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ABSTRACT

Mineralization and bioluminescence assa\ s were used lo examine

the effects of clay particles on the microbial degradation of

naphthalene in aqueous suspensions. An abiotic stud\' of the ability of

six different clays to sorb naphthalene led to the selection of a low

surface-area kaolinite and a high surface-area montmorillonite to be

used in the biological studies. Both of the selected cla} s demonstrated

negligible sorptive capacities for naphthalene. In 12-hour batch

mineralization assays using the Pseudomonas isolate 5R, the rate and

extent of naphthalene mineralization was obsei~\ ed to be retarded in

suspensions containing 44% kaolinite when compared with suspensions

containing 17% kaolinite or 17% montmorillonite. In a series of

bioluminescence assays using the Pst-udomonas reporter strain 11K44, a

characteristic light response was identified in which increasing the

concentration of clay in the suspension from 0 to 17% had the eff ect of

decreasing the magnitude and the rate of light production. The effect of

the clay was determined to be due to factors other than interference

with the light detection method. The inhibitors effect of the cla\ was

found to be similar in both mineralization and bioluminescence assas s,

although after an initial exposure period, light output appeared to be

independent of metabolic rate. Also, reproducibilits of the results from

bioluminescence experiments was highls dependent on the cell grow th

procedure.

Negative findings were made concerning possible rate-

limitations due to adsorption, boundars las er mass transfer, and



intrapartide diffusion. The inhibitor} effect was not obsen ed when

direct clay-microbe contact was eliminated b} using cells immobilized

in alginate beads. On the basis of these obser\ ations as well as certain

assumptions concerning the transport of naphthalene into the cell, a

conceptual model has been proposed in which attachment of the cells to

clay particles results in blockage of diffusion sites on the cell

membrane and a decrease in the rate of naphthalene uptake. 1 he

implications of these findings regarding operation of slurr} -based

bioreactors, and future use of bioluminescent reporter technolog} in

treatability studies are discussed.
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1.0 INTRODUCTION

A unique aspect of research concerned with hazardous w aste

remediation is the need for the collaboration of many different

disciplines. Specifically, the field of environmental biotechnologx

requires a cooperative interaction among molecular life scientists,

ecologists and engineers (Sayler and Fox, 1991). The interdisciplinary

approach is absolutely necessary for the successful remediation of

contaminated soils. Soil, far from being an inert material like cement

or ash, is a heterogeneous multitude of plants and organisms

surrounded by an infinitely vaiy ing landscape of gaseous, liquid and

solid materials. Soils can usually be easih stripped of most

contaminants, but the challenge lies in being able to restore a site to its

original, productive state. The enx ironmental biotechnologx approach

to soil remediation, which seeks to achieve the goal of restoration, is

constructed on a foundation of molecular biologx, genetics, microbial

ecology, soil sciences, and chemical and enx ironmental engineering.

One technology that has successfullx been applied to treat

contaminated soils is slurrj'-phase bioremediation (Yare, 1991). The

slurry-based system has been emplox ed to facilitate contact between

contaminated soil particles and microorganisms (Black et al, 1991).

Knowledge of microbial degradatix e activitx' in soil-water sx stems is also

important for understanding the fate of contaminants in subsurface

environments (Mihelcic and Luthy, 1991).

Several recent laboratory studies hax e focused on the

biodegradation of organic compounds in aqueous soil slurries (DiGrazia,



1991; Korde, 1991; Mihelcic and I,uth> , 1991; Miller and Alexander,

1991). An unexpected observation made b\' Korde (1991) w as that the

extent of microbial mineralization was correlated inverseh- (r= -0.98)

with the percent clay in four different soils. This finding w ould

certainly have been of interest to Black and coworkers (1991) w ho, in

their slurry-based biotreatment stud>', found that most of the

hydrocarbon contaminants were associated with the fine soil particles,

including the clay fraction. Clearly, from the standpoint of the

successful operation of slurry-based s\ stems, and for biological

treatment of subsurface contaminants, more information is needed

regarding the effects of clay particles on biodegradati\ e acti\ it\.

Approximately 25 years ago, sex eral studies were made

concerning the effects of clays on the metabolism of soil

microorganisms (Marshall, 1968 and 1969; Stotzk\ , 1966a and 1966b;

Stotzky and Rem, 1966). In each of these studies, it was recognized that

microbial activity is influenced significanth by the presence of cla\ s,

but the limitations of the a\'ailable experimental techniques prohibited

the identification of specific mechanisms. Toda}, the technoIog\- is

available whereby some of the earlier studies can be repeated and

enhanced by using radiolabeled compounds, geneticall\ engineered

organisms, and a recently developed bioluminescent reporter assa\.

These resources and techniques have been emploj ed in this research to

increase understanding of microbial degradative acti\ it\ in soil-w ater

systems by specifically examining the effects of cla> particles on the

microbial degradation of naphthalene.



1.1 Research Objectives

The overall objective of this research was to examine the effect

that clay particles had on the rate and extent of the microbial

degradation of naphthalene in an aqueous suspension, and further, to

study which mechanisms may be important factors.

More specific objectives included the abiotic characterization of

the ability of different clays to sorb naphthalene under \'arious

conditions of pretreatment; the performance of bioluminescence assaj s

specifically designed to examine \ arious mechanisms thought to be

rate-limiting; and the correlation of bioluminescence and

mineralization data.



2.0 BACKGROUND

2.1 Biodegradation as a Remediation Option

Of the various technologies ax ailable toda\- for remediation of

contaminated soils, one that is recei\ ing close attention is biological

treatment. Both naturally occurring and genetically engineered

microorganisms have been shown to successfully reduce

concentrations in soil of a wide variet\- of organic contaminants

(Rochkind era/, 1986). The potential advantages of the biological

approach to hazardous waste treatment include reduced cost, reduced

risk of exposure, reduced residual contamination, and minimal

environmental impact and liabilits- (Skinner et al, 1991). Howes er,

because many of the processes ins oh ed in in situ applications of

biodegradation are poorly understood, field scale bioremediation

frequently does not take place at the rate or to the extent predicted b\

lab or pilot scale studies. In their natural habitats, microbial

populations are diverse collections of different organisms at \ arious

stages of growth. The natural s\ stem is extremeh d\ namic and often

appears to be chaotic, with small changes in en\ ironmental conditions

producing large shifts in the ecological stabilitx of the microbial

domain. In contrast, laboratory research on the characteristics ol

microbial decomposition primaril\' utilizes pure cultures under stricth

controlled environmental conditions. The problems associated with

successfully duplicating these highl\ specific laboratorx results in the

field are therefore numerous and often ox erwhelming.



2.1.1 Naphthalene Biodegradation

One class of compounds that has attracted much attention in

biological treatment studies is the po]\ nuclear aromatic h\ drocarbons,

(PAH's). PAH's occur in nature as a result of sy nthesis b\ some plants,

and from naturally occuring forest or prairie fires. Howex er, b\' far,

the largest quantities of PAH's released into the environment come from

anthrop>ogenic sources such as fossil fuel burning, coal gassification,

and agricultural fires (Edwards, 1983). PAH compounds contain two or

more fused benzene rings, and most are practicalh- insoluble in water

(eg. naphthalene, 30 mg L"!; phenanihrene, 1.6 mg L"l; anthracene,

0.075 mg L-1; p>Tene, 0.14 mg USEPA, 1980). Plant leax es max

adsorb or assimilate PAH's and prox ide access to the animal food chain

where biological activation bx- enzx mes may form carcinogenic and

mutagenic epoxides. The potential to permanentlx' eliminate PAIi

contaminants through microbial mineralization without requiring

extensive human exposure is xiexved as a significant adx antage.

Naphthalene has been chosen for use in several biodegradation

studies as a representative PAH (DiGrazia er al, 1990; DiGrazia, 1991,

Korde, 1991). Bacterial strains hax e been isolated that completelx

mineralize naphthalene to carbon dioxide and xvater bx wax of a w ell

characterized degradative pathway (Cemiglia, 1984; Gibson, 1971). The

microbial attack on naphthalene requires oxx gen - the first step in the

pathway is the incorporation of both atoms of molecular oxx gen into

the ring (Cemiglia, 1984). It is beliex ed that the genes responsible for

naphthalene degradation are continuouslx- active at a low (or

constitutive) lex'el, while the presence of salicx late, a metabolic



byproduct of naphthalene degradation, fulh induces the path\\ a>

(Schell, 1985).

Due to its hydrophobicity, and therefore its affinitx' for the

similarly hydrophobic cell membrane, microbial uptake of naphthalene

is assumed to occur by passive transport. This mechanism allows

diffusion of the substrate into the cell as long as the concentration

within the cell is less than that in the surrounding medium. The uptake

rate is dependent on the concentration gradient, and will decrease with

increasing concentration inside the cell (Schlegel, 1985). Factors that

alter the concentration gradient in the \ icinity of the cell, or those that

have an effect on the membrane's transport abilitx ma\ limit microbial

degradative potential. More specificalh, it has been proposed that

attachment of microbial cells to surfaces ma\ decrease the cell surface

area which takes part in substrate uptake, and thus decrease metabolic

activity (Hattori and Hattori, 1987; Jeffrc} and Paul, 1986; Kieft and

Caldwell, 1984).

2.2 The Soil Environment

Soils are heterogeneous and chemicalh- acti\ e. Their separate

constituents - sand (diameter > 50 |im), silt (2-50 urn), cla\ (< 2.0 nm), and

organic matter in various stages of decomposition - ha\ e a wide arra\ of

chemical and physical properties that are influenced b} interactions

with surrounding liquid and gaseous phases. Stotzk\- (1972) describes

the soil as a vast collection of microhabitats composed of aggregates of

sand- and silt-sized particles coated with cla\- minerals and organic-

matter, and surrounded by thin films of w ater. Each microhabitat is a



dynamic system, in a state of constant change such that an alteration in

one environmental factor causes simultaneous and subsequent changes

in the surrounding microcosm. The task of stud\ ing and anah zing soil

processes is therefore monumental, and is usuallj- made more

manageable by separating components and examining them

individually. One of the most often heard criticisms about this approach

to soil microbiology research is that the artificial system under

observation has no relation to a true soil environment (Stotzkv', 1972).

While this is a valid point, the difficulties in isolating, preser\ ing and

experimenting with soils without excessi\ eh changing the \ er>

characteristics being studied appear to be insurmountable at this time.

Nevertheless, knowledge about indix idual components of a s\ stem is

important and valid when \iewed as such, and can promote

understanding about the system as a whole. It must be stressed

however, that observations made from such a reduced sx stem cannot be

extrapolated back to the whole sxstem without further stud\.

2.2.1 Clay as a Soil Constituent

Their charged nature and large surface areas make clas s the

most active inorganic soil constituents. There are sexeral important

characteristics of clay mineral surfaces which contribute to reactions

with organic molecules. The cation exchange capacity affects

coulombic interaction with cationic organic compounds, the densitx of

the charge on the mineral surface affects the orientation and amount of

organics in the reaction, the valence of the cation saturating the

mineral exchange complex affects capacitx of the surface to react w ith

7



organic molecules as well as the strength of mineral-organic bonds, and

the expandibility of the mineral affects the amount of surface area

exposed to solution (Harter, 1977). Additionally, clay particles

effectively retain water films, rendering them more suitable than

larger sized sand and silt particles for maintaining microbial

populations (Stotzky, 1972). In general, most microbial activit> in soil is

believed to be associated with the clay mineral fraction (Stotzky, 1972),

although the macrohabitat has some influence over this. In some cases,

inhibition of aerobic microbial activity in clay environments can be

attributed to the dense nature and low permeability of packed clays, and

their subsequent resistance to the transfer of oxygen and nutrients

(Stotzky, 1972). In a recent survey of subsurface environments, high

clay-containing samples yielded few viable microorganisms in

comparison with more sandy aquifer material (Beloin et al, 1988;

Sinclair and Ghiorse, 1989).

Clay minerals are comprised of layers of silicon and

aluminum/magnesium sheets in specific ratios. The physicochemical

properties of clays are a direct result of their mineralogical

composition. Isomorphous substitution, or substitution of one element

for another in the mineral structure, can lead to localized charge

differences which affect the attractive forces between clay surfaces

and other molecules (Bohn et al, 1985). The overall effect of

isomorphous substitution is to produce a net negative surface charge.

This phenomenon plays an important role in the 2:1 (silica-alumina-

silica) clays such as smectities, contributing to their high adsorptive

capacity. In addition, smectites have relatively weak interlayer

8



bonding, allowing water to enter between the lattices and cause

swelling, a process by which additional sorptis e surfaces are created.

In contrast, most of the sorption sites of 1:1 (silica-alumina) clas s such

as the kaolinites are located at the edges of the mineral las ers. Os erall

sorptive capacity is therefore highls- dependent on mineralogs-.

The presence of oxides of iron and aluminum on clas surfaces

can also has'e a marked effect on sorptis e properties bs- pros iding local

positively charged sites on an otherwise negatis elj' charged surface

(Schnitzer and Khan, 1972). Estes and co-svorkers (1988) found that

sorption of low molecular sveight halocarbons to montmorillonite (a

smectite) was sensitis'e to changes in pH and ionic strength. T his

sensitisdty was attributed to ins olvement of surface mineral oxides in

electrolyte shielding of sorptis-e sites. The shielding effect was noted

even with small quantites of oxide coating.

2.3 Rate-limiting Mechanisms for Biodegradation

in Soil-Containing Systems

At this point, it is necessaiy to make the distinction between a

substance that is biodegradable, and one that is bioa\ ailable. A

compound may be considered bioax ailable when it can be freeh

transported across the cell membrane for intracellular metabolism,

either as a complete molecule, or after attack b\ extracellular enzx mes

(Verschueren and Visschers, 1988). The soil matrix influences

bioavailability by providing alternate fates which compete with

biodegradation for substrate molecules. It is generalh assumed that in a

soil-water matri.x, a compound must exist in the solution phase in order



for biodegradation to occur (Mihelcic and Luth> , 1991; Stoizkx , 1972).

Olness and Clapp (1972) suggested that the poh saccharide, dextran, was

unavailable for microbial uptake when complexed with

montmorillonite. Similarly, in their stud\ of biological degradation of

the pesticide 2,4-D in soils, Ogram and co-workers (1985) proposed that

the sorbed phase was protected from biological attack.

Several mechanisms have been implicated in limiting

bioavailability in soil-water suspensions, including sorption of the

substrate to soil particles (Guerin and Bo} d, 1992; Miller and Alexander,

1991), the effect of viscosit}- of the suspension on mass transport

(Verschueren and Visschers, 1988), and intraparticle diffusion

(Mihelcic and Luthy, 1991; Rijnaarts et al, 1990; Steinberg ei al, 1987).

The following sections will discuss each of these mechanisms in more

detail.

2.3.1 Adsorption

Sorption on sediment and soil particles is a significant fate for

organic pollutants in aquatic and soil enx ironments. The affinitx of a

compound to bind to soil surfaces is described b\ the empirical

parameter Kq, usually obtained by fitting adsorption data to linear

Freundlich or Langmuir isotherms. The ph\ sical interpretation of Kq is

that it represents sorption capacity-, or the number of adosrption sites

available (Weber, 1972). The term sorption has often been used as a

general term to describe any association between a compound in

solution and a solid surface. Hassett and coworkers (1981) describe

sorption as the result of a solution component concentration at an

10



interface. From a thermodynamic standpoint, sorpiion of soluie

molecules can occur when the attraction between the solute and the

sorbing surface overcomes attraction of the soK ent for the solute, or

repulsion by the surface.

Different mechanisms can bring about a sorptix e association, and

the type of mechanism is important when factors like pH, ionic

strength, and dominant cation in the solution phase are considered. For

a polar or ionic compound, sorption can be caused b\- strong short

range forces acting between the solute and the surface, such as

covalent or hx'drogen bonding, or Van der Waals atiractix e forces

(Harter, 1977; Hassett and Banwart, 1989). A nonpolar, nonionic,

hydrophobic compound such as naphthalene lacks the polariix or

functional groups necessary to create a strong affinitx for the sorbent.

Sorption of naphthalene in an aqueous solution is therefore more likelx

to occur as a result of weak solvent-solute attraction.

Many researchers hax e demonstrated a correlation betw een

hydrophobic organic contaminant sorption and the natural organic

carbon content of soils and sediments (Karickhoff et al, 1979; Means et

al, 1980). In whole soils, the organic carbon is beliex ed to prox ide a

hydrophobic environment for the partitioning of nonpolar compounds

(Hassett and Banwart, 1989). In such cases, the parameter Kq is often

modified to describe sorption solelx in terms of percent organic carbon.

The modified parameter is Kqc = Kd//oc. where foe is the fractional mass

of organic carbon in the sediment or soil (Karickhoff et al, 1979). The

Kqc is considered to be compound specific, and can be approximated

from other properties such as water solubilitx', the experimentallx

11



determined octanol-water partition coefficient (Kow), and molecular

structure (Hassett and Banwart, 1989). In low carbon environments, it

has been suggested that sorption to mineral surfaces ma\ pla\ an

important role (Baneijee et a], 1985), although this has not been

consistently demonstrated. Stauffer and co-workers (1989) attempted to

correlate sorption of nonpolar organic chemicals with \ arious

properties of low carbon content aquifer materials (percentage sand,

silt, and clay, clay mineral type, specific surface area, cation exchange

capacity), but concluded that the sorption coefficient did not correlate

with any of the aquifer properties including percent organic carbon.

Adsorption isotherm data is often used as a measure of

bioavailability by allowing a prediction of the portion of a contaminant

that may be dissolved in the solution phase in a soil-water matrix (Jur\

et al, 1983a; Verschueren and Visschers, 1988). Another approach is to

determine the potential for a sorbed contaminant to leach back into the

solution phase by obtaining a desorption parameter, Kjes ̂^ hich

represents desorption capacity, or the number of re\ ersible adosrption

sites. Assuming that all the desorbed compound is bioa\ ailable, Korde

(1991) proposed that Kdes should gi\ e an indication of biodegradation

potential. However, Korde's experimental results showed that Kjes did

not correlate well with the biodegradation rate of naphthalene in

aqueous suspensions of four widely \ ary ing soils. In obser\ ing the

biodegradation rate of toluene sorbed to soils, Robinson and cow orkers

(1990) indicated that while most of the toluene desorbed rapidly and was

immediately available to bacteria, a small portion exhibited \ er\- slow

desorption which limited the degradation rate. Pignatello (1989) has
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also documented a slow desorbing, residual fraction for PAH's,

polychlorinated benzenes, and poh chlorobiphenx ls in soils and

sediments. These studies demonstrate that bioax ailabilitx- can not alwa\ s

be predicted based on the isotherm coefficient alone.

2.3.2 External Mass Transfer

In film theory, mass transfer into or out of a mox ing fluid phase

occurs by molecular diffusion through a conceptual film of stagnant

fluid at the phase boundaiy. Mass transfer through the film is

presumed to be slower by orders of magnitude than it is in the bulk

phase and controls the overall rate (Letterman ct al, 1974). For a

neutrally buoyant spherical particle suspended in a turbulent fluid, the

coefficient of mass transfer between the particle and the fluid depends

on the diffusion coefficient, the particle diameter, the kinematic

viscosity of the fluid, and the relati\e \ elocits gradient in the fluid

surrounding the particle (Shenvood and Brian, 1968). Uwrence and

coworkers (1987) state that microorganisms existing at a surface

interface are surrounded b\' a hydrod\ namic boundar\ las er through

which nutrients and wastes must diffuse. The boundarx la\ er decreases

in size with increasing flow velocits, therefore, depending on mixing

rate, conditions within the boundarx laxer are often diffusion-limited,

and nutrients may be at low concentrations. Mass transfer limitations

have also been reported for flocculating microbial cultures (Ngian et al,

1977).

It is generally assumed that with sufficient mixing, external mass

transfer is not a limiting factor in aqueous suspensions. However
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sufficient mixing may be difficult to achie\ e in systems which are

characterized by high viscosity. In an examination of viscositx^ as a

factor in bioavailability, Verschueren and Visschers (1988) reported

that the quantity of soil has an effect on the viscosii>' of a soilw\ aier

mixture, thus potentially affecting the bioax ailability of compounds

present in the aqueous phase. Stotzkx- (1966a) indicated that the

addition of 8% montmorillonite (b\' weight) to an aqueous suspension

increased the viscosity to the point that diffusion of oxygen appeared to

be impaired. In measuring mass transfer coefficients for particles

suspended in agitated tanks, Harriott (1962) obsen ed that the main

effect of increased viscosity was a decrease in the molecular diffusiN iix

of the dissolved species, which in turn resulted in a decreased mass

transfer coefficient. The addition of particles to a solution has the

effect of decreasing the diffusi\ it\' of a dissoh ed compound as the

molecules must travel a tortuous path around the suspended particles.

Thibodeaux (1979) presents a mathematical expression for an obstructed

diffusion path in which the molecular diffusivitx is modified to take

into account particle shape, \ olume, and the tortuosit} of the diffusion

path. The viscosity of a suspension, and its effect on the diffusi\ it\ of a

dissolved compound, ma>' therefore plas an important role in the

determination of whether or not a researcher can ignore external mass

transfer limitations.

2.3.3 Intra-particle Diffusion

Studies of contaminant fate and transport in porous media hax e

resulted in various models to account for short term, long term and non-

14



equilibrium behavior (Brusseau, 1991; Jur\' ct aJ, 1983b: Karic khoff and

Morris, 1985). Recent studies ha\e shown that h\drophobic compounds

such as PAH's and other hydrocarbons exhibit slow desorption kinetics

(Pignatello, 1989; Robinson et a/, 1990). Since its introduction b\ Wu

and Gschwend (1986), the radial diffusion model for sorption kinetics

has frequently been adopted to model biodegradation kinetics in soil

containing systems (Dhawan et al, 1991; Scow and Hutson, 1992;

Steinberg et al, 1987). In radial diffusion t\ pe models, the soil matrix is

viewed as a collection of spherical porous aggregates surrounded b\ a

liquid phase. When concentration in the bulk liquid phase is high,

molecules of solute diffuse into aggregate micropores and sorb to pore

surfaces. As bulk phase concentratif)n decreases, desorption from pore

surfaces is rapid, but transport of the solute is limited b} iniraparticle

diffusion. These models assume no external mass transfer limitations.

Scow and Hutson (1992) presented a diffusion-sorption-

biodegradation (DSB) model which combined diffusion as described b\

Pick's second law, sorption described b\ a linear isotherm, and first-

order biodegradation kinetics with the Wu and Gschwend (1 98())

conceptual model of a spherical, porous soil aggregate. The DSB model

was used to perform a sensitivit\- anal\ sis on the relatix e contributions

of diffusivit}', adsorption coefficient, and biodegradation rate on

persistance of a compound in soil. Results indicated that intraparticle

diffusion plays a less significant role when small radius aggregates are

present, or at high ratios of solution outside to solution inside

aggregates. In the same studx-, it was also reported that intraparticle

diffusion may be less significant in saturated, slurried, or pf)orl\
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aggregated soils. These obsen ations suggest that it ma\ be possible to

rule out intraparticle diffusion as a biodegradation rate-limiting

mechanism in aqueous suspensions.

2.3.4 Clay/Microbe Interactions

In soils, bacteria as well as surfaces are predominantly

negatively charged (Santoro and Stotzk\', 1968; van Loosdrecht el a],

1990). In bacteria, surface charge results primarih" from ionic changes

in cell wall components. The like-charged bacterial and particle

surfaces will approach each other uhen \ an der Waals attractix e forces

are sufficient to overcome electrostatic repulsion. Repulsion energ\ is

high at small interparticle distances, and decreases with increasing

particle separation to a point where attracti\ e forces begin to dominate.

The separation distance required for attraction to occur is highh

dependent on factors that influence electrostatic charges such as pll,

ionic strength, and valency of the dominant cations in the s\ stem. An

excellent summary of the effect of separation distance on bacteria-

particle interaction can be found in \ an Loosdrecht ef al (1989).

Marshall (1980) described three ts pes of interactions between

bacteria and soil particles: (1) adsorption of bacteria on the surface of

larger soil particles, (2) aggregation of bacteria and soil particles of

similar size, and (3) adsorption of colloidal particles at the bacterial

surface. Such bacteria-particle interactions were further defined as

adhesion or attachment, either rev ersible, or permanent. Descriptions

of bacteria-particle interactions seldom contain more details than

provided by this conceptual view. Due to the complexitx of the soil
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habitat, studies concerning these interactions have usually been limited

to an examination of particular soil fractions and organisms under

highly controlled conditions. As a consequence of reducing the

variables to a manageable number, results are often inconclusive, and

data from different studies can seldom be compared on a like basis.

There has been much speculation regarding the effects of

adhesion on microbial metabolism. Organisms existing at a solid

interface may encounter conditions that are significantly different

from those faced by suspended cells in a nearby bulk solution phase.

Environmental factors that may be influenced by particle surfaces

include pH, availability of oxygen, proximity of other cells, or

availability of nutrients which can be concentrated at particle surfaces

(Stotzky, 1985). Attachment may alter cell mobility, or decrease cell

surface area available for nutrient uptake (Jeffrey and Paul, 1986).

There may also be increased competition for oxygen and nutrients

among cells grouped together at an interface.

Studies concerning the effects of clay minerals on bacterial

growth and substrate utilization have been confounded by complex

interactions between bacteria and clay, bacteria and substrate, and

substrate and clay (Marshman and Marshall, 1981a). Examples from the

literature show widely varying results depending on both type and

amount of clay mineral, substrate, and organisms. Inhibition is usually

proposed to be the result of a clay-substrate interaction, such as

adsorption, complexation, or ion exchange (Marshman and Marshall,

1981b; Miller and Alexander, 1991; Olness and Clapp, 1972). In contrast,

enhancement is most often attributed to protective effects of clays on
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the organisms (from dessication, pH changes, or protozoan grazing to

name a few) (Kunc and Stotzky, 1974; Marshall, 1968; Stotzky and Rem,

1966; van Loosdrecht et al, 1990). Stated in another way, modification of

the physicochemical characteristics of the microbial habitat hy clays

may be described as indirect effects, and clay-microbe interactions

(such as adhesion) as direct effects.

Kunc and Stotzky (1974) studied the effect of different clay

minerals on the activity of soil microorganisms. A variety of organic

substrates was added to soils that had been ammended with

montmorillonite, kaolinite, or mica-vermiculite. The lOOg soil-clay

mixtures were adjusted to 1/3 bar water content and continuously

aerated. Microbial activity was measured periodically by CO2 evolution

and O2 consumption. Results indicated that the addition of claj' minerals

could enhance, inhibit, or have no effect on the rate and/or the extent

of metabolism of various organic substrates.

In another study, Marshman and Marshall (1981b) examined

growth of soil microorganisms on various proteins in the presence of

montmorillonite and kaolinite. It was observed that the rate and extent

of protein utilization was dependent on the relative concentrations of

protein and clay in the medium, with each combination of organisms,

minerals and proteins exhibiting quantitative differences. Three

different protein-to-clay ratios were found to induce three different

growth curves, with no effect at high protein-to-clay ratios, reduced

growth at intermediate protein-to-clay ratios, and no protein hydrolysis

at low protein-to-clay ratios. Those same ratios did not appear to be

correlated with adsorption of the protein on the clay. One conclusion
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was that sorbed protein was conditionalh bioa\ ailable; it was proposed

that the clays provided two types of binding sites for the protein

molecules, with only one of the sites being susceptible to microbial

attack. Another possibility that was not suggested is that the cla% s had a

direct effect on the microorganisms unrelated to the protein-cla>'

interaction.

Often, as in the Scow and Hutson (1992) DSB model mentioned

previously, the disappearance of substrate is modeled mathematicalh' b\

combining bacterial growth kinetics with terms to account for the

unavailability of a portion of the substrate due to alternate fates such as

volatilization, sorption or slow diffusion. Mihelcic and Luth\ (1 991)

coupled Michaelis-Menten kinetics with an intraaggregate radial

diffusion model to describe their obserA ations of microbial degradation

of naphthalene in soil-water suspensions, using the assumption that

sorbed solute was inaccessible to microorganisms. Miller and Alexander

(1991) observed that mineralization of benzxlamine in montmorillonite-

water suspensions was slower than in the absence of the cla\. Again,

the assumption was made that bioa\ ailabilitv of benz\ lamine was

decreased due to adsorption onto the cla\, and a model incorporating

first-order biodegradation kinetics and an adsorption coefficient for

benzylamine was developed that fit the data satisfactorih. In some of

the experiments by Kunc and Stotzk\- (1974) howes er, montmorillonite

was found to increase the rate of mineralization of se\ eral amino acids

and aldehydes, with no measure made of adsorption of substrate. It

becomes clear rather quickly that results are highh experiment

specific, differences in experimental methods make comparisons
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problematic, and general conclusions about cla\-microbe s\ stems are

almost impossible to make.

The wide array of experimental conditions is prohibiti\ e to the

consistent use of any particular model. As a result, variations on models

have grown to such an extent that \ irtuall\ ex ery studx boasts its own

unique version. Scow and coworkers (1986), in measuring

mineralization of phenol and aniline in soil, compared the fit of Monod-

derived models (first-order, integrated Monod, logistic, logarithmic and

zero-order), as well as three-half-order and two compartment models.

Only the two compartment model could pro\ ide a reasonable fit, leading

to the subsequent study in which diffusion and sorption terms were

added to come up with the DSR radial diffusion tx pe of model (Scow and

Hutson, 1992).

Occasionally, experimental results def\ e\en the most astute

manipulation of data. In a study hy Korde (1991), the extent of

naphthalene mineralization was found to correlate almost perfecth and

inversely with the percent clay in four different soils whereas

correlation with the presence of other soil constituents and with

sorption coefficients was weak to non-existent. The surprising

implication in this last study was that biodegradation of naphthalene did

not conform strongly to prex ious ohserx ations \\ herebx increased

sorption indicated decreased bioax ailabilitx.

Although the most frequent interpretations of clax effects on

microbial activity are concerned xvith clax -substrate interactions,

certain researchers have suggested that clax- minerals max hax e a

direct effect on bacteria. Ogram and co-workers (1985) found no
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measurable sorption of either bacteria or 2,4-D to montmorilloniie, but

suggested that small clay particles ma\' ha\ e sorbed to the bacteria

inhibiting 2,4-D from diffusing past the cla>' barrier and into the cell.

Marshall (1969) observed adsorption of montmorillonite cla\' on

rhizobia by electron microscopy. The electron micrographs confirmed

that in a suspension of colloidal cla\' and bacteria, the outer surface of

the bacteria was covered by an envelope of adsorbed cla\- particles.

Similar adsorbed quantities were observ ed for two different t\pes of

clay minerals, leading Marshall to propose that the surface

characteristics of the organisms rather than specific mineralogical

properties were the most important factors determining the interaction.

In the same stud}', Marshall found that the electrophoretic mobilities of

four rhizobia isolates, when mixed with cla\ were the same as the

mobility of the clay alone, whereas in the absence of cla\, the four

isolates exhibited quite different mobilities. This alteration in the

microbial surface characteristics was taken to be a further

confirmation of the presence of a clas en\ elope surrounding the

organisms.

2.4 Biodegradation Assays

2.4.1 Biodegradation by Suspended Cells

In both continuous flow and batch laboratoiy studies to

determine treatability of a contaminated soil by bioremediation, the

microbial population is commonly added as a suspension. How ex er,

there appears to be little consistencx' in the manner in which cell

21



cultures are prepared prior to use. Table 1 presents a selection from the

literature of several different methods of cell culture and preparation.

Growth media have not been identified in the table as the\' are assumed

to be species specific. Except for two instances when a specific growth

phase was desired (stationary phase or late log phase), the reasons for

choosing a particular length of time for cell growth were not given.

While these examples have not been singled out for any particular fault

in methodology, the list serves to illustrate the difficulty in making

comparisons among different researchers, or even among different

studies performed by the same researcher.

The varying characteristics of microbial populations at different

growth stages are well documented in basic texts on microbiolog> such

as Schlegel (1985). Important parameters of a bacterial culture include

yield (the difference between initial and maximum bacterial mass),

growth rate, and duration of the lag phase. Any and all of these

parameters can have an effect on experimental results, and lack of

understanding about the age-related characteristics of the culture

being used may lead to erroneous conclusions.

2.4.2 Biodegradation by Immobilized Cells

Immobilization of bacterial cells within an insoluble matrix has

been utilized as a means of protecting the cells against an inhibitors-

environmental condition such as a toxic substrate concentration

(Bettmann and Rehm, 1984). Use of immobilized cells is also

advantageous in bioreactors for preventing washout and maintaining
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Table 1. Variations in cell culture methods.

Reference Cell culture method

• Grown until reaching
Marshall, 1968 stationar)' phase

(an3'where from 3-12 da\'s)
•Washed twice and

resuspended in 0.1M NaCl
Marshman and Marshall, •Grown for 18 hours
1981b •Resuspended in water

•Grown for unspecified
Miller and Alexander, 1991 length of time

•Washed once with

phosphate buffer
•Resuspended in salts
solution

•Grown until reaching late
Ogram ef a/, 1985 log phase (4 to 5 da^ s)

•Washed once and

resuspended in phosphate
buffer

•Grown for unspecified
Robinson eta7, 1990 length of time

•Washed 3 times and

resuspended in salts
solution

•Grown for unspecified
Santoro and Stotzky, 1968 length of time

•Washed at least 3 times
with water

•Grown for 17 to 24 hours
Stotzky, 1966a • In some cases, cells were

washed at least 3 times with
water

•Continuous culture
Stotzky and Rem, 1966 maintained which was

transferred to fresh
medium ex erj' 18-48 hours
•Washed 3 times with water

•Grown for 16 hours
Vandenhove et al, 1991 •Washed once and

resuspended in distilled
water
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high cell density. There are se\'eral methods for immobilizing li\ e

cells, including covalent coupling, adsorption, confinement in a liquid-

liquid emulsion, entrapment within a semipermeable membrane, and

entrapment within a three-dimensional pob mer network (O'Reilh- and

Crawford, 1989). One such three-dimensional matrix is constructed of

alginate, a cop>olymer of D-mannuronic and L-guluronic acid cross-

linked by calcium ions (Yang and Wang, 1990). Alginate forms solid,

spherical beads; ox>'gen and nutrients must diffuse through the outer

matrix layers to reach bacterial cells deeper within the beads.

Therefore, diffusion of ox}'gen and substrate through the

immobilization matrix may become limiting. O'Reilh- and Crawford

(1989) suggested oxygen diffusion as limiting the rate of p-cresol

degradation by alginate-immobilized-cells in both batch and continuous

flow systems. The use of immobilized cells would appear to be an ideal

method for studying clay-microbe interactions b\- eliminating direct

cell-particle contact while maintaining the physicochemical properties

of the suspension, however no such studies were found in the literature.

2.4.3 Mineralization

A common method of quantif\ ing microbial acti\ it\ is to measure

respiration. Both O2 uptake and CO2 production ha\'e been used

extensively in this respect (Kunc and Stotzks-, 1974; Olness and Clapp,

1972; Stotzky, 1966a and b; Stotzkx- and Rem, 1966). While measurements

of total O2 uptake and CO2 production limit the data to an o\ erall

indication of microbial respiration, the use of a l^C-labeled substrate

allows a more specific determination of the quantitx of compound that
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has been completely mineralized to 1"^C02. Use of a radiolabelcd

compound also allows the researcher to calculate a mass balance for

purposes of identifying different fates in the experimental sx stem.

Radiolabled naphthalene has been used successfulh' in several

mineralization studies (Burlage et al, 1990; DiGrazia, 1991; Korde, 1991),

establishing a solid groundwork for future research.

2.4.4 Bioluminescence

A recent advance in the detection of naphthalene metabolism is

the construction of bioluminescent reporter strains of Pscudomonas

fluorescens. These organisms contain a specific caiabolic plasmid thai

contains genetic information for both the production of light and the

naphthalene degradative pathwa\'. The light response is induced when

the organisms are exposed to aqueous- or \ apor-phase naphthalene, or

when grown in the presence of salic\ late. Bioluminescence assa\ s are

unique in their sensitivity, specificit\, and rapid response times. In

addition, direct measurements of cell metabolic acti\ it\ can be made

without disruption of the experimental en\ ironment. Howes er,

difficulties in the interpretation of light intensits mean that much of

the data will be qualitative in nature. An in\ estigation b\ King and

coworkers (1990) demonstrated a relationship between light production

and rate of naphthalene degradation in aqueous env ironments bs a

Psedomonas fluorescens strain containing thepUTKZl bioluminescent

reporter plasmid for naphthalene catabolism. A similar relationship

could not be determined in soil-containing ss stems either in this or in a

subsequent study (DiGrazia, 1991). In both studies, the difficulties with
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the soil slurries were attributed to quenching of the light and

interference in the detection system b\ the soil matrix. Therefore, soil

slurry data were used only as a qualitatix e indication of biodegradative

activity.
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3.0 APPROACH

A key to understanding the role of clays in microbial degradation

is the ability to identify indirect (clay-substrate) from direct (clay-

microbe) interactions. With this in mind, the starting point for this

study was an abiotic characterization of the siibstrate-clay interaction.

The biological experiments were then designed from the standpoint of

observing the effects of various clay concentrations on the rate of

microbial activity in the presence of naphthalene, and testing for

possible rate limiting mechanisms.

3.1 Choice of Clays

One of the goals of this study was the ability to directly compare

results with those obtained by other researchers. One of the first steps

toward achieving this goal was the decision to use fully characterized

clays from the Clay Minerals Society Source Clays Repository. These

clays have been used extensively in studies that span several

disciphnes, and information about their characteristics and behavior is

easily obtained. Foreknowledge of the properties of the individual cla^^s

is extremely useful in providing a check on the accuracy of

experimental methods. Additionally, use of these commercially

available clays allows this particular research to be more easily

duplicated and expanded upon without loss of continuity. It was decided

to begin the abiotic characterization with six different clays exhibiting

a wide range of physicochemical properties as shown in Table 2. Of

particular interest were the cation exchange capacity (CEC)
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Table 2. Physical and chemical properties of six source cla\ s.

Cation Exchange
Capacit} (CEC) N2 Surface Area

Clay Mineral Structure (cmol kg"^) (m2 g-1)
KGa-1 1:1 layer silicate,
Kaolinite well-crystallized 2.0 10.05 ±0.02

KGa-2 1:1 layer silicate,
Kaolinite poorly crystallized 3.3 23.50 ± 0.06

PFl-1

Attapulgite
(Polygorskite)

crystallizes in the
form of long needles 19.5 136.35 + 0.31

SAz-1 2:1 layer silicate
Montmorillonite expanding smectite
Arizona Al"'"'"'' predominant 120.0 97.42 ± 0.58

SHCa-1 2:1 layer silicate
Hectorite expanding smectite
California Mg"*"*" predominant 43.9 63.19 ±0.50

STx-1 2:1 layer silicate
Montmorillonite expanding smectite
Texas Al"'"'"'" predominant 84.4 83.79 ±0.22

and surface area. The CEC was expected to influence the h\ drophobicitx

of the clay surfaces by retention of hx drated cations, while the surface

area was anticipated to directly reflect the number of sorptix e sites. The

design of the subsequent biological experiments would then incorporate

those properties which would appear most likeh to affect the

bioavailability of naphthalene.

3.2 Choice of Assays

One objective of the biological experiments was to \ erily the

findings made by Korde (1991) correlating increased cla\ concentration

with decreased extent of naphthalene mineralization. Therefore, the
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methods and materials for the mineralization assa\ were chosen to be

similar to those used in that stud>'. The assa\' had the ad\ aniage of

providing a quanitfiable measure of naphthalene mineralization

through the use of radiolabeled compound, however, it was quite costh

to perform in terms of labor and materials, making its repeated use

somewhat prohibitive. As an altematix e, the bioluminescene assa\' had

recently become an option for the detection of naphthalene degradation

in aqueous and soil-containing systems. Bioluminescence detection had

the advantage of being rapid, nonin\ asi\ e, and ine\pensi\ c (after

expending the initial cost for the detection instrumentation). Use of

bioluminescence as an assay also allowed the obser\ ation of

instantaneous rather than cumulatix e effects. Additionalh, it was seen

to be particularly useful in experiments designed to measure mass

transfer limitations by allowing a wide range of mixing speeds without

concern of upsetting the CO2 trapping de\ ice within a mineralization

vial. To make the transition from mineralization to bioluminescence, a

correlating experiment was required. It was also necessaiw to

determine whether the presence of the c]a\ interfered with the

efficiency of light detection as was obsen ed b\ DiGrazia (1991). fhis

created the need for conducting sex eral experiments to ideniif\ an\

light-quenching or shading effects.

3.3 Choice of Microorganisms

The choice of microorganism was a direct result of the choice of

assay. To provide a tie-in with the work done b\- Korde, the strain 5R

was chosen for the mineralization experiments. As 5R was not a light-
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producing organism, the transition to bioluminescence required a

switch in strain. The related strain HK44 was chosen as its growth

characteristics and light-producing ability had been fairh' well

identified by other researchers (Burlage er al, 1990; DiGrazia, 1991,

DiGrazia ef al, 1990). As a check on the light detection method, some

experimentation was done with strain 5RL which produced

bioluminescence similar to HK44 but in response to a different

substrate. Pure cultures were used in all cases both for comparative

purposes, and to limit experimental variables.

3.4 Experimental Approach

As mentioned previously, this study began with the abiotic

characterization of the naphthalene-clay interaction. The adsorption

isotherm was the chosen vehicle for this characterization, but rather

than limiting the examination to a single set of test conditions, it was

decided to build an experimental matrix by varying cla}' type, pH, ionic

strength, and dominant cation. These variables were selected for the

effects that they would have on the degree of hydration of the clay

surfaces, which would in turn affect the extent to which hydrophobic

naphthalene molecules would approach those surfaces. The size of the

matrix was reduced statistically to a manageable number of

experiments. The statistical reduction used an iterative process to

randomize the experimental variables and select the number of

replicates which would represent the entire matrix at a chosen

efficiency of 85% or greater (Evolutionary Software, Inc., 1991).
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Following the abiotic characterization, two clays were chosen for

the mineralization experiments, the results of which could be compared

to those observed by Korde (1991). The KGa-2 kaolinite was selected for

its low specific surface area, and the SAz-1 montmorillonite was selected

for exhibiting the least sorptive capacity for naphthalene at neutral pH.

The transition was then made to bioluminescence experiments, with

experiments designed to identify whether a particular rate-limiting

mechanism was a factor. As the abiotic experiments had indicated that

adsorption was not significant, it was eliminated as the subject of

further testing. External mass transfer limitations were tested for b\

observing the effects of various mixing speeds on light production. To

determine whether intraparticle diffusion was significant within the

time frame of the experiment, light production was measured in samples

in which the clay had been exposed to naphthalene ox emight and in

samples in which naphthalene was added immediateh before addition of

the microbes. Direct clay-microbe contact was tested for b\ the addition

of dispersing and flocculating agents, substitution of fine sand for the

clay, and by eliminating the possiblitx- for direct contatct through the

use of cells immobilized in alginate. The experiments as designed led to

conclusions by the process of elimination, demonstrating that ex en in a

highly simplified and artificial system, the absolute identification of a

causative mechanism is extremely challenging.
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4.0 EXPERIMENTAL

4.1 Abiotic Studies

A well-crystallized kaolinite (KGa-1), a poorly crystallized

kaolinite (KGa-2), Florida attapulgite (PFl-1), Arizona montmorillonite

(SAz-1), California hectorite (SHCa-1) and Texas montmorillonite (STx-1)

were obtained from the Clay Minerals Society Source Clays Repository,

Columbia, MO. Physical and chemical properties of the six clays are

provided in Table 2 in Section 3.1. For the abiotic characterization, an

experimental matrix was developed which consisted of six different

clays, three pH conditions, two variations in ionic strength, and three

alternatives for dominant cation. An iterative statistical program was

used which randomized the 108 combinations of the four experimental

design factors, and selected 24 whose results would represent those of

the complete matrix at an effeciency level of 89 to 100% (Evolutionary

Software, Inc., 1991). The reduced matrix shown in Table 3, formed the

basis for the procedures described below.

4.1.1 Clay Preparation

Preparation of clay samples prior to adsorption isotherm

experiments included removal of carbonates and soluble salts, removal

of organic matter, and removal of iron oxides, all as described in Gee and

Bauder (1986). Clay samples were then saturated with the appropriate

cation selected from the experimental matrix. All clays were pretreated

in 20 g batches using 250 mL polypropylene centrifuge bottles. All

centrifugation steps were carried out at 3000 rpm for 15 min at 25°C.

Potassium, calcium, and aluminum saturated batches were made up from
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Table 3. Matrix showing conditions for adsorption isotherm
experiments 1 - 24.

KGa-1 KGa-2 PFI-1 SAz-1 SHCa-1 STx-1

PH

1.3 7,8 9 13,15 22,234.0

5.5 2 6 10,12 14 19,20 21

7.0 4 5 11 16 17,18 24

Ionic

Strength

0.01 1,4 6,7,8 10,11 13,16 17,19 21,22

0.1 2,3 5 9,12 14,15 18,20 23,24

Cation

K+ 1 5 9 13,14 17 21

Ca++ 2 6 10,11 15 18 22,23

A1+++ 3,4 7,8 12 16 19,20 24

Numbers within the matrix correspond to experiment number.

Clay identification ke>': KGa-1 -Kaolinite, well cry stallized
KGa-2 -Kaolinite, poorly cry stallized
PFl-1 -Aitapulgiie, Morida
SAz-1 -Montmorillonite, Arizona (Cheio)
SHCa-1 -Heciorite, Califomia
STx-1 -Montmorillonite, l exas
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each of the six clays. Cation saturation \\ as accomplished b\ fi\'e

sequential washings in 1 M KCl for potassium saturated cla\ s, 0.5 M

Ca(0Ac)2 for calcium saturated cla}s, and 0.33 M AICI3 for aluminum

saturated clays. Each washing consisted of vigorous shaking b\ hand

for 5-10 minutes to completely disperse the cla\', followed b>-

centrifugation. The supernatant solution was then poured off and

discarded, and replaced with fresh washing solution. Following cation

saturation, clay samples were rinsed repeatedh' with distilled, deionized

water for a maximum of seven rinsings, or until no chlorides were

present in the supernatant as indicated b\ precipitation with 1 M

AgN03. After the final water rinse, centrifugation and pouring off of

the supernatant, the samples were freeze dried.

4.1.2 Specific Surface Area and Particle Size Anah ses

Specific surface area was measured b\ low-temperature nitrogen

adsorption (ASAP 2000, Micromeritics, Norcross, GA). This method

utilizes the Brunauer, Emmett and Teller (RET) equation for calculating

specific surface area as a function of adsorbed \ olume of N2 at a known

pressure, the volume of N2 required to form a monolas er o\ er the

sorbent surface, and the cross-sectional area of the N2 molecule.

Although the saturating cation can affect the interla> er surface area of

expanding clay minerals (Bohn ef al, 1985), the external surface area,

which is measured by the nitrogen-BET method, is not expected to \ ar\-

with the cation. Thus, surface area measurements were made only on

the six different potassium-saturated cla\ s.
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The approximate particle size range for the clay mineral

fraction, given as 0.2 - 2 |im, was sufficient information for most of the

clays used in this study. The exception was the montmorillonite (SAz-1)

used in the majority of the biological experiments. A more detailed

particle size analysis of pretreated and untreated SAz-1 was performed

by Coulter Counter using the Isotone dispersing agent, and a 70 ixm and

50 tun aperture respectivel>'.

4.1.3 Adsorption Isotherms

Solutions used to perform the naphthalene adsorption isotherms

were made up to the desired ionic strength using distilled, deionized

water and a salt of the saturating cation, either KCl, CaCl2, or AICI3.

Hydrogen ion activity was adjusted to the desired \alue using llCl or

NaOH as needed. Naphthalene crsstals were then added to each salt

solution to produce a concentration of 25 mg L'l naphthalene. The

solutions were closed tightly and stirred until the crxstals w ere

dissolved. Finally, (Sigma, St. Louis, MO) was added to

give appro.ximately 20,000 dpm mL"^

Adsorption e.xperiments were performed using duplicate samples

with a 1:5 clay:solution ratio (1 g cla\' with 5 ml. solution). The 5 ml.

solution contained naphthalene-free electroh te (with cation matching

the dominant clay cation) plus naphthalene-containing electroh te in

six different ratios to provide initial concentrations of 0.0, 5.0, 10.0, 15.0,

20.0, and 25.0 \ig mL'l naphthalene. Mercuric chloride (0.005g per

gram of clay) was added to each tube to inhibit biological acti\ it\. Test

tubes were glass with Teflon-lined screw caps. The test tubes were
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tightly capped, vortexed briefl\-, enclosed in a Si\ rofoam box and

equilibrated on a reciprocating shaker at 150 cps. After 24 hours, the

suspensions were centrifuged at 3,000 rpm for 15 minutes. A 0.5 mL

sample of each supernatant was immediateh' placed into 10 ml aqueous

scintillation cocktail (Beckman Reads -Safe) and counted on a Beckman

scintillation counter. After direct quantification of solution phase

naphthalene, the adsorbed quantitx' was calculated bs' difference.

4.2 Biological studies

4.2.1 Media

Microbial cultures were grown on liquid and/or agar yeast

extract, peptone, glucose (YEPG) media (Korde, 1991). Three different

formulations of mineral salts solutions were used in the mineralization

and bioluminescence experiments. Basal salts medium (BSM) was

prepared by adding (g L"^): NaN03, 4.0; KM2PO4, 1.5; FeCls, 0.005;

MgS04, 0.2; CaCl2, 0.01; Na2HP04, 0.5; and adjusting to pH 7.0 with HCl or

NaOH before autoclaving. Modified basal salts medium (MBSM)

contained (g L'l); NaNOs, 4.0; KH2PO4, 0.005; FeCl3, 0.005; MgS04, 0.2;

CaCl2, 0.01; KCl, 1.75; adjusted to pH 7.0 as for BSM, and buffered with

0.05 M Tris(hydroxymethyl)aminomethane (TRIS). Soil solution medium

(SSM), based on Angle et al, (1991) contained (g L"l): FeCl3, 0.005;

MgS04, 0.2; CaCl2, 0.4; Na2HP04, 0.001; NH4NO3, 0.2; KCl, 0.04; NaN03, 0.2;

adjusted to pH 7.0 and buffered with 0.05 M TRIS.
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4.2.2 Microbial Strains

Three different strains of Pseudomonas fJuorescens were used in

this study. Strain 5R, isolated from a Manufactured Gas Plant (MGP) soil,

contains the naphthalene catabolic genes (King er al, 1990). 5R was

used to produce strain 5RL, a bioluminescent construct containing the

plasmid pUTK21. Due to the insertion point of the plasmid, 5RL does not

completely mineralize naphthalene, but accumulates salic\ late. A

separate MGP isolate was used to produce HK44, a bioluminescent

reporter strain also containing pUTK21. HK44 has similar light-

producing characteristics to 5RL, and is able to compleiel\ mineralize

naphthalene. All three strains were initially maintained on one-

quarter strength YEPG agar plates from which liquid media were

innoculated (Growth Procedure I). I^ter, frozen stock \ ials of IIK44

grown on full-strength YEPG were prepared b\' mixing the inoc ulum

culture with a few drops of ghcerol (Growth Procedure II). Frozen

stocks were maintained at -90°C.

The plasmidless Pseudomonas putida strain PR2440 has no

naphthalene degradative abilit}-, and was used in control replicates

during the mineralization assa\'. Grow th Procedure I was used lo

maintain and prepare PB2440.

4.2.3 Suspended Cells

This section contains a description of the two methods used to

produce cultures of suspended cells for mineralization and

bioluminescence assays.
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4.2.3.1 Growth Procedure I

Full-strength YEPG medium was inoculated directh' from plate

cultures and placed in a shaking growth chamber (27"C, 100 rpm) for

12 - 16 hours. A 25 mL volume of cell suspension was remox ed to a 50 ml.

polypropylene centrifuge tube and centrifuged at 10,000 rpm for 15 min

at 25°C. The supernatant solution was decanted and the pellet was re-

suspended in 25 mL BSM. The cells were re-centrifuged and

resuspended in BSM, centrifuged one last time, then resuspended in

5 mL BSM to give a final cell concentration of approximateh

10^ cells mL'l.

4.2.3.2 Growth Procedure II

A vial of frozen stock was thawed, added to full-strength YEPG

medium, and grown for 12 - 16 hours as in Growth Procedure 1. A 6 mL

volume of culture was transferred to fresh YEPG and placed in a

shaking water bath at 26°C. The optical densitx- of the culture at 546 nm

was measured every half hour, and the \ alue was plotted \ ersus time on

semi-logarithmic graph paper. The linearitx of the plot was used to

verify exponential growth. Cells were har\ ested at an optical densiix

of 0.3 (O.D.546), corresponding to approximateh 3x10^ cells mL"l. Cells

prepared by this growth procedure were added directh to experimental

vials along with a volume of the YEPG growth medium.

4.2.4 Immobilized Cells

Immobilization of cells began with an overnight culture grown

in YEPG. Two 35 mL volumes of suspended cells were remo\ ed from the
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culture and centrifuged at 8,000 rpm for 10 minutes at 25°C. Each pellet

was resuspended in 10 mL 0.9% NaCl solution, and the optical density

(O.D.546) was determined. One volume of cell suspension was then mixed

gently with two volumes of alginate solution (2.8 g low viscosit>

alginate (Sigma, St. Louis, MO) dissolved in 100 mL of 0.9% NaCl). A 20

mL volume of the cell-alginate mixture was added dropwise through a 26

gage needle into 100 mL slowly stirring 0.1 M CaCl2 solution. The newly-

formed beads were left stirring in the CaCl2 solution for 30 - 45 minutes

for hardening. Finally, the beads were collected for use by straining

through a cheese cloth.

4.2.5 Mineralization Assays

The mineralization assay was prepared by setting up five

replicates of 40 mL, Teflon-septum, screw cap vials (I-Chem) for three

clay conditions (1 g KGa-2 kaolinite, 4 g KGa-2 kaolinite and 1 g SAz-1

montmorillonite) and 13 time points (hours 0 - 12). Both clays were

pretreated as described in Section 4.1.1, and saturated with potassium.

Six control vials were also prepared for each clay condition. A 5 mL

volume of BSM containing 25 mg L"1 naphthalene spiked with 10,000 -

20,000 dpm mL"l ̂ ^C-naphthalene was added to each vial. The vials

were mixed well and allowed to equilibrate for 24 hours.

An open 8 mL glass vial containing 0.5 mL 0.4 N NaOH was placed

upright into each 40 mL sample vial to serve as a CO2 trap. A 100 tiL

volume of strain 5R cell suspension prepared by Growth Procedure I

was then added to three of the five replicates, and 100 |j.L of strain
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PB2440 cell suspension, also prepared b\ Grow th Procedure 1, was added

to the remaining two replicates. No cells w ere added to the six control

vials for each clay condition. The time at which the microorganisms

were added was considered to be Time 0. Plate counts to determine

beginning microbial numbers were made from the remaining cell

suspension.

Vials were placed in closed boxes, and incubated in a shaking

growth chamber (27°C, 100 rpm). At one hour intervals (including

Time 0), activity was terminated in the set of vials for that time point b\

injecting 0.5 mL 2 M H2SO4 through the septum. One set of control \ ials

was acidified at Time 0, and the second set at the last lime point. After

acidification, the mineralization vials were shaken for another hour,

after which 4 mL hexanedsopropanol (4:1) was injected, follow ed b\ one

half hour of shaking. The NaOH was then remo\ ed from the (X)2 trap

vial by tipping the contents into 1 ml distilled, deionized w ater and 10

mL ReadySafe scintillation cocktail. The CO2 trap \ ial was remo\ ed and

discarded, and the mineralization vial was resealed, vortexed briefl\,

and shaken for another hour. A 0.2 mL sample of the hexane phase was

placed into 10 mL Dupont Econofluor scintillation cocktail, and the

remaining hexane was removed b>' pipette and discarded. I he cla\ w as

allowed to settle, and a 0.5 sample was remox ed from the remaining

polar phase and placed into 10 mL Readx Safe. All samples were counted

using a Beckman scintillation counter.

For the KGa-2 samples, the assumption was made that 100% of the

added naphthalene could be accounted for b\' summing the amounts

recovered in the C02 trap, hexane phase, and polar phase. For the SAz-1
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samples, an additional sample oxidation step was performed to determine

the combined efficiencies of the CO2 trap, hexane and water extractions.

The SAz-1 samples were vortexed and the contents were poured into

aluminum weigh pans, and allowed to air dr>' in a fume hood. After

drying, each clay sample was combusted for 4 min in a Har\ e\

Biological Material Oxidizer (model OX-500, R.J. Harve} Instrument Corp.,

Hillsdale, NJ). The combustion off-gas was collected in 15 ml Har\ e\

Carbon 14 scintillation cocktail for quantification.

4.2.6 Bioluminescence Assays

Due to its low sorptive capacit\ for naphthalene at neutral pll

(determined experimentally, and discussed in Sections 5.2 and 5.3), the

clay used in all bioluminescence assa\ s was SAz-1 montmorilloniie.

Assays were conducted at room temperature (21 -23C).

4.2.6.1 Light-Detection Apparatus

Bioluminescence was detected with the use of an Oriel (Stratford,

CT) digital display (model 7070) with a photomultiplier tube (model

77340) connected to a fle.xible liquid light pipe and colliinaling beam

probe (King ef ai, 1990). The probe was inserted through a hole in the

side of a hinged box, so that it butted up against the side of a sample \ ial

which was set in an upright position in a Stxrofoam holder within the

box (Figure 1). The box was opened for placement of the sample \ ial,

then closed tightly for measurement. In between measurements,

samples were shaken continuously on an orbital shaker at 100 rpm

unless otherwise indicated.

41



I +3.45 onA

O O O

PHOTOMULTIPLIER

LIQUID LIGHT PIPE

r ^-1
SAMPLE VIAL

PROBE

Figure 1. Apparatus for bioluminescence assa\ s
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4.2.6.2 Light Response Characterization

Two separate experiments were performed to characterize the

light response under different conditions. Cla>' quantities (g) used for

both experiments were 0.0, 0.005, 0.05, 0.1, 0.2 and 0.4. These six cla\'

quantities constituted one set of vials. Sample vials were 40 mL Teflon-

septum, screw cap vials (I-Chem). For the first experiment, 5 ml full-

strength YEPG containing 0.5 g L"1 sodium salicvlate was added to one

set of vials, and 5 mL one quarter strength YEPG, also containing

0.5 g L"1 sodium salicylate was added to a second set. The YEPG media was

selected for the purpose of observing the light response in the presence

of abundant nutrients. No replicates were made. Each \ ial receix ed

approximately 3x10^ cells of strain 5RL prepared b} Growth Procedure

1. In the second experiment, 3 mL MRSM containing 3 mg L"^

naphthalene was added to one set of triplicate vials, mixed well, and

allowed to equilibrate for 24 hours. The 0.2 g clay condition was not

included in this experiment. Another set of triplicate \ ials containing

no clay received 3 mL MBSM with fi\ e different naphthalene

concentrations (0.0, 0.75, 1.5, 3.0, and 6.0 mg L"l). Each \ial recei\ ed 2

mL of YEPG containing approximatel\ 6x10^ cells of strain HK44

prepared by Growth Procedure II. Rioluminescence was measured as

described in Section 4.2.6.1 above.

4.2.6.3 Correlation of Rioluminescence with Mineralization

The experiment to correlate bioluminescence with mineralization

was conducted using 25 mL rubber-capped Kontes mineralization flasks

with sidearm and suspended CO2 trap. Triplicate flasks of three cla\
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quantities (0.0 g, 0.2 g, and 2.0 g) were set up. A 9 mL volume of BSM

containing 3 mg naphthalene and spiked with 7,500 dpm mL"^

I'^C-naphthalene was added to each vial. The vials were mixed well and

allowed to equilibrate for 24 hours. To begin the assa)', 0.5 mL 0.4 N

NaOH was placed into each of the suspended CO2 traps. Each vial

received 1 mL of YEPG containing approximateh- 3x10^ cells of strain

HK44 prepared by Growth Procedure 11. Bioluminescence was measured

as described in Section 4.2.6.1 abo\'e. One set of flasks was acidified with

0.5 mL 2 M H2SO4 at the end of each hour for three hours. At least one

hour after acidification of the sample, the NaOM was remo\ ed from the

CO2 trap vial and added to 1 mL distilled, deionized water, and 10 ml,

ReadySafe scintillation cocktail. The cla\ was allowed to settle, and a

0.5 mL sample of the liquid phase was also remo\ ed to 10 mL Read\ Safe.

4.2.6.4 Test for Change in Cell Numbers

Two separate experiments were performed to determine whether

any changes in cell numbers occurred o\ er the course of a tx pica!

bioluminescence assay. The first experiment had two concurrent

activities - light detection and population enumeration. Triplicate

samples of six clay quantities (0.0 g, 0.005 g, 0.05 g, 0.1 g, 0.2 g and 0.4 g)

were set up for light detection. Additionallx, three sets of duplicate

samples of 0.0 g, 0.05 g, 0.1 g, and 0.4 g cla\' quantities were set up for

population counts. Sample \'ials were 40 mL Teflon-septum, screw cap

vials (1-Chem). A 5 mL volume of MBSM containing 25 mg l.-^

naphthalene was added to each vial. The \ ials were mixed well and

allowed to equilibrate for 24 hours. Each \ ial recei\ ed approximately
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10^ cells of strain HK44 prepared b> Growth Procedure I.

Bioluminescence was measured as described in Section 4.2.6.1 abo\ e.

One set of population count vials was sacrificed at each of three time

points (Time 0, 2 hours, and 6 hours 20 minutes). To perform the cell

counts, the clay was first allowed to settle in each vial. A sample of the

supernatant was then diluted with BSM and plated on one quarter

strength YEPG agar. The vial contents were resuspended, and a 1 mL

sample of the suspension was diluted with a solution consisting of 8 ml

BSM and 1 mL 10% sodium pyrophosphate (Na4P207* IOH2O) to disperse

the cells and clay. Further dilutions w ith BSM were made as needed

followed by plating, again on one quarter strength YEPG agar.

The second test for change in cell numbers w as a simple optical

density (0.0.545) reading of the vial supernatants. Readings were taken

after a period of 3 -1/2 hours, during w hich samples were shaken

continuously on an orbital shaker at 100 rpm. Four sets containing

single samples of four clay quantities were used (0.0 g, 0.1 g, 0.4 g, and

1.0 g). Each vial received 4 mE of SSM, 0.5 mL SSM containing 25 mg 1;1

naphthalene, and 1 mL of YEPG containing approximateh 3x10^ cells of

strain HK44 prepared by Growth Procedure 11.

4.2.6.5 Test for External Mass Transfer Limitations

In this experiment, the mixing rate of the sample \ ial contents

was varied to effect a change in the mass transfer rate of substrate to

organisms as measured b}' change in light response. Three sets

(identified as Racks 1, 2, and 3) were made up of single samples of four

clay quantities (0.0 g, 0.1 g, 0.4 g, and 1.0 g). A 4 mL volume of SSM was
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added to each sample vial. A 0.5 ml \ olume of SSM containing 25 mg 1;^

naphthalene was then added to the v ials in racks 1 and 2. All three

racks were mixed well and allowed to equilibrate for 24 hours. At the

beginning of the assay, all three racks of v ials receiv ed 1 ml. of YEPG

containing approximately 3x10® cells of strain HK44 prepared b>

Growth Procedure II. The vials in Rack 3 then received 0.5 mL SSM

containing 25 mg L"1 naphthalene , and that rack was left to stand with

no mixing or shaking. Rack 1 was placed on the orbital shaker at

100 rpm, and the vials in Rack 2 were v orte.xed continuoush.

Bioluminescence was measured as described in Section 4.2.6.1 abov e.

4.2.6.6 Test for Intraparticle Diffusion

This e.xperiment was designed to test whether differenc es in light

response could be attributed to intraparticle diffusion of naphthalene

during the 24 hour equilibration period. It was hv pothesized that

intraparticle diffusion would cause a decrease in light response due to

reduced quantity of immediately av ailable naphthalene. Tw o sets

(identified as Racks 1 and 2) were made up of single samples of four clav

quantities (0.0 g, 0.1 g, 0.4 g, and 1.0 g). A 4 ml. v olume of SSM w as added

to each sample vial. A 0.5 mL volume of SSM containing 25 mg l.-l

naphthalene was then added to the v ials in Rack 1. Both racks of v ials

were mixed well and allowed to equilibrate for 24 hours. At the

beginning of the assay, both racks of v ials receiv ed 1 ml. of YLPG

containing approximately 3x10^ cells of strain HK44 prepared bv
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Growth Procedure II. The vials in Rack 2 then recei\ ed 0.5 ml, SSM

containing 25 mg L'^ naphthalene. Rioluminescence was measured as

described in Section 4.2.6.1 above.

4.2.6.7 Effect of Change in Clas iMicroorganism Ratio

This experiment was designed to measure the effect on light

response caused by starting with two different population densities.

Two sets (identified as Racks 1 and 2) were made up of single samples of

six clay quantities (0.0 g, 0.005 g, 0.05 g, 0.1 g, 0.2 g, and 0.4 g). A 5 ml

volume of MBSM containing 25 mg L"! naphthalene was added to each

sample vial. Vials in both racks were mixed well and allowed to

equilibrate for 24 hours. At the beginning of the assa\, \ ials in Rack 1

received approximately 4x10^ cells of strain HK44 prepared b> Growth

Procedure 1. The vials in Rack 2 recei\ ed approximateh 10^1 cells of

strain HK44, also prepared by Growth Procedure 1. Bioluminescence w as

measured as described in Section 4.2.6.1 abo\ e.

4.2.6.8 Addition of Agents to Change Cla\ Aggregate Stabilitx

Two e.xperiments were conducted to obsen e the effect on light

response of the addition of cla\ aggregate stabilizing or de-stabilizing

agents. In the first experiment, three racks were set up containing

single samples of two clay quantities (0.0 g and 1.0 g). Rack 1 \ ials

received 4 mL BSM containing 25 mg L-1 naphthalene. Rack 2 vials

received 3.5 mL BSM containing 25 mg L-l naphthalene plus 0.5 ml

10% sodium pyrophosphate (Na4P207* IOH2O). Rack 3 \ ials receised
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4 mL BSM containing 25 mg L-1 naphthalene plus 5.0 iiL of a 1:1 mixture

of C12E4 and C12E23 polyox>'eth>iene (PE) nonionic surfactants. Vials in

all three racks were mixed well and allowed to equilibrate for 24 hours.

At the beginning of the assay, all vials recei\ ed 1 ml. of YEPO

containing appro.ximately 3x10^ cells of strain HK44 prepared b>

Growth Procedure 11.

In the second e.xperiment, three racks were set up containing

single samples of four clay quantities (0.0 g , 0.1 g, 0.4g, and 1.0 g). Vials

in all three racks received 4 mL SSM containing 25 mg L-1 naphthalene.

The vials were mixed well and allowed to equilibrate for 24 hours. At the

beginning of the assay, Rack 2 vials re( ei\ ed 5.0 pL of C12E4. All \ ials

then received 1 mLof YEPG containing approximateh 3x10^ cells of

strain HK44 prepared by Growth Procedure II. After 0.75 hours. Rack 3

vials received 5.0 jiL of C12E4. In btnh experiments, bioluminescence

was measured as described in Section 4.2.6.1 abo\ e.

4.2.6.9 Test for Particle Size Effects

This test was designed to determine whether sand particles would

have the same effect on light response as cla\' partic les. Three seis

(identified as Racks 1, 2, and 3) were made up of single samples of four

sand quantities (0.0 g, 0.1 g, 0.4 g, and 1.0 g). The sand used was white

quartz sand, -50 +70 mesh (Sigma, St. Louis, MO). A 4 ml. \ olume of SSM

was added to each sample vial. A 0.5 mL \ olume of SSM containing 25 mg

L'l naphthalene was then added to the \ ials in racks 1 and 2. All three

racks were mixed well and allowed to equilibrate for 24 hours. At the

beginning of the assay, all three racks of \ ials recei\ ed 1 ml. of YLPG
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containing approximately 3x10^ cells of strain HK44 prepared b\

Growth Procedure 11. The vials in Rack 3 then recei\ ed 0.5 ml SSM

containing 25 mg L"1 naphthalene , and that rack was left to stand with

no mixing or shaking. Rack 1 was placed on the orbital shaker at

ICQ rpm, and the vials in Rack 2 were vortexed continuoush.

Bioluminescence was measured as described in Section 4.2.6.1 abox e.

4.2.6.10 Experiments Using Immobilized Cells

Two experiments were conducted using immobilized cells to

observe the effect of eliminating contact between cell surfaces and clax

particles. Immobilized cells were prepared as described in Section 4.2.4.

In the first experiment, two sets were made up of single samples of four

clay quantities (0.0 g, 0.1 g, 0.4 g, and 1.0 g). A 4 niL \ olume of SSM was

added to each sample vial. A 0.5 ml, \ olume of SSM containing 25 mg l.'l

naphthalene was then added to the x ials in Rack 1. Vials in both racks

were mixed well and allowed to equilibrate for 24 hfturs. At the

beginning of the assay, both racks of \ ials receix ed 1.5 g of freshlx

made alginate beads containing a total of approximatelx- 10'^ cells of

strain HK44. The cell densitx- of the original suspension and the weight

of the beads resulting from 20 mL of cell suspension plus 40 ml. of

alginate were used to calculate the x olume of original cell suspension in

1.5g beads, and thus the number of cells per x ial. The x ials in Rack 2

then received 0.5 mLSSM containing 25 mg L-^ naphthalene , and that

rack was left to stand with no mixing or shaking. Rack 1 was placed on

the orbital shaker at 100 rpm.
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In the second experiment, one set of triplicate samples was made

up of four clay quantities (0.0 g, 0.1 g, 0.4 g, and 1.0 g). A 4 mL \ olume of

SSM was added to each sample vial followed b}- addition of 0.5 mL of SSM

containing 25 mg L'^ naphthalene. Vials were \'orte\ed and allow ed to

equilibrate for 24 hours. At the beginning of the assa\, all \ ials

received 1.5 g of freshly made alginate beads containing a total of

approximately 10^ cells of strain HK44. All \ ials were placed on the

orbital shaker at 100 rpm. In both experiments, bioluminescence was

measured as described in Section 4.2.6.1 above.
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5.0 RESULTS - ABIOTIC STUDIES

5.1 Specific Surface Area and Particle Size Analyses

For each of the six potassium-saturated c]a\ s, the external

specific surface area, as measured b\ low-temperature nitrogen

adsorption, was lower than the value published in \ an Olphen and

Fripiat (1979), although still comparable (Table 4). Some reduction in

measurable surface area was expected due to agglomeration of the cla\

particles during the pretreatment process. In particular, freeze-dry ing

caused the formation of large clumps which had to be broken up b\

hand manipulation with a stainless steel spatula.

The results of the Coulter Counter particle size anal\ ses for

pretreated and untreated SAz-1 are shown in Table 5. The approximate

particle size range for the cla\' mineral fraction, gix en as 0.2 - 2 gm, was

considered to be sufficient information for the other fi\ e cla\ s. As was

indicated by the surface area anah ses, the pretreatment process ( aused

an agglomeration of particles such that the measured sizes are

significantly' greater for the pretreated than for the untreated sample.

The size distribution for the untreated sample also indicates a degree ol

agglomeration when compared with the size range of 0.2 - 2 |im expected

for the clay mineral fraction. Accuracy of the particle size distribution

may have been affected by use of a large-sized counting aperture

relative to the size of the sample particles. The counting electroly te

may also have induced some particle flocculation.

51



Table 4. Nitrogen adsorption/BET surface area for source cla\ s.
(all measurements in g-1)

Measured Value t Published \ aluc ft

KGa-1 9.45 ± 0.01 10.05 ± 0.02

KGa-2 22.15 ± 0.09 23.50 ± 0.06

PFl-1 109.34 ± 0.34 136.35 ± 0.31

SAz-1 95.41 ± 1.05 97.42 ± 0.58

SHCa-1 55.67 ± 0.30 63.1 9 ± 0.50

STx-1 62.48 ± 0.17 83.79 ± 0.22

t Measured values are for K+ saturated cla\ s

ttvan Olphen, H. and J.J. Fripiat. 1979. Data Handbook for CIa\ Materials
and other Non-Metallic Minerals. Pergamon Press, Oxford, pp. 1.-1- -14.

Clay identification key: KGa-1 -Kaf)linite, well cr> stallized
KGa-2 -Kaolinite, poorh'cr> stallized
PFl-1 -Attapulgite, Florida
SAz-1 -Montmorillonite, Arizona (Cheto)
SHCa-1 -Hectorite, Califomia
STx-1 -Montmorillonite, l exas
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Table 5. Particle size distribution for SAz-1 montmorillonite.

Particle Size Distribution (urn)
Volume percent
greater than
measured size:

Pretreaied Untreated

10.0 25.5() 7.03

25.0 18.94 6.29

50.0 12.55 5.38

75.0 8.17 4.30

90.0 5.68 3.46
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5.2 Adsorption Isotherms

Data were fit to the Freundlich form of the adsorption isotherm,

given by the equation

i = KC'/"
m

\

where — is the mass of sorbed compound per unit mass of adsorbing
m

material, C is the equilibrium solution concentration of the compound

in mass per unit volume, K is an empirical constant describing

adsorption capacity, and n is a second empirical constant related to

adsorption intensity. The values obtained for K and 1/n are presented

in Table 6. Testing of the KGa-l kaolinite was eliminated to reduce the

size of the matrix. Due to an error, an ionic strength of 0.02 was

inadvertanth' used in the aluminum PI l-1 adsorption isotherm instead

of the ionic strength of 0.1 which was specified b\ the experimental

matrix. Additionally, an ionic strength of 0.1 for the aluminum

electrolyte solution produced a precipitate at pH S.S and abo\ e.

Therefore, an ionic strength of 0.05 was used for the aluminum SHCa-1

adsorption isotherm, and aluminum was eliminated from the STx-1 test

conditions. One adsorption isotherm procedure was conducted using

blank vials containing no clas- to determine the extent of losses due to

volatilization or adsorption to the \ ial surfaces.

It can be seen from the low K \ alues in Table 6 that naphthalene

exhibited very little affinity for pure cla\ surfaces under all of the

experimental matrix conditions. Raw data and isotherm plots are

included in Appendix A.
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Table 6. Adsorption isotherm data for naphthalene on fi\ e source cla} s.

Percent of

Clay
Dominant

Cation PH

Ionic

Strength

Adsorption
Capacity, K

(cm^

mass in

solution

after

adsorption f

KGa-2 K+ 7 0.1 0.299 94.2

Ca++ 5.5 0.01 0.030 97.7

A1+++ 4 0.01 0.215 92.0

PFl-1 K+ 4 0.1 0.499 92.3

Ca++ 5.5 0.01 0.172 94.5

Ca++ 7 0.01 0.576 90.6

A1+++ 5.5 0.02 0.064 95.1

SAz-1 K+ 4 0.01 0.588 99.8

K+ 5.5 0.1 0.000 104.5

Ca++ 4 0.1 0.001 97.2

A1+++ 7 0.01 0.000 104.9

SHCa-1 K+ 7 0.01 1.401 83.1

Ca++ 7 0.1 0.323 86.7

A1+++ 5.5 0.01 0.440 85.2

A1+++ 5.5 0.05 0.799 77.6

STx-1 K+ 5.5 0.01 1.128 87.0

Ca++ 4 0.01 0.211 90.1

Ca++ 4 0.1 0.079 94.9

Blank K+ 5.5 0.01 N/A 98.8

Jnoda^

tPercent of radiolabeled naphthalene still in the solution phase after
the 24 hours equilibration period

55



5.3 IDiscussion

Several observations can be made regarding the results of the

abiotic experiments. Concerning the specific surface anah sis, it should

be noted that the nitrogen-BET method does not measure the interlas er

surface area of expanding claj's such as montmorillonite or hectorite

(Bohn et al, 1985). However, these internal surfaces ma\ not be

available for sorption of naphthalene. Ogram et a] (1985) staled that

water intercalated by montmorillonite excluded 2,4-D which was in

solution. Structurally, 2,4-D consists of a single benzene ring with a

-OCH2COOH group in the one position, and one chlorine atom each in the

two and four positions. It is reasonable to assume that naphthalene,

consisting of two fused benzene rings, might also be excluded from

interlayer surfaces.

While comparative K x alues for sorption of naphthalene on cla\ s

could not be found in the literature, expeiimentalh determined \ alues

of 12 cm3 g-1 (Mihelcic and Luthx', 1 991) and 5.8 cm-^ g"! (DiCrazia,

1991) have been reported for sorptifm on whole soils. As discussed in

Section 2.3.1, the sorption of hx drophobic compounds has been

correlated with the organic carbon content of whole soils. The low K

values obtained here are therefore consistent with what could be

expected for pure clay minerals containing negligible organic carbon.

An important consideration in measuring adsorption of a

compound is the time at which the s\ stem is assumed to ha\ e achiex ed

equilibrium conditions. Karickhoff and Morris (1985) reported that for

PAH's, 35 to 60% of the equilibrium sorption onto natural sediments was

achieved in minutes with apparent equlibrium being reached alter a
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few hours. Whereas rapid equilibration has been similar)} reported in

other studies (Karickhoff et al, 1979; Rogers et al, 1980), other

researchers have observed a slow sorption phenomenon which max last

from days to months (Ball, 1989; Robinson et al, 1990). For this stud}-, the

time frame of interest was the range of 24 to 36 hours required to set up

and perform a biological experiment. The data presented here should be

considered in light of that time frame, and care should be taken in

applying these results to a dissimilar set of conditions.

The parameters that went into construction of the experimental

matrix for the adsorption isotherm experiments can all, in theor}, ha\ e

an effect on sorption to cla}' mineral surfaces. For a nonpolar,

nonionic, hydrophobic compound such as naphthalene, differences in

sorptive capacity would most likeh result from changes in the degree of

hydration of the clay surfaces. It has been reported that in soil-water

systems, polar and/or electrostaticalh charged mineral surfaces

preferential)}' adsorb water, becoming strong)}- h}-drated and

prohibiting interaction with nonionic organic contaminants (Cluerin

and Boyd, 1992). Stotzky (1986) suggested that high)} h} drophobic

molecules may be repelled from the surface of a cla}- mineral with a

high CEC, as a result of the h}'dration of the exchangeable cations. In

an aqueous system, the cations in solution are surrounded b} a h} drated

sphere, the size of which varies with the radius of the ion. The three

cations used in this study, placed in order of decreasing h} drated radius

are Al''"++ > Ca"'""'- > K+, therefore, the aluminum-saturated cla}- should be

more hydrated than calcium- or potassium- saturated.

57



Conditions that would cause hx drated cations to come into closer

contact with the clay surface can also be thought of as increasing the

repulsion of hydrophobic molecules. As ionic strength increases,

cations are brought closer to clay surfaces as electrostatic attractive

forces overcome diffusive forces. Changes in pH alter surface charges

through gain or loss of hydrogen ions from Al-OH functional groups. It

has been observed that in acidic solutions, anions are retained b\

kaolinite indicating the presence of positix e sites (Bohn et al, 1985).

Likewise, with decreasing pH, cation retention and surface hx dration

would decrease. Therefore, sorption capacitx for a hx drophobic

compound would be expected to be higher at lower pll.

From the standpoint of the h\ dration of the cla\' surface, some

consistency in the data can be seen b\ looking at the measured sorption

capacities of the three e.xpanding clax s as presented in Table 7. 1 he

parameter that had the most consistent effect on adsorption capacitx

was the ionic strength of the solution. For both the SllCa-1 hectorite

and the STx-1 montmorillonite, the highest adsorption capacities were

measured at the lowest ionic strength. This appears to be an effect that

may be limited to pure mineral surfaces. Stauffer and Maclntx re (1986)

observed that a variation of the ionic strength o\ er three orders of

magnitude had little effect on naphthalene sorption on a whole soil. In

the case of the SAz-1 montmorillonite, it max be that the large CEC

overshadowed the effect of the ionic strength. Decreasing pH did not

appear to correlate with increased adsorption capacitx as expected, nor

did the hydrated radius of the dominant cation. While the data

presented here are insufficient to fullx determine the mechanism of
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Table 7. Adsorption capacities and related parameters for the
expanding clays.

Adsorption
Capacity, K

(cm3 g-1) Clay
CECt

(cmol kg'^)
Dominant

Cation PH

Ionic

Strength

1.401 SHCa-1 43.9 K+ 7 0.01

1.128 STx-1 84.4 K+ 5.5 0.01

0.799 SHCa-1 43.9 A1++ + 5.5 0.05

0.588 SAz-1 120.0 K+ 4 0.01

0.440 SHCa-1 43.9 Al"^+ + 5.5 0.01

0.323 SHCa-1 43.9 Ca++ / 0.1

0.211 STx-1 84.4 Ca++ 4 0.01

0.001 SAz-1 120.0 Ca++ 4 0.1

tvan Olphen, H. and J.J. Fripiat. 1979. Data Handbook for Clay Maierials
and other Non-Metallic Minerals. Pergamon Press, Oxford, pp. l .-i-34.
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adsorption, they do provide an adequate characterization of the cla\ -

naphthalene interaction for use in design of the biological

experiments. Based on the results of the abiotic experiments, KGa-2

kaolinite and SAz-1 montmorillonite were chosen for use in the

biodegradation studies. The negligible sorption capacit\- of SAz-1 for

naphthalene at pH 7 allowed adsorption to be eliminated as a

biodegradation rate-limiting mechanism under any of the experimental

conditions used for the mineralization or bioluminescence tests.

Although the KGa-2 kaolinite exhibited a slighth greater sorption

capacity for naphthalene, it was selected for use in mineralization tests

primarily for its low specific surface area.
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6.0 RESULTS - MINERALIZATION

The quantities of clay used in the mineralization experiments

were chosen to provide a comparison between similar clay volumes (1 g

kaolinite compared with 1 g montmorillonite), and bet\veen similar

external surface areas (4 g kaolinite compared with 1 g

montmorillonite). Results are presented in Figure 2. Average

mineralization rates at 6 hours were 0.14 day "1 for Ig kaolinite,

0.05 day for 4g kaolinite, and 0.13 da\ for Ig montmorillonite. For

comparison, a review by DiGrazia (1991) of naphthalene mineralization

rate constants in bach soil slurries gives a range of 0.002 to 3.8 da\

Naphthalene mineralization kinetics appeared similar for both the 1 g

clay conditions, but were retarded in the presence of 4 g kaolinite. Both

the rate and extent of mineralization were quite close to those reported

by Korde (1991) for a solid to liquid mass ratio of 1:5 (i.e. between 60%

and 80% mineralized within 12 hours). Although 1 g of montmorillonite

possessed approximately the same external surface area as 4 g of

kaolinite, the 4 g kaolinite system showed a slower mineralization rate,

and less total mineralization over the 12 hours of the experiment.

Therefore, it appeared that naphthalene mineralization was influenced

by the total volume of solids rather than by clay-specific properties

such as surface area or CEC.

As the ratio of 4 g kaolinite to 5 mL BSM (close to 50% clay b\-

weight) produced a very thick sluny, oxygen diffusion must be
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Figure 2. Naphthalene mineralization b\ strain 5R as measured b\

14c02 production. Each vial contained 5 mL of BSM with 25 mg 1.-1
naphthalene and approximateh- 3x10^ cells.
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considered as a potentialh' limiting factor. Stotzk\- (1966a) suggested

that oxygen diffusion was impaired b>' the \ iscosit\- of a cla\ suspension

containing only 8% montmorillonite. As mentioned previoush, the 4 g

quantity of kaolinite was selected soleh' to provide surface area

equivalent to 1 g montmorillonite. In subsequent experiments, a

maximum montmorillonite to liquid ratio of 1:5 was used. Based on the

rate and extent of mineralization that were observed for this

proportion, oxygen diffusion was not expected to be a limiting factor at

the 1:5 ratio.

The percent of naphthalene mineralized was obtained b\

dividing the radioactivity in dpm's reco\ ered in the C02 traps b}- the

total dpm's added to each experimental \ ial. A mass balance on

radiolabeled naphthalene is therefore desireable to gauge the accuracx

of the calculated percentage. A summary of the mass balances for all

three clay conditions is presented in Table 8. Based on these mass

balances, the combined efficiencies of the CO2 trap, hexane, and water

extractions were 94% for the KGa-2 + strain 5R samples, but onl\- 72%

for the SAz-1 + strain 5R samples. The lower mass balance for the SAz-1

montmorillonite prompted the additional step of combusting the

samples. A significant portion of the radioactivits in the 5R-containing

SAz-1 vials was recovered during oxidation, and that portion w as

observed to increase with time from 3,100 dpm per vial at Time 0, to

15,800 dpm per vial after 12 hours. As the adsorption isotherm data for

SAz-1 demonstrated negligible sorption capacit\' for naphthalene, the

mass balance may indicate the presence of a polar metabolite that has a

binding affinity for montmorillonite, but not for kaolinite. The absence
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Table 8. Mass balance (average dpm per \ ial) for mineralization assa\.

Non-degraders
Degraders (StrainSR) (Strain PB2440)

1 g
KGa-2

4g
KGa-2

1 g
SAz-1

1 g
KGa-2

4g
KGa-2

1 g
SAz-1

DPM's recovered

(average ner viaP

CO2 Trap
Extracted

with hexane

21,120

21,620

9,280

42,680

62,670

34,160

1,270

48,440

840

57,320

2,800

110,480

Polar phase 3,200 N/A 5,690 1,750 N/A 4,640

Oxidized N/A N/A 12,350 N/A N/A 2,650

Total dpm's
recovered 45,940 51,960 114,870 51,460 58,160 120,570

Added initially 48,920 55,430 142,080 48,920 55,430 142,080

Percent recovered 93.9 93,7 80.8 105,2 104.9 84.9

of the oxidizable fraction in the non-degrading PB2440 vials w ould tend

to confirm this suggestion, whereas the absence of a comparable

fraction in the KGa-2 polar phase would indicate that unbound

metabolite could be completel>' mineralized. For both the 5R and the

PB2440 vials, the inability to recover a greater percentage b}' oxidation

may have been due to volatilization losses during the air-dr> ing step

prior to combusiton of the samples.
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7.0 RESULTS - BIOLUMINESCENCE

7.1 Light Response Characterization

In the initial characterization experiments, distinct differences

in the pattern of light output were obserx ed betxveen strain 5RL in

salicylate-supplemented YEPG (Figure 3), and strain HK44 in

naphthalene-supplemented MBSM (Figure 4A). In full-strength,

unbuffered YEPG medium, strain 5RL exhibited a steadx- increase in

light over a period of approximateh 3-1/2 hours, after which there was

a slight decrease followed b\' a sharp peak in light response up to 120

nAmps, and an equalh- sharp drop-off. The \ ial containing no cla\

showed the greatest light output until reaching about 50 nAmps,

however, peak light levels for all six cla\ concentrations were within

the range of 100 - 120 nAmps. The sharp drop-off appeared to

correspond to rapidly decreasing pH lexels within the \ ials, although

the drop in pH was not positi\ el\- identified as the cause of decreased

light output. Hydrogen ion activ ities were obserx ed to be higher with

increasing cla>' content, which is consistent with previous suggestions

that montmorillonite clay has significant buffering capacitx (Stotzkx,

1966b).

In one-quarter strength, unbuffered YEPG, strain 5RL again

showed a gradual increase in light response, followed b\ a rapid

increase in light output similar to the response with full-strength YEPG.

Interestingly, the peak light response reached above 900 nAmps

compared with 120 nAmps in the full-strength YEPG \ials. Additionallx,
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Figure 3. Bioluminescence response to salicylate (0.5 g L*l) b\- strain
5RL (A) in full-strength YEPG medium, and (B) in quarter-strength
YEPG medium. 5 mL medium and 3 .\ 10^ cells per vial.
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hours 3 to 4.
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the quarter-strength YEPG samples exhibited a greater range in the

peak response values. Light output in the \ials with 0.0 g to 0.05 g cla>

ranged from 850 - 950 nAmps, while in the 0.1 g and 0.2 g \ ials light

output peaked at 750 - 800 nAmps, and in the 0.4 g vial, the highest light

reading was 570 nAmps. In contrast with the full-strength YEPG \ ials,

the differences in light output at the end of the 6-1/2 hour experiment

did not appear to correspond to diffemces in pll.

The 5RL light response curv es shown in Figure 3 shared two

important characteristics. First, even at light levels below 25 nAmps,

but particularh' at high light lev els, the relativ el\ narrow range of

light readings at different cla\ concentrations suggested that the

presence of cla\' within the vials did not interfere with the light

detection method. Visualh', even w hile shaking, most of the cla\-

particles appeared to remain near the bottom of the vial, below the lev el

of the light probe. Second, the pattern of the light response w as quite

similar to that observed b\' Burlage and cow orkers (1990) for

Pseudomonas putida strain RBI 351 in the presence of naphthalene.

Burlage proposed that the particular light response pattern reflected a

preferred slow growth rate for the utilization of naphthalene. This

suggested the possibilitv- that there ma\ be a point at which light output

is a function of cell processes not directlv' related to the concentration

of naphthalene available to the organisms. With this possibilitv in

mind, and for purposes of excluding an> other chajiges in light that

might be related to a transition between growth phases, it was decided to

focus on the immediate effect of the cla\ particles b\ limiting

subsequent experiments to a maximum two hour window.
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In naphthalene-supplemented MRSM, as shown in Fi<;ure 4A,

light response by strain HK44 was observ ed to decrease with increasing

clay concentration. For comparativ e purposes, the rates of light output

between 0.5 and 0.75 hours, in nAmps hr^, in order of increasing cla\

concentration, are 229.5, 213.6, 152.1, 127.9, 91.8, and 49.8. In

comparison to the observations for strain 5RL in YEPG (Figure 3), a

much wider range in light readings at different cla\ concentrations

was observed. Figure 4B shows a one hour period out of the 5RL

response data from Figure 3R in which the same approximate magnitude

of light is produced as shown b\ 11K44 in Figure 4A, but ox er a much

narrower range. It appeared that the cla\ particles were interfering

with the uptake of naphthalene as measured b\ light output. Data from

the abiotic characterization showed that the interference was not likelx

to be caused by adsorption of naphthalene onto the cla\. The effect, if

real, must therefore be the result of some other cla\-substrate or cla\ -

microbe interaction.

Figure 5 presents the results of the bioluminescence response to

four different concentrations of napthalene in the absence of clax.

Rates of light output between 0.5 and 0.75 hours, in nAmps hr^, in

order of decreasing naphthalene concentration, are 434.1, 250.9, 29.2,

and 40.8, with a rate of 2.5 nAmps hr'l in the absence of naphthalene.

Here the effect of napthalene concentration on the magnitude of the

light response is clearly illustrated. Comparing Figure 5 with Figure 4A,

it appears as if the effect on the light response of increasing cla\

concentration is similar to decreasing naphthalene concentration in
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Figure 5. Bioluminescence response to naphthalene b\ strain HK44 in
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with appro.ximately 6x10^ cells. Concentrations of naphthalene in each
vial are as indicated in the legend.
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the absence of clay. Whether or not this is coincidental is discussed in

Section 8.0.

7.2 Correlation of Bioluminescence with Mineralization

To verify that the decrease in light output with increasing cla>'

concentration did in fact indicate a decrease in naphthalene uptake, the

experiment was performed to correlate bioluminescence with

mineralization. The light response that was measured in this

experiment, presented in Figure 6, duplicated the characteristic pattern

for strain HK44 described in Section 7.1 and shown in Figure 4A.

Although the experimental conditions indicate that 0.2 g and 2.0 g cla\

were used, the 1:5 cla\' to liquid ratio was maintained, making these

results comparable to those for 0.1 g and 1.0 g used in other

experiments. The data for the concurrent mineralization assa\ show a

pattern similar to that seen for the light response, with an increase in

clay concentration corresponding to a decrease in the cumulati\ e

percent mineralized. To produce a comparable representation of

cumulative light production, a numerical integration was performed to

obtain the areas under the light response cun es. The results for the

mineralization assay are shown in Figure 7A, and the accompan\ ing

cumulative light output is presented in Figure 7B.

It appears from these results that the decrease in measured light

with increasing clay concentration was not mereh- an artifact of the

experimental method, but corresponded to a similar decrease in

mineralization rate. However, although a qualitatix e correlation can be

71



a

E
<
B

U
U
B
U
U
V.

U
B

"i
B

oa

No clay

0.2g clay

2.0g clay
15

10

0.0 0.5 1.0 1.5

Time, hours

Figure 6. Bioluminescence response to naphthalene b\ strain HK44 for
correlation with mineralization. Each \ ial contained 9 ml MBSM with 3
mg L-1 naphthalene, and 1 mL YEPC. with approximatelv (i\iO^ cells.

72



No Clay

40 0.2g clay

2.0g clay

30

20

10

2.01.0 1.50.50.0

Time hours

a.

E
<

c
o

E
s

ffi

No clay20-

0.2g clay

2.0g clay
15 -

10-

0.5 1.0 1.5

Time hours

Figure 7. (A) Naphthalene mineralization b\' strain HK44 as measured
by 14c02 production. Each \ial contained 9 mL MBSM with 3 mg L'^
naphthalene, and 1 mL YEPG with appro.\imateh' 6.\1()^ cells. (R)
Integration of data presented in Figure 6.

73



made, differences in the slopes of the lines suggest that the rate of light

output does not directly duplicate the mineralization rate.

A comparison of mineralization and bioluminescence rates is

provided in Table 9. These \'alues show that in the first hour, both

assays indicate decreased activit>' with increasing cla>' content. In the

second hour however, the mineralization rate for the no cla\- condition

is decreasing, the 0.2g condition is stas ing nearh- constant, and the 2.0g

condition is increasing. In contrast, the rates of light output for all

three conditions are rapidh' increasing. From these obser\ ations, it

appears that after the first hour, light output becomes independent of

the mineralization rate.

Table 9. Mineralization versus bioluminescence: comparati\ e rates.

Hour 0 to 1 Hour 1 to 2 Percent changc't

Mineraliza

-tion rate

(mg hr^l)

Biolumines

cence rate

(nAmps hr'l)

Mineraliza

-tion rate

(mg hr"b

Biolumines

cence rate

(nAmps hr'^)
Mineral

ization

Biolumi

nescence

No

clay 0.0065 2.5 0.0024 14.5 -63.1 +480

0.2g 0.0042 2.0 0.0046 11.2 + 0.5 +460

2.0g 0.0024 0.6 0.0051 4.7 +20.2 +683

t Percent change = (Hour 1 to 2) - (Hour 0 to 11 * 100
(Hour 0 to 1)
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7.3 Test for Change in Cell Numbers

To determine whether the rapid increase in light output obsened

in previous experiments could be related to growth, experiments were

performed to examine changes in cell numbers o\ er the course of a

typical bioluminescence assay. As this test was designed specificalh- to

identify possible growth-related effects, the two-hour restriction on

experiment length was not imposed. The light response that was

measured in this experiment again demonstrated the characteristic

pattern observed in previous experiments (Figure 8).

Changes in viable cell numbers, as measured b\ plate counts, are

shown for three different cla\' concentrations relatix e to the results for

the no clay condition (Figure 9, A-C). None of the three cku

concentrations showed any consistent increase or decrease in cell

numbers relative to the no clas' condition. In addition, there was no

significant difference between the cell numbers associated with the

clay suspension versus cell numbers in the supernatant. This would

suggest that the cells were suspended rather than attached to the cla\,

and that the cells remained suspended after the cla\ settled out. If a

significant number of cells had become attached to the cla> , the cell

numbers counted for the suspension samples should ha\ e been

consistently higher for the suspension than for the supernatant.

Although the data for the 0.1 g and 0.4 g samples do in fact show higher

cell numbers for the suspension than for the supernatant, there is

sufficient variation in the Time 0 values to cast some doubt as to the

accuracy of the plate count method. Jannasch and Pritchard (1972)

reported that separation of bacterial cells from particles b\ sub-lethal
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concentrations of surface active agents was not effectis e in producing

the plate counts that were expected based on microscopic obserx ations.

If plate counts are accepted, results indicate at most one doubling in cell

numbers over a period of 6 hours, ex en for the no clax condition. For

comparison, OD546 readings for a culture of HK44 in liquid YEPG during

log phase suggest a doubling time of approximately 1.5 hours. It would

appear that over the course of this experiment, naphthalene utilization,

as determined by light output, was primarilx' for cell maintenance

rather than for growth.

It can also be seen that although the greatest increase in cell

numbers generally occurred over the first two hours, this corresponded

to a long lag period in the light response, whereas the greatest iiK rease

in light output, most noticeablx in the no clax' x ial, was not accompanied

by a corresponding increase in x iable cell numbers.

The possibility was considered that the lack of growth in the plate

count experiment was due to cell culture and preparation bx Growth

Procedure 1. This appeared to be confirmed bx the optical densitx

readings in a separate experiment that used cells prepared bx (irowth

Procedure 11. A typical bioluminescence assax- was prepared bx placing

in each vial ImL of YEPG containing approximatelx 3 x 10^ cells, or 6 x

10^ cells mL"l after dilution with the medium in the vial. 1 he optical

density of the supernatant after 3.5 hours was measured to be betw een

0.2 and 0.3 in all replicates for four different clax concentrations

(Figure lOA). The final OD readings represented a cell densii> of

between 2 xlO® and 3 x 10^ cells mL*!; a 4- to 5-fold increase, or

approximately two doublings. This increase in cell numbers is
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vials 15 minutes prior to OD reading. Each \ ial started w ith 5 ml, SSM
with 2.5 mg L'^ naphthalene and an OD54(, of 0.06 corresponding to
approximately 6 x 10"^ cells mL-1 strain HK44.



consistent with log phase predictions. An interesting obser\ ation is

that although all four clay concentrations had similar OD \ alues, the

bioluminescence readings taken 15 minutes earlier are ver> different

(Figure lOB). Compared with the performance b> the cells prepared bs

Growth Procedure I, the Growth procedure II cells produced ten times

more light in half the time with ten times less naphthalene in solution.

The use of samples prepared by both procedures demonstrated that the

characteristic variation in light output with cla\' content, as well as the

rapid increase in light after a period of exposure, occurred both w ith

and without growth. It was also apparent that cells prepared b\ Growth

Procedure 11 provided a more homogeneous and better characterized

population. The differences in light output among different (ia\

concentrations did not correspond to differences in grow th, and the

rapid increase in light output could not be attributed to a sudden change

in cell numbers.

7.4 Test for External Mass Transfer limitations

Considering the procedure that had been established for mixing

of vial contents (placement of \ ial racks on an orbital shaker), it

seemed possible that the observ ed differences in light output could be a

result of the mixing regime created within the \ ials. As discussed in

Section 2.3.2, the addition of particles to a suspension max cause an

increase in xiscosity with an accompanx ing decrease in the mass

transfer coefficient of a dissolved species. Howex er, the use of three

dramatically different mixing speeds w as not obserx ed to change the

pattern of light output. All three conditions exhibited the characteristic
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decrease in light output with increasing cla\' concentration (Figure 11).

The rates of light output between 0.75 and 1.0 hours, in iiAmps hr-1

were:

No mixing Shaken Vortg.NQd

No clay 14.8 34.4 35.6
O.lg 10.0 18.4 13.2
0.4g 10.8 14.8 6.8
l.Og 6.8 13.6 0.6

Lower levels and rates of light output were obsen ed in the \ ials

that were not mixed, howex er, the relatix e differences between the

different clay concentrations were no more pronounced than for the

other two mixing conditions. One important observ ation was that for

the 1 g sample that was vortexed, enough particles became suspended in

the region of the vial where the light probe was placed to interfere

with bioluminescence detection. This suggests that possibilit\ that an

actual increase in light output in the shaken or \ ortexed \ ials was

masked by increased clay suspension. Howex er, such an effect should

have been clearly displayed in the no cla} \ ials. Therefore, it can be

assumed that with the exception of the 1 g \ ortexed sample, total particle

suspension did not significanth' interfere with light detection.

It was expected that if external mass transfer had been a

significant factor, an increase in mixing speed would ha\ e increased

the mass transfer rate of naphthalene to the cells which w ould ha\ e

been evidenced by an increase in light production. The lack of such an

observation suggests that the external mass transfer of naphthalene
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Figure 11. Bioluminescence response to naphthalene by strain HK44 in
test for mass transfer limitations: (A) no mixing of vial contents, (B)
vials place on an orbital shaker at 100 rpm, and (C), vials continuoush
vortexed. Each vial contained 5 mL\ olume of SSM with 2.5 mg L"1
naphthalene and 1 mL of YEPG with approximately 3x10^ cells.
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across the film layer between the bulk solution and the organism is not

a limiting factor for biodegradation. It is also implied that the addition

of clay particles in suspension up to 1 g in 5 mL does not affect x iscosit}'

to the point of significantly increasing the film las er thickness. As

bioluminescence is oxygen dependent, the results would also indicate

that there is no limiting film resisitance for oxygen transfer.

7.5 Test for Intraparticle Diffusion

It was expected that the effect of intraparticle diffusion would be

to retard the rate of mass transfer of naphthalene to the cells (and

decrease light production) b\' slowing the bulk diffusion rate. As the

quantity of intraparaticle micropores svould be expected to increase

with increasing clay concentration, so the bulk diffusion rate and light

output would be expected to decrease with an increase in cla\ particles.

An experiment was designed to determine whether a 24 hour contact

time was sufficient to allow significant diffusion of naphthalene into

intraparticle micropores. If light output was the same for all cla\

concentrations in a set of vials to which fresh naphthalene had been

added immediately before the assa}, there would be strong e\ idence for

intraparticle diffusion in the 24 hour \ ials. The similar light le\ els in

both racks of vials suggest that the same quantit> of naphthalene w as

imediately available for microbial uptake (Figure 12).
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Figure 12. Bioluminescence response to naphthalene b\- strain HK44 in
test for intraparticle diffusion: (A) naphthalene applied to cla\ slurr\-
24 hours before assay, and (B), naphthalene applied immediatelx before
assay. Each vial contained 5 mL volume of SSM with 2.5 mg 1."^
naphthalene and 1 mLof YEPCi with approximateh 3x10^ cells.
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The rates of light output between 1.0 and 1.25 hours, in nAmps hr'^

were:

24 hour Immediate

annliration annliration

No clay 86.4 91.2
O.lg 34.0 36.8
0.4g 26.8 26.0
l.Og 13.2 17.2

Based on the response of the no cla\ condition, the lower rate of

light output in the vials exposed to naphthalene for 24 hours can most

likely be attributed to volatile loss of naphthalene from solution o\ er

the exposure period. These results appear to rule out intraparticle

diffusion as a rate-limiting mechanism in the time frame of this

experiment.

7.6 Effect of Change in ClayiMicroorganism Ratio

This experiment was designed to determine whether the

inhibitory effect of clay on light output could be altered b\ changing

the clay:microorganism ratio. It was thought that if the cla\ w ere

exerting a direct effect on the cells, a change in population densitx

might overide that influence. The immediately observ able effects of

increased cell density were an acceleration in the characteristic light

response pattern, and a higher level of total light output. The complete

data set for the 5 hour experiment is presented in Figure 13 to show the

level of light output achieved in the high cell densitv- \ ials relative to

that in the vials with fewer cells. An ob\ ious feature demonstrated b\
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Figure 13. Bioluminescence response lo naphthalene b\ strain HK44 in
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the high-density cells is the rapid increase and drop-off seen in the

initial characterization experiments. Although the high cell density

vials achieved greater total light output, when the data are normalized

to light output per million organisms as shown in Figure 14, it can be

seen that the higher cell density light response actually translated to

less light per organism. Therefore, while the activity of the population

as a whole was accelerated in the presence of large numbers of cells,

the activity of the individual organisms appeared to be reduced, possibly

due to competition on an individual basis for nutrients and oxygen.

If the time windows are chosen to show a two hour period and a

range of light output up to 50 nAmps, responses by the two cell densities

look remarkably similar with respect to clay concentration effect

(Figure 15). This is not surprising in light of the volume of clay

particles compared to the volume of organisms. Assuming c\'lindrical

organisms 0.5 pm in diameter and 1.0 pm in length, total cell volume per

vial would be 19.6 x 10^ jun^ for 10^ cells, and 19.6 x 10^ n.m^ for lO^^

cells. In comparison, assuming an average particle density of 2.65 g

cm"3, the specific volume of the clay would be 3.8 x 10^^ ̂ tm^ g-1. Only

the volume of particles in 0.005 g clay is small enough to come close to

the volume of 10^^ cells. For all the larger clay quantities, the volume

of particles is orders of magnitude greater than the volume of cells. It is

therefore not surprising that increasing the cell density from 10^ to

lOlO cells did not affect the characteristic light response pattern. As it

becomes impractical to grow even larger numbers of cells in a single

batch culture, it was decided that changing the clay:microbe ratio was
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not a satisfactor)' method of examining direct effects of cla\ particles on

the organisms.

7.7 Addition of Agents to Change Clay Aggregate Stability

A different experimental approach started with the premise that

a clay-microbe association did exist, and that it was reversible. In an

attempt to disrupt any res'ersible cla\ -microbe association, this

experiment examined the effect of adding either sodium p\ rophosphate

(an aggregate destabilizer) or a 1:1 mixture of C12E4 and C] 21^23

polyoxyethylene (PE) nonionic surfactants (an aggregate stabilizer).

As can be seen in Figure 16, neither additi\ e caused a significant

change in the light output for samples containing 1 g cla\. The onl\

observable differences were in the no cla\ \ ials where the sodium

pyrophosphate caused an initial increase in light output o\ er the no-

additive vial, and the surfactant acted to decrease the light response.

The cause for the enhancement of light output b\ sodium

pyrophosphate is not known. Three possible mechanisms, based on

observations by Laha and Luth>' (1991), can be suggested for the effect

of the surfactant: (1) the surfactant max ha\ e been preferred o\ er

naphthalene as a substrate, (2) the surfactant concentration ma\- ha\ e

been toxic to the organisms, and (3) naphthalene ma\ ha\ e been hidden

from microbial attack within aggregates of surfactant molecules known

as micelles. It is unlikely that within the time frame of the experiment,

the organisms would have produced the proper enzx mes for metabolism

of the surfactant, and less likeh that the surfactant would ha\ e been

preferred over naphthalene for which the organisms possessed a
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readily inducible pathway. It also seems unlikeh that the le\ el of light

that was detected would ha\'e been obserxed had the surfactant been

toxic to the organisms. The third possibilitx appears the most likeh .

The clay particles that usually appeared as a milky suspension in the

untreated vials, were visually aggregated into small floes in the

presence of the surfactant. Laha and Luthx- (1991) observed that the

presence of soil changed the surfactant micellization pattern due to

surfactant sorption onto the soil, resulting in an aqueous-phase

surfactant concentration that was considerabh' less than the tola] added.

Therefore, it would seem likeh- that the (ia\ acted to sorb the surfactant

and reduce the aqueous phase to a le\ el below the critical micelle

concentration (CMC), i.e., approx. S3 \ ]()-^% (\/v) for C]2l:4 (l^ha and

Luthy, 1991). Without the formation of surfactant micelles, the aqueous

phase naphthalene concentration, and the resulting light output,

remained relatively unaffected. In the absence of cla\ howe\ er,

micelles were formed which enclosed a portion of the naphthalene

rendering it unavailable to the organisms, and causing a reduction in

bioluminescence.

A slightly different result was obserx ed in the experiment in

which 0.1% C12E4 was added at two different time points (1 igure 1 7).

The level of the light response in the clax -containing \ ials seemed to be

unaffected by the addition of the surfactant, while the \ ial without cla\

showed decreased light output.
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The rates of light output between 0.75 and 1.0 hours, in nAmps hr'l

were:

Stabilizer Stabilizer
added at added at

No stabilizer 0 hours 0.75 hours

No clay 22.3 15.3 13.4
O.lg 12.8 3.8 11.3
0.4g 13.8 16.0 14.1
l.Og 6.0 6.4 13.6

An increased rate of light output was observed for the Ig claj

condition receiving the stabilizer at 0.75 hours, hosever, no such

enhancement was observed for any of the vials receiving the stabilizer

at Time 0. Neither of the aggregate stability experiments demonstrated

any consistent effect on the level of light produced in the clay-

containing vials, indicating that the cause of reduced light output in the

presence of clay was still operating. It was still possible that a

reversible clay-microbe interaction was present that was unaffected by

the stabilizing or de-stabilizing agents. Another possibility was the

existence of a more permanent, adhesive clay-microbe contact.

7.8 Test for particle size effects

A unique characteristic of the clay mineral fraction is the

presence of sub-micron sized, colloidal particles. In previous

experiments, it was observed that only the smallest particles remained

continuously suspended during the assay. To determine whether only

94



the suspended particles were responsible for the reduction in

bioluminescence, an experiment was performed using sand particles

(-50 +70 mesh, or 200 to 300 nm size range) instead of cla\. The sand did

not have the effect on light output obsen ed for the different da)

concentrations (Figure 18). The rates of light output between 1.25 and

1.5 hours, in nAmps hr^ were:

No mixing Shaken Vortexed

No sand 101.2 81.2 72.4

O.lg 132.0 80.8 72.8
0.4g 83.2 68.4 61.6
l.Og 90.8 68.0 45.6

At three different mixing speeds, light output in the sand-

containing vials was similar to the le\ el obsen ed in the no sand

samples. Reduced light rates and lc\ els were obsen ed in the sortexed

vials, not only with respect to quantit) of sand, but also relatis e to the

vial sets that were shaking or at rest. It is possible that the \ ortex speed

damaged the cells, espedalh' in the presence of the sand particles,

although this was not obsen ed in the \ ortexed \ ials in the earlier mass

transfer experiment. Nonetheless, the results of this test suggest that

the inhibited light production seen in the presence of cla\ ma\ be

caused in some way by the smallest, continuoush -suspended particles.
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Figure 18: Bioluminescence response to naphthalene b\ strain HK44 in
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7.9 Experiments Using Immobilized Cells

At this point, a direct clay-microbe interaction still remains to be

demonstrated, although adsorption, external mass transfer,

intraparticle diffusion, and growth-related changes ha\ e been

eliminated as possible mechanisms for the obserx ed reduction in light

output in the presence of an increasing quantitv of cla\- particles.

Other experiments have suggested that if a clay-microbe interaction

exists, it may be adhesive, and invoh e sub-micron sized particles. It was

therefore decided to perform a set of experiments using cells

immobilized in alginate, which would pres ent anx direct contac t

between the microbes and the clax.

When immobilized cells were used, a xerx different pattern in the

light response was obserx'ed, as can be seen in Figures 1 9 and 20. The

rates of light output in Figure 20, between 1.0 and 1.2S hours, in nAmps

hr"l, in order of increasing clax- concentration, are .S2.0, ST.6, 62.3, and

85.2. The vials without clax- no longer exhibited the highest lex el of

light, in fact, they were obserx'ed to hax e the least light output. 1 he

range in light response was narrower than had been obserx ed \\ ith

suspended cells. In addition, there was a definite difference in light

output depending on whether the x ials were shaken or at rest,

indicating a possible external mass transfer limitation at the boundarx

of the alginate beads. It is almost certain that in changing from

suspended cells to immobilized cells, the effect of eliminating direct

cell-clay contact was confounded bx the effect of adding another mass

transfer parameter, that of diffusion of naphthalene into the bead. The
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beads with a total of approximateh 1 cells.
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use of immobilized cells introduced man> more questions about the

system: do all the cells within the bead ha\ e the same access to the

substrate; how do the beads affect light output; can light be detected

from all the cells in the bead, or onl> those near the surface; etc.

However, a comparison of the bioluminescence patterns for suspended

cells and immobilized cells suggests that naphthalene uptake, as

evidenced by light output, was altered b}' elimination of contact

between the organisms and the cla\.
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8.0 DISCUSSION

The role played by clay particles in microbial suspensions has

been studied from the standpoint of effects on both the concentration of

naphthalene outside the cell, and the rate of uptake into the cell as

measured by mineralization and bioluminescence response. Adsorption,

external mass transfer limitations, and intraparticle diffusion were all

considered as factors that would affect the extracellular concentration.

In a progressive examination, all three of these potential!} rate-

limiting mechanisms were s} stematicall} eliminated. Adsorption of

naphthalene onto the clay surfaces was found to be negligible.

Increasing the mixing speed of the suspensions, which would serve to

decrease the thickness of a mass transfer-limiting boundarv lav er,

caused no change in the typical light output pattern. Application of

naphthalene immediately before the assav did not result in increased

light levels when compared with samples in which a 24 hour contact

period had been allowed for diffusion of naphthalene into intraparticle

micropores. In each experiment, light output was observed to decrease

with increasing clay concentration, and there was virtual!} no change

in light output for the same cla}' concentration under different

conditions of mi.xing or substrate application. Bioluminescence

responses of organisms provided with decreasing amounts of

naphthalene in the absence of cla} ha\ e indicated that cells exposed to

lower concentrations of naphthalene produce less light (Figure 5).

Therefore, it would appear that increasing the cla}' content has the

effect of reducing the concentration of naphthalene which is taken
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into the cell, and that, based on experimental results, this reduction is

not caused by adsorption, boundary layer diffusion, or intraparticle

diffusion. A change in the inverse relationship between cla\

concentration and light output was not observed until direct contact

between the clay and the organisms was eliminated by immobilizing the

cells in alginate. The light response from the immobilized cells was also

further evidence that the effect was not due to a clay-substrate

interaction or to interference of cla}' with the detection method.

However, in the absence of any positix e identification of direct cell-cla>

contact, a challenge is presented to create a conceptual model that will

reasonably and satisfactorih' describe the interactions that produced

the results of this study.

The most frequent and consistent observation was that in both

the mineralization and the bioluminescence assax s an increase in clax-

quantity had the effect of reducing the parameter that was being

measured by the assay, either CO2 or light production. A closer look at

the data however, suggests that although the same relatix e effect among

the different clay concentrations occurred in both assax s, the pattern

of the light response did not duplicate the mineralization response for

any one clay quantity. When compared with the graphs of the

mineralization data, it can be seen that the bioluminescence data do not

always appear to reflect metabolic rate. For example, in the

bioluminescence/mineralization correlation experiment (Figures S

through 7), the mineralization rate seemed to remain fairlx constant

over the two hours of the experiment. The bioluminescence data

however, showed a definite increase in light production in the second

102



hour. This rapid increase in light output was obserx ed in manx of the

bioluminescence assays. In some cases, the lex el of light output

increased ten-fold in less than txvo hours. A parallel increase was not

observed in the mineralization assays. In fact, plots of the data for

naphthalene mineralization in the presence of montmorillonite showed

that the rate generally decreased with time (Figures 2 and 7A).

The observed rapid increase in light output, the inverse

relationship between clay content and light or mineralization, and the

suggestion of a direct clay-cell interaction all lead to the formation of a

conceptual model which is based on three assumptions: (1) the light

response consists of two separate phases, (2) uptake of naphthalene

occurs by passive transport and is proportional to the concentration in

solution, and (3) clay particles physicallx- block uptake sites on the

membrane or otherwise alter membrane permeabilitx-. The major

portion of this discussion will present supporting arguments for these

three assumptions.

8.1 Light Response Characteristics

Many of the bioluminescence experiments were designed to be

completed within two hours of beginning the assax. In experiments of

longer duration the peak light response x alues were so large that when

the results were plotted, the initial differences among the various clax

conditions were undetectable unless plotted logarithmicallx. The peak

response was also not reproducible, although it was generallx' observed

that increasing the clay content delax ed the peak light response. The

actual magnitude of the peak could not be recorded with confidence
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without continuous monitoring of each sample, due to the rate of

change in the response during the rapid increase. The intensit>- and

duration of the peak response, along with the lack of any such rapid

increase in the mineralization rate, suggest that the increase may be

unrelated to metabolic rate or substrate concentration. The complete

light response can best be described as having two phases. In the first

phase, light output appears to be proportional to the rate at which

naphthalene is metabolized, and is probably related to the initial rate of

enzyme production. After a certain recognition period, the second

phase occurs in which it appears that light output becomes independent

of the rate of uptake. The existence of two phases is consistent with the

manner in which the bioluminescence and biodegradation mechanisms

are regulated by the cell. According to DiGrazia (1991), transcription

and translation of the enzymes required for both processes are linked

together, after which the two pathways are completely independent

except for energy and oxygen requirements.

The suggestion that the light response occurs in two phases has

certain implications with respect to the role of clay particles. For the

initial light output to be inversely proportional to the clay content, an

increase in the quantity of clay in suspension would have to cause an

increasing interference with the uptake of naphthalene. In the second

phase, although the effect of the clay is probably still present, the light

response is no longer dependent on the rate of uptake. In addition to

the observations made in this research, two findings b}' Burlage and

coworkers (1990) and DiGrazia (1991) support the idea that after an

initial exposure period, the level of light produced is independent of the
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concentration of naphthalene in solution: (1) peak light le\ els were

not observed until several hours after exposure to naphthalene for both

growing and non-growing cells, and (2) high levels of light output

were observed even at low concentrations of naphthalene. There is

some evidence to support the claim made bj' Burlage, that

bioluminescence is greatest at a slow growth rate. A rapid increase in

the light response was observed to occur in those experiments using

cells prepared by Growth Procedure 1, which were determined by plate

counts to be non-growing. However, ex en higher light lex els were

recorded in the experiment in which optical densitx was recorded,

when the cells were observed to be in log growth. 1 hese high lex els

also occurred at much lower concentrations of napthalene, again

suggesting a peak light response phase that is independent of both

growth and naphthalene concentration.

8.2 Uptake of Naphthalene

In discussing the different phases of light response, references

to the rate of uptake were used interchangeablx- with concentration of

naphthalene. The validit>' of this interchange has its basis in the

second assumption - that uptake of naphthalene occurs bx passix e

transport and is proportional to the concentration in solution. As

discussed previously (Section 2.1.1), due to its hx drophobic nature,

naphthalene is believed to pass into the cell bx a passix e transport

mechanism, independent of any energx- producing process. Passix e

transport of a substrate into the cell can occur either bx- passix e or

facilitated diffusion. Passix^e or simple diffusion is the non-specific
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penetration of a substance into the cell, t} picalh at low rates, go\ emed

by molecular size and lipophilic properties (Schlegel, 1985). In

facilitated diffusion, transport of a substance into the cell is mediated b\-

a substrate-specific permease, at a rate gox erned b> the substrate

concentration in the medium. Both passiv e and facilitated diffusion are

independent of metabolic energy and the substrate cannot accumulate

inside the cell against a concentration gradient. Button (1983) proposed

that the passive partitioning of lipophilic substrates was capable of

producing high concentrations of the substrate near membrane-bound

enzymes from small concentrations in the environment. Based on this

supposition, it would be reasonable to assume that passiv e diffusion of

naphthalene would result in relative!) constant concentrations within

the cell, and little variation in the light response, e\ en o\ er a fairh

broad range of e.xtracellular concentrations. In this studv however,

light output was observed to decrease with decreasing naphthalene

concentration in the absence of cla\ in what is being assumed as the

first phase of light production. This observ ation suggests that uptake of

naphthalene may occur by facilitated diffusion, howev er there is

insufficient evidence to positively identifv the mechanism. If a

decrease in bioluminescence during the first phase of light production

is seen as a response to a decreased concentration of naphthalene, then

increasing the clay quantity can be view ed as having the same effect.

8.3 The Cell-Clay Interaction

The third assumption suggests that the mechanism bv- which the

clay particles act to decrease the concentration of naphthalene "seen"

106



by the cells is an alteration in the rate of diffusion of naphthalene

through the membrane due to direct contact between the cells and the

clay particles. Whether uptake occurs bj' passive or facilitated

diffusion, passage of naphthalene molecules through the membrane

could be inhibited either by changes in membrane permeabilit\,

blockage of specific diffusion sites, or both. Because the in\ erse clay-

light relationship was not affected b>' increased mixing or b) altering

the stability of the clay aggregates, a cell-clay association would appear

to be some type of adhesion rather than a weak electrostatic or

hydrodynamic association, although a sufficient accumulatirm of weak

H bonds can result in an extremely strong interaction (Stotzk> , ]')86).

The result of changing particle material also implicated cell-cla\

contact as the source of reduced light output. When sand particles were

used instead of clay, the inhibitor}' effect of particle concentration on

light output was not observed. Due to particle size differences, the same

mass of clay presents many more particles and surface area for

microbial contact than sand. The strongest evidence for a cell-cla}

interaction is the change in the light response observ ed when

immobilized cells were used (Figures 19 and 20). Elimination of contact

between the particles and the cells was the first experimental treatment

that altered the typical light response pattern in the presence of cla\.

Particulate blocking of substrate transport sites or alteration of

membrane permeability as a result of surface charge interactions ha\ e

been suggested by several researchers (Button, 1983; Jeffrev and Paul,

1986; 1984; Marshall, 1969). Hattori and Hattori (1987) reported an

increase in microbial activity as measured b\ O2 consumption after cells
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that had been attached to ion exchange resin were released b\ shaking

with a concentrated NaCl solution. One of the reasons proposed for the

decreased activity of the attached cells was that cell surface area which

takes part in substrate uptake was decreased by attachment. Kieft and

Caldwell (1986) also stated that attached cells have a decreased surface

area and thus cannot absorb or transport nutrients as rapidl>' as can

unattached cells. Jannasch and Pritchard (1972) obser\'ed that the

presence of inert particulate matter not onh' exerted a considerable

influence on microbial activity, but that attachment of cells occurred

earlier as the quantity of particles increased.

If a barrier exists between a portion or all of the membrane area

and the bulk solution, oxygen uptake ma\ be also be affected, jannasch

and Pritchard (1972) reported that the addition of particles caused

clumps to form in the cell suspension leading to increased intra-

aggregate oxj'gen consumption and the formation of anaerobic pockets

in spite of high concentrations of dissoh ed oxygen in the surrounding

water. Even under well-mixed conditions, localized depletion of ox> gen

is a likely cause for the decrease in light production per million

organisms that was observed when the cell densit\' was increased from

10^ to 10^0 cells per sample vial. As oxv gen is one of the key

requirements for the light producing pathway, its limitation is an

immediate suspect when a reduction in bioluminescence is obsen ed.

Several attempts have been made to examine cell-particle

interactions microscopically. Because of the opaque and colloidal

nature of clays, it is difficult to view undisturbed microhabitats

microscopically for direct observation of cla\'-microbe associations.
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Marshall (1969) indirectly demonstrated the presence of a cla\ coating

around Bacillus subtilis organisms b\' decreased intensity of the

bacterial image under fluorescence microscopy. In the same stud},

electron micrographs appeared to confirm the presence of a

montmorillonite clay envelope adsorbed around Rhizobium isolates,

however, it is unclear how the process of freeze-dr>'ing or surface

preparation may have affected the samples (Figure 21). A similar cla\'

envelope was observed by Roper and Marshall (1979) in association with

£ coli (Figure 22). In another stud}', Marshall and coworkers (1971)

observed adhesion of large and small bacterial rods in the absence of

noticeable attachment structures, and suggested production of

extracellular polymeric materials. Based on scanning electron

microscopic photographs, Kieft and Caldwell (1986) estimated that 15 to

20% of the surface area of a Vibrio species could be lost o\\ ing to

attachment. The specific abilit}' of a Pseudomonas species to attach

actively to suspended particles was obseiv ed b}- jannasch and Fritchard

(1972) although no morphological mechanism for attachment was

detected. In observing the attachment of two strains of Pseudomonas

fluorescens to glass cover slips, Fletcher (1988) also suggested that a

cell-bound extracellular material might be in\'ol\ ed in adhesion.

An attempt was made to view the cla}'-microbe suspensions

typical of this research with an environmental scanning electron

microscope (ESEM - ElectroScan, Wilmington, MA). The ESEM allows

observation of a wet sample without prior surface preparation b}

causing the sample drop to condense directl}- on the mounting stand.
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Figure 21. Electron micrographs from Marshall, K.C. 1969. J. Gen.
MicrobioL 56:301-306. (A) R. trifolii SU297B plus montmorillonite (80
Hg mL^l). Unshadowed; x 34,500. (B) R. trifolii SU297B plus illite (100 |j,g
mL"l). Unshadowed; x 34,500.
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Unfortunately, although the claj' particles were quite distinct, there

was not sufficient resolution to produce a clear image showing the

position of the microorganisms with respect to the cla\. This is t> pical

of the problems encountered in stud> ing the acti\ ity of microorganims

in clay- or soil-containing sj'stems. The lack of adequate experimental

techniques is a major limitation for conducting these studies.

8.4 The Conceptual Model

On the basis of the three assumptions discussed abo\ e, the

conceptual model can be described. The microcosm is known to consist

of an aqueous slurry containing separate and aggregated cla\ particles.

The majority of the aggregates remain settled out e\ en during mixing,

but the smaller aggregates and single particles can become suspended

with slight fluid motion. The aqueous solution is buffered and contains

various inorganic salts at low concentrations. Naphthalene is the onl\

carbon source. Pseudomonas flouresccns possess polar llagellae

(Figure 23), and are able to move freeh within the microcosm e\ en in

the absence of mechanical mixing (Schlegel, 1985). It is suggested that

when the cells come in contact with the cla\, sub-micron sized particles

collect at the surface of the organisms, and organisms become attached

to or embedded within larger aggregates. Attachment or adherence

may result from an accumulation of H bonds between functional groups

on the surfaces of the particles and the cells, or from an adhesi\ e

property of the cell membrane. Naphthalene molecules are assumed to

be taken up into the cells either b\' h\ drophobic partitioning or b\

facilitated diffusion. In the absence of cla\, uptake of naphthalene is
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Figure 23. Electron micrograph from Burgess et al. 1987. Under the
Microscope, Cambridge University Press, Cambridge, p.94.
P. fluorescens. TEM, surface replica, carbon + platinum coating: x
18,750.



believed to occur freely at a rate that is go\ emed b\ its concentration

in solution. In the presence of cla\' particles, some of the diffusion sites

on the cell membrane may be blocked

and the uptake rate decreased. It is suggested that the blocking of

uptake sites on the membrane has an effect that is similar to decreasing

the solution concentration of naphthalene. In a mineralization assa>',

the presence of clay particles results in a decrease in the rate of COj

production that is consistent with a decrease in the uptake rate. In a

bioluminescence assay, the effect of the c]a\ is initial!} seen as a

decrease in light output, similar to that which occurs when the

naphthalene concentration is decreased in the absence of cla\. After a

period of exposure however, the light output becomes independent of

naphthalene concentration and a rapid increase in light output is

observed regardless of clay quantit}.

8.5 Implications for Practical Applications and Future

Study

There is a good deal of interest in the use of bioluminescent

reporter technology for predicting and monitoring microbial

biodegradative processes such as treatment of contaminated soil or

groundwater. The results of this research indicate that, as w ith an>

other technology, interpretation of the results is dependent upon

recognition of the limitations of the assa\-. Although an attempt has

been made to quantitative!}' correlate the light response with metabolic

rate as measured by CO2 production, bioluminescence remains a

qualitative assay. In the case of strain HK44, it appears that after a
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certain jjeriod of exposure to naphthalene, the light response does not

accurately reflect either the concentration of naphthalene, or the rate

of uptake. Conclusions as to the effect that particles ma> ha\ e on the

activity of this particular organism are therefore dependent on the

length of the assay, and the time of the measurements. For example, in

the five hour bioluminescence assas- in which a cell densit\ of was

used, it was observed that peak levels of light were eventualh' achies ed

at all clay concentrations. It would be simple to interpret these results

as an indication that the clas' particles had no long-term effect on

microbial activity. However, repealed examinations of the short term

response all point to an inhibitors- effect, and it is more reasonable to

assume that the peak light response is an indication of insensiii\ it\ to

the effect rather than that the effect was somehow re\ erscd.

If these experiments had been part of a trcatabilits studs that was

to form the basis for a full-scale soil remediation project, dilferent

approaches may have been planned depending on w hich ts pe of

experimental procedure was follosved in the lab. The results ()f the

mineralization assay alone mas have indicated that the best approach

would be to use a slurry-phase remediation process keeping the solids

content below 20%. If the treatabilits experiment had been a 12 hour

bioluminescence assay using cells grow n os emight and w ashed prior to

use, the conclusions may have been that a long lag time could be

expected, but that high degradatis e rates could es entualls be achies ed

regardless of the soil to liquid ratio. If the basis for the scale-up had

been a series of two hour bioluminescence assas s using cells in mid-log

growth, it may have been decided that the soil would significantl\
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retard the remediation process, and a soil washing process followed b\

aqueous phase biotreatment may ha\ e been recommended.

There is always a temptation to generalize data that were obtained

from a specific situation. As in other reductionistic studies, the results

apply to an extremely narrow range of e.xperimental conditions. The

findings made in this study are limited to the uptake of one substrate b\'

a pure culture of one specific organism in the presence of one soil

constituent in a batch microcosm. As with any living, d> namic s> stem,

changes to or the addition of emironmental N ariables can significanth

alter the outcome of any experiment. That is not to sa> that certain

fundamental principles do not remain constant, but rather that the

expression of those principles may \ ar\ within different contexts.

Bioluminescent reporter technolog\ is an example of this. '! he

principle for the technolog>' is that when an organism possesses the Iu\

genes fused to the promoter for a degradatix e pathwa), the detection of

bioluminescence will always indicate that the pathw a\ is acti\ e at some

level. However, the level of ex-pression can be attributed to an\ number

of variables, depending on the context of the measurement. 1 or

bioluminescence technologx' to deselop into a quantitatixe rather than

a qualitative assay, future research should focus on separating the

principle from the context. It should be determined whether light

output is in fact a two phase process, and if so, whether that process is

unique to a specific gene fusion. If the two phase hx pothesis is

disproved, the reasons for the rapid increase in light production need to

be examined. The relationship between bioluminescence and

mineralization needs to be more fullx characterized - a stud\- which
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would be both labor and material intensi\ e. And finalh, the matter that

was at the heart of this research, more knowledge is needed regarding

the physical interaction between microorganisms and claj s. The

development of new microscopic techniques such as the ESEM holds

great promise for gaining greater insight into the beha\'ior of

microorganims in soil habitats. After decades of indirect obsen ations, a

visual investigation may hold the ke\' to many unanswered questions.
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9.0 CONCLUSIONS

The results of this research confirmed previous observations

regarding an inhibitory effect of clay on the degradation of

naphthalene by suspended microorganisms. Identification of the

mechanism for the inhibition remains elusive. Negative findings were

made concerning possible rate-limitations due to adsorption, boundary

layer mass transfer, and intraparticle diffusion. The inhibitory effect

was not observed when direct clay-microbe contact was eliminated b\'

using cells immobilized in alginate beads. On the basis of these

observations as well as certain assumptions concerning the transport of

naphthalene into the cell, a conceptual model has been proposed in

which attachment of the cells to clay particles results in blockage of

diffusion sites on the cell membrane and a decrease in the rate of

naphthalene uptake. Direct observation by microscopy may be

required in future research for positive confirmation of a cell-cla\

interaction.

The use of bioluminescent reporter technology provided the

means to perform many ejqjeriments rapidly and inexpensively.

However, a comparison of the results with those from mineralization

assays was required for meaningful interpretation. Reproducibility of

the results from bioluminescence experiments was highly dependent

on the cell growth procedure. In addition, after approximately two

hours of exposure of the cells to naphthalene, a rapid increase in light
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output could be observed that appeared to be unrelated to the

degradation rate. The cause of the rapid increase is unknow n and

requires further investigation.

Although the results of this research applx' specificalh onl\ to a

limited and highly controlled environment, the potential for cla\-

particles to inhibit microbial activit} has implications for possible

approaches to the bioremediation of a whole soil. In particular, if

bioluminescence assays are to be used in the future for treatabiliiN' tests,

it should be understood that cell preparation methods and solid to liquid

ratios can have a substantial impact on the experimental results.
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ADSORPTION ISOTHERMS: RAW DATA AND PLOTS
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SAiiq>le Identification

Naphthalene

added (of)

Adsorption Isotherm Date for KGa-2 Kaolinite
Naphthalene

DPM« in S mL Naphthalene Naphthalene adsorbed
DPM's aolutioD after Percent DPM't concentration concentration (by difference)
added 24 hours in solution (ug per S ml.) (ug per mL) (ug per g clay)

K. pH 7. I 0.1 0 0 0

la 0 0 0

lb 25 27094 25060

2a 25 27094 25620

2b 50 54188 52160

3a 50 54188 51730

3b 75 81282 77320

4a 75 81282 77390

4b 100 108376 101190

5a 100 108376 101410

5b 125 135470 123040

6a 125 135470 130830

6b

Ca, pH 5.5, 1 0.01

la 0 0 0

lb 0 0 0

2a 25 27134 26330

2b 25 27134 26900

3a 50 54268 54450

3b 50 54268 53400

4a 75 81402 79900

4b 75 81402 83650

5a 100 108536 105010

5b 100 108536 105920

6a 125 135670 130630

6b 125 135670 128960

Al. pH 4, I 0.01

la 0 0 0

lb 0 0 0

2a 25 30744 29780

2b 25 30744 25450

3a 50 61488 60170

3b 50 61488 59050

4a 75 92232 84810

4b 75 92232 84870

5a 100 122976 1 13430

Sb 100 122976 1 12990

6a 125 153720 140230

6b 125 153720 142800

Al. pH 4. I 0.01

la 0 0 0

lb 0 0 0

2a 25 30744 29660

2b 25 30744 29510

3a 50 61488 55330

3b 50 61488 56780

4a 75 92232 85090

4b 75 92232 86930

5a 100 122976 122270

Sb 100 122976 113880

6a 125 153720 128670

6b 125 153720 135440

0

0

0.9249

0.9456

0.9626

0.9546

0.9513

0.9521

0.9337

0.9357

0.9082

0.9657

0

0

0.9704

0.9914

1.0034

0.9840

0.9815

1.0276

0.9675

0.9759

0.9629

0.9505

0

0

0.9686

0.8278

0.9786

0.9603

0.9195

0.9202

0.9224

0.9188

0.9122

0.9290

0

0

0.9647

0.9599

0.8999

0.9234

0.9226

0.9425

0.9943

0.9260

0.8370

0.8811

0

0

23.12

23.64

48.13

47.73

71.34

71.41

93.37

93.57

113.53

120.72

0

0

24.26

24.78

50.17

49.20

73.62

77.07

96.75

97.59

120.36

118.82

0

0

24.22

20.70

48.93

48.02

68.96

69.01

92.24

91.88

114.03

1 16.12

0

0

24.12

24.00

44.99

46.17

69.19

70.69

99.43

92.60

104.63

110.14

0

0

4.62

4.73

9.63

9.55

14.27

14.28

18.67

18.71

22.71

24.14

0

0

4.85

4.96

10.03

9.84

14.72

15.41

19.35

19.52

24.07

23.76

0

0

4.84

4.14

9.79

9.60

13.79

13.80

18.45

18.38

22.81

23.22

0

0

4.82

4.80

9.00

9.23

13.84

14.14

19.89

18.52

20,93

22.03

1.88

1.36

1.87

2.27

3.66

3.59

6.63

6.43

11.47

4.28

0

0

0.74

0.22

-0.17

0.80

1.38

■2.07

3.25

2.41

4.64

6.18

0

0

0.78

4.30

1.07

1.98

6.04

5.99

7.76

8.12

10.97

8.88

0

0

0.88

1.00

5.01

3.83

5.81

4.31

0.57

7.40

20.37
14.86
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Sample Identdfication

Adsorption Isotherm Data for PFI-1 Attapulgite

IVM's in 5 mL Kapbthalene Naphthalene
Naphthalene DPM'a eoiutioc after Percent DPM'a concentration concentration
added (ag) added 24 houri in aolution (ug per 5 mL) (ug per mL)

Naphthalene

adiorbed

(by difference)

(ug per g clay)

K. pH 4. I 0.1 0 0 0 0 0 0

la 0 0 0 0 0 0

lb 25 30120 27790 0.9226 23.07 4.61 1.93

2b 25 30120 27350 0.9080 22.70 4.54 2.30

2b 50 60240 55160 0.9157 45.78 9.16 4.22

3a 50 60240 55770 0.9258 46.29 9.26 3.71

3b 75 90360 84040 0.9301 69.75 13.95 5.25

4a 75 90360 83990 0.9295 69.71 13.94 5.29

4b 100 120480 114560 0.9509 95.09 19.02 4.91

Sa 100 120480 113440 0.9416 94.16 18.83 5.84

Sb 125 150600 135820 0.9019 112.73 22.55 12.27

6a 125 150600 135830 0.9019 112.74 22.55 12.26

6b

Ca, pH 5.5, I 0.01

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 29806 28190 0.9458 23.64 4.73 1.36

2b 25 29806 28010 0.9397 23.49 4.70 1.51

3a 50 59612 56880 0.9542 47.71 9.54 2.29

3b 50 59612 57190 0.9594 47.97 9.59 2.03

4a 75 89418 91370 1.0218 76.64 15.33 •1.64

4b 75 89418 91660 1.0251 76.88 15.38 -1.88

5a 100 119224 1 15780 0.9711 97.11 19.42 2.89

5b 100 119224 106550 0.8937 89.37 17.87 10.63

6a 125 149030 135140 0.9068 113.35 22.67 11.65

6b 125 149030 134220 0.9006 112.58 22.52 12.42

Ca, pH 7, 1 0.01

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

28 25 28638 25940 0.9058 22.64 4.53 2.36

2b 25 28638 26050 0.9096 22.74 4 55 2.26

3a 50 57276 56180 0.9809 49.04 9.81 0.96

3b 50 57276 51800 0.9044 45.22 9.04 4.78

4a 75 85914 78970 0.9192 68.94 13.79 6.06

4b 75 85914 81420 0.9477 71.08 14.22 3.92

5a 100 114552 106660 0.9311 93.11 18.62 6.89

5b 100 114552 105460 0.9206 92.06 18,41 7.94

6a 125 143190 135110 0.9436 1 17.95 23,59 7.05

6b 125 143190 110900 0.7745 96.81 19,36 28.19

Al, pH 5.5, I 0.02

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 27920 27980 1.0021 25.05 5,01 -0.05

2b 25 27920 26270 0.9409 23.52 4,70 1.48

3a 50 55840 53500 0.9581 47.90 9.58 2.10

3b 50 55840 55480 0.9936 49.68 9.94 0.32

4a 75 83760 81610 0.9743 73.07 14.61 1.93

4b 75 83760 83060 0.9916 74.37 14.87 0.63

5a 100 111680 107150 0.9594 95.94 19.19 4.06

5b 100 111680 101940 0.9128 91.28 18.26 8.72

6a 125 139600 131930 0.9451 118.13 23.63 6.87

6b 125 139600 127820 0.9156 114.45 22.89 10.55
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Stxz^le Identificttion
Ntphthtlene

added (ug)

Adsorption Isotherm Data for SAz-1 Montmorillonite
Naphthalene

in S mL Naphthalene Naphthalene adiorbed

DPM'i aoltttion after Percent DPM'i concentration concentration (by difference)
added 24 hours in solution (ug per 5 mL) (ug perm L) (ug per g clay)

K. pH 4. I 0.01 0 0 0 0 0 0

la 0 0 0 0 0 0

lb 2S 36094 37390 1.0359 25.90 5.18 -0.90

2a 25 36094 37860 1.0489 26.22 5.24 -1.22

2b SO 72188 75540 1.0464 52.32 10.46 •2.32

3a 50 72188 70500 0.9766 48.83 9.77 1.17

3b 75 108282 111220 1.0271 77.03 15.41 -2.03

4a 75 108282 104360 0.9638 72.28 14.46 2.72

4b 100 144376 144630 1.0018 100.18 20.04 ■0.18
Sa 100 144376 141420 0.9795 97.95 19.59 2.05
Sb 125 180470 179550 0.9949 124.36 24.87 0.64
6a 125 180470 177860 0.9855 123.19 24.64 1.81
6b

K, pH 5.5, I 0.1
la 0 0 0 0 0 0 0
lb 0 0 0 0 0 0 0
2a 25 33978 36630 1.0781 26.95 5.39 -1.95
2b 25 33978 35120 1.0336 25.84 5.17 -0.84
3a 50 67956 69760 1.0265 51.33 10.27 -1.33
3b 50 67956 72020 1.0598 52.99 10.60 -2.99
4a 75 101934 108090 1.0604 79.53 15.91 -4.53
4b 75 101934 107520 1.0548 79.11 15.82 -4.11
Sa 100 135912 147350 1.0842 108.42 21.68 -8.42
5b 100 135912 136890 1.0072 100.72 20.14 -0.72
6 a 125 169890 175220 1.0314 128.92 25.78 -3.92
6b 125 169890 176310 1.0378 129.72 25.94 -4.72

Ca, pH 4. I 0.1
la 0 0 0 0 0 0 0
lb 0 0 0 0 0 0 0
2a 25 37994 38910 1.0241 25.60 5.12 -0.60
2b 25 37994 39810 1.0478 26.19 5.24 -1.19
3a 50 75988 75170 0.9892 49.46 9.89 0.54
3b 50 75988 76190 1.0027 50.13 10.03 -0.13
4a 75 113982 1 10940 0.9733 73.00 14.60 2.00
4b 75 113982 111770 0.9806 73.54 14.71 1.46
5a 100 151976 147360 0.9696 96.96 19.39 3.04
5b 100 151976 146670 0.9651 96.51 19.30 3.49
6a 125 189970 180590 0.9506 118.83 23.77 6.17
6b 125 189970 180870 0.9521 119.01 23.80 5.99

Al. pH 7. I 0.01
la 0 0 0 0 0 0 0
lb 0 0 0 0 0 0 0
2a 25 31348 34000 1.0846 27.11 5.42 ■2.11
2b 25 31348 35480 1.1318 28.30 5.66 -3.30
3a 50 63696 67470 1.0593 52.96 10.59 -2.96
3b 50 62696 64590 1.0302 51.51 10.30 -1.51
4a 75 94044 100890 1.0728 80.46 16.09 -5.46
4b 75 94044 99010 1.0528 78.96 15.79 -3.96
Sa 100 125392 131030 1.0450 104.50 20.90 -4.50
Sb 100 125392 130590 1.0415 104.15 20.83 -4.15
6a 125 156740 160960 1.0269 128.37 25.67 -3.37
6b 125 156740 162080 1.0341 129.26 25.85 -4.26
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Adsorption Isotherm Data for SHCa*l Hectorite
Naphthalene

DPM'f in 5 mL Naphthalene Naphthalene adsorbed

Naphthalene DPMa aolution after Percent DPM'i concentration concentration (by difference)

Sample IdentificatioD added (ttg) added 24 hours in solution (ug per 5 mL) (ug per mL) (ug per g clay)

K. pH 7, 1 0.01 0 0 0 0 0 0

la 0 0 0 0 0 0

lb 25 36048 28550 0.7920 19.80 3.96 5.20

2a 25 36048 29910 0.8297 20.74 4.15 4.26

2b 50 72096 61560 0.8539 42.69 8.54 7.31

3a 50 72096 54210 0.7519 37.60 7.52 12.40

3b 75 108144 98040 0.9066 67.99 13.60 7.01

4a 75 108144 92210 0.8527 63.95 12.79 11.05

4b 100 144192 120540 0.8360 83.60 16.72 16.40

Sa 100 144192 122860 0.8521 85.21 17.04 14.79

5b 125 180240 144030 0.7991 99.89 19.98 25.11

6a 125 180240 146980 0.8155 101.93 20.39 23.07

6b

Ca, pH 7, I 0.1

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 32516 28750 0.8842 22.10 4.42 2.90

2b 25 32516 29360 0.9029 22.57 4.51 2.43

3a 50 65032 60440 0.9294 46.47 9.29 3.53

3b 50 65032 59950 0.9219 46,09 9.22 3.91

4a 75 97548 84250 0.8637 64,78 12.96 10.22

4b 75 97548 80160 0.8217 61.63 12,33 13.37

5a 100 130064 116410 0.8950 89,50 17.90 10.50

5b 100 130064 111760 0.8593 85.93 17.19 14.07

6a 125 162580 135730 0.8349 104.36 20.87 20.64

6b 125 162580 138590 0.8524 106.56 21.31 18.44

Al, pH 5J. I 0.01

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 33278 29240 0.8787 21.97 4.39 3.03

2b 25 33278 29070 0.8736 21.84 4.37 3.16

3a 50 66556 59500 0.8940 44,70 8,94 5.30

3b 50 66556 58040 0.8720 43.60 8.72 6.40

4a 75 99834 88240 0.8839 66.29 13.26 8.71

4b 75 99834 87910 0.8806 66.04 13.21 8.96

5a 100 133112 111370 0.8367 83.67 16.73 16.33

5b 100 133112 112990 0.8488 84.88 16.98 15.12

6a 125 166390 133380 0.8016 100.20 20.04 24.80

6b 125 166390 140490 0.8443 105.54 21.11 19.46

Al. pH 5J. I 0.05

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 38198 30720 0.8042 20.11 4.02 4.89
2b 25 38198 31040 0.8126 20.32 4.06 4.68

3a 50 76396 61410 0.8038 40.19 8.04 9.81

3b 50 76396 63560 0.8320 41.60 8.32 8.40

4a 75 114594 90880 0.7931 59.48 11,90 15.52

4b 75 114594 92070 0.8034 60.26 12,05 14.74

5a 100 152792 1 17610 0.7697 76.97 15.39 23.03
5b 100 152792 127010 0.8313 83.13 16.63 16.87

6a 125 190990 135620 0.7101 88.76 17.75 36.24

6b 125 190990 138770 0.7266 90.82 18.16 34.18
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Adsorption Isotherm Data for STx-1 Montmorillonite
Naphthalene

in 5 mL Naphthalene Naphthalene adsorbed

Naphthalene DPM'i iolution after Percent DPM'i concentration concentration (by difference)

Sample IdentiflcatioD added (ng) added 24 hours in iolution (ug per 5 mL) (ug per mL) (ug per g clay)

K, pH 5^, I 0.01 0 0 0 0 0 0

la 0 0 0 0 0 0

lb 23 41332 35400 0.8565 21.41 4.28 3.59

2a 25 41332 34840 0.8429 21.07 4.21 3.93

2b 50 82664 68970 0.8343 41.72 8.34 8.28

3a 50 82664 71110 0.8602 43.01 8.60 6.99

3b 75 123996 112340 0.9060 67.95 13.59 7.05

4a 75 123996 109150 0.8803 66.02 13.20 8.98

4b 100 165328 143830 0.8700 87.00 17.40 13.00

Sa 100 165328 143060 0.8653 86.53 17.31 13.47

3b 125 206660 178280 0.8627 107.83 21.57 17.17

6a 125 206660 182350 0.8824 110.30 22.06 14.70

6b

Ca, pH 4, I 0.01

la 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 41062 39020 0.9503 23.76 4.75 1.24

2b 25 41062 37710 0.9184 22.96 4.59 2.04

3a 50 82124 75380 0.9179 45.89 9.18 4.11

3b 50 82124 75170 0.9153 45.77 9.15 4.23

4a 75 123186 106380 0.8636 64.77 12.95 10.23

4b 75 123186 113570 0.9219 69.15 13.83 5.85

3a 100 164248 151640 0.9232 92.32 18.46 7.68

3b 100 164248 151920 0.9249 92.49 18.50 7.51

6a 125 205310 178640 0.8701 108.76 21.75 16.24

6b 125 205310 180540 0.8794 109.92 21.98 15.08

Ca. pH 4, 1 0.01

1 a 0 0 0 0 0 0 0

lb 0 0 0 0 0 0 0

2a 25 38086 36400 0.9557 23.89 4.78 1.11

2b 25 38086 38210 1.0033 25.08 5.02 -0.08

3a 50 76172 74300 0.9754 48.77 9.75 1.23

3b 50 76172 73630 0.9666 48.33 9.67 1.67

4a 75 114258 107020 0.9367 70.25 14.05 4.75

4b 75 114258 1 12350 0.9833 73.75 14.75 1.25

3a 100 152344 147670 0.9693 96.93 19.39 3.07

5b 100 152344 145610 0.9558 95.58 19.12 4.42

6a 125 190430 173290 0.9100 1 13.75 22.75 11.25

6b 125 190430 175490 0.9215 115.19 23.04 9.81
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Sfto^le Identificition

Ntpbthtlene
added (og)

Adsorption Isotherm Data for No Clay Blanks
Nipbthalene

DPM's in S mL Napbtbalene Naphthalene adiorbed

DPM'i aolution after Percent DPM's concentration concentration (by difference)

added 24 hours in solution (ug per S mL) (ug per mL) (ug per g clay)

K, pH 5J, I 0.01 0 0 0 0 0 0

la 0 0 0 0 0 0

lb 25 41332 41360 1.0007 25.02 5.00 -0.02

2a 25 41332 41490 1.0038 25.10 5.02 -0.10

2b SO 82664 85150 1.0301 51.50 10.30 -1.50

3a SO 82664 78560 0.9504 47.52 9.50 2.48

3b 75 123996 124160 1.0013 75.10 15.02 •0.10

4a 75 123996 125620 1.0131 75.98 15.20 ■0.98

4b 100 165328 164470 0.9948 99.48 19.90 0.52

Sa 100 165328 160550 0.9711 97.11 19.42 2.89

3b 125 206660 202190 0.9784 122.30 24.46 2.70

6a 125 206660 201010 0.9727 121.58 24.32 3.42

6b
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APPENDIX B

MINERALIZATION ASSAYS: RAW DATA
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NaphlbtluK MinertlizKion DiU for KOt-2 Kaoliniie (Ig per viil)

Simple

Number

ODi

ODb

ODc

ONDi

ONDb

C02 Trip

DPMI

Hexine

DPMI

Witer

DPM I

612

828

626

530

628

48858

5791 1

45870

44854

43474

Totil DPM I

per vial

Perceni

Mineralized Mean

2269

2228

2499

2000

2111

51739

60967

48995

47384

46213

1.25

1.69

1.28

1.08

1.28

Sid Error

0.14

Mail Balance

per vial (%)

105.76

124.63

100.15

96.86

94.47

IDa

IDb

IDc

INDa

INDb

2969

3818

872

998

41425

46917

47706

2865

2031

1577

2102

47048

47274

49366

50806

7.80

1.78

2.04

96.17

96.64

100.91

103.86

2Da

2Db

2Dc

2NDa

2NDb

3904

3816

7099

1236

1201

41203

30266

47029

49180

49329

2098

1739

2309

1513

1895

47205

35821

56437

51929

52425

7.98

7.80

14.51

2.53

2.46

2.21 96.49

73,22

115.37

106.15

107.16

3Da

3Db

3Dc

3NDa

3NDb

6931

7370

9756

1006

1 137

42665

36148

37853

51622

54013

2269

2575

3162

1881

1764

51865

46093

5077]

54509

56914

14.17

15.07

19.94

2.06

2.32

106 02

94.22

103.78

111 42

116.34

4Da

4Db

4Dc

4NDa

4NDb

5Da

5Db

5Dc

5NDa

5NDb

6Da

6Db

6Dc

6NDi

6NDb

12177

1 3763

11155

972

1 169

18601

22889

21697

1049

4053

29570

28721

23462

1 136

936

34369

34020

36055

57397

535 12

24361

21002

21753

46508

50214

11415

13421

17520

46971

52005

2615

2633

2435

1353

1606

3086

3126

3263

1445

1379

3648

3580

3774

1527

1616

Sample Number Identincaiioo Key
D * Degraden (5R)

ND ■ Non-Degraden (PB2440}
CS B Control Start (No organiirai. aeidined at Time 0}
CE B Control End (No organiimi, acidified at Time 12)

49161

50416

49645

59722

56287

46048

47017

46713

49002

51593

44633

45722

44756

49634

54557

24.89

28.13

22.80

1.99

2.39

38.02

46.79

44.35

2.14

8.28

60 45

58.71

47,96

2.32

1.91

25.28

2.61

3.90

100.49

103.06

101.48

122.08

115.06

94.13

96.11

95.49

100.17

105.46

91.24

93.46

91.49

101.46

111.52
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Ntphthalene Mineralization Data for KGa-2 Kaoiinite (1g per vial) continued

Sample

Number

C02 Trap
DPMI

Hexane

DPMI

Water

DPM I

Tola) DPM'i

per vial

Percent

Mineraliied

Mail Balance

per vial (%)

7Da

7Db

7Dc

7NDa

7NDb

27716

27321

32240

1 170

1 147

10S79

11963

• 306

47S63

49317

4472

3698

3921

1903

1907

42767

42991

44467

30938

52571

56.66

53.86

65.90

2.39

2.34

59.47 87.42

• 7.88

90.90

104.13

107.46

• Da

• Db

8Dc

• NDa

• NDb

32407

26994

29463

982

936

9680

9686

10237

47940

53516

3903

4093

3599

1473

1283

43990

40773

43299

50395

55735

66.24

53.18

60.23

2.01

1.91

94.01

• 3.35

• 8.51

103.02

113.93

9Da

9Db

9Dc

9NDi

9NDb

34376

26722

31609

995

1027

7325

11822

7377

51133

47898

3734

3248

3332

1502

1921

45433

41792

42738

53632

50846

70.27

54.62

64.61

2.03

2.10

92.92

85.43

• 7.36

109.63

103.94

lODi

lODb

lODc

lONDa

lONDb

34178

36389

33328

1048

1 121

6221

4824

5809

45760

46154

4048

4133

4038

2366

3266

44447

43368

43195

49174

50341

69.87

74.38

68.13

2 14

2.29

1.86 90.86

92.74

• 8.30

100.32

103.31

11 Da

llDb

llDc

llNDa

llNDb

33909

36225

31669

1247

3368

5371

4781

7994

47715

43176

3317

3728

3351

1422

1603

42997

44734

43014

503R4

50147

69.32

74.05

64.74

2.55

6.88

69.37 2.69 • 7.89

91.44

• 7.93

102.99

102.31

12Da

12Db .

12Dc

12NDa

12NDb

33381

32627

32439

1623

907

4971

5021

4690

43323

42864

3297

3300

3634

1353

1333

41649

40948

40783

46303

45324

68.24

66.69

66.31

3.32

1.83

0.59 85.14

• 3.70

83.37

93 06

92 63

CSa

CSb

CSc

3312

916

1 150

46310

50130

50007

1596

1767

1742

51418

528 13

52899

6.7?

1.87

2.33

103.11

107.96

108.13

CEa

CEb

CEc

• 85

865

980

45282

49524

46251

1637

2178

1509

47804

52567

48740

1.81

1.77

2.00

97.72

107.46

99.63

Sample Number Identification Key
D c Degraden (5R)
ND m NeO'Dcgraderv (PB2440)

CS « Central Start (No organiemi, actdinad at Time 0)
CE K Control End (No erganUmi, aeidined at Time 12)
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Naphthalene Mineralization Data for KGa-2 Kaolinite (4g per via))

Sample

Number

C02 Trap

DPM'f

Hexane

DPM'f

Total DPMs

per vial

Percent

Mineralized Mean

Mass Balance

per vial (%)

ODa

ODb

ODc

ONDa

ONDb

809

720

619

569

636

59037

60808

55545

55733

57463

59846

61528

56164

56302

58099

1.46

1.30

1.12

1.03

1.15

1.29 0.10 107.97

111.01

101.33

101.58

104.82

IDa

IDb

IDc

INDa

INDb

2333

2594

2207

631

701

53998

58042

56718

66205

65672

56331

60636

58925

66836

66373

4.21

4.68

3.98

1.14

1.26

101.63

109.40

106.31

120.58

119.75

2Da

2Db

2Dc

2NDa

2NDb

2926

3659

4483

772

933

49763

59310

55814

63337

64908

52689

62969

60297

64109

65841

5.28

6.60

8.09

1.39

1.68

6.66 95.06

113.61

108.78

115.66

118.79

3Da

3Db

3Dc

3NDa

3NDb

7108

8237

6746

796

904

50632

50133

49625

63754

64595

57740

58370

5637]

64550

65499

12.82

14.86

12.17

1.44

1.63

13.29 104.17

105.31

101.70

116.46

118.17

4Da

4Db

4Dc

4NDa

4NDb

9685

8248

9177

761

845

47257

39301

42264

52806

52095

56942

47549

51441

53567

52940

17.47

14.88

16.56

1.37

1.52

102.73

85.79

92.81

96.64

95.51

SDa

5Db

5Dc

5NDa

5NDb

11139

12023

14351

777

824

39917

31873

35385

55632

63702

51056

43896

49736

56409

64526

20.10

21.69

25.89

1.40

1.49

92.11

79.19

89.73

101.77

116.41

6Da

6Db

6Dc

6NDa

6NDb

10607

10067

11100

771

842

46279

42273

42223

53217

53944

56886

52340

53323

53988

54786

19.14

18.16

20.03

1.39

1.52

19.11 0.54 102.63

94.43

96.20

97.40

98.84

Sample Number IdentiAcation Key
D B Degraderi (5R)

ND B NaO'Degraderi (PB2440)

CS B Control Start (No organisma, acidifted at Time 0)
CE B Control End (No organitnu, acidified at Time 12)
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Naphthalene Mineralization Dau for KOa-2 Kaolinite (4g per vial) continued

Sample

Number

7Di

7Db

7Dc

7NDa

7NDb

8Da

8Db

8Dc

8NDa

8NDb

9Da

9Db

9Dc

9NDa

9NDb

lODa

lODb

lODc

lONDa

lONDb

llDi

llDb

llDc

llNDa

llNDb

12Da

12Db

12Dc

12NDa

12NDb

CSa

CSb

CSc

CEa

CEb

C£c

C02 Trap
DPM'a

Hexane

DPM'i

12518

13045

11109

888

739

12526

10966

12847

972

995

10533

12784

12160

870

1015

11658

10950

12607

889

935

13621

12786

14592

792

878

13476

12868

12250

811

849

901

890

827

1067

953

989

40757

38411

41163

58110

61301

32653

38722

39377

64708

56223

36660

36087

30461

58108

63718

37248

63357

38770

57345

55373

34362

37989

29397

53459

58021

32708

29644

27566

51748

53463

57045

54204

51780

50032

49854

46757

Total DPM's

per vial

53275

51456

52272

58998

62040

45179

49688

52224

65680

57218

47193

48871

42621

58978

64733

48906

74307

51 377

58234

56308

4798?

50775

43989

54251

58899

46184

42512

3981 6

52559

54312

Perccm

Mineralized Mean Sid Error

57946

55094

52607

51099

50807

47746

22.58

23.54

20.04

1.60

1.33

22.60

19.78

23.18

1.75

1.80

19.00

23.06

21.94

1.57

1.83

21.03

19.76

22.74

1.60

1.69

24.57

23.07

26.33

1.43

1.58

24.31

23.22

22.10

1.46

1.53

1.63

1.61

1.49

1.93

1.72

1.78

22.05

21.85 1.05

1.21

21.18

Mass Balance

per via) (%)

I  96.12

92.83

94.31

106.44

111.93

81.51

89.64

94.22

118.50

103.23

85.14

88.17

76.89

106.40

116.79

88.23

134.06

92.69

105.06

101.59

86.57

91.61

79.36

97.88

106.26

83.32

76.70

71.83

94.82

97.99

104.54

99.40

94.91

92.19

91.66

86.14

Sample Number Identification Key
D « Degraders (SR)
ND B NoD-Degraders (PB2440)
CS « Centred Start (No organiima, acidified at Time 0)
CE « Control End (No organiama, acidified at Time 12)
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Naphthtlene Minertlizatioo Data for SAz-1 Montznorillonite (Ig per vial)

Sample

Number

ODa

ODb

ODc

ONDa

ONDb

C02 Trap

DPM-f

Heaaae

DPM-f

Water

DPM'i

1972

2016

1933

1612

2178

100123

95764

102061

101344

97937

Otidized

DPM't

3134

3718

3175

3598

2525

3104

2566

2894

2394

2434

Total DPM'f

per vial

108333

104064

110063

108948

105074

Percent

Mineralized

1.39

1.42

1.36

1.13

1.53

Mail Balance

per vial (%)

I  76.25

73.24

77.46

76.68

73.95

IDa

IDb

IDe

INDa

INDb

9495

10867

10542

1937

1962

90229

87663

95371

98486

104908

3727

4070

4290

2855

3027

3802

4084

41 10

2440

2396

107253

106684

1 14313

105718

112293

6.68

7.65

7.42

1.36

1.38

75.49

75.09

80.46

74.41

79.03

2Da

2Db

2Dc

2NDa

2NDb

22442

22366

20509

1479

1526

81463

74593

75882

109755

104944

4224

5214

4301

2735

2941

7948

7780

6190

2266

2362

116077

109953

106882

116235

111773

15.80

15.74

14.43

1.04

1.07

81.70

77.39

75.23

81.81

78,67

3Da

3Db

3Dc

3NDa

3NDb

38109

42494

42291

2522

2851

44661

50377

54508

101069

112919

5567

5920

5734

4267

2926

9632

3826

9708

2494

2326

97969

102617

112241

110352

121022

26.82

29.91

29.77

1.78

2.01

68.95

72.22

79.00

77.67

85.18

4Da

4Db

4Dc

4NDa

4NDb

61745

52423

53580

2822

27 11

23556

24585

29793

105724

111515

6190

5321

57 07

3395

4788

14530

13698

14252

2456

2848

106021

96027

103332

1 14397

121662

43.46

36.90

37.71

1.99

1.91

74.62

67.59

72.73

80.52

85.77

5Da

5Db

5Dc

5N0a

5NDb

6Da

6Db

6Dc

6NDa

6N0b

58573

79507

73757

2883

1807

68549

72396

791 12

3122

3268

24010

21065

21675

111450

113885

17105

17503

20029

116587

109929

5898

6158

5987

3886

4797

6033

6121

6222

4072

3555

15260

15076

14450

2882

2392

15 144

16280

14090

2570

25 16

103741

121806

115869

121 10]

122881

106831

1 12300

1 19453

126351

1 19268

Sample Number Identification Key
D • Degraden (5R)

ND • Non-Degraderg (PB2440)
CS n Control Start (No organicmf, acidified at Time 0)
CE n Control End (No organinm, acidified at Time 12)

41.23

55.96

51.91

2.03

1.27

48.25

50.95

55.68

2.20

2.30

DPM'i added to each vial at tbe (tart:

73.02

85.73

81.55

85.23

86.49

75. 19

79.04

84.07

88.93

83.94
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NtphUulene Minertliiition D»U for SAz-1 Montmorillonile (Ig per viil) continued

Sample
Number

7Dt

7Db

7Dc

7NDi

7NDb

8Da

«Db

8Dc

8NDa

8NDb

9Da

9Db

9De

9NDa

9N0b

lODa

lODb

lODc

lONDa

lONDb

llDt

MDb

1 IDc

llNDa

llNDb

12Di

12Db

l2Dc

12NDa

]2NDb

CSt

CSb

CSc

CEa

CBb

CEc

C02 Trap
DPM-a

Hexane

DPM'i

Waur

DPM'I

Oxidized

DPM'i

844S4

87660

83996

3150

2801

89387

87425

91145

3118

2970

87971

91725

79393

3050

2942

93414

98092

84851

3138

3308

99494

90621

84641

2642

2569

94551

99303

91293

3862

3217

3681

3900

3552

2567

3412

3009

15185

13481

14061

116101

106877

11886

11685

11885

112261

121959

12369

10466

9571

106493

114636

8158

8208

8663

113295

117912

9157

8974

8132

108978

119087

6591

6704

6169

104798

105654

145435

143618

122585

86853

96762

91678

5727

5622

6498

4384

4386

5825

6639

6608

5146

4822

5934

6034

6773

5891

6407

6272

64 60

6550

6067

5959

6889

6282

6035

6709

5307

8030

6260

6667

6742

67 18

2765

2986

3355

6863

7581

6966

15148

15416

16860

2598

2656

15450

15300

16816

2796

2842

15786

15994

14288

2882

3244

16432

15658

15630

2886

2646

17696

15652

15262

2834

2674

15812

15830

141 16

2892

3176

Toul DPM'I

per via]

120514

122179

121415

126233

116720

122548

121049

126454

123321

132593

122060

124219

110025

1I83I6

127229

124276

128418

115694

125386

129825

133236

121529

1 14070

121 163

129637

124984

I 28097

1 18245

1 18294

118765

151881

150504

129492

96283

107755

101653

Percent

Mineralized 1

59.44

61.70

59.12

2.22

1.97

62.91

61.53

64.15

2.19

2.09

61.92

64.56

55.88

2.15

2.07

65.75

69.04

59.72

2.21

2.33

70.03

63.78

59.57

1.86

1.81

66.55

69.89

64.25

2.72

2.26

2.59

2.74

2.50

1.81

2.40

2.12

Mail Balance

per vial (9b)

84.82

85.99

85.45

88.85

82.15

I  86.25

85.20

89.00

86.80

93.32

85.91

87.43

77.44

83.27

89.55

87.47

90.38

81.43

88.25

91.37

93.77

85.54

80.29

85.28

91.24

87.97

90.16

83.22

83.26

83.59

106.90

105.93

91.14

67.77

75.84

71.55

Sample Number IdendficatioB Key
D a Dcfraden (5R)

ND a Non-Degraderi (PB2440)
CS a Control Start (No organiamx, acidifted at Tune 0)
CE a Control End (No mganiemi, midified at Time 12)

DPM'i added to each vial at the itart: 142081

147



Correlation of bioluminescence with mineralization

Naphthalene mineralization by strain HK44

Sample
Number

O-Og a

O-Og-b

0-0.2g-a

0-0.2g-b

0-2g-a

0-2g-b

C02 Trap
DPMs

Water

DPMs

920

527

319

363

312

405

Total DPM's

per vial
Percent

Mineralized Mean

14070

11550

11865

12369

11802

12306

14990

12077

121 84

12732

12114

12711

6.14

4.36

2.62

2.85

2.58

3.19

Std Error

5.25

2,73

2.88

0.89

0.12

0.31

1-Og a

1-Og-b

l-0.2g-a

l-0.2g-b

l-2g-a

l-2g-b

5770

5347

2193

2608

1220

1170

17136

17577

13629

12684

12852

11844

22906

22924

1 5822

1 5292

14072

1 3014

25.19

23.32

13.86

17.05

8.67

8.99

24.26

15.46

8.83

0.93

1.60

0.16

2-Og a

2-Og-b

2-0.2g-a

2-0.2g-b

2-2g-a

2-2g-b

8228

7980

5037

5397

3511

3572

17073

15918

10878

10857

13104

14679

25301

23898

15915

1 6254

I 661 5

I 8251

32.52

33.39

31.65

33.20

21.13

19.57

32.96

32.43

20.35

0.44

0.78

0.78
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APPENDIX C

BIOLUMINESCENCE ASSAYS: RAW DATA
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Tmi for chABcc ia cell mimbvi
BiolumiBeseenc* iwpooM w MpfathdoM bjr (trtia HK44

Sample
aamber

Ne clay •

N* clay b

Na cl^r e

OOOSf a
OA>S| b

0 005g c

OX>S( •

OJDSt b

0£5s e

Olt a

0 U b

0 It e

0.2t a

0 2t b

0.2c e

0 4c a

0.4c b

0 4t e

ItalBmiaaacaaca, aAmpa

0 06

0 06

0 06

0.06

0 06

0 06

0.06

0.06

0 06

0.06

0.06

0 06

0 06

0.06

0.06

0 06

0 06

0 06

Mcas M Es«r

006 000 0.0f

0.09

0.09

0.09

0 09

0.10

0.09

0 09

0 10

0 09

0.09

0.09

0.07

0.01

0.01

0 07

0.01

0 01

Mcaa M fimr

0.09 000 0 13

0 13

0 14

0 1 3

0 13

0 14

D 13

0 11

0 I 3

0 1 I

0 13

0 13

0 12

0 10

0 12

0 12

0 13

0 1 2

Mcaa Sid Enw

0 13 0 00 0 22

0 19

0 20

0 19

0 19

0.20

0 21

0 17

0 II

0 16

0 It

0 II

0 17

0 17

Oil

0 16

0 17

0 11

0 3S

0 30

0 34

0 33

0 32

0 34

0 30

0 27

0 30

0 27

0 29

0 21

0 21

0 23

0 37

0 26

0 26

0 39

Mcaa Sid Error

0 3 0 03

Sample

aanbcr

No cUy a
No clay b

No el^ c

O OOSg a

0 005c b
0 005c c

O05c a

005c t>

Oi>5c c

O ic a

0.1c b

0 Ic c

0.2c 0

0.2c b

0.2c c

0 4c a

0 4c b

0 4c t

0 55

0 51

0 55

0 53

0 51

0 52

0 47

0 42

0 47

0 41

0 45

0 45

0 40

0 31

0 44

0 39

0 39

0 43

Mcaa SM Emr

0 5 0 0] 0 15

0 79

0 13

0 71

0 10

0 75

0 69

0 60

0 69

0 60

0 65

0 61

0 SI

0 55

0 51

0 59

0 52

0 56

Meae Sid Error

0 I 0 02 1  ID

1 05

1 09

I 02

1 04

1 01

0 18

0 80

0 97

0 72

0 80

0 83

0 70

0 67

0 75

0 70

0 61

0 70

Sid Error

I  0 03

Mcaa Sid Error

I 50

1 4}

1 45

1 44

1 43

1 31

1 01

1 01

1 24

0 95

1  10

1 01

0 91

0 14

0 92

0 14

0 84

0 18

2 00

I 80

1 97

I 83

1 77

1 71

1 34

1 43

1 55

I  19

1  12

1  14

I 09

1 07

1  13

1 00

1 29

1  (»9

Sid Error

1  0 06
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Tmi far chtsfe is cell BamWrt coDOnuad
BioivaiBMcaac* mpaoM id —yhihil—< rania HK44

lialaBiatrcrac*. aAnpa

TiBB 3 67 4.00 4 33 S 33 3 13
Bamplc

^  "««• •<' Enor Mtu Iid Emr Mud SuI Em)r Mcu M Em>r

^  • 3*2 ].6 OK S.SO 5.0 0 27 6 55 6 2 0 30 lit 11 0 0 63 15 1 14 5 0 93
Nd clDj b 5 25 4 42 5 60 » 7| u7
N4«W4 1 79 5 14 , 45 ,, 5 ,5 ,

0005, 4 3.25 3.3 0.04 4.75 4.6 0.06 5 9t 5.9 0 09 10.5 10 4 0.09 14 5 14 0 0 24
#005, b 3.20 4 62 6 05 10 4 13 9
•005, 4 5 33 4.55 5 75 10.2 13 7

••^0 4 2.15 2 4 0 18 2.75 3.0 0.22 3 40 3.1 0.33 5.35 6 2 0.65 6 72 7 6 0 13
••>• • 2 84 3 46 5 66 6 80
•05, 4 2 74 3 44 4 42 7 45 9 24

•'« • ' •• ' ••' 2 12 2 18 0 08 2 78 2 66 0 07 3 95 3 92 0 06 4 60 4 52 0 06
•'•E 1 77 2 08 2 55 3 80 4 40
• >, c 1.97 2 34 2 63 4 00 4 55

O'O • ' 72 0 04 2 03 2 01 0 03 2 32 2 36 0 04 3 28 3 32 0 06 3 50 3 67 0 09
•Job 1 72 1.96 2 45 3 44 3 73
•>•« 1 78 2.03 2 32 3 25 3 77

•4» • 1 '7 1" •IS 1 88 2 05 009 2 14 2 30 0 09 2 95 3 23 0 14 3 14 3 41 0 14
•«• b 2 00 2 18 2 45 3 39 3 60
•«0 4 1 88 2 10 2 32 3 33 3 50

Tib4 6.33 6 83 7 33
Staple

Mete Sid Eim Mean Sid Error Mrto Std Error

N* • 210 It I 1 42 3O0 JO 0 0 00 45 5 45 5 0 00
N* eUy b 16 3

No G% c 19 t

OOOSt » 19 5 11 6 049 27 I 26 0 0 96 42 5 39 6 } 46
0.0D5J b II 5 25 I 3t 5
0-005® c 17 I 24 5 37 |

Oi>5f a 1 00 1 7 0 14 9 07 9 07 0 00 12 4
OjDJg b 7 75

0O5t c 10 4

Olgo 5 00 4 94 0 12 5 15 5 15 0 00 7 35
Olff b 4 7]

O il e S 10

02« * < 30 4 17 0 07 4 13 4 75 0 01 6 00
0-2f b 4.07 4,12 5 40
0 2< c 4 15 4 60 5 60

•  3 45 3 75 0 15 4 25 4.25 0 00
0 4t b 3 15

04| c 3 96
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Test for change in cell numbers

Plate counts

Plate Counts

Time: 0 2.00 6.33

Sample

number Mean Mean Mean

No clay a 3.00E+08 3.30E+08 5.90E+08 5.50E+08 5.90E+08 5.65E+08

No clay b 3.60E+08 5.10E+08 5.40E+08

Suspension
O.OSg a 4.30E-t-08 4.20E-)-08 S.20E-I-08 S.IOE-t-08 6.60E-t-08 6.1SE-I-08

O.OSg b 4.10E+08 5.00E+08 5.70E+08

O.lg a 4.80E-t-08 4.0SE-t-08 4.80E-f08 S.3SE-I-08 7.40E+08 6.60E-t-08

O.lg b 3.30E-S08 S.90E-t-08 S.80E+08

0.4g a 4.30E+08 4.10E+08 5.00E+08 5.25E+08 8.80E+08 6.35E+08

0.4g b 3.90E+08 5.50E+08 3.90E+08

Supernatant

O.OSg a 3.90E+08 3.80E+08 5.60E+08 4.90F,+08 7.30E+08 7.55E+08

O.OSg b 3.70E+08 4.20E+08 7.80E+08

O.lg a 3.60E+08 3.3SE+08 4.40E+08 4.60E+08 6.40E+08 6.40E.+08
O.lg b 3.I0E+08 4.80E+08

0.4g a 4,40E+08 4.SSE+08 S.20E+08 4,70E+08 7.00E+08 S.8SE+0S

0.4g b 4.70E+08 4.20E+08 4.70E+08
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Test for change in cell numbers

Optical densities and corresponding bioluminescence readings

Optical

Density Bioluminescence
Sample at S46 nm Response, nAmps
number

No clay a 0.24 1110

No clay b 0.26 520

No clay c 0.23 660

No clay d 0.21 340

O.lg a 0.31 460

O.lg b 0.29 320

O.lg c 0.28 330

O.lg d 0.27 175

0.4g a 0.27 270

0.4g b 0.27 230

0.4g c 0.24 170

0.4g d 0.22 140

l.Og a 0.24 101

l.Og b 0.26 4 1

l.Og c 0.20 4 6

l.Og d 0.21 86
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Test for external mass transfer limitations

Bioluminescence response to naphthalene by strain HK44

B i o 1 u m 11 n e s c e nee, n

Time: 0.00 0.25 0.50 0.75 1.00 1.25

Vials at rest

No clay 0.65 1.82 3.41 5.40 9.10 19.80

O.lg 0.55 1.43 2.80 4.70 7.20 14.50

0.4g 0.48 1.23 2.45 4.20 6.90 11.60

l.Og 0.32 0.68 1.58 2.90 4.60 8.00

Vials shaken at 100 rpm

No clay 0.22 1.62 5.02 10.30 18.90 40.50

O.lg 0.20 1.00 2.90 6.10 10.70 19.20

0.4g 0.17 0.66 2.20 3.80 7.50 14.20

l.Og 0.10 0.25 1.15 1.80 5.20 8.50

Vials vortexed 0.41 1.91 4.80 8.90 17.80 44.50

O.lg 0.30 1.02 2.20 4.30 7.60 22.50

0.4g 0.17 0.63 1.29 2.80 4.50 13.60

l.Og 0.15 0.22 0.22 0.32 0.48 0.85
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Test for intraparticle diffusion
Bioluminescence response to naphthalene by strain HK44

B i o 1 u m 1 n e s c e n c e, n

Time: 0.00 0.25 0.50 0.75 1.00 1.25

Naphthalene applied 24 hours before assay

No clay 0.22 1.62 5.02 10.30 18.90 40.50

O.lg 0.20 1.00 2.90 6.10 10.70 19.20

0.4g 0.17 0.66 2.20 3.80 7.50 14.20

l.Og 0.10 0.25 1.15 1.80 5.20 8.50

Naphthalene applied immediately before assay

No clay 0.31 1.44 4.55 10.70 20.70 43.50

O.lg 0.25 0.85 2.55 6.00 11.00 20.20

0.4g 0.20 0.65 1.73 3.90 8.80 15.30

l.Og 0.12 0.30 0.75 1.80 5.00 9.30
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Addition of agents to change clay aggregate stability
Bioluminescence response to naphthalene by strain HK44

Bioluminescence, nAmps
Time: 0.00 0.25 0.50 0.75 1.00 1.25

No additive

No clay 0.54 1.70 4.50 1 1.1 22.6 49.2

l.Og 0.13 0.33 1.00 2.50 3.90 5.3

De-stabilizer

No clay 0.65 2.00 7.80 16.4 24.8 34.0

l.Og 0.16 0.40 1.10 3.00 4.80 6.80

Stabilizer

No clay 0.25 0.55 1.80 4.40 9.50 21.0

l.Og 0.17 0.35 0.95 1.85 3.00 4.20
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Addition of a stabilizing agent at different time points
Bioluminescence response to naphthalene by strain HK44

B i1 0 1 u m 1i n e s c e n c e, n Amps

Time: 0.00 0.25 0.50 0.75 1.00 1.25 1.50

No stabilizer

No clay 0.37 1.25 3.05 6.22 11.8 25.2 53.0

O.lg 0.31 0.86 2.18 4.04 7.25 12.0 19.1

0.4g 0.28 0.79 1.49 3.44 6.90 11.2 16.9

l.Og 0.20 0.48 1.09 2.05 3.55 6.20 10.0

Stabilizer added at 0 hours

No clay 0.38 1.13 2.75 5.00 8.83 17.0 34.2

O.lg 0.32 0.87 2.25 4.15 5.10 12.5 23.8

0.4g 0.33 0.75 1.67 2.45 6.45 12.2 20.8

l.Og 0.24 0.40 0.92 1.40 3.00 7.30 11.2

Stabilizer added at 0.75 hours

No clay 0.43 1.42 3.50 7.04 10.4 1 8.0 32.3

O.lg 0.33 1.04 2.48 5.02 7.85 11.8 1 8.5

0.4g 0.31 0.75 1.61 3.68 7.20 10.3 15.0

l.Og 0.21 0.53 0.12 2.15 5.55 8.40 1 1 .6
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Test for particle size effects

Bioluminescencc response to naphthalene by strain HK44

B 1 0 1 u m i n c s c c' n c c. n Amps

Time: 0.00 0.25 0.50 0.75 1.00 1.25 1.50

Vials at rest

No sand 0.55 1.62 3.30 5.30 8.70 18.0 43.3

O.lg 0.58 1.62 3.20 5.20 8.90 17.0 50.0

0.4g 0.54 1.48 2.70 4.50 7.70 16.2 37.0

l.Og 0.54 1.40 2.60 4.30 6.90 14.3 37.0

Vials shaken at 100 rpm

No sand 0.90 1.70 2.94 4.50 7.70 15.7 36.0

O.lg 0.75 1.60 2.80 4.70 7.80 15.8 36.0

0.4g 0.70 1.52 2.60 4.10 6.90 13.9 31.0

l.Og 0.68 1.48 2.50 4.10 6.90 14.0 31.0

Vials vortexed

No sand 0.80 1.57 2.60 4.00 6.40 12.9 31.0

O.lg 0.80 1.58 2.60 3.70 5.70 11.8 30.0

0.4g 0.77 1.44 2.29 3.10 4.90 9.60 25.0

l.Og 0.73 1.20 1.85 2.50 3.80 7.60 19.0
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Use of immobilized cells and different mixing conditions
Bioluminescence response to naphthalene by strain HK44

Bioluminescence, nAmps

Time: 0.00 0.25 0.50 0.75 1.00 1.25

Vials at rest

No clay 0.06 0.06 0.24 0.58 1.05 1.70

O.lg 0.07 0.07 0.30 0.66 1.20 1.30

0.4g 0.08 0.07 0.44 1.36 1.50 1.80

l.Og 0.06 0.10 0.50 1.35 3.40 3.30

Vials shaken at 100 rpm

No clay 0.05 0.06 0.15 1.22 3.75 5.10

O.lg 0.10 0.07 0.40 2.20 5.15 5.70

0.4g 0.10 0.08 0.51 2.7 5 5.50 4.70

l.Og 0.06 0.07 0.48 2.42 4.70 3.90
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VITA

Rebecca Mirsky Pullen was bom in San Rafael, Califomia on

August 23, 1956. She spent her first 20 years in the San Francisco Ba\'

Area, interrupted by two years in In\ ercargill, New Zealand, six

months in Montreal, and ts\'o years in Rock\ ille, Maryland. From an

early age, her career aspirations hax e leaned toward animals and the

environment, including omithologx', marine biolog\- and \ eterinaiy

medicine.

In September, 1973, she entered Dominican College of San Rafael,

six months before receiving her high school diploma from Redw ood

High School. In October, 1976, she transferred to the Uni\ ersit}' of

Califomia at Davis to complete a Bachelor of Science degree with an

indiviualized major of Animal Beha\ ior, and to apph- to \ eterinar\

school. After four years of rejected \ ei school applications, supported

by stints as a Kelly Girl, she landed a job as a piping and mechanical

systems estimator at an engineering firm in Sacramento, California.

Soon after, relinquishing all hope of becoming a \ eterinarian, she

accepted a position as a cost engineer with the Bechtel Corporation, and

moved back to San Francisco. Her assignments with Bechtel took her to

Richland, Washington, where she met her husband, Jeff, and later to

Vandenberg Air Force Base, Califomia; Kennedv- Space Center, Florida;

and Calvert City, Kentucky, where she spent two years on her first

environmental project. At the end of that project, she was transferred

to Oak Ridge, Tennessee, where she resigned to become a full-time

student at the University of Tennessee in Knoxx ille.
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After completing a Master of Science degree in en\ ironmenial

engineering, she applied for and recei\ ed a three >'ear doctoral

fellowship from the U.S. Department of Agriculture. While completing

the work for a Doctorate in civil engineering, she also recei\ ed a second

Bachelor of Science degree in engineering science and mechanics.

Now, with more degrees than she knows what to do \\ ith, she is

ready to re-enter the job market, and secure a vasth- lucrati\ e position

which would allow her long-suffering husband to retire in si\ le.
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