. 

A portable scale is necessary for weighing the soil sample, and a positive displacement 

pipette with disposable tips is needed to dispense 30 I.d of various solutions. 

The soil extraction step is handled similarly to the Quantix System, however, the 

10 grams of soil is weighed and a 20 m1 methanol extraction solution is used. The assay 

design is a standard ELISA protocol, as with the Quantix System. Before the assay 

begins, the test solution is serially diluted two times to create aI , 10 and 100 ppm 

sample. This means that each of these samples will be compared to a reference and be 

determined to be either greater than or less than their respective dilution values. Two 

73 



references are prepared using a supplied PAH. Five test tubes at a time are used for one 

test sample, making it difficult to run more than one sample at a time. Enzyme-labeled 

PAH substrate is added to each of the five test tubes and each of these test tubes are 

poured into clear test tubes containing the antibody immobilized on the bottom surface. 

The solutions are allowed to react for 10 minutes and then washed out vigorously with a 

wash solution. A color developer is added and then a stop solution. The final solutions 

are various shades of a clear yellow solution. The darkest reference solution is chosen 

and the other is discarded. The remaining three are compared to the reference in the 

portable photometer. The photometer reads either high or low for each of the three 

samples. This narrows the ppm concentration to either less than 1 ppm, between 1 and 10 

ppm, between 10 and 100 ppm, or greater than 100 ppm. Following is a process flow 

diagram of the EnSys assay system. 

I Extraction I 
10 gm Soil 

Sample 

Extraction 
Fluid 

1 Minute 

Filtered 
Extract 

1 
ppm 

Dilution 

Antibody 
Coated 

Test tube 

Assay I 

PAH-Enzyme PAR 
Conjugate Reference 

ppm 
Dilution 

Antibody Antibody Antibody Antibody 
Coated Coated Coated Coated 

Test tube Test tube Test tube Test tube 

Photometer 
Figure 5.14: Process flow diagram of the Ensis RIS~® kit. Only one test can be run safely at a time. 
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The IBM spectrophotometer was used with the RIS~® kit rather than purchasing 

the portable photometer. The wavelength was set to 450 nanometers and values of absor

bance for the tluee dilutions relative to the reference solution was read as per instructions 

given by the EnSys technical staff. Negative absorbance equated to a low reading while 

positive absorbance equated to a high reading. 

Test Limitations. Due to a limited number of available test supplies, soil 

extraction accuracy was not tested. The handling of test tubes, solutions, and pipettes, 

and the timing of procedures allowed for potential accidents and errors for inexperienced 

operators. Errors further limited the number oftests that could be run. All tests were 

made by direct spiking of the extraction solution to insure a known concentration of test 

solution. Since this assay was designed as a total P AH indicator, the sensitivity to 

individual P AH's varies. Table IX shows the sensitivity of the assay to various P AH's. 

When individual PAR's are tested, the detection ranges (l, 1 0, and 100 ppm) must be 

multiplied by the value in the right hand column of the table. For example, when testing 

a pyrene spiked sample, the sensitivity ranges become 3.5, 35, and 350 ppm. EnSys 

advertises a 95% accuracy with this system. 
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TABLE IX 

PAH RISk® SOIL TEST SENSITIVITY TO P AH COMPOUNDS 

PAH * Concentration Necessary 
Compound to Result in Positive Test 

(ppm) 
2 Rings 

Naphthalene 200 
3 Rings 

Acenaphthene 8.1 
Acenaphthylene 7.5 
Phenanthrene 1.0 
Anthracene 0.81 
Fluorene 1.5 

4 Rings 
Benzo[a]anthracene 1.6 
Chrysene 1.2 
Fluoranthene 1.4 
Pyrene 3.5 

5 Rings 
Benzo[b ]fluoranthene 4.6 
Benzo[kJf1uoranthene 9.4 
Benzo[a]pyrene 8.3 
Dibenzo[g,h,i]perylene >200 

6 Rings 
Indeno[ 1 ,2,3-cdJpyrene II 
Benzo[g,h,i]perylene >200 

*Data provided by EnSys, Inc. 

Results. Two tests were run correctly on pyrene at 76 ppm and tests using anthra-

cene at 47 and 48 ppm were run procedurally correct. Pyrene standards were 3.5, 35, and 

350 ppm. Both tests registered correctly between 35 and 350 ppm. The ranges for 

anthracene were 0.81, 8.1 , and 81 ppm. The first test on anthracene was in error, 

registering greater than 81 ppm while the second registered correctly between 8.1 and 81 

ppm. 
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Use of the IBM spectrophotometer to read the relative absorbance values allowed 

a more critical analysis of the results. If the assay registered with 100% accuracy, a plot 

of the relative absorbance values against the detection range values expressed Iogarithmi-

cally would yield a straight line that intersects the zero relative absorbance line at the log 

of the exact concentration (EnSys, 1994). A linear regression through the three real data 

points will give an evaluation of how close this assay is reading the true value, or at least 

how repeatable the results are. Following are tabulations of the data and cross plots of 

the data along with their linear regressions. 

TABLE X 

PYRENE ANALYSIS #1 at 76 PPM 

ASSAYED CONCENTRA nON BETWEEN 35 AND 350 PPM 

Relative Linear 
ppm log ppm ABS4S0nm Regression 

3.50 0.544 -0.0658 -0.0714 
35.00 1.544 -0.0371 -0.0261 
350.00 2.544 0.0248 0.0192 
* 131.72 2.120 0 

*Theoretlcal concentratIOn from assay; I.e. concentratIOn where relatIve 
absorbance of the sample is equal to the reference. 
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Figure 5.15: EnSys RI~® test data for first pyrene sample at 76 ppm. Test registers 
correctly between 35 and 350 ppm. 

TABLE XI 

PYRENE ANALYSIS #2 at 76 PPM 

ASSAYED CONCENTRATION BETWEEN 35 AND 350 PPM 

Relative Linear 
ppm log ppm ABS450nm Regression 

3.50 0.544 -0.103 -0.1114 
35.00 1.544 i -0.066 -0.0490 

350.00 2.544 0.022 0.0134 
*213.69 2.330 0 

* Theorettcal concentration from assay; I.e. concentratIOn where relative 
absorbance of the sample is equal to the reference. 
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Figure 5.16: EnSys RJSl<® test data for second pyrene sample at 76 ppm. Test 
registers correctly between 35 and 350 ppm. 

Both tests indicated the concentrations correctly between 35 to 350 ppm, which is 

the advertised accuracy ofthe assay. However, the concentrations indicated by reading 

the actual absorbance were in error by 73 % and 181 % respectively. When the detection 

ranges are left at 1, 10, and 100, the test still registers correctly and the error changes to a 

-50% and -20% respectively. The first test on anthracene was outside the window, 

registering greater than 81 ppm. The computed value was 590 ppm. The second test was 

within the detection limits of 8.1 to 81 ppm. The computed value was 70 ppm which is 

an error of 46%. 

Discussion. The EnSys RIS~® test kit is cumbersome and not easily usable under 

field conditions. The few tests that were run correctly did not fully evaluate the kit, how-
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ever, the evidence suggests that the manufacturers claim of providing an accurate assay 

95% of the time is true. The user would have to be satisfied with results given in broad 

ranges. 

Summary 

Two commercially available immunoassay systems for the detection ofPAH's in 

soil were tested. The Quantix System workstation, and the EnSys RIS~® system. Both 

system were designed to be used under field conditions. 

The EnSys system gives the results expressed in ranges. The ranges are less than 

1 ppm, between 1 and 10 ppm, between 10 and 100 ppm, and greater than 100 ppm. 

EnSys advertises 95% accuracy when using this system. The extraction solvent 

(methanol) was spiked directly to simulate 100% extraction efficiency. Only four tests 

were run, two using pyrene and two using anthracene. Three test results were within the 

proper range of the spiked sample. This is not enough to confirm the 95% accuracy 

claim. Cross plotting relative absorbance against the log of the detection ranges, and 

doing a linear regression gave the theoretical exact concentration where the regression 

line crossed the zero relative absorbance line. This value varied widely between identical 

samples tested. The procedures were more complicated than the Quantix system and the 

handling of test tubes and timing of steps left room for mistakes. Field use requires a 

table, scale and portable photometer. 

The Quantix system was designed as a portable work station in a carrying case. 

Everything that is needed to run the tests are included in the work station, including a 
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hand held reflectometer for reading the results. The system gives the results as a single 

number in parts per million. Seven tests were run by spiking the extraction fluid 

(isopropanol) directly to simulate 100% extraction efficiency. Samples tested were 

naphthalene, pyrene, and anthracene. At least two tests were run on each spiked sample. 

Nearly all results were repeatable with good precision, though the accuracy was very low, 

particularly for anthracene. The repeatability of the tests indicate that the results could be 

calibrated for a particular test site with a few laboratory tests. The extraction procedures 

could be improved for better accuracy using mechanical mixing andlor methylene 

chloride with anhydrous magnesium sulfate powder to sequester the moisture in the 

sample, provided this has no adverse impact on the antibody. Extraction using methylene 

chloride with anhydrous magnesium sulfate powder was not tested with the antibody. 

Despite the poor extraction system, two tests on pyrene spiked sand gave very close to the 

same result. 
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CHAPTER VI 

CONCLUSIONS 

The isothenn experiments demonstrated that antibodies specific to certain poly

cyclic aromatic hydrocarbons could not bind to their respective antigens while the anti

gens were bound to soil surfaces. This conclusion is substantiated by four main points 

documented in literature. These points are, (a) antibodies and antigens must have lock

in-key complementary shapes in order to bind, (b) the attractive forces in antibody

antigen binding (hydrogen bonds, electrostatic, Van der Waals, hydrophohic) are weak 

individually but become strong once in place due to the multiplicity of binding sites, (c) 

antigens must be accessible to the antibody's binding sites in order to bind, and (d) P AH 

molecules are structurally flat and are not accessible while bound to soil surfaces. 

Very little is written concerning solid phase immunoassay. The poster presenta

tion at Analytica '94 referenced by Stave (1994) and discussed in the literature review, 

indicated that solid phase immunoassay for more complex molecules with an accessible 

epitope is possible. Removing the Fe fragment and using only the Fab fragments of the 

antibodies reduced non-specific adsorption and increased the sensitivity ofthe assay. 

Several isothenn tests were run in preparation for testing the antibodies and two 

commercially available immunoassay kits were tested. Following is a brief summary and 

conclusion for each of these tests. 
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Dextran Eosin Conjugate Adsorption on Arkansas River Sand 

Adsorption isotherms using dextran-eosin conjugate (DEC) on clean Arkansas 

River sand (ARS) and ARS spiked with varying amounts of naphthalene were performed 

to establish the antibody testing methodology. These isothenns showed a decreased ad

sorption ability of the sand spiked with naphthalene in proportion to the amount of naph

thalene present. Naphthalene being electrically neutral, adsorbs hydrophobically and 

fonns a barrier to adsorption where it is present. 

DEC Adsorption on Ottawa Sand 

Isotherms using Ottawa sand as the adsorbent demonstrated that Ottawa sand has 

significantly less adsorptive capacity than ARS. Ottawa sand spiked with naphthalene 

showed a trend reversal in residual DEC concentration. This trend reversal occurred be

cause desorption of the naphthalene was greater at lower sand dosages, leaving more 

available space for DEC adsorption. 

DEC as an Indicator for Total Petroleum Hydrocarbons 

The use of DEC as an indicator for TPH was considered due to the results of the 

isotherms with naphthalene-spiked sand. Using DEC as an indicator for TPH is compli

cated by the complexity of the possible contaminants. Although DEC adsorption was 

inhibited by naphthalene adsorption, the presence of Arab crude oil which contains more 

aliphatics, particularly paraffins, than aromatics, actually caused an increase in adsorption 

of DEC. A first order relationship between crude oil content and adsorption of DEC ex

ists only in a very narrow range of crude oil content. Only in this range is a qualitative 

measurement possible. 
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Anti-naphthalene Antibody and Anti-Pyrene Antibody Adsorption 

Isotherm comparisons using anti-naphthalene antibody as the adsorbate showed 

significantly less adsorption of the antibody from solution when the sand was spiked with 

naphthalene as did the DEC adsorption experiments. Increasing the naphthalene spiking 

level further decreased antibody adsorption. A negative control antibody determined by 

SDI to be non-reactive to P AH's was used in an isotherm comparison with anti-pyrene 

antibody on pyrene-spiked sand. The results showed essentially no difference between 

the adsorption of the two antibodies. 

Commercially Available PAH Test Kits 

Two commercially available P AH-specific immunoassay field test kits were 

tested for accuracy and ease of use. The results of the tests were poor at best. EnSys, Inc. 

claims a 95% accuracy for its kit, which gives its answer in terms of broad ranges. The 

limited number of tests that were perfonned could not confinn this claim since the one 

failure represented a large percentage of the number of tests. The result given in broad 

ranges limits its value. The Quantix system gave results as a single number in ppm that 

proved to be consistent in subsequent tests, although much lower than the actual values. 

Consistency of results make it possible to calibrate the test for a specific site. The Quan

tix system is the easier to use under field conditions and allows five samples to be run at 

one time. Both kits require extraction of soil samples prior to testing, which influences 

the accuracy. The extraction procedures were inadequate as was shown by trying to dis

solve some typical PAH's in the solvent and by trying to extract from a clay soil. Costs 

for these two test kits are comparable at approximately $500 for ten samples. 
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APPENDIX A 

ISOTHERMS 
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Sample No. 

Co 
1 
2 
3 
4 
5 
6 
7 
8 

TABLE XII 

ANTI-NAPHTHALENE ANTIBODY ON CLEAN ARS 

Ab-EITC Ab-EITC 
Sol. Sol. 

(grams) (mI) 

0 
2.968 2.968 
2.982 2.982 
2.988 2.988 
2.993 2.993 
3.010 3.010 
2.980 2.980 
2.956 2.956 
2.999 2.999 

3.60E-06 
c 
o .-.... 3.10E-06 
~ 

""" .... 
~ -. 2.60E-06 
CJ I:)J) = e 8 ~ 2.10E-06 
~ e 
1S -- 1.60E-06 

""" o 
C'Il 
~ 

< 
1.10E-06 

6.00E-07 

0.35 

Sand Emissions Residual 
Dosage Curve Concen-

Area tration 
(grams) (v-nm) (mg/J 

EITC) 
0 0.365 1 

2.417 0.129 0.354 
2.165 0.156 0.427 
1.857 0.168 0.460 
1.579 0.168 0.460 
1.276 0.196 0.537 
0.926 0.212 0.581 
0.658 0.225 0.616 
0.314 0.235 0.643 

• 

I 

/ 
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/0 

~ .~ 

• • 

0.45 0.55 0.65 

Residual concentration (mg/I) 

Adsorbed 
Concen-
tration 

(gm/gm) 

7.93E-07 
7.89E-07 
8.69E-07 
1.02E-06 
1.09E-06 
1.35£-06 
1.72E-06 
3.41E-06 

Figure A.I: Cross plot of isothenn data for anti-naphthalene antibody on ARS. 
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Figure A.2: Freundlich isothenn of anti-naphthalene antibody. r2 = 0.83 
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Figure A.3: Langmuir high isotherm of anti-naphthalene antibody on ARS. 
r2 = 0.8 
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Figure A.4: Langmuir low isotherm of anti-naphthalene antibody on ARS. 
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Figure A.S: BET isotherm of anti-naphthalene antibody on ARS. r2 = 0.46 
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Figure A.6: Polanyi adsorption theory characteristic curve of anti-napthalene 
adsorption isotherm on ARS. 
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TABLE XlII 

ANTI-PYRENE ANTIBODY ON PYRENE SPIKED SAND 

Sample No. Ab-EITC Ab-EITC Sand Emissions ResidualAb 

Co 

1 

2 

3 
4 

5 

6 

7 

8 

Sol. Sol. Dosage Curve Concen-
Area tration 

(grams) (ml) (grams) (v-nm) (mgll) 

0 0 67.768 147.4131 

2.983 2.939 2.450 8.339 18.140 

3.026 2.981 2.146 9.439 20.532 

3.006 2.962 1.848 8.416 18.307 
3.023 2.978 1.539 9.492 20.648 

3.018 2.973 1.232 10.586 23.027 

3.005 2.960 0.977 9.551 20.776 

3.009 2.964 0.686 10.646 23.158 

3.013 2.968 0.305 9.605 20.893 
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Figure A.7: Cross plot of isotherm data for Anti-Pyrene antibody on pyrene 
spiked ARS 
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Figure A.8: Freundlich isotherm plot of Anti-Pyrene antibody on ARS spiked 
with Pyrene. r2 = 0.60 
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Figure A.9: High Langmuire isotherm of Anti-Pyrene antibody on ARS spiked 
with pyrene. r2 = 0.6\ 
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Figure A.10: Low Langmuire isothenn of Anti-Pyrene antibody on ARS 
spiked with pyrene. r2 = 0.43 
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Figure A.ll: BET isothenn of Anti-Pyrene antibody on ARS spiked with 
pyrene. r2 = 0.59 
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TABLE XIV 

NEGATIVE CONTROL ANTIBODY ON PYRENE SPIKED SAND 

Sample No. 

Co 
Cont-l 

Cont-2 

Cont-3 
Cont-4 
Cont-5 
Cont-6 
Cont-7 
Cont-8 

Ab-EITC Ab-EITC 
Sol. 

(grams) 

0 
2.991 
3.005 

3.024 
3.022 
3.006 

3.023 
3.020 
3.021 

6.00E-04 

S.00E-04 

r:: 
.::: 
E 4.00E-04 .-r:: 
~ --
~ 8 
o ~ 3.00E-04 
U 8 

Sol. 

(ml) 

2.943 
2.957 

2.975 
2.973 
2.958 
2.975 
2.972 
2.972 

Sand 
Dosage 

(grams) 

0 
2.448 
2.142 

1.838 
1.516 
1.238 
0.934 
0.642 
0.376 

Emissions Residual Ab 
Curve Concen-
Area tration 

(v-nm) (mg/l) 

66.056 147.449 
7.776 17.357 
8.314 18.558 

8.537 19.056 
9.865 22.020 
10.369 23.145 
10.395 23.204 
10.416 23 .250 
10.094 22.532 
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-
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.::. 
; 2.00E-04 ~ 

/ 
• 

'" "0 

< 
-

1.00E-04 

~ 

, , 

Adsorbed 
Concen-
tration 

(gm/gm) 

1.56E-04 
I.78E-04 

2.08E-04 
2.46E-04 
2.97E-04 

3.96E-04 
5.75E-04 
9.88E-04 

O.OOE+OO 
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Figure A.12: Cross plot of isotherm data for Negative Control antibody on 
pyrene spiked ARS. 
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Figure A.13: Freundlich isothenn plot of Negative Control antibody on ARS 
spiked with Pyrene. r2 = 0.76 
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Figure A.14: High Langmuire isotherm of Negative Control antibody on ARS 
spiked with pyrene. r2 = 0.88 
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Figure A.IS: Low Langmuire isothenn of Negative Control antibody on ARS 
spiked with pyrene. r2 = 0.73 
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Figure A.16: BET isothenn of Negative Control antibody on A RS spiked with 
pyrene. r2 = 0.87 
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GAS CHROMATOGRAPH 
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APPENDIX C 

ANTIBODY REACTIVITY DATA 

PROVIDED BY STRATEGIC DIAGNOSTICS, INC. 
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January 6, 1994 

Al Talley 
AMOCO 

Dear Al: 

Enclosed please find data demonstrating the reactivity of the 
antibody reagents we sent you to PAR along with a couple of figures 
illustracing the formats of the assays by which these data were derived. 
Let me know how you're doing. 

SincerelYt 

~ ct'v~\lJ ()J. Szt~\ 
James \V. Stave 

~ .• i)-& ~ STRATEOIC DIAGNOSTICS INC. · 128 Sandy Driv .. • NowO)rk, DE 1S;' 1 3 'l l~ 7 • (302; 4~6-ti7B;j • ~A .x :J::2: .!~6·Eno 
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PAH PY'renc-AP Anthraccne-AP Huorene-AP 

P)Jt~e, - 100 100 25 
Fluorene ----1 2.8 100 
Fluoranthene 10 200 
Naphthalene <1 25 1 
Acenaphthylene 1 10 40 
Bel11o( a) anthracene"" 1 1 3.3 
Anthracene <1 6.6 33 
Benzo(a)pyrene 2.5 100 160 
Indenopyrene'*- 1 7.5 250 
Benzo(k)fluoranthene* <1 6.6 <1 
Oibcnz( a.h)an thracene* <1 ND 10 
Bcnzo(g,h.l) perylcne <1 100 66 
Chryselle* <1 7.5 140 
Benzo(b}fluoranthcne* <1 IS SO 
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