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Abstract

Groundwater contamination bv 1c.1Ch,ltes frl'm J,mdfill sitL's. ,'qu,Hic ,md

terrestri,.J petroleum spilbge and pollutant depositi'>n frl'm air. ,1rL' pr,'blems th,ll

plague countries \\"orldwide. Contaminant~ in wastes C.:ln be ~1 n,i,tun.~ l)t ~lny numbcr of

chell'!cal compounds induding hea\'y metals and polycydic ,ul'm.ltic IlYdroc.ubons.

Biodegradation and adsorption-dL'Sorption studics together can prl"'ide insi!,ht into thL'

beha\'Îour of a contaminated soil system by pro\'iding informatil," lm the potenti.,1

bioa\'ailability of contaminants.

The objectives of this study were to look at the dfect of kaolinite and cadmi'.lm

on the biodegradation of naphthalene and substituted naphthalenL'S. The kaolinite

minerai is present in many Quebec soils and is a prima,,:' constituent of tropical soils.

5ince kaolinite is also a weIl defined minerai, eXl'eriments were performed to examine

the effeet kaolinite might playon the degradation of naphthalene, 2-methyl naphthalene,

and 2-naphthol in the presence and absence ùf cadmium. Furthermore, the rL'Sults from

these analyses \Vere used to interpret the behaviour in the mineralization experiments of

each PAH, using the Gram-negative spro'..'S Pscl/domonas pl/lida (ATCC #lï4S4).

It was found that the mineralization rate of naphthalene, 2-methyl naphthalene,

and 2-naphthol were reduced in the presence of kaolinite. The presence of cadmium did

not inhibit microbial activity, and in fact showed a slight increase in the total percent

mineralized in the mineraIization experiments. From the adsorption-desorption

experiments, the removal of each PAH onto kaolinite \Vas observed 10 correlate well

with their respective octanol/water partition coefficients. 2-Methyl naphthalene showed

the greatest affinity for kaolinite and consequently, in the mineralization experiments,

gave the lowest mineralization rates.

The results of this study inclicate that the presence of cadmium did not

significantly aIter the minera1ization capacity of P. pl/tida for naphthalene, 2-methyl

naphthaIene, and 2-naphthol. The presence of kaolinite however, did affect microbial

activity by significantly reducing the rates of PAH mineralization. These results illustrate

the need to identify the general mechanisms of interactions to -develop effective

bioremecliation programs for contaminated sites.
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Résumé
L.l contamination des eaux ~nut('rrainL's,qu'eIl.:- provienne de la lixiviation de lieux

J'enfouissement sJnitJire. de déversements accidentels de pétrole ou de la déposition de

matières polluantes de l'air constitue un réel flé,lu pour les popuIJtions du monde entier,

Les contaminJnts présents dans ces rl;,;idus !'C<,;roupent de nombreux composés

chimiqUl's incluJnt les métaux lourds Jinsi que les hydrocJrbures aromatiques

polycycliques (HAP), Les études de biodégradation couplées à celles d'adsorption­

dl;,;orption peuvent améliorer la compréhension du comportement dz systèmes de sols

contaminL;'; en apportant de l'information sur la biodisponibilité potentielle de ces

contaminants,

Les objectifs de cette recherche sont de vérifier l'effet de la présence de kaolinite et

de cadmium sur la biodégradation du naphtalène et de napthalènes substitués. La

kaolinit" est présente dans plusieurs sols du Québec et est un constituant important des

sols tropicaux. Puisque la kaolinite est une argile bien définie, les expériences ont été

conduites dans le but de vérifier l'effet que peut avoir la kao1inite sur l'atténuation du

naphtalène, du 2-méthyl-naphtalène et du 2-napntol en présence ou absence de

cadmium. De plus, les résultats de ces analyses ont été utilisés afin d'interpréter le

comportement de chaque HAP dans les expériences de minéralisation. Ces expériences

ont été réalisées à l'aide de la souche gram-négative Pseudomonas putida (ATCC #lï484).

n a été démontré que les taux de minéra1isation du naphtalène, du 2-méthyl­

naphtalène et du 2-naphtol sont diminués en présence de kao1inite. La présence de

cadmium n'a pas inhibé l'activité bactérienne, et en fait une légère augmentation du

pourcentage total de minéra1isation a été observée dans les expériences de

minéraliS;ltion. Lors des expériences d'adsorption-désorption, l'enlèvement de chaque

HAP de la surface de la kao1inite a été corrélé à leur coefficient de partage octanol/eau

respectif. Le 2-méthyl-naphtalène a démontré la plus grande affinité pour la kao1inite et

conséquemment, a produit les plus faibles taux de minéra1isation.

Les résultats cie cette étude indiquent que la présence de cadmium n'influence pas

de façon significative la capacité de minéra1isation de P. putida pour le naphtalène, le 2­

méthyl-naphtalène et le 2-naphtol. Cependant, la présence de kao1inite a affecté

['activité bactérienne en réduisant de façon significative les taux de minéra1isation des

HAP. Ces résultats démontrent le bêsoin d'identifier les mécanismes généraux

d'interactions afin de développer des programmes efficaces de biodégradation de sites

contaminés.
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Abiotic: proccsscs occurring in thc absencc of biological intcl'\·ention

Acrobic: an cnvironment containing oxygen at a partial pressure similar to air.

Anacrobic: an environment in which oxygcn is absent.

Anthroeogenic: of, relating to, or resulting From the influence of numan beings on nature.

Aromatic an unsaturated cyclie organic compound based on a six-earbon (benzene)
ring.

ASTM: American Standard and Testing Manual.

Autochthonous: indigenous or naturally occurring organisms in a given envirorunent.

Biosurfactant: a biologically produced surface active organic compound with an
amphipathic (having both hydrophilic and hydrophobie regions) regions.

~

~

Biotie: processes under the control of biological influenœ

Catabolism: the metabolic reactions by which organic compounds are degradeà to
simpler organic or inorganic compounds.

Chemotaxis: the movement of an organism in response to a chemical stimulus.

Colloid: particles with a diameter smaller than O.OOlnm but larger than 10" mm. Clay
particles fall within this range.

Cvtoplasmic membrane: the unit lipid bilayer (membrane) surrounding and enclosing the
contents of a œil.

~ designation for cadmium, zinc, and cobalt resistance efflux gene isolated from
.., Alcaligenes eutrophus.

DLVO: Detjaguin, Landau, Verwey, and Overbeck theory on energies of interaction
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natural em'ironment under controlled conditions and is uSt.'<.i to studv the'miner.1lization
of hydrocarbons in the soi!. .

Mineralization: the process in which organic materials <Ir': broken down into inorganic
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Chapterl
Introduction
1.1 Introduction

Contaminants such as PAHs and heavy metals enter the environment from a

number of natural phenomena, however the excess concentrations found and the

widespread distribution of these contaminants is mostly due to anthropogenic forces

[Evans, 1989]. PAHs enter the environment by: petraleum spillage, land disposai, fossil

fuel combustion [CernigIia, 1992; Bossert and Bartha, 1984; Gibson and Subramanian,

1984]; and heavy metals enter the environment as constituents of pesticides and

• fertilizers, sewage sludge; and as waste from smelters, refuse incineration, mining and

metal-plating industries [Fergusson, 1990; Barkay et al, 1992; John, 1971].

There is conœm with regard to the fate of heavy metais and PAHs as these

contaminants have been shown to transport through soils and contaminate groundwater

systems. The risks to human health and safety are significant sinœ PAHs are known to

be mutagenic and carcinogenic [CemigIia, 1992], as are some heavy metals such as

cadmium [Ron, et al. 1992]. The build-up of cadmium in humans can cause acute and

chronic effects such as, anemia, lung insufficiency, renal disturbances, and anosmia

(Webb, 1979; Namasivayam, 1995; Ciavatta et al, 1993; Brown and Lester, 1979].

Sites are frequently contaminated with complex mixtures of organic and

inorganic compounds [Francis, 1990; Baker and Herson, 1994]. The disappearanœ and

transport of these contaminants are affected by bath abiotic and biotic factors in soils

[Leahy and Colwell, 1990; Farago and Mehra, 1993]. The ability of subsurfaœ bacteria

• ta remediate PAH contaminated soils has been demonstrated both in-situ and in
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laboratory simulations with single bacterial spL'Cie, [Fredrickson ,'t .,1. 1<)<)11 .md by

microbial consortia [Al-Bashir ,·t cil. 1990. 1994; Knaebd ,'t cil. 1994; Dibble .md B.utha.

19ï9], The ability to optimize the bioremediation of contamin.lted soils with mixturL'S ,lf

organics and metals requires a thorough understanding of the beha\'iour .md spL'Ciation

of the metal in soil and its interaction with the organic contaminants. soi! con.<tituents.

and indigenous microbial consortium.

The abiotic factors contributing to the transport of contaminant< in soils are

mostly controlled by the clay fraction, Its high surface area and cation exchange capacity

(CEC), interact strongly witl1 metals and organic contaminants alike m.lking clay the

ideal soi! constituent to study independently [Hutzinger, 1985; Stotzky and Burns,

1980; Hermosin et al, 1993].

A better understanding is required of tl1e processes and mechanisms which

control tl1e fate of hazardous pollutants in soil. Such knowlOOge can help in tl1e

assessment and development of efficient biological treatment systems, Biodegradation

and adsorption-desorption studies provide insight into understanding sorne of the

fundamental processes occurring in a contaminatOO system which can help in tl1e

implementation of effective bioremOOiation programs.

1.2 Problem

Microorganisms are ubiquitous iliroughout nat'.lre, and have long been recognizOO

for tl1eir ability to bring about transfomlation of organic and inorganic contaminants in

soils [Francis, 1990]. A better understanding of tl1ese biological processes has 100 to

significant developments in providing alternative cost effective technologies tl1at can be

used in tl1e remediation of contaminated sites [Cookson, 1995].

One of tl1e largest problems facing tl1e er,vironment is tl1e volume of contaminants

tl1at are disposed of eitl1er intentionally, in accidents or as by-products of industrial

processes. For example, crude petroleum, can consist of up to 40% PAHs where annual

2



•

•

•

•

spiUs are L'Stimated around 5 X 10" tons [Betts, 1993; Cookson, 1995J. AIso, hea\'y

mctals such as Pb has a ycarly production of·U X 10" tons and Cd has a yearly

production of lA X 10" tons. Much of the yearly production of Pb and Cd enters the

environment as waste since both metals are used in battery production which constitutes

60 and 3i%, respectively, of their consumption [Fergusson, 1990J. Both organic an metal

contaminants present in excess concentrations in soils have been shown to sc\'ecely

affect the behaviour of a natural soil consortia by altering the physical-ehemical

environment of the microorganisms and by affecting microbial metabolism [Walker and

ColwelI, 19i4; Capone et al, 1983; Mountfort and Asher, 1981; Barkay et al, 1986).

5tudies looking at low concentrations of heavy metal contamination in soils, have also

shown significant affects on microbial aàtivity [Doyle et al, 19ï5]

The study of bioremediation processes is further complicated by the multiphasic,

heterogenous environments of soils, which provide numerous surfaces for interactions

with microorganisms and contaminants, resulting in a complex system [Francis, 1990).

Contaminants such as metal ions in soils, do not necessary remain in their original form

and are usually distributed in various speàes, where only one of these speàes may be

responsible for inhibiting microbial activity, rather than the total metal soil concentration

[Hughes and Poole, 1991).

It is the intent of fuis research ta study the phenomenon of a mixed system. In­

situ contaminated sites rarely consist of a single contaminant, therefore to effective1y

evaluate the hehaviour of a contaminated system, a mixed system must he investigated.

The results from fuis research cao contribute ta improving bioremediation of

contaminated soils with speàfic emphasis on processes of biostimulation or

bioaugmentation.
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1.3 Objectives

The obj~'Ctive of this rese;trch W;tS to study the dfect of kaolinite .1Od c;tdmium

on the biodegr;td;ttion of n;tphth;tlene ;tnd substituted n;tphth.llenes. The polvcvclic

aromatic hydroc;trbons under im'estig;ttion were n;tphthalene. ~-methyl n,'phthalene.

and 2-naphthol as seen in Fig. 1.1. Table 1.1 lists some of the physic;tl propcrti~", "f the

three PAH compounds.

To obviate the interactions in an ill-sitll contaminated system, it was re;tson~'(\

that microcosms could provide the most effective means of simul;tting the stress dfect of

cadmium;u:td kaolinite on mineralization activity. To provide inform;ttion depicting the

chemical activity within the mineralization microcosms, ;tdsorption ;tnd desorption

experiments were performed. Furthermore, to assess the speciation of cadmium in the

minerai salts medium '\1SM) used in this study, chemical equilibrium calculations were

performed estimating the most likely complexes to form using known formation

constants (outlined in Appendix E). The likely cadmium species to form given the

constituents of the MSM, were CdOH', Cd(OH)" CdNO;, and CdHPO,. The formation

of these complexes are described by the following equations [Lindsay, 197'.: j:

Cd(OHh +2H+

•
To facilitate the interpretation of experimental results, a single soU constituent

was chosen; kaolinite clay. Severa! physicochemical properties of kaolinite were

characterized in order to estimate the factors responsible for PAH and cadmium
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.orption. The system was in suspension sincc aqueous systems tend ta have greater

homogL'Tleity than non-aquL'Ous systems [Bruemmer L'I al. 1988J. Single soil constituents

arc often studied separate from a naturaI soil since natural soils are too complex and

sincc the prL-,;encc of clay. its type and quantity tend to be the factors determining the

behaviour and characteristics of the soil Uohn, 19i1]. A clay was also chosen on the

basis that most microbial actiyity is associated with the clay minerai fraction of soils

[Stotzky. 1972J. Clays make a suitable habitat for microorganisms because they ha"e the

ability to maintain the !,H of the ambient solution suitable for bacterial metabolism

[Stotzky. 1972].

The experiments in this study used kaolinite in solution \Vith a single heavy metal

and a single bacterial species to eliminate the interactive effects between microbial

species. competition between metals, and the significant effect orsaruc matter pl;lYS on

the ayailability and distributio.1 of organics and metals to microorganisms [Gambie et al,

19831. Ali of these factors can separately or jointly affect experimental results

[Weissenfels et al. 1992; Bââth. 1989; Hattori and Hattori, 19i6; Lvman et al, 1982].

(A)

(B) (0

•
Figure 1.1. Polycyclic aromatic hydrocarbons used in fuis study. (A) Naphthalene, (B) 2­

Methyl Naphthalene, and (C) 2-Naphthol.
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• naphthalene and 2-methyl naphthalene ,1re component:< ,'f petroleum .md crl...'~otL' ,md

2-naphthol i~ a major component of pl'Stidd,'S and dYl'S [\\'~hueren. 1<l~:;]. C,ùmium

biologieal function [Webb. 19ï9]. The PAH~ and hea\'\' metals ~k'Ctl'Ù wer<' cho~n tu

represent model compound~ one may find in a contaminak'Ù ~ite.

In routine testing for biodegradation of organic contaminant~. the concentration"

im'estigated are usually in the range of 2 to 100 mg L" (ppm) [Stucki and Alexander,

198ïl. For this reason. 25 and 130 mg L" were the concentration" "tudÎl'Ù to <:over a

concentration above and belo\\' the solubility Iimits of nvo of the thrœ compound"

studied (A and B in Fig. 1.1).

Table 1.1. Structure and Physical/Chemical Properties of Carbon Compounds used
in this StudV.• Compound Structure Moleel/lar Molecular Solubility Log K,.."
Fomlula Wei lIt IIII:L"

Naphthalene 00 C,.H. 128.12 31.7' 3.36'

2-Methyl oorCH

• 25' 4.11'Naphthalene CuH.. 142.13

2-Naphthol oorOH

C,oH.O 144.12 750' 2.84'

·Values obtained from the Hnndbook of Chemical Property and Estimation MethodslLyman ct. ul. 1'JK21. tKarickhotl and
Brown (1979), ;Mackay and Shiu (1977), "stands lor the log of the octanol/water partition coefficient

•
The background cadmium concentration found in soils is in the range of 0.01 to

1.8 mg Kg'l [Trevors et al, 1986). Soil pollution with cadmium has been found at

concentrations ranging from 0.2 ta 10 000 mg Kg" [Babich and Stotzky, 1978; Chiopecka

et al, 1996; Flyhammer, 1995; Keller and Védy, 1994). The concentrations examined in

this study were 5 and 238mg Kg" (0.044 and 2.l2mM cadmium). Cadmium was chosen
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sinee it is generallv found in unly two oxidatiun states: Cd(O) and Cd(lI). whereby the

latter js the must common 1Linds.lV.19ï91· Cadmium is a relativelv mobile element in the. .

environml.'nt, b<'Causl.' thl.' Cd" cation persisls O\'er a wide range of pH values making

sp<'Ci<'S <'Stimatiuns in sail more predictable than other transition metals [Fergusson.

1990J.

In the thesi" following, it shouid be noted that when the abbre\'iation Cd or the

term cadmium are used. it refers to whatever form of cadmium may be present;

otherwise if cadmium is in ils cationic form (Cd") or of sorne other species. it is so

d<'Signated.

1.4 Contributions

Based on the outline presented in the problem section (1.2), the contributions of

this work consist of the following:

• Through experimental and basic theoretical means the ability to estimate and predict

cadmium removal onto kaolinite.

• Use of Psel/domonas pl/tida as an indicator organism for predicting degradation of

PAH compounds in soil.

• Studying the impact kaolinite and cadmium can exert on the mineralization activity

of PAH contaminants.

1.S Thesis Organization

This thesis consists of five chapters and five appendices summarized as follows:

Chapter 1. Introduction of the general issues along with the problem and objectives

addressed in this study and a summary of the contributions.
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ChJ.ptcr 2. Tht:' lit('r~1turl.' fl'\'il'w .h.idrl.·:":-Ol'~ tht-' tl.lF'Ù.:~ th.lt .U\.' mnll\'l.,i with tilt'

objectives outlint..'d in ~L'\:ti4,,)n l.~.

Chapter 4. Results and discu~~ilm~llt tht' ~xp~rim~nt~ p~rtllrmt-d.

Chapter 5. Conclusion.~ and future rt':'earch ~U&;l.,.tiOn.~ tor th~ topic llutlint'li in thi~

thesis.

Appendix A. PrO\·ides a summary of Tables listing th~ mineralization dat.l obtaind to

create the control minerai salts medium and 2% kaolinite with minerai &11ts rnt.-dium

microcosm curves.

Appendix B. Provides ail the adsorption-desorption data for naphthalene. 2-methyl

naphthalene, and 2-naphthol in the presence and absence of cadmium in kaolinite; and

adsorption-desorption data for cadmium in kaolinite.

Appendix C. The data used to determine the equilibrium time for ail PAHs and

cadmium in kaolinite.

Appendix D. Optical density readings used to create the biomass growth curves.

Appendix E. Sample speciation calculation for cadmium.
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Chapter 2
Literature Review

The purpose of this chapter is to give a brief overview on subjects that are

related to the research objective addressed in this thesis.

2.1 Kaolinite Characteristics and Features

Kaolinte is a common constituent of tropicallateritic and saprolitic soils being an

end product of intense weathering common to tropical soils (lSSMFE, 1985). Kaolinte is

also present in many natural soils in Quebec [Duquette and Hendershot, 1987).

The kaolinite mineraI is composed of alternating silica tetrahedra1 and alumina

octahedral sheets. The successive layers are stacked and bonding between layers occurs

via hydrogen bonding and van der Waals forces which together are strong enough to

prevent interlayer swelling. Due to the non-swelling nature of kaolinites, kaolinite in

suspension provides mostly external surfaces 50 adsorbed molecules are exposed to the

aqueous environment [Miller and Alexander, 1991; Knaebel et al, 1994; Huang, 1990).

Kaolinite, unlike montmoril1onite and illite clays, has a variable charge or pH­

dependent surface and is amphoteric in nature [Reed and Nonavirakere, 1992). The

variable charge comes from the broken bonds on the edges of the sheets which constitute

10-20% of the total crystal surface and are asSociated with reactions of protons [Evans,

1989; Yong et al, 1992). The areas of permanent negative charge on the kaolinite surfaces

comes from isomorphous substitution. The negative charge is compensated by iI'.organic

hydrated cations which are exchangeable. [Evans, 1989; Yong et al, 1992; Bolland et al,

1976; Hermosin et al, 1993). Cation exchange capaàties for kaolinites in generaI, are in

9



• the range of 3 to 15 meq/100g with specific surf:tce are:ts in th~ ord~r of la 10 20 m: g"'

of dry day [Mitchell. 1976]. Comp:tr~d to montmorilloniœ :tnd illit~ d:tys. k:tolinit~

provides a comparati\'ely lower reacti\'e surface :trea. T:tble 2.1 summ:trizes som~ of th~

basic properties of kaolinite, montmorillonite and illite clavs.

Table 2.1. Mineral Characteristics of Kaolinite, Montmorillonite and Illite.

Millera/ Basic
Strncture

Basil
Spacillg

(A)

11Iler/ayer Boudillg
Catioll

Exclzmzge
Capacity

(Ille lOO,?"')

Specifie Surface Arca
(Ill' g"')

Kaolinite ) i -., O-oH (strong) 3-15 10-20, 1.-

Monhnorillonite ) < 9.6 0-0 (very weak) SO-150 50-120 Primary
700-840 Secondary

•
IlIite

10 K ions (strong) 10-40 65-100

aluminôl shect. SiliCl shl'Ct. potassium moh.'CUIcs. Source: Mitchell (1976)

2.2 Adsorption Mechanisms for Heavy Metals onto
Kaolinite

Adsorption is a physicochemical process whereby ionic and nonionic solutes

become concentrated from solution at the solid-liquid interfaces [Sposito, 1989; Yong et

al, 1992]. Adsorption is usually fully or partially reversible (desorption), and is of

primary importance in transport considerations, in the sense that it largeIy affects the

mobility of heavy metals and organic contaminants.

The factors affecting adsorption and desorption proœsses include: temperature,

ionic strength, surface conœntration of sites occupied by the adsorbate, pH of the soil

solution, mineralogy of the soil, ligands and the soil:solution ratio [Yong et al, 1992;

• Garcia-Miragaya and Page, 1976; Sposito, 1989].

10



• In the case of kaolinite as discussed in the previous section, the edge surfaces are

the most reactive area on the mineraI where the reactive functional group is the

hydroxide species (.oH). Kaolinite edges consist of two types of hydroxyl groups, those

that are singly coordinated to Si" and those that are singly coordinated to Al". Both

types of L'liges function as Lewis acid sites as do hydrated metals which generally

function as a slightly stronger acid when their oxidation state is high [Brown and Lemay,

1985; Huang, 1990). The alumina hydroldde groups are able to undergo a two-step

ligand exchange reactinn seen in the equations below. The lower oxidation value of AI"

compared to Si" , allows a greater negative charge around the oxygen atom [Sposito,

1989; Huang, 1990).

•

.~

•

-MOHCs) + H"C•q) c .. -MOHt(s)

-MOHz'" + S-COO- c .. -MOOC-SCs) + HzO(l)

Where M is the metal of the edge surface of the octaheclral sheet, and 5 is the

contaminant with the attached functional group.

Kaolinite surfaces have been shown to function as nucleation centers for heavy

metals. In the studies by Garcia-Miragaya and Davalos (1986), and Farrah and

Pickering (1976), the CEC was insufficient for accurate evaluation of metal removal

since the kaolinite surface was shown to exhibit surface nucleation potential for both

Zn" and Cu'., resulting in greater metal removal than predicted. Both studies observed

that cation adsorption at concentrations below the CEC resulted in an adsorption

mechanism where the cations were easily desorbed and therefore were considered non­

specifically adsorbed. The cations adsorbed at concentrations above the CEC of

kaolinite, could only he desorbed using HF + HClO, indicating that the mechanisms of

interaction were stronger than ion exchange.
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Studies by Yong and Sheremata (1991) and Haas .md Horowitz (1986),

examined how the presence of complexation ligands significantly affL'Cted the

adsorption of Cd onto a Na'-saturated kaolinite surface. lt was obsern'd that as the

concentration of free cr increased, the concentration of the Cd-Cl complexes incrcascd

reducing Cd adsorption onto the kaolinite surface.

The study by Holm et al (1995), obsel'\'ed that the prt.'sence of high

concentrations of monovalent cations such as Na' and K' had no efft.'Ct on the

distribution of Cd" and Zn" onto AmberIite, however Garcia-Miragaya and Page

(19ï6), found that the presence of macroconcentrations of competing cations such as

Na' decreased the ability of Cd" to adsorb onto the surface of a Na'-saturated

montmorillonite.

2.3 Heavy Metal Contamination and Microorganisms

Heavy metals added to soils in industrial and municipal wastes are generally

several orders of magnitude higher than their concentrations in nature, therefore the

metals often precipitate as secondary mineraIs [Chlopecka et al, 1996]. For example,

cadmium has a background concentration in soil averaging around 3.6 X 10~ M (O,4ppm)

and contamination of soil by cadmium can be as high as O.3M which is a loading high

enough to cause surface precipitation,

Due to the variability in the soil environment, metals are capable of being present

in various chemical forms. The transition of metals between different forms in soils is

called speàation. The definition of metal speàation is described best as the distribution

and transformation of metal speàes in the media or soil under investigation [Fôrstner,

1993), The factors affecting metal speàation most significantiy in soil include: pH, type

and amount of clay, organic matter and hydrous metal oxide, cation exchange capacity,

• specific surface area, and the nature and chemical properties of the heavy metal [Babich

and Stotzky, 1983; Hattori, 1992), The factors that dictate metal speàation, for
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example with cadmium include the concentration of the ligand present and/or the pH of

the system. For example cr ion concentrations as low as O.OOIM hegins Cd':!'

formation; O.3M cr begins CdCl,; and lM begins CdCl; and CdCl; formation [Hahne

and Kroontje, 1973J. At a pH value less than 8, cadmium exists completely in its

cationic free form (Cd'"). Cadmium only hegins to hydrolyze at pH 9 where species such

as CdOH· and Cd(OH), begin to form [Babich and Stotzky, 1978].

Speciation of metal ions is one of the most difficult processes to follow in an

abiotic or biotic system as the species of the metal may change during growth of the

organism, for example by precipitation of metal ions as oxalates or phosphates,

precipitation resulting from a change in pH, complexation by celi ligand synthesis, and

metabolites may ali complex with free metals present [Hughes, and Poole, 1991; Babich

and Stotzky, 1978).

In soil or solution the species of the metal is extremely important since only one

of the metal species, which may represent only a minor fraction of the total metal ion

concentration, may he responsible for the effect exerted on the microorganisms present

[Hughes and Poole, 1991; Uivgren and Sjoberg, 1989). Although it is difficult to

corroborate findings from different studies, it is generallyagreed upon that the soluble

forms of the heavy metals exhibit the greatest toxicity and henœ the greatest inIùbitery

effect on microorganisms [Hattori, 1992; Tubbing et al, 1994; Shuttieworth and Unz,

1991; Babich et al, 1981). However, the soluble or leachable fraction does not always

correspond to the amount available te biota [Forstrler,1993; Hughes and Poole, 1991).

Microorganisms have been shown to utilize meta1s in their precipitated form which has

been evidenced in studies looking at the corrosion of jet fuel tanks (Engel and Swatek,

1966, 1968; Engel and Owen, 1969; Hedrick et al, 1967, 1968; Reynolds et al, 1966).

Microorganisms have been exposed to heavy metaIs throughout time and so the

interplay of metaIs and microorganisms is not a new phenomenon; the novelty in heavy
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metal/microorganism interactions lies in the abilih' of the microor~anism tl' tl,lerate. .
elevated concentrations resulting tram pollution.

Microorganisms rl"luire certain metallic elements for gro"'th and function. These

include, the bulk elements Na, K, Mg, and trace elements such as Mn, Fe, Cu, Zn and Mo

[Hughes and Poole, 19911.

Ali heavy metals are capable of inhibiting microbial activity, and olt elevated

concentrations all metals are poisonous [Barkay cl al, 1992; Bââth, 1989J. Metal ions are

unique in that over a rather narrow concentration range, their stoltus can change trom an

essential growth-promoting element to a toxin and so bacteria maintain a tight control

over the lever of metal to which they are exposed IGeesey and Jang, 1989J.

It has becn suggested that since heavy metal resistance is most oftcn plasmid

encoded, increased tolerance in a microbial community occurs through genc transfer via

plasmids [Daubaras and Chakrabarty, 1992; Bââth, 19891. Tolerance of heavy mctal

contamination molY 01150 occur through adaptation, but more likely results from

proliferation of an indigenous metal-resistant organism. Sclectivity for heavy metal

tolerance can take years to occur as was secn in the study by Declman and Haanstra

(1979), where more Pb-tolerant strains were found three years later in a sandy soil than

the same soil unamended with Pb.

Population shifts commonly observed in heavy metal contaminaled sites, are

increases in fungal populations [Frostegârd et al, 1993). These eukaryotic organisms tend

to exhibit a greater tolerance towards heavy metals [Hattori, 1992), and are more

tolerant to aàdic conditions that often occur due to aàdification of soils from the

addition of metal salts [Farago and Mehra, 1993; Doelman and Haanstra, 1984). The

preponderance towards fungal presence under aàdic or high metal conditions dces not

always occur and is significantly affected by such factors as soil type and metal type

since some metals such as Ag- and Hg'- are known to inhibit fungal growth [Comfield,

1977).
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Severa! studies have shown that systems exposed to e!evated heavy metal

• concentrations, show a preponderance towards Gram-negative bacteria [Barkay, ct al,

1985; Doclman and Haanstra, 19i9; Farago and Mehra, 1993; Frostegârd ct al, 1993;

Biiâth, 1989). Gram-negative bacteria have becn shown to be more metal-tolerant than

Gram-positive bacteria in soils with low levels of metal contami~ation [5i1ver ct al, 1982;

Duxbury and BickneIl, 1983; Frostegârd ct al, 1993].

For several environmentally significant metals, severe metal pollution may

substantially alter the flow of carbon and the final elcctron acceptor in a given system

[Capone ct al, 1983; Said and Lewis, 1991; Hughes and Poole, 1991). ln the study by

Capone ct al (1983), it was found that the chIorides of Hg, Pb, Ni, Cd, and Cu

completely inhibited sulfate-reducing bacteria, and stimulated methanogenesis.

•

•

2.3.1 Heavy Metal Resistance Mechanisms

Heavy metal microbial resistance mechanisms range from physical/chemical

interactions to genetically evolved defenœ mechanisms. Due to the evolution of

microorganisrns in the presence of metals, genetic mechanisrns have evolved over

thousands of years [Beveridge, 1989).

The living organbm interacts with dissolved metais as a living, metabolizing

body and as an biotic ~!loid [Francis, 1990). The removal of clissolved metais by

microorganisms results from three mechanisms: biosorption, bioaccumulation, and the

removal by metabolic by-products. AIl three mechanisms can work together if cells are

grown in the presence of inhibitory concentrations of metais [Remacle, 1988). The

inhibitory effect of heavy metais on microbial activity is mainly due to their interference

with microbial metabolism or their altering of the physicochemical environment of cells

[Barkay et al, 1986).

Microbial mechanisms implicated in the survival in the presence of potentially

inhlbitory concentrations of metal species include extraœllular precipitation, intra and
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extracellular complexation [Nies. 1992} ,1nd cryst,1I1izatil'O 1Rem"de. 19:-S [:

transformations induding oxidation. reduction. methylation [Si\ver "nd l\\isril. 19:-:; J.

and dealkylation: biosorption to ccli "'illls ,1Od extracclluar polysaccharide

crystallization [Remacle. 19S8J. binding proteins [Mago ,10<1 Sri\',lstil'·il. 199-l[:

impermeability: decreased trilnsport: dtlux [Milgo ilnd SrivilstilVil. 199-l; Silver ilnd

Misra, 1983]: intracellular compartrnentiltion and/or sequestriltion [Milgo ilnd

Srivastava, 1994]. A given organism often relies directly and/or indirL'Ctly <'n scverill

survival strategies [Cooney and Gadd, 1995].

A significant portion of resistance mechanisms are plilsmid-encoded, ilnd the

majority involve transport phenomena. With evolution, microorganisms developed two

distinct mechanisms to counter the continuai transport of ions ilCroSS the membrnne

whether in a contaminated area or not: intracellular complexation and dtlux [Nies,

1992). Efflux pumps are the major currently-known group of such plasmid rcsistance

systems which have been extensively studied and documented in the cadmium dtlux

system of Staphylococcus aurells [Ron et al, 1992; Silver and Misra, 1983]. For example,

mercury resistance systems are highly homologous in all bacteria studied and tend to

show enzymatic or chemical transfonnation [Trevors et al, 1986]; whereas cadmium

resistance appears te follow a different evolutionary path between Grnm-negative and

Gram-positive bacteria. Gram-positive bacteria such as Staphylococcus, Listeria, and

Bacil/us. use an ATPase, but the energy for cadmium efflux in Gram-negative bacteria is

cherniosmotic [Ji and Silver, 1995]. Systems such as the czc (cadmium, zinc, cobalt)

efflux resistant systems have been characterized in Alcaligenes eutTophus , a Grnm­

negative bacteria. Bacteria possessing the czc system have been shown to decrease the

net accumulation of the metal ions within the œll [Nies, 1992; Nies and Silver, 1989; Ji

and Silver, 1995).

Resistance towards cadmium in Pseudomonas putida strains varies from efflux,

sequestration to extraœllular complexation mechanisms, [Ghosh and Bupp, 1992;
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• Higham, 1984; Trevors ct al, 1986; Nies, 19921. The sequence of these systems in P.

l'II/ida have not been sufficiently charactcrizcd.

2.4 Abiotic Factors Affecting Metal Resistance

Abiotic factors play a significant role in affecting the speciation and hence

potcntial inhibitory effect of a given metal in soil. Sorne of these abiotic factors include:

clay content, organic-matter content, pH, temperature, Fe and Mn oxides, and the

presence of ligands [Doelman and Haanstra, 1984; Bââth, 1989; Gadd and Griffiths,

19i8; Babich and Stotzky, 19iia, b, cl.

ln the review of metal effects on microbes by Bââth (1989), it was discussed that

the most significant abiotic factors affecting metal availability and toxicity are cation

exchange capacity (CEe) and soil pH. Contradictory results are found between studies

because of differences in pH for reasons which include: varlety of Iigand-metal

• complexes; effect on metabolic state of microorganisms; and rates of soil processes

[Bâilth, 1989).

Clays and sediments modify the metal effect when present, by adsorbing the

metal species [Hughes and Poole, 1991]. In the study by Babich and Stotzky (19iic), it

was generally observed that the inhibitory effects of cadmium to bacteria, fungi. and

actinomycetes were reduced in the presence of montmorillonite and kaolinite.

Montmorillonite provided greater protection which appeared to be related to its higher

CEe. Similar results were found in the studies by Stotzky (1966), Stotzky and Rem

(1966), and Babich and Stotzky (19iia) .

•
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2.5 Adsorption Mechanisms of Organic Molecules onto
Clays

(lav mineraIs due to their hi~h surfae" .:treù .:loci rcactivitv ùrl' effective sorbcnts. , .

of organic contaminants, especially those of cationic or polar charactl'r IStotzky .lOd

Burns, 1980; Hermosin t'I al, 19931.

Acidie organie compounds ionize h aqul'ous solutions to iom1 anion sp~'Cics. ln

their anionic forms, acidic organic compounds are exp~'Cted to he rl'pclll'd by n~'gati\"dy

charged clay surfaces. For example, with a Na'-saturated montmorillonitc, it was found

that adsorption of acidie compounds occurred when the pH of the bulk solution was

about 1 to 1.5 units abo\"e their pK, \'alue [Bailey et al, 19681. The primary m~'Chanisms

of interaction for acidic organics are: van der Waals adsorption, hydrogen-bonding. and

increased adsorption due to high electrolyte concentration ("salting-out" effect), and

ligand exchange [Baham et al, 1994, Yong et al, 1992; Huang, 1990].

Cationic organic compound mechanisms of interaction include: cation exchange,

H-bonding, ion-dipole interactions, charge transfer cation exchange of inorganic Côltions,

and van der Wôlals forces [Huang, 1990; Bahôlm et al, 1994, Yong et al, 1992]. L.1.rge

or-§lIÙc CôltiOns are adsorbed more strongly than inorganic cations by clays because of

their length and high molecular weights [Morrill et al, 1982). The important features of

organic molecules that affect their adsorption are: shape, size, configuration, polarity,

polarizability, water solubility, and functional groups [Green1and et al, 1981; Huôlng,

1990).

Hydrophobie organic compounds l'an exhibit "cooperative" adsorption where

the molecules tend to adsorb in rows or clusters; most likely with the planar aromatic

nucleus face to face and perpendicular to the soil pôlrticle surface exhibiting an 5-curve

adsorption isotherm [Giles et al, 1974). The contarninants cao also adsorb eclge-on to the

substrate surface, fuis is usually indicative of strong adsorbate-substrate attractive

forces [Giles et al, 1974]. The predominant forms of interaction are via van der Waals
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forc"s IYon); t'I al, 1'1'121 ~nd hydrophobic inter~ctions IH~ssett d al. 19811. High

mol"cuiar wt:i);ht hydroc~rbons with low solubilitic'S tend to show ~ pr"ponderance

towMds high ~ssoci~tion with e1ay partieles. In the study by Yong and Rao (1991).

results indicated th~t ~dsorption of hydroc~rbons by e1~ys occurs more favourably

when the solubility of the hydroc~rbon is exceeded. Van der Waals attractive forces.

~lthough we~k. are ..dditive and can result in large total forces. Hydrophobie sorption is

the rc'Sult of weak solute-solvent interactions. so as the compounds become less polar

and as the number of carbons incre~ses. hydrophobie reactions predominate [Hassett et

al, 1981]. Other studies suggest that the removal of insoluble organic molecules from

e1ays in ~dsorption studies is a result of the "umbrella eHect" where the organic

precipitates are carried into the pellet during centrifugation [Stotzky and Burns. 1980].

2.6 Microorganism-Clay Interaction Mechanisms

Rescarch has shown that most microbial activity in soi! occurs in thin films of

water associated with the surfaces of the e1ay particles or in "necks" between clay

particles [Bââth. 1989). The types of clay minerais present in the soi! exerts an influenœ

on the activity and ecology of microbes in soi! micro-environments [Babich and Stotzky,

1977).

Clays exert both direct and indirect effects on the biochemica! activities of soi!

microorganisms. Direct effects include sorptive interactions. and indirect effects include

interaction of the clays with nutrients or with products of œil metabolism [Filip, 1973).

A direct effect is experienced when clay particles coat bacteria! cells whic:h protects the

œlls physieally by preventing protozoa! grazing or viral attac:k [van Loosdrec:ht et al,

1990). It is generally agreed that the indirect effect of clays play the most signific:ant role

sinœ their presenœ essentially determines the behaviour of the soi! as disc:ussed earlier

and therefore the clay exerts control over the physieo-c:hemic:al environment of the

microbes [van Loosdrec:ht et al, 1990; Stotzky and Burns, 1980). The feature of clays
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thilt hilS the most signifie,mt impilct on micwbiill activitv is the CEC l,f the c1,l\' ,1Ild its

• buffering capacity [Babieh and Stotzky. 1975j. In the study by StotzkY (1 4 7:;) it W,lS

found thilt montmorillonite stimulated the respiration of bacteri,l by m,lint,lining the pH

of the environment suitilble for sustained ~rowth. lt was also obscl"\'ed in thl' studv bv. . .

Bilbieh ilnd Stotzky (1978). that montmorillonite homoionie to cadmium. W.1S more tl'xie

to the microbes preselü thiln homoionic kilolinite. Montmorillonite hilS a higher CEe. and

therefore exchilnged more cildmium to the ilmbient em·ironment. ln il study by Gadd ilnd

Griffiths (1978) kilolinite ilnd montmorillonite were shown to protl'Ct certilin

microorg<misms from the inhibitory effects of Cd ilnd thilt the enhilnccment of this

ability WilS related to the ciltion exchilnge capilcity of the minerill.

The physieill presence of bilcteriill cells Ciln illso affect the chemieill bchilviour of

•

•

the clay particle surface. In the study by Bellin ilnd Rao (1993), it WilS found thilt the

presence of microbiill biomass ildded to a subsurface soi! resultcd in iln illtcration of the

soi! surface properties which reduced the sorption of quinoline ilnd nilphthillene

enhanàng their transport in the soi! column. A simililr finding was milde by Jenkins ilnd

lion (1993), with phenanthrene in a s.·md column study. Gannon ct Ill, (1991)

summarized the mechanisms of binding of microorganisms to solid surfilces as: œil

hydrophobicity, net surface electrostatic charge of the cells, presence of capsular

polysaccharides and cell size. Hattori and Hattori (1976), suggest that the meeh<misms

involved in bacteria reaching solid surfaces include: Brownian movement, flagella

movement, tactic movement, hydrophobie eHeet, physieal interactions between cells and

surfaces, cell adhesion and detachment from surfaces.

2.7 Polcyclic Aromatic Hydrocarbons (PAHs)

A significant percentage of hazardous spills are petroleum based where PAHs

make up over 40% of its composition [Cookson, 1995]. Creosote contamination is the

second most prevalent hazardous waste problem, and PAHs, make up over 85% of the
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chemical constituenb of creosote ICookson, 1995; U.s. EPA, 1991J. PAHs are a dass of

hazardous organic chemicals that consist of one or more fused benzene rings in linear,

angular and duster arrangement' ICemiglia, 1992; Solomon's, 1984]. PAHs are

sparingly soluble, hydrophobie compounds that tend to sorb strongly to soil surfaces as

discussed in dctail in section 2.5 ICemiglia, 1992; Falatko and Novak, 1992; Wallnôfer

and Engelhardt, 1984). PAHs can persist for a relatively long time in soils due to their

lipophilic properties [Bulman et al, 1988; Gibson and Subramanian, 1984]. The higher the

molecular weighb of thL'Se compounds the greater their degree of recalcitrance and the

more strongly they adsorb onto soil surfaces ICemiglia, 1992; Leahy and Colwell, 1990].

The lower the molecular weight of these compounds and the greater their solubility, the

greater their presence in the Iiquid fractions of soil systems and the greater their

availability for microbial degradation [Cerniglia, 1992 Leahy and Colwell, 1990]. It has,

however been shown in numerous studies that sorbed organic contaminants are capable

of being degraded. The study by Guerin and Boyd (1992) gave evidence that

PsclldlllllOl/aS plltida #17484 (the strain used in this thesis), has a rate of naphthalene

degradation wmch exceeds expected rates if only dissolved naphthalene were used

suggesting the bacteria use sorbed naphthalene.

Many PAHs are used as chemical solvents and as intermediates in the

manufacturing of dyes [Windholz, 1983]. One of the PAHs that has been extensively

studied is naphthalene. Its methylated derivatives are among the most toxic compounds

found in the water-soluble fraction of petroleum [Heitkamp et al, 1987; Cemiglia et al,

1992]. The compounds naphthalene, 2-methyl naphthalene, and 2-naphthol are the

compounds under investigation in this study as detailed in section 1.3. Naphthalene and

2-methyl naphthalene are significant constituents of petroleum and 2-naphthol is

commonly used as a component in fungiàdes and insecticides [Verschueren, 1983;

Cemiglia, 1992]. A measure of the hydrophobicity of a solute is its octanol-water
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• relate to its ,,".lter sl'!ubilitv [L\'m.m d .Ii. IQ~::I.

mutagenic [Cemiglia. 199::[.

A number of factors are responsible for the fates of l'AHs in th,' envin'nment

sorne of whieh are summariz,'li in Fig. ::.1. Th... pn'C,'SS,'S include: \"l,iatiliz,ltil'Il whieh is

affected by the solubility. molt'CUlar \wight. and vapour prt",~ure l,f th,' cl'mpound;

photooxidation. chernical oxidation. bioaccumulation. adsorption to soit partie"'S. and

leaching. The process ha\'ing the greatt'St impact on the dis.lppearanc,· of l'AHs in soils

Initial Degradation
(BiotransfOrmation)
Detoxification?

Complete Mineralization

Removal ...... 1

Bioaccumulation

Sedimentation

Photooxidation

PAR
Volatilization

i5 microbial degradation [Cemiglia. 1992; Weissenfds l't al. 1992].

•

•
Figure 2.1. Schematic representation of the environmental fate of polycyclic aromatic

hydrocarbons. Recreated from Cemiglia (1992).
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2.7.1 Biodegradation of Polycyclic Aromatic Hydrocarbons (PAHs)

Hydrocarbons born of natural phenomena such as components of plant celIs and

bacterial celIs, methane from swamps and sediments, and by-products of forest fires;

have bcen in contact with living organisrns throughout evolutionary periods [Hutzinger,

1985). It is understandable how PAHs entering the environment from anthropogenic

forces are capable of degradation due to their pyrolitic origins such as those of natural

PAHS.

The study of bioremediation technologies is a relatively new field which is

proving to be a cost-effective, safe and rapid approach for removal of synthetic and

natural materials by indigenous nùcroorganisrns in in-situ soil remediation projects

[Atlas. 1991; Betts. 1993). Soil bacteria are important ecologically because they form a

substantial part of the producing. consuIning and transporting members of the soil

ecosystem and therefore are involved in the f10w of energy and in the cycling of chernical

elemeI1ts [Farago and Mehra. 1993). Microbial activity is one of the primary mechanisms

in the disappearance of PAHs in surface soils and sediments [Bossert and Bartha. 1984;

Cerniglia.1992). PAHs can he totally mineralized or partially transformed by either a

community of nùcroorganisms [Al-Bashir et al, 1990, 1994; KnaebeI et al, 1994; Dibble

and Bartha, 1979; Cerniglia, 1992) or by a single specïes [Fredrickson et al, 1991). A

community can consist of bacteria and other specio=; such as fungi and actino:nycetes

which have also been identified as PAH degraders [Babich and Stotzky, 1977].

The specific properties of polycyclic aromatic hydrocarbons affecting their

degradability include: water solubility, volatility, molecular size, number and type and

arrangement of functional groups [Koch, 1982; Berry et al, 1987].

: The mineralization rates of PAHs are related to aqueous solubilities rather than

to total substrate concentration [Leahy and Colwell, 1990). The degradation rates

depend on the mass transfer rates of the PAH from the solid phase to the water phase.

Low water solubility, however does not necessarily mean slow biodegradation. In the
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study by Thomas et al (1986), it was shown that a Fla.'olmctaiulIl sI'. gt'Cw î..ster on the

less soluble phenanthrene than on biphenyt. This may suggest that the soluble îraction is

not the detennining factor dictating bioa\·ailability. This finding may ..Iso indicate ..

more effective dissimilation pathway for phenanthrene.

The growth of microorganisms on carbon substrates is generally St.'Cn as .. process

that combines the breakdown products of other organisms and so is a cooperative

eHect. For this reason it has becn suggested that the mineralization oî .. single c..rbon

substrate by an organism in the laboratory may be a laboratory artifact [Haigler et al,

1992). The optimal contaminant concentration for biodegradation is species specific

[Lyman et al, 1982).

The biodegradation of organic contaminants is strongly dependent on where the

organic contaminant is located in the soil. In the study by Knaebel et al (1994), the

mineralization of ["C)radiolabelled surfactants adsorbed separately onto

montmorillonite, kaoIinite, illite, sand, and humic acids was measured and it was

observed that the rates of biodegradation were significantly different between each

matrix type.

Figure 2.2 gives the breakdown pathways for the three compounds investigated

in this study. The biodegradation of naphthalene has been well documented in the

literature [Dagley, 1971; Gibson, 1984). The breakdown of 2-methyl naphthalene is

based on the research of Cane and Williams (1982), and the breakdown products for 2­

napthol are based on the degradation of phenol [Powlowski and Shingier, 1994). The

overall breakdown of 2-naphthol follows aImost iIIimediately the identical pathway as

that for naphthalene. The breakdown studies for the compounds shown in Figure 2.2,

require molecuIar oxygen for the deavage of the aromatic ring which involves an initial

hydroxylation reaction. The resulting dihydrodiols undergo further enzymatic reactions

finally producïng catechols which then undergo either meta or ortho deavage depending

01). the organism in question.
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Figure 2.2. Degradation pathways for naphthalene, 2-methyl naphthalene, and 2­
naphthol.

2.7.2 Mechanisms of Hydrocarbon Uptake

It is speculated that the membranes are the sites of initial hydrocarbon oxidation

(Mihelcic et al, 1993). With respect to Pseudomonads, these Gram-negative bacteria

possess a semipermeable membrane that a1lows diffusion of sma1l hydrophilic solutes

and is almost impermeable to hydrophobie compounds [Trias and NIkaido, 1990]. The
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hydrophobic compounds rt'Cjuire more active uptake systems which incilllk': .1)

solubilization, wherc the hydrocarbon is dissolved dim:t1y in the Iipid bil,lyer

membrane; emulsification, use of extraccllular emulsifying agents [Foght cl 11/, 1989:

Falatko and Novak, 1992], and b) physical adhesion, ",here the prl'Sencc of special

structures or organelles aid in tile transport and degradation of the carbon contamin;mt

[Gannon, 1991].

2.7.3 Prior Exposure to Hydrocarbons

Prior exposure of a microbial community to a given hydrocarbon ha~ becn shown

to greatly influence how rapidly the compound will he degraded [Atlas, 1991; Leahy

and Colwell, 1990; Bauer and Capone, 1988; Frcdrickson ct al, 1991]. Cells, however

grown in tile presence of one contaminant does not guarantee ils ability to dcgrade

anotiler contaminant of a similar form [Fredrickson ct al, 1991). ln the study by

Fredrickson (1991) it was shown tilat tile isolate F199 grown in the presence of toluene

could mineralize naphthalene, but tilat tilese cells grown on naphthalene did not

mineralize toluene.

The delay observed in tile adaptation towards a given compound can he a result

of tile presence of more easily degradable compounds [Bauer and Capone, 1988; Haigler

et al, 1992).

Fortuitous metabolism is an event sometimes observed as a result of a lack of

enzyme specificity brought about as a result of tile tremendous metabolic energy needed

to initiate tile breakdown of aromatic compounds [Leisinger et al, 1981).

2.7.4 Pseudomonas putida

Naphthalene degradation by Pseudomonad specles has been reported to he

mainly plasmid encoded (Yen and Gunsalus, 1982; Yen and Serdar, 1988; Gibson and
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Subramanian, 19841; although Pseudomonas sll/Izeri degraders of naphthalene have a

eharaeteristic ehromosomalloeation for eatabolie pathway genes [Rossello-Mora ct al,

1994].

Species of the genus Pseudomonas are metabolieally versatile, and a large number

of organie eompounds, among them aromatie hydroearbons, ean be used as unique

carbon and energy sources. This versatility allows them to be present in many

environments as natural autochthonous microorganisms with a high potential for

bioremediation of pollutants [Rossello-Mora ct al, 1994).

The specifie strain ofPseudomonas putida used in the present study, has reœived

a great deal of attention in the literature and the following are some of the observations

made:

• P. putida can degrade both sorbed and aqueous phase naphthalene as the initial

naphthalene degradation rate exceeded that predicted by degradation of the

aqueous phase localized naphthalene only [Mihelcic et al, 1993; Guerin and Boyd,

1992).

• P. putïda is a motile, Gram-negative organism [Guerin and Boyd, 1991, 1992].

• The organism is chemotactic toward naphthalene and attaches reversibly to soils

[Guerin and Boyd, 1992]

• P. put/da establishes steep concentration gradients to promote desorptive diffusion

and mineralization of nonlabile naphthalene partitioned onto organic matter [Guerin

and Boyd, 1992].

• No surfactant production [Guerin and Boyd, 1991].

• P. putida culture age has no impact on mineralization kinetics of naphthalene [Guerin

and Boyd, 1992].
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2.8 Abiotic Factors Affecting PAH
Biodegradation

The efficiency of the microbial degradation of PAHs and its <ln<llogucs is

dependent on a number of em'ironmental factors including: temperature, pH, nutrients,

oxygen and water availability, salinity, and soil type [Atlas. 1991; Connan, 1986; Betts,

1993).

The presence and availability of certain heavy metals in the environment has also

been shown to affect an organisms ability to degrade or tolerate an organic contaminant.

In the study by Inoue et al (1991), concentrations of Mg" > than 7.5mM or

concentrations of Ca" > 3.0mM are found to be effective in enhancing toluene tolerance.

It is generally agreed that the organic carbon content of soil is the single most

important factor determining the sorption of hydrophobie molecules such as PAHs

[Weissenfels et al, 1992; Helmstetter and Aldenn, 1994).

The dissolution rate of organic contaminants has a significant effect on their

degradability. The calculation of growth rate made by 5tucki and Alexander (1987),

suggest that the dissolution rate of phenanthrene may limit its rate of biodegradation. In

the study by Thomas et al (1986), it was found that the rates of dissolution of 4­

chIorobiphenyl and naphthaiene were inversely related ta particle size. Although the

study by Wodzinski and Bertolini (1972), observed that growth rates on naphthaiene

were independent of the surface area of the solid substrate. These variations in

experimentai results between studies is very much system and!or species specific.

The sorption of contaminants ante solid surfaces is considered one of the

strongest controIling variables affecting contaminant availability in soils [Weissenfels et

al, 1992; Mihelcic et al, 1993; Xing et al, 1994; Lyman et al, 1982; Guerin and Boyd, 1992;

5ittig, 1985). The physicaI!chemical properties of the organic compound play a

significant role in determining its adsorption!desorption behaviour in soils. In the study

by Huang (1990), the presence of montmoriIIonite prevented enzymatic attack of
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organics attachcd to the surface whilc the effect was less apparent in the presence of

kaoiinitc which has a lower CEe.

Voiatilization is a feature of the contaminantthat also affects ils availability and

is affectcd by: soil propcrties, physicochemical properties and environmental conditions.

The physicochemical properlies include: vapour pressure, solubility in water, basic

structural type and the number, nature and position of ils functional groups [Yong et al,

1992J. ln the study by Park et al (1990), under unS<1turated conditions, volatilizalion

accountcd for 20 and 30% loss of 1-methyl naphthalene and naphthalene, respectively.
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Chapter3
Methodology

Fig. 3.1 provides the basic outline of the types of experiments performed and the

general sequence in which they were followed to fulfill the objl'Ctivcs outlinl'd ir. Chapter

1.
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Figure 3.1. General overview of experiments performed to achieve the objectives outlined
in section 1.3.
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• 3.1 Clay Characterization

The clay mineraI used in thesc experiments Was kaolinite hydrite PX obtained

from the Gl'Orgia Kaolin Company. To create a Na"-saturated homoionic clay, the

kaolinite Was washed four times with a lM NaCI solution at a pH<5 followed by six

successive washings with deionized water to remove any excess cr in solution. To

ensure that the cr anions had been removed, a few drops of AgNO, were added to an

aliquot of supematant from each successive washing to observe if any AgCl precipitate

formed. The soi! washing method used WaS done according to the method outlined by

Yong and Ohtsubo (1986).

Table 3.1, lists the properties of kaolinite hydrite PX. The cation exchange

capacity (CEC) had been determined at pH 7 using the silver-thiourea method out1ined

in Chhabra et al, (1975), where the decrease in Ag· concentration in solution was a

measure of CEe. Surface area analysis was measured using the ethylene glycol

monoethyl ether (EGME) method out1ined by Jackson (1975), where the mass of t:'e

monomolecular layer of EGME on the clay surface, was used as a measure of surface

area. The particle size analysis was done using the hydrometer method following the

ASTM Test 0421 and D422 and the results are shown in Figure 3.2. The mineraI

composition of the kaolinite was determined by X-Ray diffraction analysis using a

Siemens 0-500 X-Ray diffractometer the results of which are shown in Figure 3.3. The

organic matter content analysis was done involving the wet combustion of organic

matter with a mixture of potassium dichromate and sulfuric acid according to the

method outlined by the US Department of Agriculture (1954).

The method of sterilization chosen for kaolinite used in the mineralization and

adsorption-desorption experiments was "Co-irradiation since this technique unlike other

sterilization methods has the least effect on changing the properties of the soil or clay

[Wolf et al, 1989). The irradiation strength was 2.5 megarads and was done at Nordion

InternationaL in Laval, Quebec. A sterile clay was used to prevent the death of
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• introduced bactcria from predators or parasites that ma\" ha\"e lx...,n pre'sent in the'

nonsterile clay.

Table 3.1 Corn
Paralllcicr

osition and Pro erties of Kaolinite Hvdrite PX
NwIillilc

Clay ('Yu 2 J.lm)
Mineral Composition
CEC (cmol Kg")
Surface Arca (m' Kg" X H1")
Or anie Matter ('Yu w /w)

86
Kaolinite (with no crystal impurities)
8
12
o

CL"'- 1 SILT 1 SAND GRAVH
100 1 •••

K.Hllinitl·

so ~

oc

~ 60

• ~..
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P"rticlll' Sizl! (mm)

Figure 3.2 Particle size analysis for kaolinite hydrite PX

•

The combined isoelectric point of kaolinite used in this study (hydrite PX from

the Georgia Company) was determined to he 4.2 [Yong et al, 1987), 50 as the pH

increases above 4.2, the charge at the edges becomes increasingly negative due ta the

dissociation of H·; and the edges are positively charged below a pH of 4.2 due ta

protonation with~ (Mitchell, 1976; Hughes and Poole, 1991).
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Figure 3.3 X-Ray diffractogram analysis for kaolinite hydrite PX

3.2 Bacterial Strain and Culture Conditions

A Pseudomonas putida strain was obtained from the American Type Culture

Collection (ATCC #17484). This strain was chosen since much of its biochemistry and

genetics have been studied [Barnsley, 1976; Nies et al, 1987; Schell, 1990; Connors and

Barnsley, 1982). Pseudomonas putida is a Gram-negative organism which is chemotactic

towards naphthalene [Guerin and Boyd, 1992) and certain strains have shown

resistance towards cadmium either through efflux mechanisms [Nies, 1992],

sequestration [Trevors et al, 1986;), or extracellular complexation [Ghosh a:~d Bupp,

1992; Higham, 1984).

The cells were stored at -SO·C as a concentrated suspension in 20% glyœroL

Before any experiment the strain was subcultured 2 times in nutrient broth before
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inoculation to ensure culture dability. Har\"t~sting of cells from the nutrient bwth was

done by centrifugation (Beckman Instruments. PaIl) Alto. California) at 61l1l1l rpm for 11l

minutes at 4"C. aiter which the supernatant was remlw~'<.i and replaced th~'e time with

fresh sterilized MSM (contents of MSM descri~'(\ in s~'Ction 3.3). The biomass

concentration determination of the resuspended cells was done by spl'Ctrophotometry a t

a wavelength of 600"m (Perkin Elmer. Junior Mode! 35, Oak Brook. l1linois). Ali

manipulations were performed using as.:eptic technique.

3.3 Mineral Salts Medium (MSM)

The following minerai salts medium was used for all experiments in this thesis.

The provision of trace metals and other elements are essential for growth. The minerai

salts medium provides a buffered system able to compensate for the hydrogen ion

concentration released during the degradation of organic compounds.

The salt constituents were dissolved in deionized water and their final

concentrations are listed in Table 3.2.

Table 3.2 Minimal Salts Medium Constituents and Their Concentrations
Salt Final Concentration (11I11I01 L' )

NaH,PO,·4H,O 6.4
K,HPO, 12.99

(NH..l,50. 8.33
MgSO,·7H,O 0.395

Co(NO,l,·6H,O 0.001
AlK(SO,),'12H,O 0.001

CuSO, 0.001
ZnSo,·7H,O 0.01
MnSO.·H"O 0.01
FeSO,·7H,O 0.01

Na,MoO,'2H,O 0.002
Ca(NO,),·4H,O 0.01

The pH of the final solution was 7. The sterilization of MSM by autodaving with

phosphates present often leads to the formation of heat induced insoluble precipitates,
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tho:reforo: tho: mo:thod used for sterilizing the mineral salts medium \Vas via filter

sto:rilization using O.22~m cellulose acetate Corning filter systems.

3.4 Cadmium Nitrate Solution

The cadmium stock solutions were prepared according to the methodology

outlined by Standard Methods (1985) [Greenberg et al, 1985], except 1 ml concentrated

nitric acid was substituted for concentrated hydrochIoric acid to avoid the introduction

of Cl' anions. Studies have shown that CI" anions interact strongly with cadmium

[Babich and Stotzky, 1978; Yong and Sheremata, 1991]. Cadmium nitrate tetrahydrate

(Cd(NO,),·4H,O) was obtained from Aldrich Chemical Co. (Milwaukee, Wis., USA)

with a 99.9% purity. The resulting cadmium stock solution was filter sterilized using a

sterile MiIlex®-GS 0.22~ Fùter Unit (Millipore Products Division, Bedford, MA.,

U.S.A.).

3.5 P4C1Radiolabelled PAH Stock Solutions

RadiolabeIled compounds were usee! in the experiments in this study since

carbon-14 and the development of Iiquid scintillation counting techniques have proven

to be a great asset in mechanistic studies [Butler, 1972a].

Naphthalene and 2-Naphthol were obtained from Aldrich Chemical Ine.

(Milwaukee, Wise., USA) and 2-Methyl· Naphthalene was obtained from FIuka

Chemika-BioChemika Inc. (distributed by Caledon Laboratories Ltd., St. Laurent,

Quebec), as scintillation grade crysta1Iine powders with 99% purity. The uniformly (all

carbon) radiolabelled ["C]naphthalene, ["C]2-methyl naphthalene, and ["C]2-naphthol

were obtained from the Sigma Chemical Company (St. Louis, Mo., USA) with 98%+

purity and 4.7mCi mmor' specific activity. Solutions with specific activities of 70 000,

17000, 55 000 dpm mg" for naphthalene, 2-methyl naphthalene, and 2-naphthol
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respecti\'ely were preparl'd by adding the radiolabcled ':,lrbon wmp,'und ,1S ,1 spik,' to

cold stock solutions to obtain the final radio,Kti\'ity indicak'l.i ,lb"w. Th,' fin,ll

concentrations of the ["C[radiolabcled sto.:k solutions fllr n,lphthalene. ~-methyl

naphthalene, and 2-naphthol wcre 50; 62.5; and 67.5 g L"' mcthanol resf".'l:ti\"el~·.

3.6 Biomass Curves Determining PAH and Cd Tolerance

Biomass curves pro\'ided a fast qualitati\'e method for obscr\'ing the growth of P.

putida using naphthalene, 2-methyl naphthalene, and 2-naphthol as the sole .:arblm

source. The MSM constituents, pH, and temperature are ail identical to the sct-up of the

mineralization experiments discussed in section 3.7.

Ail glassware usee! in the experiment was acid washed in a 10% nitric acid

solution for 2 hours, followed by 5 times rinsing with deionized water. Ali glassware

was autoclaved (Market Forge, Sterilmatic, USA) at 250"F. 15m! glass centrifuge tubes

were usee! with Teflon-lined black serew caps. Each sample was done in duplicate and

filled with 5m! of MSM. The tubes were spiked with appropriate volumes from cold

methanol stock solutions of each carbon contaminant possessing the same concentration

as the ["C]radiolabelled PAH stock solutions discussed in section 3.5, to obtain a final

concentration for each of the three carbon compounds of 25 and 130ppm, respectively.

The controls were identical as above but without the inoculant The biomass was

prepared aceording to the procedure described in section 3.2, and the total biomass

added to the tubes resulted in an optical density (0.0) reading at a wavelength of

600nm, of approximately 0.2. The biomass change over time was measured on a

spectrophotometer (Perkin-Elmer Junior Model35, Oak Brook, lliinois).

To detemùne if the bacteria chosen could tolerate the presence of cadmium, a

siIrùlar experiment as above was usee! except the sole carbon source was glucose. A 1%

glucose with MSM stock solution was preparee! and sterilized by autoclaving. The

concentration range of cadmium was 0, 0.044; 2.U; and 4.23 mmol L·I and the metal
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was spikcd from a cadmium nitrate stock solution describcd in section 3.4, to obtain the

final concentrations given above. The controIs were identical as the above, but without

the inoculant.

3.7 Microcosm Mineralization Experiments

For a minera1ization experiment to be successfu1 the bacterium or consortium

used must breakdown the target contaminants to CO, and H,O. Mineralization

experiments were designcd to trap the released ["ClCO,

Microcosm studies are examples of controllcd environments that are good for

providing presumptive information on hazards towards the function and potential

integrity of an environment, but like aIl tests microcosm studies are most effective when

performcd in conjunction with other evaluative studies [Draggan and Giddings, 1978J.

There are a number of analytical procedures used to evaluate the disappearance

of target contaminants including: chromatagraphy, spectrophotometry, and radio­

labeling with carbon-14 which is the most accurate method (Lyman et al, 1982J, and aIso

the method chosen in this study.

The experimental set-up of the microcosms used in these experiments is shown in

Fig. 3.4, which consisted of 201IÙ of a 2% kaolinite and MSM slurry added to 1001IÙ

autoclaved and acid washed microcosm vials. Each vial was equipped with a ["CJCO,­

trap containing 11IÙ 0.5N KOH in a 51IÙ glass pyrex tube. The KOH trap was placed

inside the 100 IIÙ glass vial such that the clay slurry and the KOH trilp shared t:le same

headspace. The initial concentrations of naphthalene, 2-methyl naphthalene, and 2-

-
naphthol each separately, were 25

0

and 130 ppm total slurry weight added as a

methanol stock solution. The microcosms were concurrently spiked with cadmium to

obtain final cadmium concentrations of 0, 5 and 238ppm (0, 0.044 and 2.12 mmol ri)

• for each of the two carbon concentrations. The microcosms were inoculated with a

concentration of biomass tataling 5 X 10" ta 10' cells IIÙ'\ inta each microcosm. The cells
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were harvested according to the procedure outlined in section 3.2. Each \'ial was sealed

by Teflon®-lined stoppers (Supelco Canada, Oakville, Ontario) and crimped with

a1urninum caps and placed in an incubator shaker (New Brunswick Scientific Co. Inc.,

Mode! G25, Edison, New Jersey) at 150rpm at 26"C. Teflon®-lined caps were uS<.'C! to

seal the microcosm bottles as opposed to using polyurethane which is known to adsorb

volatilized naphthalene. Each sample was in triplicate. The KOH solution with trapped

["ClCO, was removed by piercing the Teflon®-coated rubber septum with a syringe. To

compensate for the vacuum created, air was added through a O.22llm membrane (Millex

GS). The ["ClCO, trap was rinsed with lm! of OSM KOH, and refilled with lm! of OSM

KOH. The two fractions of KOH were combined and placed in a scintillation vial with

18m! scintillation cocktail (ACS, Amersham, Arlington Heights, nI., USA) and tested for

radioactivity using a Packard scintillation counter (Tri-carb model 4530; Packard,

Downersgrove, ru., USA).

Cos tighl
septwn

Teflon-\inod

Almosphere sOturalod
with 02, or air

KOH IriIp 10

"""""'"("ClCo"
Col\t.unln.aœd solution.lOiI

or soU solution with
(l'CJCozbon

Figure 3.4. Diagram of Microcosm Set-up.

As a control for the kaolinite microcosms, identical microcosms were set-up as

above but the 2% kaolinite solution was replaced with minimal salts solution. To ensure

that the bacterial œlls used in the experiments were viable, œlls were allowed to grow in

38



•

•

•

minimal salts medium with yeast extract under the same conditions of pH, temperature,

and shaking spccd as the microcosrns above.

3.8 PAH and Cd Equilibrium Determination

Before the adsorption-desorption experiments could be conducted, a preliminary

experiment was performed to determine how long the samples would need to equilibrate

with respect to the concentration in the Iiquid and kaolinite fractions, for both the PAH

compounds and cadmium. The buffered medium (minerai salts medium discussed in

section 3.3) maintained the soil suspension pH at 7. The soil soiution ratio was constant

throughout both the mineralization and adsorption-desorption experiments at 2% or

1:50 (wIv) ratio of kaolinite to minerai salls solution. Equilibrium determinations for

both carbon [Lane and Loehr, 1992] and metals [Sposito, 1989], tends to be an

instantaneous reaction and is generally govemed by the pH of the system.

Equihbrium determination was done by making duplicate tubes of 10m! sterile

2% kaolinite suspensions in 15m! acid washed, sterilized glass centrifuge tubes with

Teflon®-Iined screw caps. The PAH concentrations were adjusted to 25ppm and

130ppm for ["C)naphthalene, ["C)2-methyl naphthalene, and ["C]2-naphthol each

separately. For cadmium equihbrium determination the tubes were set up identically as

above except the tubes were only adjusted to obtain final cadmium concentrations of

0.044 and 2.I2mM. AlI tubes were placed on a Wrist-Action® Shaker and at lime

intervals of 0, 24, 48, and 72hr, the designated tubes were sacrificed. For measurement

of the radiolabelled carbon concentrations, 1 ml was removed and I8m! scintillation

cocktail was added and the radioactivitv was counted on a scintillation counter (Tri­

Carb model 4530; Packard, Downersgrove, ID., USA). For the cadmium concentration

determination, the supematant was removed, acidified with concentrated nitric acid

and measured by atomic adsorption (Varian Atomic Adsorption Spectrophotometer,

AA-975 Series, Ontario, Canada). The equilibrium figures are shown in Chapter 4.
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3.9 Adsorption-Desorption Experiments

With a comprehensive understanding of the surface features of a soi! constituent

such as kaolinite, and of the chemistry and behaviour of the contaminant under

investigation; adsorption-desorption experiments can be an effective tool in interpreting

the possible mechanistic interactions between contaminants and soi! constituents.

Results obtained from laboratory simulations are of practical value in attempting to

model field situations and help predict the transport of contaminants in soil [Greenland,

1981; John, 1971]. Variations in experimental parameters such as temperature, pH,

soil:solution ratio, soil constituents and the manner in which they have been prepared ail

can have a significant effect on the results obtained [Bruemmer ct al, 1988; Stotzky and

Burns, 1980].

For analysis, 15 m! acid washed and sterilized Kimax® glass centrifuge tubes

with Teflon®-Iined screw caps were used and filled with 10m! 2% kaolinite .md MSM

slurry. To observe the effeet of cadmium on the PAHs, the adsorption-desorption

experiments were done using the ["C]radiolabeled PAH stock solutions. To observe the

effeets the PAHs may have on the cadmium behaviour, cold PAH stock solutions were

used.

The PAH cOIII:entrations were adjusted to 5, 25, 50, 130, and 200ppm. Each

carbon concentration was observed in the presence of an initial cadmium concentration

of 0, 0.044, and 2.12=01 LoI in kaoIinite. Only the samples possessing an initial PAH

concentration of 25 and 130ppm were used for further desorption analysis. AIl tubes

were placed on a Wrist-Action® Shaker, Model 75 (BurrelI Co., Pittsburg, Pa., USA).

After 24hr shaking, the vials were centrifuged for 30min at 3000g and 4°C (Centra 4,

International Equipment Co., Needham Heights, Mass., USA). To determine the

["C]PAH concentration, lm! of the supematant was added to 18m! scintillation cocktail

(ACS, Amersham. Arlington Heights, ID., USA) and tested in a scintillation counter
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(Packard Tri-earb mode14530; Packard, Downersgrove, Ill., USA). The ~mount of PAH

content in the kaolinite fraction was calculated by difference.

The cadmium concentrations for the cadmium adsorption experiment were

adjusted to 0, 0.044, 0.936, 2.12, and 3.51mmol LoI. The adsorption of cadmium was

observed in the presence of each PAH separately at initial concentrations of 25 and

130ppm. Only the samples possessing an initial cadmium concentrations of 0.044 and

2.12mmol L"' were used for further desorption analysis. To measure the cadmium

concentration in the supematant in the cold samples, the entire supematant was

removed, acidified with concentrated nitric acid and analyzed on an atomic adsorption

spectrophotometer (Varian Atomic Adsorption Spectrophotometer, AA-975 Series,

Ontario, Canada). The amount of cadmium adsorbed onto kaolinite was calculated as

the amount of cadmium in samples with MSM only minus the amount of cadmium

present in the supematant of the 2% kaolinite and MSM samples.

The desorption experiment followed the procedure outlined by DiToro and

Horzempa (1982) for consecutive desorption protocol, where the initial adsorption

point is extended by performing subsequent multiple desorptions. AlI radioactive and

non-radioactive samples followed the same procedure. After each consecutive 24hr

shaking procedure (three in total were performed), the supematant was removed by

decanting and replaced with fresh MSM. The procedure of introducing fresh amounts of

MSM was such that each time a new equihbrium state was determined. The initial and

final concentrations of ["C]carbon in the solution phase was determineè. by liquid

scintillation counting. The cadmium content of the cold sampIes was done following the

same procedure outlined above.
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Chapter4
Results and Discussions
4.1 Introduction

Remediation of contaminated sites using biotechnologiL'S such as

bioaugmentation or biostimulation requires studies to evaluate the characteristics of the

site and whether the target contaminants are amenable to mineralization. Soil

contamination presents a challenge since both the soil and contaminants contain an

array of constituents, where some or ail mutally or each separately, can affect the ability

of microorganisms to degrade organic contaminants.

As mentioned in Chapter 1, this thesis examined the effect of kaolinite and

cadmium on the mineraIization of naphthalene and substituted naphthalenes. In

conducting this study, a series of experiments were designed ta interpret the potential

behaviour within the contaminated system. This study gave special emphasis to:

• evaluating the functional group effect of the substituted naphthalenes on

minera\ization and interactions with kaolinite,

• soil impact on mineraIization of the PAHs by P. putida, and

• the effect cadmium may exert on the mineraIization process.

To facilitate data interpretation, kaolinite, a pure clay minerai ,",as chosen as the

soil matrix. Interactions of heavy metals and polycyclic aromatic hydrocarbons with

kaolinite can reflect the behaviour of contaminants in in-situ environmental systE:ms

[Garcia-Mir:lgaya and Davalos, 1986). Bath adsorption-desorption and minera\ization
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experiments were performcd in suspension to maintain consistency between

experiments.

Where appropria te, results arc presented in graphical form-t and the significance

of these rcsu1ts is reviewed.

4.2 Preliminary Experiments

Subsequent to designing the adsorption-desorption and mineralization

experiments, preliminary experiments were perforrncd to determine the values of certain

parameters. Sorne of these parameters included: time required for cadmium and PAH

contaminants to achieve equilibrium in the kaolinite system; to determine if P. putida

could use naphthalene, 2-methyl naphthalene, and 2-naphthol as the sole carbon source;

and the ability of P. putida to tolerate the presence of cadmium.

• 4.2.1 Equilibrium Determination Experiments

The results from this experiment gave the time required to reach equilibrium in the

soi! suspensions for both PAHs and cadmium with respect to the concentration in the

aqueous and kaolinite phases. Equilibrium was determined under the same conditions as

the adsorption-desorption and mineralization experiments outlined in the Methodology

section in Chapter 3. The concentrations for the carbon sources were 25 and 130ppm

and the cadmium concentrations were S and 238ppm final concentration (O.044mmol L·'

and 2.12mmol el, respectively). The clay-.solution ratio was 1:S0(wIv) i.e. 19 in SOm!

minerai salts solution making a 2% kaolinite slurry.

The ["ClPAH concentration for each contaminant left in the aqueous fraction,

was measured after 24, 48 and 72 hours. The results of this experiment are presented in

Figure 4.1. From this figure it can he seen that the concentration of ["ClPAH in the

• aqueous fraction remained constant after 24 hours. Hydrophobie compounds such as
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PAHs tend to sorb primarliy \'Ïa hydrophobie interactions. The study by Hassett ,./ 11/

(1981), looked at the sorption of u-naphthol. It was concluded that the deg1\.~ of

sorption depended most on the percent organic carbon content and the water solubilitv

of the compound. Bas~ on this study and the results seen ;n Figure .1.1, it is reasonable

to assume that the high solubility of naphthol dictated its negative interaction with the

kaolinite surface, which resulted in its total concentration in the aqu~'Ous phase.

Naphthalene and 2-methyl naphthalene, unIike 2-naphthol, have very low solubiliti~'S

and likely experienced hydrophobic interactions with the kaolinite surface. As can he

seen from Figure 4.1, both the high and low concentrations of these two PAHs partition

with the same concentration Ù\ the aqueous phase, again illustrating the importance of

solubility on PAH partitionmg Ù\ soil. The data used to construct Figure 4.1 is found in

Table C.2 in Appendix C.
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Figure 4.1. PAH equilibrium determination (with respect ta concentration Ù\ the aqueous
and kaolinte phase) for naphthalene, 2-methyl naphthalene and 2-naphthol at

concentrations of 25 and 130ppm Ù\ a 2% kaolinite slurry.
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• In the cadmium cquilibrium experiment, the cadmium concentration in the

aqueous fraction was measured after 24 and 48 hours. The results are presented in

Figure 4.2. From this figure it can be seen that the cadmium concentration in solution,

remained constant from 0 hours onward. Heavy metals have been shown to equilibrate

with clay surfaces within seconds [Sposito, 1989]. The data used to create Figure 4.2 is

given in Table C.l in Appendix C.
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Figure 4.2. Cadmium equilibrium determination (with respect to concentration in the
aqueous and kaolinite phase) at concentrations of O.044mmol L-' and 2.12=01 L-' in a

2% kaolinite slurry.

4.2.2 Growth of Pseudomonas putida

•

The results in this section show the ability of P. putida to degrade the three PAH

compounds investigated. The experiment performed measured an increase in biomass

concentration while growing on each of the three PARs in solution from two initial PAH

concentrations of 25 and 130 ppm. The results are plotted in Figures 4.3 and 4.4

seperately for the two concentrations investigated. From both Figures 4.3 and 4.4 it can

be seen that P. putida could grow using naphthaIene, 2-methyl naphthalene, and 2-
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naphthol as the sole carbon source, Studies by Guerin and Boyd (1991) .md Cane .md

Williams (1982), have shown the ability of P. putitla to degrade naphthalene and 2­

methyl naphthalene respecti\'ley. as the sole carbon source,

The concentration of 130ppm for naphthalene and 2-methyl naphthalene, was

sufficiently above their respective solubilities of 31 and 26 mg L'l, which resulted in their

precipitation. The presence of solid contaminants cIearly did not rcstrict rapid biomass

increase secn in Figure 4.4. The precipitation of naphthalcne and 2-mcthyl naphthalenc

in solution made optical density analysis difficult. To compensate for this contingcncy,

the controis for these samples consisted of the same experimental design as the active

sarnples but without biomass. Ali samples incIuding the controls were allowcd to

equilibrate for approximately 4 hours before the designated biotic S<lmples were

inoculated. The concentration of 130ppm for 2-naphthol appeared to prevent growth

and was assumed to be toxic to ÛÙS organism at elevated concentrations.

In conjunction with the determination of PAH degradation capacity, a parallel

experiment was performed to determine P. putida's tolerance to cadmium. In this

experiment the sole carbon source available was glucose (1% w Iv). The initial cadmium

concentrations examined were 0,0.044,2.12 and 4.23 nunol L", added to 1% sterilized,

glucose solution in MSM. The results from this experiment are plotted in Figure 4.5. This

figure illustrates P. putida's ability to tolerate the presence of cadmium at the

concentrations used in the mineralization experiments.
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Figure 4.3. Growth of PseUdOIIIOllOS putida in minerai salts medi'Jm amended with 25ppm
naphthalene, 2-methyl naphthalene, and 2-naphthol separately. Measurements made at

600nm ••
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Figure 4.4. Growth of Pseudomonas putida in minerai salts medium amended with

130ppm naphthaiene, 2-methyl naphthaiene, and 2-naphthol separateiy. Measurements
made at 600nm••

47



• Each of the controls used for each cadmium conœntration cxamin~'<.i. wen.'

amended with the sam,' cadmium concentration but no biomass was add~-d.lt should he

noted that the resulrs obtained are only qualit'lti\'e since the buffered m~'l.iium us~-d

contains a significant concentration of phosphate which precipitates readily with

cadmium [Hughes and Poole, 1991]. Precipitates haw an impact on the optical rcadings

and so the variation in the optical density readings observed in Figure ·1..5 may not he

due to the impact of the cadmium on microbial activity.
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Figure 4.5. Effect of various concentrations of cadmium added to a 1% glucose and
minerai salts medium on the growth of Pseudomonas putida.

•

Details conceming the possible interacticns of cadmium and its spcciation in this

system and the effects on microbial activity will be discussed in detail in sections 4.1 to

4.5. The data used to plot Figures 4.3, 4.4, and 4.5, is tabulated in Tables D.1, D.2 and

D.3 in Appendix D.
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4.3 Cd Adsorption-Desorption Experiments

The M5M contains a high concentration of phosphate anions, thereiore the effeet

of phosphate complexation is examined by comparing actual results of cadmitun

adsorption to the predieted amount of cadmium adsorption based on the theoretical

speciation of cadmium outlined in Appendix E.

For the experiment of cadmitun adsorption onto kaolinite, initial cadmitun

concentrations of 0.044, 0.936, 2.12, and 3.51 mmol LoI were added to 2% solutions of

irradiated kaolinite in MSM (discussed in section 3.5). The results of this adsorption

experiment are plotted in Figure 4.6 as Adsorption from M5M. The data are plotted in

terrns of the initial concentration of cadmitun in mmol L"' versus the amount of cadmium

adsorbed onto kaolinite in mmol Kg". From Figure 4.6, it can be seen that the total

amount of cadmitun actually adsorbed increased with higher initial cadmium loading

and experienced linear adsorption. The complete data used to construct Figure 4.6 is

tabulated in Table B.28 in Appendix B.

ln addition ta this experiment, a parallel experiment was performed involving the

adsorption of cadmium onto kaolinite in the presence of naphthalene, 2-methyl

naphthalene, and 2-naphthol at 25 and 130ppm. The results of this adsorption

experiment are not included in this section since no effeet on cadmium behaviour was

observed. The data from this experiment are tabulated in Table B.1 ta B42 in Appendix

B. The lack in variation in the cadmium adsorption with PAHs indicates that these

PAHs did not compete for the same adsorption sites on the kaolinite surface, as would

be expeeted in the case of hydrophobie aromatic compounds. Nonionic hydrophobie

PAHs would not be expected ta compete for adsorption sites on the kaolinite, since the

means of interaction are dissimilar. Naphthalene and 2-methyl naphthalene are nonionic

and interaet with the kaolinite surface via hydrophobie interactions. Under neutral

conditons 2-naphthol is deionized and does not interaet with the kaolinite surface and

50 does not interfere with cadmium adsorption.
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Figure 4.6 . Cadmium adsorption onto kaolinite. (at pH 7). The boxed-in arcas arc the
points from which desorption analysis was continued.

The presence of multiple constituents in the MSM and the presence of kaolinite

can effect the speciation of cadmium. In order to assess the potential degree of cadmium

complexation, speciation was deterrnined by chemical equilibrium calculations using

documented equilibrium constants (outlined in Appendix E). Table 4.1 lists various

species of cadmium that could form given the constituents found in the buffered minirnaI

salts medium used in all experiments in this study. The results of these calculations did

compare favourably with the results obtained from experimentally deterrnined cadmium

adsorption. The results from these calculations are plotted in Figure 4.6 as Predicted

adsorption. The Predicted adsorption is based on the amount of cadmium calculated to

adsorb onto kaolinite according to the outline discussed in Appendix E. The amount of

cadmium adsorbed onto the negatively chargecI kaolinite is taken as the sum of the

positively charged cadmium complexes such as Cd'-, CdOH-, and CdNO; and the total

concentration of cadmium precipitated as Cd(OH), and CdHPO:. The predicted
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adsorption of caamium was highcr than the experimental amount of cadmium adsorbed.

This would be expccted since these chemical equilibrium calculations are based on

solution chemistry and accordingly, any phosphate is predicted to co:nplex with ail

cadmium present. Cadmium hydrogen phosphate is highly insoluble having a solubility

product (Ksp) of 2.53 X 10'" [Lide, 1991). lt should be noted that the pH of ail samples

remained around neutral with the exception of those samples amended with 2.12 mmol

L" cadmium, where the pH drop?ed by about 02 units.

Table 4.1. Possible Cadmium 5 eciation in MSM
Cadmium Comp/ex Primary Factors FomlOtion consÙlnts·

Affectin Fomwtion
Cd-- pH <7-8

CdOH- pH >7.5
Cd(OH), pH~

CdSO, very soluble
Cd(SO),·H,o very soluble

2CdSO,·Cd(OH), very soluble
CdHPO, [H,PO;) > 10"' 1.00 X 10'"
CdNO; [NO,"] > 10" 2.04

Soun:os: ["Undsoy.l979; Fergu."''''- 1!'90; Ilobich .nd SIOtzky. 1977.1978; Ilobich <lai. 1981[

From the results in Figure 4.6, and the aqueous concentration of cadmium Iisted

in Table B28 in Appendix B, it is reasonable to assume that cadmium did experience

competition with the trace metals present in the MSM for adsorption sites on the

kaolinite surface, since for each initial cadmium loading, the same concentration

remained in the aqueous fraction. In the study by HoIm et al (1995), the distribution of

Cd'- and Zn'- onto Amberlite was significantly reduced in the presence of divalent

cations such as Ca'- and Mi-. Furthermore, Figure 4.(; shows that frle total amount of

cadmium removed from solution increases with higher initial cadmium concentrations.

Similar results have been observed in studies by Yong and Sheremata (1991) and Haas

and Horowitz (1985), looking at Cd'- adsorption ante a Na--saturated· kaolinite. The

high removal of cadmium at higher initial loadings may be accounted for by the potential

precipitation o.f phosphate onto the kaolinite surface. In the studyby Bolland et al
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(19ï7), it was speculated that the high remo\'al of zinc from solution ",as a result of Zn"

complexation with the phosphate anions adsorbed onto the g~'othitc surface.

To estimate how cadmium ",as adsorbed onto the kaolinitc surface. dcsorption

experiments were performed according to the con~'CUti\'e dcsorption protocol outlin~'<!

by DiToro and Horzempa (1982). where multiple dcsorptions extend an initial

adsorption point. This protocol removcs the metal that is looscly bound to the clay

surface. Dcsorption analysis was performed on samplcs containing initial cadmium

concentrations of 0.044 and 2.12 mmoi L" indicated by the boxed in points in Figure 4.6.

The desorption data is given in TaNe 4.2. The percent desorption was considerably

lower at the higher rate of cadmium adsorption and suggcsts that sorne cadmium was

more strongly held by the kaoIinite surface. The small proportion of Cd desorbcd from

the surface of kaoIinite suggests that a large proportion of the cadmium was irreversibly

bound, indicating that hystercsis hehaviour was observed.

Table 4.2 Experimental consecutive d~sorption rcsults
Cd Supplied
as [Solution]
(mmol L")

0.043
0.936
2.22
3.51

Cd Supplied Ac/ual Cd Consecutive Desorption Analysis
as [Soil] Adsorbcd . (% of Cd Adsorbcd)

(mmol Klr") (mmol K!i ')
Isl 2nd Srd

sample sample sample
2.2 1.11 43 40 32
46.8 45.7
111 110 1 <1 <1

175.5 174

•

Similar desorption behaviour was seen in the study by Miller a1'!d Alexander

(1991) using Na·-saturated monbnorillonite and a dilution desorption t~que. Thl'

percent desorption of Cd was found to he much lower al a high rate of Cd adsorption.

Similarly, in the study by Garci..·Miragaya and Davalos (1986) it was found that a Zn"

concentration adsorbed up to the CEC of the Ca" -saturated kaolinite, was easily

removed. A Zn'· concentration adsorbed above the CEC, could only he desorbed using
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O.5M KNO, indicating that the zinc was adsorbed by mechanisms stronger than ion

cxchangc.

ln addition to this desorption experiment, a parallel experiment involving the

dcsorption of cadmium in the presence of naphthalene, 2-methyl naphthalene, and 2­

naphthol each seperately at 25 and 130ppm, was performed. As with the adsorption of

cadmium in the presence of these PAHs, no significant variation in desorption analysis

was observed. The results From this analysis are given in Tables B.31 to B.42 in

Appendix B. Based on the desorption results for cadmium in the presence of 2-naphthol

at cither initi,,1 concentration, no enhanced concentration was observed in the Iiquid

fraction suggesting that cadmium did not interact significantly with the deprotonated

hydroxide functiona! group of 2-naphthol under these conditions.

4.4 PAH Adsorption-Desorption Experiments

For the experiment involving the adsorption of each PAH separately onto

kaolinite, initial concentrations of 5, 25, 50, 130, and 200 ppm (mg L") were added to

2% kaolinite and MSM slurnes. To observe the effect· cadmium may have exerted on

PAH adsorption, parallel experirnents were conducted examining the adsorption of each

PAH at initial cadmium concentrations of 0.044 and 2.12 mmol L", separately.

Naphthalene

The results of the adsorption experirnent of naphthalene are plotted in Figure 4.7.

The data are plotted in terms of naphthalene aqueous concentration in mg L"', versus

naphthalene adsorbed ir. mg Kg". The curves seen in Figure 4.7 show a sharp rise in

naphthalene concentration adsorbed added at concentra~onshigher than its solubility

limit The naphthalene present at concentrations above its solubility limit are likely

present both sorbed to the kaolinite surface and in a precipitated faIm. Other studies
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• examining adsorption of hydrophobie PAHs ha\'e shown that the hi~her the initial

concentration added, the greater the concentration of contaminant adsorbed onto the

clay surface [Yong and Rao, 1991).
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Figure 4.7. Naphthalene adsorption curves showing partitioning betwcen the kaolinite
and aqueous fraction. The values in parentheses indieate the concentration of .

naphthalene injected. Adsorption of naphthalene observed in the presence of 0, 0.044,
and 2.12 mmol 1" Cd.

•

The naphthalene adsorption curves in the presence of cadmium, seen in Figure

4.7, showed no significant variation from adsorption in the absence of cadmium. The

presence of cadmium was not expected to have an impact on the adsorption-desorption

of naphthalene since the interactions of naphthalene with kaolinite are govemed by the

surface area features of the solid matrix and hence on van der Waals and primarily

hydrophobie interactions [Thomas et al, 1986; Hassett et a/, 1981; Giles et al, 1974). The

curves are based on known initial concentrations indicated by numbers in parentheses.

To observe how strongly naphthalene was adsorbed onto the kaolinite surface,

desorption experiments were perfomed accorcl.ing 10 the consecutive desorption protocol

outIined by DiToro and Horzempa (1982). The adsorption points. from initial
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• naphthalene concentrations of 25 and 130ppm were further analyzed for desorption

bchaviour. The results from this experiment are plotted in Figure 4.8.
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Figure 4.8. Naphthalene adsorption-desorption curves showing the adsorption isotherm
and experimantal consecutive desorption points. Data are averages of two replicates.
The initial naphthalene concentrations injected are indicated in parentheses as ppm.

The data are plotted in terms of aqueous concentration in mg L·I versus amount

of naphthalene adsorbed in mg Kg". For c1arity, ooly the naphthalene adsorption curve

in the absence of cadmium, was plotted in Figure 4.8. Each desorption data point is

representative of the new equihbrium obtained after 24hr of mixing with fresh minerai

S<11ts medium and is the average of duplicate samples. The 24hr equihbrium time was

determined based on the preliminary experimental results discussed in section 4.1.1. The

àesorption points do not vary significantly from the adsorption curve indicating a

minimal hys!'>.resis effeet which suggests naphthalene is rever51bly bound to kaolinite.

Therefore, naphthalene was not strongly adsorbed onto the kaolinite surface.

Tables B.I to B.3, and B.ID to B.IS in Appendix B, contain the data used to

create Figures 4.7 and 4.8.
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• 2-Methyl Naphthalene

The results of the adsorption experiment with 2-methyl naphthalcnc arc plotteù

in Figure 4.9. The data are plotted in terms of aqueous 2-mcthyl naphthalcnc in n1:

L'l,versus amount adsorbed in mg Kg".
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Figure 4.9. 2-Methyl Naphthalene adsorption curves showing partitioning between the
kaolinite and aqueous fraction. The values in parentheses indicate the concentration of
2-methyl naphthalene injected. Adsorption of 2-methyl naphthalene observed in the

presence of O. 0.044. <.nd 2.12 mmol L·I Cd.

The curves seen in Figure 4.9 resemble those seen in Figure 4.7 for naphthalene

adsorption The curves in Figure 4.9. also illustrate that the greater the initial 2-methyl

naphthalene concentration added. the higher the concentration adsorbed onto kaolinite.

•
Unlike naphthalene. 2-methyl naphthalene appears to show a greater affinity

towards kaolinite which is likely a result of the greater hydrophobicity of 2-methyl

naphthalene attributed to the presence of the -eH, functional group. The uptake of

naphthalene and 2-methyl naphthalene was observed with correlate to their respective

octanol/water partition coefficients of 3.36 and 4.11 (Table 1.1). The methyl group
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functions as a mod~ratcly activating group whtch via an inductive cHect. incre'lses the

ncgativc ek'Ctron- density towards the naphthalene structure [Solomons, 1984J, which

can rcsult in an incrcase in the aromatic 1t-eJectron density. The resulting electron rich

aromatic nucleus of 2-methyl naphthaJene might thus interact with the cadmium

component on the k.lOlinite surface forming coordination complexes or 1t-interactions. In

the event of a 1t-complex, there would be a donation of electrons From the vacant 1t

orbital of the aromatic ring to the populated d orbital of the metal making a strong

association [Solomons, 1984].

The results of the experimental consecutive desorption study for 2-methyl

naphthalene are shown in Figure 4.10. The desorption experiments for 2-methyl

naphthalene were performed according to the same protocol as that for naphthalene.

The higher partitioning and lower solubility of 2-methyl naphthalene relative to that of

naphthalene, accounts for the greater resistance observed in the desorption results. The

measured desorption did not conform to the adsorption isotherm inclicating hysteresis

behaviour, which suggests perhaps partial irreversible bincling of 2-methyl naphthalene

to kaolinite.

The data used to construct Figures 4.9 and 4.10 is found in Tables B.4 to B.6,

and 8.16 to B.21 in Appendix B.
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Figure 4.10. 2-Methyl Naphthalene adsorption-desorption curves showing the
adsorption isotherm and experimenta! consecutive desorption points. Data are averages
of two replicates. The initial2-methyl naphthalene concentrations injected are indicated

in parentheses as ppm.

2-Naphthol

The results of the adsorption experiment with 2-naphthol are plotted in Figure

4.11. The data are plotted in terms of aqueous 2-naphthol concentration in mg L·'.

versus amount of 2-naphthol adsorbed onto kaolinite as mg Kg". The curves seen in

Figure 4.11 show that 2-naphthol did not interact with the kaolinite surface whether in

the presence or absence of cadDÙum.

The cheDÙStry of 2-naphthol differs significantly From that of naphthalene and 2­

methyl naphthalene. Table 1.1 lists sorne of the basic properties of ail three PAHs.

where it is clearly evident that 2-naphthol is considerably more soluble with a

significantly lower partition coefficient than either naphthalene or 2-methyl naphthalene.

The hydroxyl substituent group on C, of naphthalene makes this compound a

weak acid with a K. value of 2.8 X 10.,0 (pK. of 9.55) [Solomons.1984). The hydroxyl

group. like the methyl group. discussed above is an electron-releasing group. but it
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enhanccs the ek'Ctron dcnsity of the naphthalene structure via a resonance effect which

stabilizes the conjugate base of the acid 2-naphthol. Under neutral conditions, the

weakly acidic phenol group, experiences the fol1owing reaction:

OH

~ + OH" "'"
..

The observed lack of adsorption of these ions at pH 7, is attributed to the

formation of these anionic species. At a given pH, the ionic fraction (<1>,.",.), of the

deprotonated fonn of 2-naphthol, is given by equation

<1> = 1 1 [1 + 10IrH.pKa)]Ion...

•
Based on the above equation, 2-naphthol is almost 100% in its dissociated form.
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Figure 4.11. 2-Naphthol adsorption curves showing partition between the kaolinite and

aqueous fractions aiter the addition 0 a known amount of 2-naphthol. The values in
parentheses indicate the concentration of 2-naphthol injected. Adsorption observed in

the presence of 0, 0.044, and 2.12 mmol L" Cd.
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Higlùy soluble compounds tend to partition more in the liquid fr.Ktion .1lld .1re

less likely to experience hydrophohic sorption [Cerniglia, 1992; Hasselt <'1 al, 1<JS\ J. ln

the study by Xing d al (1994), it was observed that the partitioning of u-naphthol in

soils cannot be predicted solely on the basis of ils octanol/water partition coefficient

(K"w)' The authors found that partitioning relatcd particularly to the organic carbon

content in the sail, where it was secn that partitioning became nl'gligible in low organic

matter content (OMC) or OMC consisting primarily of cellulosic materials.

Since 2-naphthol showed no interaction with the kaolinite surface, conSl'Cutivc

desorption analysis is not presented.

Tables 8.7 to B.9 in Appendix B provide the data used to create Figure 4.11.

4.5 PAH Mineralization Experiments

The mineralization of ("C)naphthalene, ("C)2-methyl naphthalenc, and ["C]2­

naphthol was measured as ["C)CO, released in microcosrns containing 2% kaolinite and

MSM slurries. The mineralization experiments were expanded to include observing the

impact cadmium may exert on PAR mineralization. Those samples looking at the

cadmium effect, were amended with either 0.044 or 2.12 mmol L" final cadmium

concentration. The controis for mineralization observed in the soi! microcosrns, were

mineralization measured in the absence of kaolinite and in MSM only. Ali minera\ization

curves are plotted as the percent mineralized versus lime given in days. Each point in

these curves is the average of three replicates and the vertical bars represent the

standard deviation. The concentrations of 25 and 130 ppm were the only concentrations

examined for aIl three PARs.
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4.5.1 l\f..ineralization Experiments in M5M (ControIs)

This section includes the results of the minera!ization of ["C]naphthalene, ["C]2­

methyl naphthalene, and ["C]2-naphthol by P. plltida at the concentrations of 25 and

130 ppm in M5M. The mineralization results for all three PAHs at an initial

concentration of 25ppm are shown in Figure 4.12. The curves shown in Figure 4.12

clearly show the ability of P. plltida to effeetively rnineralize o\'er SO% of naphthalene, 2­

methyl naphthalene, and over 3S% of 2-naphthol when provided at a concentration of

2Sppm. None of the three PAHs rnineralized experienced any lag phase. The

rnin~ralization of each PAH in the presence of a higher cadmium concentration, show a

slightly higher percent mineralized, There are studies that have shown a slight

stimulation of respiration or CO, release such as in the study by Capone et al (1983),

where this eHeet was observed in the samples amended with the chIoride salts HgCl"

PbCl" NiCI" and FeCl" However, in the system in this study, it is reasonable to assume

that the cadmium present was not interacting with the microorganisms based on the

theoretical calculations on cadmium speciation (outlined in Appendix E). According to

these equations, all cadmium should have been complexed with the phosphate anions

present due to the high affinity cadmium has for phosphate, Metal salts added to

solution have the effeet of acidification and although the minerai salts medium used

throughout these studies was a buffered medium. the pH dropped slightly (refer to

Tables A.l, A.3, AS in Appendix A). The ideal growth medium for P.putida is nutrient

broth having a final pH of 6.8. This pH level is approximately the pH range within the

microcosms amended with a final cadmium concentration of 2.12 mmol 1". This pH

variation between microcosms amended with the higher Cd concentration may be

responsible for the increased percent mineralized observed, since this pH is more

favourable for microbial activity.
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• Figure 4.12. PAH mineralization in minerai salts medium from an initial PAH
concentration of 25ppm. al naphthalene, bl 2-methyl naphthalene, and cl 2-naphthol.
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The mineralization results for ail three PAHs at an initial concentration of 130

ppm are shown in Figure 4.13. The curves in Figure 4.13 show that P. putida was able to

mineralizc over 50% of naphthalene and 2-methyl naphthalene. when provided at the

higher concentration of 130ppm. 2-Naphthol gave almost 0% mineralization, a result

that corrobora tes weIl with the biomass curves for growth on 2-naphthol seen in Figure

4.4, where no biomass increase was observed. Clearly, at a concentration of 130ppm, 2­

naphthol is toxie to P. putida and this may be related to its higher solubility.

The curves representing mineraIization in the presence of a higher cadmium.

concentration, show a slightly elevated percent mineralized in comparison to the other

curves. The cause for this slight increasc is assumed to he identical to the reason outlined

above for mineralization experiments with only 25ppm of each PAH. To discount any

possible effeet the excess nitrate may have caused in samples amended with the higher

cadmium concentration (cadmium was supplemented as a nitrate salt), control samples

were performed looking at the mineraization of 130 ppm of each PAH amended with an

equivalent concentration of nitrate (0.088 mmol L"'). The results of these controis are

given in Tables A13 to AIS in Appendix A. These results indicate that the total

percent mineralized with excess nitrate added, did not differ from samples examining

percent mineralization in the absence of cadmium.

ln breakdown studies of 2-methyl naphthalene, a persistent yellow colour is

observed in the medium. According to Cane and Williams (1982), the compound was

identified as 2-hydroxy-5-methyl muconic semialdehyde (see Figure 2.2). A yellow

colour in the mineralization of 2-methyl naphthalene in this study was also observed

and did not disappear over lime. It is a likely dead end product from the meta-cleavage

of 4-methyl catechoI.

The data used to construct Figures 4.12 and 4.13 is given in Tables Al, A.2, A3,

A4, AS, and A.6 in Appendix A.
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4.5.2 Mineralization Experiments in 2% Kaolinite and M5M

This section includcs the rcsults of the mineralization oi ["C]naphthalene, ["C)2­

methyl r.aphthalene, and ["C]2-naphthol by P. pU/ida at the concentrations of 25 and

130 ppm in the presence of kaolinite. The mineralization rcsults for all three PAHs at an

initial concentration of 25ppm are shown in Figure 4.14. The curves SilOwn in Figure

4.14, relative to the curves in Figu.-e 4.12, show a decrease in the rate of mineraIization

and the total percent mineralized. In the study by Stotzky and Rem (1966), kaolinite

was found to decrease the respiration of systems even those that had been adjusted to a

pH of 7. However it was found that this effeet was not apparent for all microorganisms

examined. The imp3ct of c1ays often has to do with the al,ility or inability of the clay

minerai to buffer the medium, to provide nutrients, or the presence of the clay can inhibit

microbial activity depending on the presence of certain cations saturating the minerai

surface [Filip, 1973). It is reasonable to assume that the impact of kaolinite on reduàng

the mineraIization rate of each PAH by P. pU/ida in this study, was not due to a

reduction in the buffering capacity since the pH was maintained around neutral in all

samples. However, the pH did drop slightly in the sarnples amended with 2.12 mmol L"

cadmium. This slight pH drop may account for the slightly enhanced mineraIization in

these samples, which as discussed in section 4.5.1, provided a more favourable pH for

microbial growth. The mineraIization rate for 2-methyl naphthalene, showed the greatest

reduction and is likely due to its lower availability as seen by its greater affinity for the

kaolinite surface (Figure 4.10).

.. ' .
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Figure 4.14. PAH mineralization in 2% kaolinite and MSM solution from an initial

concentration of 25ppm.
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The mineralization results for all three PAHs at an initial concentration of

130ppm. arc shawn in Rgure 4.15. 5imilar ta the bchaviour discussed above for the

minerali7.ation of 25ppm of each PAH. the rate of mineralization in the presE'nce of

kaolinite was significantly rcduccd compared ta the mineralization rates seen in the

absence of kaolinite (Figure 4.13). The mineralization curves for naphthalene and 2­

methyl naphthalene. show an increase in percent mineralization in the presence of a

higher cadmium concentration. Ta discount any effeet the escess nitrate added may have

caused with samples amendcd with a total cadmium concentration of 2.12 mmol L·I (Cd

was added as a nitrate salt), equivalent nitrate controls were performed. No variation

was observcd in the total percent mineralizcd between samples amended with excess

nitrate and those in the absence of cadmium. The results of these controls are presented

in Tables A.16, A.17, and A.IS in Appendix A.

The pH for the naphthalene and 2-methyl naphthalene experiments with

130ppm, experienced a continuai drop. The reduction in pH was due to the release of

fi' during compound breakdown and the production of acidic metabolites. The buffering

capacity of the 2% kaolinite slurry was incapable of maintaining the pH at neutral unlike

the microcosms in the absence of kaolinite (pH data shown in Appendix A). After 7

days the pH dropped to 5.4, which was still above the lEP of 4.2 determined for

kaolinite hydrite PX (Yong and Ohtsubo, 1987]. The surface therefore, remained

negative. The drop in pH was assumed not to have impacted microbial activity because

no change in behaviour was observed in terms of the percent mineralization of

naphthalene and 2-methyl naphthalene in comparison lo the curves seen in Figure 4.14a

and b.
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The inability of the system to maintain the pH around neutral was likely due to

the adsorption of phosphate onto the kaolinite surface as discussed earlier. The

concentration of available phosphate was insufficient to buffer the H' ions released

during biodegradation nor could the kaolinite surface adsorb H' ions being saturated

wth Na' and heavy metals From the MSM.

The remaining possible assumptions relating to the observee! reduction in the

mineralization rates with kaolinite incIude:

• The ree!uction in the rate of mineralization may be a result of reducee! availability of

phosphate. In the study by Barrow et al (1980), results showee! that the amount of

phosphate adsorbed variee! with the concentration and nature of the electrolytes and

the pH of the solution. Il was observee! in the study by Bolland et al (1977), that the

concentration of phosphate adsorbed onto geothite increased with the amount of

Zn" adsorbed onto the surface. It is reasonable to assume however, that if

phosphate availability were limited, that the effect would be enhanced in the

mineralization of 130ppm naphthalene and 2-methyl naphthalene seen in Figure

4.15, where no significant variation or <iecrease was observee!.

• The reduction in the rate of PAH mineraIization may also have been due to a lack in

availability of trace elements which were assumee! to have adsorbed onto the

kaolinite surface.

The greater partitioning of 2-methyl naphthalene comparee! to that of

naphthalene onto the kaolinite surface seen in Figures 4.8 and 4.9, inclicates 2-methyl

naphthalenes greater affinity for kaolinite. This higher affinity for kaolinite was

attributed to the increased reduction in 2-methyl naphthalene minerallzation observed at

both concentrations of 25 and 130ppm (Figures 4.14b and 4.15b).

Figure 4.15c like Figure 4.9c shows !hat 0% of 2-naphthol was mineraIized

inclicating that this compound when present at elevated concentrations was toxic ta P.
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plIlida. As seen in Figure ...11, 2-naphthol did not ir:teract with the k.1lllinitl' surt.1Ce.

therefore the entire 130ppm of 2-naphthol was bioa\'ailable.

It can be assumed that P. plIliâa's inability to mineralize the higher concentration

of 2-naphthol, has to do with the location in which carbon breakdown occurs in the cell

membrane. It is possible that the elevated concentration of 2-naphthol uncoupk'S the

oxidative phosphorylation process occurring in the ccli membrane. Poisons such as 2,4­

dinitrophenol are soluble in phospholipid membranes and are responsible for the

dissipation of any transmembrane proton concentration or potential gradient [Damell'I

al, 1986]. Essentially the membranes are made leaky to H' ions and prevent ATl'

synthesis. 2-Naphthol is a soluble contaminant which may easily diSSOlve into the

phospholipid membrane and consequently affect the H' gradient of the phospholipid

membrane.

Tables A.7, A.8, A.9, A.I0, A.n, and A.12 in Appendix A, contain the data

used to construct Figures 4.14 and 4.15.
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Chapter 5
Conclusions
and Future Research
5.1 Conclusions

The conclusions presented below are a summary of the results obtained in the

mineralization and adsorption-desorption experiments performed.

• PsclIdolllonas plltida was capable of rninera\izing over 50% of naphthalene and 2­

methyl naphthalene, and over 35% of 2-naphthol in solution (MSM). The

mineralization of each PAH in the '. -resence of kaolinite, experienced a significant

reduction in the rate of rninerali2ation rela.tive to their rates in MSM only. This

suggests the importance the presence of clay can exert not only on the attenuation of

contaminants, but also the direct effects clay can exert on microbial activity. 2­

Methyl naphthalene experienced the lowest mineralization rate in kaolinite because

of its greater affinity for the kaolinite surface, which reduced its bioavailability. 2­

Naphthol under the conditions in this system was not mineralized whether in the

presence or absence of kaolinite indicating that it was toxic to P. plltida at elevated

concentrations.

• The adsorption-desorption of naphthalene, 2-methyl naphthalene, and 2-naphthol

were observed to partition onto kaolinite in relation to their respective

octanol/water partition coeffiàents. 2-Naphthol showed a negative interaction with

the kaolinite surface due to its high solubility and the pH of the system. 2-Methyl

naphthalene showed the highest affinity for the kaolinite surface and concurrently,

7I



• show'cd the slo'west mineraliz\\tion rates. The variation obsen:t..'ll in the interactil'rts

of these compounds with clay, indicates that in a contaminated field site,

experimental deterrnination of the interaction Deha\'iour bL'twœn the contaminants

and the soil, can contribute to predicting the bioa\'ailability of the contaminants.

• Cadmium had no observable impact on the mineralization activity of P'l'utida which

may have been accounted for by the complete complexation of cadmium \Vith

phosphate present in the M5M, as predicted by the therrnodynarnic cquilibrium

calculations. The slight increase in the total percent mineralization in the prt'5encc of

a final cadmium concentration of 2.12 rnmol L", may have been an indirect effect.

Those micr'X:osrns amended with a high cadmium concentration, experienced a slight

drop in pH creating a more favourable pH range for growth. Estimations on the

speciation of heavy metals present in a contaminanted site, can he1p predict the

potential impact on the microorganisrns present. The species of metal may exert

• either direct or indirect effects on the rnicroorganisrns and the physical-ehemical

status of their environrnent.

To summarize the preceding conclusions, it can be said that kaolinitc had the

potential to reduce the rates of mineralization for naphthalene and 2-methyl

naphthalene, and had no impact on the rate of rnineralization of 2-naphthol at 25ppm.

The interaction behaviour of the PAHs with the kaolinite surface, related weil to their

physical/chernical properties. This also correlated weil with their availability for

microbial biodegradation as evidenced in the experimental rnineralization results.

This study illustrates that biodegradation studies in conjunction with

adsorption-desorption analyses, cao provide information to adequately predict the

behaviour of contarninants withi:l a mixed contarninated system.

•
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5.2 Future Research Suggestions

The fo!lowing points outline possible future research suggestions that would

significantly contribute to the development of the topic presented in this research.

• Extraction procedures along with Ge MS analysis can be used to evaluate if the

prL'Sence of heavy metals affects the rates of metabolite formation.

• Studies should focus on the interaction of contaminants \vithin a biologically active

system in order to more effectively evaluate their bioavailability.

• PAI-Is have not been observed to biodegrade under strictly anaerobic conditions, but

2-naphthol has been [Baker and Herson, 1994]. Soi! systems consist of various

REOOX environrnents, therefore biodegradation determination of substituted

compounds under varying redox conditions can he performed.

• Studies simulating the manner in which contaminants enter a system, will

significantly contribute to providing a better approximation of the dynamics of a

contaminated site.
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Mineralization data for the controIs in MSM and the 2% kaolinite and M5M S<lmples.
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Table A.l. Data for the Mlnerallzatlon of 25ppm Naphthalene \Vith 0; 0.044; 2.12 010101 L" Cd in Mininhl1 Salis Solution

0010101 L" Cadmium 0.044010101 L" Cadmium 2.12010101 L" CadmiullI
Days 'YoMln' Stan. Dey. pH %Mln' Stan. Dev. pH %Min' Stan. Dev. pli

0 0.0000 0.0000 6.99 0.0000 0.0000 7.00 0.0000 0.0000 6.1l5
1 51.193 2.5568 7.02 50.440 5.6312 7.02 54.484 ~.0677 6.1l0
2 51.193 2.6847 7.00 50.440 5.6312 6.98 59.469 2.0012 Il.1l0
4 51.193 2.6847 6.98 50.440 5.6312 6.99 59.469 2.0012 Il.1l5
7" 51.193 2.6847 6.99 50.440 5.6312 6.97 59.469 2.0012 6.1l5
10 51.193 2.6847 7.02 50.440 5.6312 7.00 59.592 2.0012 Il. Il Il

value Is basN on Ihe averdge o( Ihrec sarnplcs

1L' Cd in Minimal Salis Sol .'.. h 0; 0.044; 2Naphthalf130l'Table A.2. Data for the Mi..-- ---.-...__ .. -- --- --- _..- .... . ..- ........ ..... -.-

Cadmium Concentration: 0010101 L" 0.044010101 L" 2.12nlllloll.· '
Days 'YoMln' Stan. Dey. pH %Mln' Stan. Dey. pli %Min' Sian. Dev. l'II

0 0.0000 0.0000 6.99 0.0000 0.0000 7.00 0.0000 0.0000 6.1l0
1 48.918 1.1588 6.89 50.204 4.3140 6.87 19.693 0.9965 6.1l1l
2 54.169 0.94715 6.91 56.915 13.860 6.95 63.311 1.8976 6.1l5
4 54.169 0.94715 6.91 57.251 14.438 6.93 64.278 1.2347 6.91
7 54.169 0.9614 6.91 57.251 14.438 6.90 64.278 1.2347 6.1l1l
10 54.169 0.9614 7.02 57.251 14.438 6.96 64.278 1.2347 6.1l0

gg

·value 15 based on Ihe averdgc of lIuee samples
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Table A.3 Data for the Mineralization of 25ppm 2-Melhyl Naphlhalene \Vith 0; 0.044; 2.12mmol L· I Cd in Minimal S•. ils Solution

Ommol L" Cadmium 0.044mmol L" Cadmium 2.12nlll11111;' Cadmium
Days 'YoMln" Stan. Dev•. pH 'YoMln" Stan. Dev. pH %Min" SIan. Dev. l'II

0 0.0000 0.0000 7.00 0.0000 0.0000 7.00 0.0000 0.0000 6.<J0
1 47.857 1.9349 7.00 44.346 6.2569 7.20 48.697 2.6532 6.85
2 53.396 3.4973 7.05 50.808 8.9479 7.00 58.42<J 3.2511 6.85
4 56.278 4.3504 7.07 54.527 10.642 6.99 65.808 3.6552 6.k4
7 58.280 4.7582 6.98 57.062 11.536 6.97 69.<J98 ·1.33<J<J 6.8·'
10 59.185 4.8086 7.00 58.199 Il.844 7.00 71.42<J '1.21H3 6.85

'\'alue ls lMst.'\1 on lite .l\'erolge of Ihrœ sJmples

Table A.4 Data for the Mlneralization of 130ppm 2-Melhyl Nal'hthalene \Vith 0; 0.044; 2.12mlllllll;1 Cd in Minimal Salis Soluli,,"

Ommol L" Cadmlv,'1\ . O.044mmol L·I Cadmium 2.12nlll111II:1Cadmium
Days %Mln" StAn. Dev. pH %Mln" SIan. Dev. pH %Mln" SIan. Dev. l'II

0 0.0000 0.0000 7.00 0.0000 0.0000 7.00 0.0000 0.0000 6.1l<J
1 38.707 1.6096 7.16 42.783 1.2482 7.01 37.865 2 1078 6.88
2 49.700 2.8248 7.02 54.440 4.2417 6.99 52.849 2.2<J40 6.85
4 54.295 1.7816 7.10 59.740 5.5478 7.01 61.901 2.31 <J2 6.85
7 57.911 1.5880 7.00 62.540 6.0386 6.98 67.724 I.<J003 6.8r,
10 59.356 1.6827 7.11 63.536 6.2895 7.07 70.327 1.<J<J<J8 6.85

.
',·,tlue ls basal on the .1\'ero1ge of three So1mples
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Table A.5 Data for the Mineralizalion of 25ppm 2-Naphthol with 0; 0.044; 2. 12n1l1101 L" Cd in Minimal S.llls Solulion

Ommol L" Cadmium O.044mmol L" Cadmium 2.12mmol L" Cadmium
Days %Mln" Stan. Dey. pH %Mln" Stan. Dey. pH %Min" Stan. Dey. pli

0 0.0000 0.0000 7.00 0.0000 0.0000 7.00 0.0000 0.0000 6./l0
1 32.428 8.215O U 7.12 28.777 5.3423 7.12 29.548 2.5621 6.7·1
2 37.457 9.5045 7.20 31.673 6.3546 7.20 42.762 3.9525 6.1l0

" 38.338 9.7311 7.21 32.478 6.4978 7.10 45.610 3.7267 6.7';
7 38.894 9.7828 7.19 33.366 6.6347 7.20 46.343 3.7013 6.1l1
10 39.218 9.7296 7.11 34.071 6.6858 7.11 46.905 3.1l16ol 6.1l1

·valliè 15 oosOO on Ihe average of lhrœ samples

Table A.6 Data for Ihe Mineralizalion of 130ppm 2-Naphlhol with 0; 0.044; 2.12mmol L" Cd in Minimal Salis Solution

Ommol L" Cadmium O.044mmol L" Cadmium 2.12mmol L" Cadmium
Days %Mln" Stan. Dey. pH %Mln" Sian. Dey. pH "!oM in" Sian. Dey. pli

0 0.0000 0.0000 7.00 0.0000 0.0000 7.00 o.oono o.onon 6.74
1 0.58330 0.30572 7.19 0.51513 0.55819 7.09 0.11804 0.11865 6.76
2 1.0720 0.64132 7.20 0.83652 1.0271 7.10 0.14544 0.13858 6./l0

" 1.5493 0.97872 7.11 0.99953 1.1582 7.20 0.15561 n.14765 6./l3
7 2.4040 1.2841 7.00 1.0096 1.1490 7.18 0.16350 0.11553 6./l0
10 2.5549 1.1494 7.11 1.0518 1.1245 7.07 O. J7851 0.10416 6./l0

·v.llue Is based on Ihe average of Ihree samples
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Table A.7 Data for the Mineralization of 25pprn Naphthalene wilh 0; 0.0""; 2.12 rnmol L" Cd in 2% Kaolinile and Minimal Salis

Solution

Ommol L" Cadmium 0.044mmol L" Cadmium 2.12mmoll;' Cadmium
Days %Mln' Sian. Dey. pH %Mln' Sian. Dey. pH %Min' Stan. Dey. l'II

0 0.0000 0.0000 7.12 0.0000 0.0000 7.18 0.0000 0.0000 (l. 7'J
1 24.002 0.71920 7.03 27.008 7.7519 7.18 24.913 7.7651 6.7'J
2 27.120 0.98884 6.84 30.810 9.4383 7.12 30.400 'J.9733 6.711
4 29.589 1.2084 6.68 32.155 9.6320 6.94 32.356 9.577·' (l.76
7 31.001 1.3690 7.01 34.001 10.373 6.97 33.832 'J.3787 6.76
10 32.899 1.4376 XXX 35.219 10.978 XXX 35.092 9.2360 XXX

<0 ·"dhu.'ls haSt,,1 un Ihe d\'l',.'ge of Iluf'e 5ampll'S....

Table A.8 Data for the Mineraliz.ltion of 130pprn Naphthalene wilh 0; 0.04·1; 2.12 n1l11011;' Cd in 2% Kaolinile .md 1'.linilll.11 S,il"
Solution

Ommol L" Cadmium 0.044mmol L" Cadmium 2.12mJl111II;' Cadmium
Days %Mln' Sian. Dey. pH %Mln' Sian. Dey. l'" %Min' Sian. Dev. l'II

0 0.0000 0.0000 7.00 0.0000 n.oooo 7.20 0.0000 0.0001l (,.76
1 33.499 5.8133 6.86 30.972 0.98337 6.86 7..11401 ·1.'J307 6.711
2 39.374 6.1637 6.74 39.116 1.6753 6.90 48.24-1 'J.9732 (,.77
4 39.964 , 6.1975 6.10 39.766 1.7904 6.59 51.438 10..171 (1. 'i(,

7 40.184 6.3174 5.47 40.115 1.9101 6.75 52.610 Il)..ll'i 6.63
10 40.499 6.3612 XXX 41.009 1.7020 XXX 53.466 10.1·13 XXX

'\,..Iut' II NSf\' lln 100 tI"trolgt Il' thrft' samples

,.
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Table A.9 Data for the Mlneralization of 25ppm 2-Methyl Naphthalene with 0; 0.044; 2.l2mmol L" Cd in 2% Kaolinill' and Minim.ll
Salts Solution

Ommol L" Cadmium O.044mmol L" Cadmium 2.12mmol L" Cadmium
Days %Mln· Stan. Dey. pH %Mln· Stan. Dey. pH %Min· Sian. Dev. pH

0 0.0000 0.0000 7.20 0.0000 0.0000 7.20 0.0000 0.0000 6.78
1 3.2617 0.52020 7.07 4.6668 0.25977 7.10 5.4962 0.24582 6.80
2 7.2450 0.25319 7.10 10.490 0.19539 7.16 11.424 0.70433 6.80
4 12.464 0.44209 6.99 16.774 0.65628 7.16 19.399 \.0841 6.80
7 16.987 1.2013 6.95 22.380 1.4068 7.03 25.941 1.3252 6.80

, 10 21.474 1.9643 XXX 27.174 1.6793 XXX 30.140 \.5510 XXX
, ' "
"

·value 15 based on Ihe average or Ihree samples

./

Table A.lO Data for the Mlneralization of 130ppm 2-Melhyl Naphlhalene 0; 0.044; 2.12mmol L" Cd in 2% Kaolinill' and Minimal
Salis Solution

Ommol L" Cadmium 0.044mmol L" Cadmium 2.12mmol L" Cadmiulll
Days %Mln· Stan. Dey. pH %Mln· Sian. Dey. pH %Mln· Stan. Dev. pH

0 Q.OOOO 0.0000 7.11 0.0000 0.0000 7.20 0.0000 0.0000 6.80
1 3.8829 0.52471 6.95 4.1703 0.26056 7.06 4.4097 0.54085 6.76
2 8.8697 0.45269 6.81 9.7909 0.21725 6.99 10.350 0.72169 6.75
4 14.380 0.71282 6.29 15.654 0.22055 6.81 17.649 \.0799 6.60
7 20.066 1.5037 5.44 21.253 0.38392 6.42 24.059 1.4997 5.81
10 25.269 1.7628 XXX 26.192 0.56301 XXX 29.548 1.7833 XXX

·vaJue 15 based on Ihe average or Ihree samples
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Table A.l1 Data for the Mlnerallzation of 25ppm 2-Naphthol wlth 0; 0.044; 2.12mmoll:' Cd ln 2% Kaolinile and Minimal Salis

Solution

Ommol L" Cadmium O.044mmol L" Cadmium 2.12mmol L" Cadmium
Days %Mln- Stan. Dey. pH %Mln- Stan. Dey. pH %Min- Stan. Dey. pH

"
0 0.0000 0.0000 7.09 0.0000 0.0000 7.07 0.0000 0.0000 6.99

. 1 7.2311 2.7279 7.20 7.0983 1.5053 7.20 4.8280 0.56751 6.89
2 34.001 0.78264 7.03 36.666 1.7202 7.10 37.339 t.l549 6.92
4 36.062 1.0513 7.05 43.483 8.8814 7.20 45.863 2.1526 7.07
7 36.424 0.99099 6.82 44.428 9.59ll 7.01 47.148 2.3517 6.95
10 36.766 0.83277 XXX 44.809 9.6264 XXX 47.825 2.3152 XXX

\0 'value 15 b.1sed on Ihe average of Ihree samples
w

Table A12 Data for the Mineralization of 130ppm 2-Naphthol wilh 0; 0.044; 2.12mmol L" Cd ln 2% Kaolinilc and Minimal SalIs
Solution

OmmoI L" Cadmium O.044mmol L" Cadmium 2.12mmol Loi Cadmium
Days %Min- Stan. Dey. pH %Min- Stan. Dey. pH %Min' Stan. Dey. pH

0 0.0000 0.0000 7.16 0.0000 0.0000 7.08 0.0000 0.0000 7.02
l 0.ll827 0.082212 7.12 0.24616 0.23630 7.20 0.020499 0.045852 6.97
2 0.52805 0.15863 7.16 0.56104 0.26219 7.03 0.020499 0.10955 7.07
4 0.52956 0.16639 7.05 0.56104 0.26219 7.20 0.020499 0.11590 6.90
7 0.52956 0.16871 7.17 0.61227 0.27003 7.19 0.020499 0.10716 7.12
10 0.52956 0.16624 XXX 0.61227 0.27003 XXX 0.020499 0.ll781 XXX

'"aluel5l.oased on Ihe."erage or threesamples



• A.2. Mineralization Data for Microcosms Containing
Sodium Nitrate to Account for Excess Nitrate
Added as Cadmium Nitrate in 2.12mmol el Cd
Microcosms

Table A.13 Data for the Mineralization of 130ppm Naphthalene with Additional
Nitrate added as Sodium Nitrate Salt ([NO;] is 4.2 X 10" Ml, in MSM Onlv

Days ABC Average % Standard
Deviation

Table A.14 Data for the Mineralization of 130ppm 2-Methyl NaS'hthalene with
Additional Nitrate added as Sodium Nitrate SaIt ([NO;] is 4.2 X10 M), in MSM Onl
Days ABC Average % Standard

Deviation

•

1
2
4
7
10

1
2
4
7
10

54.97
58.61
58.61
58.61
58.61

42.36
50.48
54.80
58.84
60.071

52.68
58.39
58.56
58.56
58.56

36.67
43.78
47.32
49.91
51.35

57.91
65.22
65.66
65.66
65.66

36.67
43.78
47.32
49.91
51.35

55.18
60.74
60.94
60.94
60.94

39.51
47.13
51.067
54.37
55.71

2.62
3.88
4.082
4.082
4.082

4.023
4.73
5.28
6.31
6.16

Table A.15 Data for the Mineralization of 130ppm 2-Naphthol with Additional Nitrate
added as Sodium Nitrate SaIt ([NO;] is 4.2 X 10" M), in MSM Onl

Days ABC Average % Standard
Deviation

1 0.15 0.23 2.27 0.88 1.19
2 0.19 0.29 4.75 1.74 2.60
4 1.78 0.48 6.37 2.87 3.09
7 1.92 0.90 7.56 3.46 3.58
10 1.93 1.03 8.18 3.72 3.89

Table A.16 Data for the Mineralization of 130ppm NaEhthaiene with Additional
Nitrate added as Sodium Nitrate SaIt ([NO;] is 4.2 X16" M), in 20/0Kaolinite SI

Days ABC Average % Standard
Deviation

•

1
2
4
7
10

44.91
56.23
57.37
57.82
58.43

30.80
38.78
40.50
41.48
42.83

94

31.63
37.60
38.67
39.32
40.26

35.78
44.20
45.51
46.21
47.18

7.91
10.433
10.31
10.11
9.83



•
Table A.1i Data for the Mineralization of 130ppm 2-Methyl Naphthalene with

Additional Nitrate added a,; Sodium Nitrate Salt ([NO,;] ',;·U X lO' 1\\), in 2·~ ..Ka"linite
SlulTV

Days ABC A~'t'rdSt' I~;. StlHl,illrd
D,"r,'Ïtltioll

1 0;.21 0;.11 0;.11 0;.16
2 9.H 10.62 10.62 9.88
0; 14.90; 1i.16 li.16 16.05
i 20.33 23.ï4 23.io; 22.00;
10 25.65 29.9i 29.9i 2i.81

0.Oi1
LOO;
1.56
2.0;1
3.05

Table A.18 Data for the Mineralization of 130ppm 2-Naphthol \Vith Additional Nitrate
added as Sodium Nitrate Salt ([NO;] is 42 X 10" Ml, in 2%Kaolinite S\urrv

Days ABC Average % Stal/dard
Dc-"iati<JI'

•

•

1
2
4
7
10

0.033
0.68
0.72
0.i6
0.76

0.12
0.90
0.94
0.94
0.94

95

0.15
1.18
1.26
1.27
1.28

0.10
0.92
0.9i
0.99
0.99

0.061
0.24
0.27
0.26
0.26



• AppendixB
Adsorption-Desorption
Data

B.1. Adsorption Data for Naphthalene, 2-Methyl
Naphthalene, and 2-Naphthol in the presence and
absence of Cadmium

Table B.1 Adso tion data for na hthalene in the absence of cadmium
Initial mg/L A mg/L B Average Standard Amount in Soil

Concentration m. Deviation. m

•

5 3.21 3.73 3.47 0.37 90.14
25 22.25 22.68 22.46 0.30 196.31
50 27.78 28.10 27.94 0.23 1189.59
130 28.92 28.25 28.58 0.47 4945.64
200 29.69 28.90 29.29 0.56 8829.26

Table B.2 Adsorption data for naphthalene in the presence of an initial cadmium
concentration of O.!l44mmol 1"'

Initial Concentration mg/L A mg/L B Average Standard Amount in Soil ppm
m. Deviation.

5
25
50
130
200

4.65
21.97
27.61
28.79
34.62

5.26
20.52
28.22
30.06
31.81

4.96 0.43
21.25 1.02
27.91 0.43
29.43 0.89
33.21 1.98

15.92
257.16
1190.78
4903.49
8633.04

•

Table B.3 Adsorption data for naphthalene in the presence of an initial cadmium
-, concentration of 2.12mmol t·'

Initial mg/L A mg/L B Average Standard Amount in Soil
Concentration m Deviation. m

5 4.94 4.99 4.96 0.038 15.54
25 18.22 23.29 20.76 3.58 281.65
50 27.44 28.29 27.86 0.60 1193.43
130 28.25 28.63 28.44 0.26 4952.75
200 28.32 28.89 28.60 0.39 8863.51

Table B.4 Adso tion data for 2-meth 1na hthalene in the absence of cadmium
Initial mg/L A mg/L B Average Standard Amount in

Concentration m Deviation. Soil m
5 3.10 5.25 4.17 1.51 119.94

25 19.89 15.74 17.82 2.93 383.82
50 20.54 21.44 20.99 0.63 1500.21
130 32.28 25.88 29.08 4.52 5430.69
200 28.60 27.34 27.97 0.89 8801.08
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• Table B.5 Adsorption data for 2-methvl naphthalene in the presence of O.044mmol l'
r cadmium

Initial IIlglL A IIlglL B .Ar,'raSt" Standard Amoull! in
ConcClltraliun , III Dt~'ÙltÏlm. Sail , ml

5 5.26 5.21 5.201 0.035 66.85.,- 16.-16 101.-13 15.-101 1.013 502.56_::l

50 19.301 20.65 19.99 0.92 1550.001
130 23.68 201.801 201.26 0.82 5671.73
200 26.05 201.91 25.-18 0.80 8925.82

Table B.6 Adsorption data for 2-methyl naphthalene in the presence of 2.12mmol L"
cadmium

mgIL B Average
II/

1Ilitial
ConceIltration

5
25
50
130
200

II/glL A

4.42
17.64
20.29
23.50
25.90

4.91
17.03
18.47
25.ï2
24.76

4.66
17.34
19.38
24.61
25.33

Stalldllrd
Dt'Viationt

0.34
0.-13
1.28
1.56
0.81

Amallll ill Sail
II/

95.50
407.91
1580.86
5654.21
8933.17

Table B.7 Adso tion data for 2-na hthol in the absence of cadmium
Initial mgIL A mgIL B

ConceIltration

•
5
25
50
130
200

5.21
24.83
49.41
126.27
202.24

5.22
25.63
49.38
126.07
204.12

Average Standard Am!lllllt ill
II/ Deviation. Soil III

5.21 0.00802 14.021
25.23 0.56 44.97
49.43 0.073 107.60

126.17 0.14 576.30
203.18 1.32 43.89

Table B.8 Adso
InHiaI

Concentration

tion data for 2-na hthol in the resence of O.044mmol L" cadmium
mgIL A mgIL B Average Standard AII/Ollllt in

II/ Deviation. Soil m
5

25
50
130
200

4.37
25.54

47.094
127.003
194.51

5.13
26.13
47.32
126.12

197.844

4.75 0.53 37.12
25.84 0.41 14.79
47.20 0.16 218.83
126.56 0.62 556.87
196.18 2.35 390.93

•

Table B.9 Adso tion data for 2-na htol in the resence of 2.12mmol L·t cadmium
Initial mgIL A mgIL B Average Standard Amount in

Concrntration m Deviation. Soil m
5 5.16 4.44 4.80 0.50 34.55

25 24.92 25.71 25.31 0.55 40.89
50 50.54 48.99 49.76 1.09 90.79
130 126.69 125.85 126.27 0.59 571.40
200 200.58 199.72 200.15 0.60 192.25
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• B.2. Desorption Data for Naphthalene, 2-Methyl
Naphthalene, and 2-Naphthol in the Presence and
absence of Cadmium

Table B.10 Desorption data for naphthalene initial concentration of 25ppm in the
absence of cadmium

StllIlp/e IIlglL A mgIL B Average
m

Standard
Deviation.

Amount in
Sail III

1
2
3
4

22.25
1.90

0.098
0.079

22.68
2.12
0.15
o

22.46
2.01
0.12

0.039

0.30
0.15

0.043
0.056

196.31
95.71
89.25
87.25

Table B.ll Desorption data for naphthalene initial concentration of 130ppm in the
absence of cadmium

Samp/e mgIL A mgIL B Average
m

Standard
Deviation.

Amount in
Sail m

Table B.12 Desorption data for naphthalene initial concentration of 25ppm in the
resence of O.044mmol L"' cadmium

mg/L B Average Standard
m Deviation.•

1
2
3
4

Samp/e

28.92
25.63
26.84
24.27

mgIL A

28.25
25.16
26.30
20.73

28.58
25.39
26.57
22.50

0.47
0.33
0.37
2.50

4945.64
3675.82121

2346.93
1221.75

Amount in Sail
m

1
2
3
4

21.97
2.70
0.13
o .

20.52
2.23
0.057

o

21.25 1.02
2.47 0.32
0.098 0.057

o 0

257.16
133.62
128.69
128.69

Table B.13 Desorption data for naphthalene initial concentration of 130ppm in the
resence of O.044mmol L"' cadmium

Samp/e mgIL A mgIL B Average Standard Amount in Sail
711 Deviation. m

1
2
3
4

28.79
25.89
26.40
25.54

30.06
24.81
26.41
25.51

29.43 0.89 4903.49
25.35 0.76 3635.92
26.40 0.0071 2315.57
25.52 0.ü18 . 1039.18

Table B.14 Desorption data for naphthalene initial concentration of 25ppm in the
resence of 2.12mmol L"' cadmium

Sample ~ mg/L A mg/L B Average Standard Amount in Sail
m Deviation. m

•
1
2
3
4

18.22
1.36
0.071

0.0084

23.29
1.93
0.11

0.0017

20.76 3.58 281.65
1.65 0.40 199.009
0.091 0.028 194.42

0.0051 0.0047 194.16
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• Table B.15 Desorption data for naphthalene initial concentration of 130ppm in the
resence of ~ 12mmol r' cadmium

Sample mg/L A mg/L B At't'rage Slandard
, til Dt·i.'iati(lll.

Amount in Soif
, 7111

1 28.25 28.63
2 25.68 25.70
3 .,- .- 25.96_::>.0/

4 25.6 26.14

28.44 0.26
25.69 0.015
25.81 0.20
25.90 0.33

4952.75
3667.85
23ïï.036
1081.94

Table B.16 Desorption data for 2-methyl naphthalene initial .:oncentration of 25ppm
in the absence of cadmium

Sample mg/LA mg/L B Average
m

Standard
D,oviation.

AmLlllllt in Soil
m

1
2
3
4

19.89
9.10
1.28
o

15.ï4
4.610
0.75
o

17.82
6.85
1.01
o

2.93
3.17
0.37
o

383.82
128.5

109.67
o

Table B.17 Desorption data for 2-methyl naphthalene initial concentration of
130 m in the absence of cadmium

mg/L B Average Standard
m Deviation.

•
Sample

1
2
3
4

mg/LA

32.28
19.04
17.35

o

25.88
12.83
18.29
12.65

29.08 4.52
15.94 4.38
17.82 0.66
6.32 8.95

Amount ill Soil
m

5430.69
4633.69
3742.43

3426

Table B.18 Desorption data for 2-methyl naphthalene initial concentration of 25ppm
in the resence of O.044mmol rI cadmium

Sample mg/L A mg/L B Average Standard
m Deviatioll.

Amount ill
Sail m

1
2
3
4

16.46
4.26
0.82
0.43

14.43
2.75
2.03
o

15.44 1.433
3.51 1.06
1.43 0.85
0.21 0.30

502.56
326.95
255.43
244.60

Table B.19 Desorption data for 2-methyl naphthalene initial concentration of
130 m in the resence of O.044mmol L·I cadmium

Sample mgIL A mgIL B Average Standard Amount in
m Deviation. Sail m

•

1
2
3
4

23.68
16.69
17.94
15.52

24.84
17.003
18.07
13.03

99

24.26 0.82024387 5671.73
16.85 0.21643616 4829.21
18.01 0.095 3928.69
14.27 1.75 3214.82



Table b.20 Desorption data for 2-methyl naphthalene initial concentration of 2Sppm
in the resence of 2.12mmol L" cadmium

mslL B Average Standard
ppll/ De-<Jiatiol!.

• Sali/pI<'

]

2
3
4

II/,'\IL A

]7.64
4.68
0.60

o

]7.03
3.32
2.4]
0.28

]7.34 0.43
4.00 0.96
1.50 1.27
0.14 0.19

AII/ount in
Sail ppm
407.91
207.73
132.43
125.39

Table B.21 Desorption data for 2-methyl naphthalene initial concentration of
130 m in the resence of 2.l2mmol L" cadmium

Sample II/SiL A mglL B Average Standard Amount il!
II/ Deviation. Sail ppm

1
2
3
4

23.50
16.31
14.34
11.89

?- -?-:>./-
16.51
16.90
12.42

24.61 1.56 5654.21
16.41 0.13 4833.56
15.62 1.80 4052.13
12.16 0.37 3443.95

Table B.22 Desorption data for 2-naphthol initial concentration of 2Sppm in the
absence of cadmium

mgIL B Average
m

•
Sample

1
2
3
4

mgIL A

24.83
0.83
0.03
0.11

25.63
o.n
0.07
0.34

25.23
o.n
0.05
0.22

Standard
Deviation.

0.566
0.082
0.027
0.15

Amount in
Sail m

44.97
11.57
10.79
7.83

Table B.23 Desorption data for 2-naphthol initial concentration of 130ppm in the
absence of cadmium

Sample mgILA mgIL B Average
III

Standard
Deviation.

Amountin
Sail m

1
2
3
4

126.27
5.65
0.38
0.19

126.07
5.62
0.30
0.11

126.17
5.63
0.34
0.15

0.14
0.024
0.063
0.057

576.30
294.42
277.18
269.40

Table B.24 Desorption data for 2-naphthol initial concentration of 2Sppm in the
resence of O.044mmol e' cadmium

Sample mgIL A mgIL B Average Standard Amount in Sail
m Deviation. m

•

1
2
3
4

25.54
1.18
0.06
o

26.13
1.079
0.05
o

25.84 0.41 14.79
1.13 0.07 0
0.060 0.008 0

o 0 0

100



Table B.25 Desorption data for 2-naphthol initial concentration of 130ppm in the
resence of O.044mmol l" cadmium• Salllple mglL A m~/L B ..-1t'l"raStA Standard

... , 1111 Dl·~·itl tùm.
o"\l1ltlUnt in SniI

, 'tIl

1 127.003 126.12 126.56 0.62
2 5.16 6.13 5.65 0.68
3 0.24 0.29 0.2:- 0.036
4 0 0.0758 0.037 0.053

556.Sï
2ï-+.3
260.79
258.90

Table B.26 Desorption data for 2-naphthol initial concentration of 25ppm in the
resence of 2.12rnmol l" cadmium

Sal1lple mgIL A IIIglL 8 Average Sialldard
III Dl-vialioll.

AlIIoll//1 ill SoU
'tri

1
2
3
4

24.92
0.97

0.062
o

25.ï1
1.09

0.058
o

25.31 0.55
1.037 0.082
0.060 0.002

o 0

40.89
5.80
4.24
4.24

Table B.27 Desorption data for 2-naphthol initial concentration of 130ppm in the
resence of 2.12rnmol l" cadmium

II/glL 8 Average Sialldard
II/ Devialioll.

•
Sal1lple

1
2
3
4

mgIL A

126.69
5.51
0.22

0.001

125.85
3.67
0.23

0.064

126.27 0.59
5.59 0.109
0.23 0.005

0.033 0.043

Amo/II/I il/ Sail
II/

571.40
291.59
280.08
278.42

B.3. Adsorption Data for Cadmium in the absence of the
Carbon Contaminants

Table B. 28 Adsorption data for cadmium in the absence of the carbon
contaminants.

•

Initial Cd
Cone

I1ll1lol L·I

0.044
0.936
2.12
3.51

A

0.021
0.020
0.014
0.024

8

0.020
0.028
0.018
0.020

C

0.020
0.016
0.017
0.027

101

Average
I1ll1lol L"

0.020
0.021
0.017
0.024

Slandard
Deviation

0.00
0.005
0.002
0.003

Cd in soil
I1ll1lol kg"'

1.11
45.71
110.18
174.08



• 8.4. Desorption Data for Cadmium in the presence and
absence of the Carbon Contaminants

Table 6.29 Desorption data for cadmium in the absence of the carbon contaminants
(initial concentration 0.044 mmol LOI).

B Total Average Standard
Icft mmol L' Deviation

Stlmplt·

1
2
3
4

A

0.022
0.012
0.008

0.0057

0.022
0.012
0.007
0.004

0.022 0
0.012 0.00041

0.0076 0.00062
0.0052 0.000ï3

Cd in sail
mmol k,('

1.14
0.62
0.38
0.26

Table 6. 3Ci Desorption data for cadmium in the absence of the carbon contaminants
(initial concentration 2.12 mmol L·I ).

Sample A B Total Average Standard Cd in soil
left mmol L' Deviation mmol kit°'

Table 6.31 Desorption data for cadmium from an initial concentration of O.044mmol
L·I in the resence of na hthalene (25 m)

B Total Average Standard
left mmol L" Deviation

0.016 0 110.2
0.015 0.0037 109.45
0.011 0.0062 10S.S9

0.0079 0.0075 10S.50

•

1
2
3
4

Sample

1
2
3
4

0.016
0.017
0.013
0.0088

A

0.023
0.015
0.011

0.016
0.012

0.0093
0.0070

0.024
0.015
0.011

0.0094

0.023 0.0003
0.015 0.0003
0.011 0.0002
0.009 0.0003

Cd in soil
mmol kit°'

1.19
0.76
0.56
0.46

Table B.32 Desorption data for cadmium from an initial concentration of 2.12mmol r t

in the resence of na hthalene (25 m)
B Total Average Standard

left mmol L" Deviation
Sample

1
2
3
4

A

0.017
0.009

0.0064
0.0047

0.017
0.009
0.0069
0.005S

0.017 0
0.0095 0.00035
0.0066 0.0007
0.0053 0.0014

Cd in soil
mmol k .,

110.16
109.6S
109.35
109.09

Table B.33 Desorption data for cadmium from an initial concentration of O.044mmol
L·t in the resence of na hthalene (130 m)

B Total Average Standard
/eft mmol L" Deviation

•
Sample

1
2
3
4

A

0.023
0.015
0.011
0.00S7

0.023
0.014
0.010
0.007

0.023 0.0003
0.014 0.0006
0.010 0.0006
O.OOS 0.0007
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Cdinsoii
mmol k .,

1.17
0.740
0.52
0.41



Table B.3-l Desorption data for cadmium from an initial concentration of :!.lZmmoll"'
in the resence of na hthalene (130 m)

B T(J!Il! :l~'l'nz~t' ~ttl1Zdard

tt-ft nInwl i.: Dt·~·itltùm• Salllplt·

1
2
3

0.ül5
O.OOS
0.006

0.005-l

0.ül5
O.OOS
0.006

0.005-l

0.015 0.0002
o.00Si 0.00010
0.006-l 0.0002
0.005-l 0.0002

Cd i" ~lJiJ

II/II/,'l k" '
llO.2i
1O~ .s:;
!lN.51
10'1.23

Table B.35 Deso'}'tion data for cadmium from an initial concentration of O.OoWmmol
l' in the resence of 2-methvl na hthalene (25 m)

Sample A 8 Total Average Standard Cd in ~"il

left 11111101 L' D,,'iatùl/I 111111,,1 k" '
1
2
3
4

0.024
0.016
0.012
0.010

0.024
0.015
0.012
0.009

0.024 0.0003 1.22
0.016 0.0004 O.Sl
0.012 0.0004 0.61
om0 0.0005 0.51

Table B.36 Desorption data for cadmium from an initial concentration of :!.12mmoll·1

in the resence of 2-methvl na hthalene (25 m)
A 8 Total Average Standard

lcft IIImol L-' Dt'Viation

•
Sample

1
2
3
4

0.026
0.01
0.008

0.0019

0.014
0.0094
0.0069
0.0020

0.020 0.00S7
0.009 0.00943
0.0075 0.0102
0.0020 0.0101

Cd in ~"iI

mm"l k';('
110.02
109.52
109.14
109.04

Sample A 8 Total Average Standard Cd in wil
left mmol L" Deviation mmol k .,

1 0.023 0.020 0.0221 0.0022 1.106
2 0.016 0.010 0.013 0.0036 0.67
3 0.0116 0.0057 0.0087 0.00418 0.43
4 0.0093 0.0030 0.0062 0.0044 0.31

Table B.3S Desorption data for cadmium from an initial concentration of 2.12mmol l·'
in the resence of 2-methvl na hthalene (130 m)

A B Total Average Standard
left mmol L" Deviation

•

Sample

1
2
3
4

0.013
0.011

0.0073
0.005

0.016
0.0099
0.0066
0.0053

0.015 0.0018
0.0104 0.0010
0.0069 0.0005
0.0055 0.00025
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Cd in wil
mmol k -,

110.28
109.76
109.41
109.13



Table B.39 Desorption data for cadmium from an initial concentration of O.044mmol
L" in the resence of Zona hthol (25 ml

B Total Average Standard
Idt 11111101 L ' D<Tiation• Salllpl,.

1
2
3
4

U.U24
U.016
U.U12
0.010

U.U24
0.U16
0.012
omo

U.U24 0
0.U16 0.0001
0.012 0.0001
omo 0.0001

Cd in sail
11111101 kg'

1.22
0.80
0.60
0.50

Table 8.40 Desorption data for cadmium from an initial concentration of 2.12mmol L·I

in the resence of 2-na hthol (25 ml
B Total Average Standard

Idt mmol L- I Deviation
Salllple

1
2
3
4

A

0.018
0.0094
0.007
0.0055

0.017
0.0087
0.0063
0.0045

0.017 0.0007
0.009 0.0012
0.0067 0.0017
0.0050 0.0024

Cd in soil
mmol kl(
110.15
109.70
109.36
109.11

Table 8.41 Desorption data for cadmium from an initial concentration of O.044mmol
L" in the resence of 2-na hthol (130 ml

Table 8.42 Desorption data for cadmium from an initial concentration of 2.12mmol r'
in the resence of 2-na hthol (130 ml

B Total Average Standard
left mmoI L·' Deviation

B TolllI A17erage Standard
Ieft mmol C' Deviation

•

•

Sample

1
2
3
4

SampIe

1
2
3
4

A

0.025
0.017
0.013
0.011

A

0.014
0.0082
0.0062
0.0042

0.021
0.011
0.0068
0.0043

0.019
0.0089
0.0064
0.0050

0.023 0.0031
0.01455944 0.0042

0.010 0.0047
0.0079 0.0051

0.016 0.0032
0.0085 0.0037
0.0063 0.0039
0.0046 0.0045
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Cd in soil
mmol kg"

1.16
o.n
0.51
0.39

Cd in soil
mmol k .,
110.19
109.77
109.45
109.22



•

•

•

Appendix C
Data used to construct the equilibrium determination curves for each PAH and cadmium

in kaolinite.
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Table C.I E ulllbrium data for cadmium in 2% kaolinIle and M8M sam les

nille (days) 11111101 L' 11111101 L' 11111101 kg" 11111101 kg" Average ill AqllCOIIS Varintioll AVt'rag" ill S"il Fnlcli""
Fractioll

24 0.015 0.018 1.39 1.20 0.017 0.0025 1.29
48 0.019 0.019 1.19 1.16 0.019 0.00045 J.18
72 0.019 0.019 1.18 1.17 0.019 0.0001 J.17

Table C.2 E ulllbrium data for PAHs in 2% kaolinite and M8M sam
PAH Na 1IIlmlelle 2-MeI/I 1 Na 1IIlmlelle
Mtial

COllcell- 25ppIII 130pplll 25pplll 130pp/ll 25Pl'/ll 130/'1
'

/11

lration
Tillle IIIg L' IIIg Kg" IIIg L' IIIg Kg" IIIg L' IIIg Kg" IIIg L' IIIg Kg" /IIg L' /IIg Kg" /IIg L /IIg Kg

(da 5)
0 14.304 566.038 19.990 5411.08 8.619 819.01 15.848 6045.06 21.249 243.76 132.42 316.01
24 13.930 584.709 21.810 5320.06 11.104 694.76 19.945 5840.23 23.179 147.25 132.40 317.27.... 48 13.312 615.630 20.376 5391.80 11.745 662.73 20.715 5801.73 22.721 170.15 134.43 215.66

~ 72 12.866 637.932 22.705 5275.32 11.821 658.90 20.013 5836.84 22.981 157.17 133.86 244.47

"

<'/



•

•

•

Appendix D
Optical density readings used ta construct the biomass curves for Pseudomollas putida.
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....
liil

1 )

al 600•• for growlh of P. pllt/da in a 1% glucose and mineraI salts solullon \Vith cadmium.
Ave. 0.044 Ave. 2.12 Ave. 4.23 AVt'.

A B A B A B A B
0.053 0.056 0.054 0.048 0.045 0.047 0.085 0.086 0.086 0 0 0
0.137 0.148 0.143 0.093 0.09 0.092 0.093 0.118 0.105 0.004 0.017 0.01
0.327 0.349 0.338 0.262 0.25 0.256 0.203 0.218 0.211 0.066 0.118 0.92
0.456 0.465 0.461 0.38 0.389 0.385 0.264 0.285 0.275 0.092 0.159 0.126
0.642 0.578 0.61 0.53 0.534 0.532 0.37 0.404 0.387 0.212 0.248 0.23

" . - 1 0.687 0.588 0.638 0.595 0.596 0.596 0.386 0.412 0.399 0.236 0.264 0.25

Table D.2 Optlcal denslty readings al 600•• for growlh of P. plltlda al 25ppm of each PAH in
mineraI salts medium

PAH Naplltllalelle 2-Metllyl Naplltlllllelle 2-NaplltllOl
Tlme (11011'5) A B Average A B Average A B Average

0 0.027 0.028 0.027 0.052 0.029 0.035 0.023 0.032 0.028
6 0.06 0.05 0.055 0.077 0.05 0.065 0.031 0.042 0.037

16 0.074 0.078 0.077 0.116 0.075 0.097 0.056 0.077 0.067
24 0.079 0.084 0.082 0.119 0.117 0.118 0.063 0.086 0.077
40 0.081 0.087 0.086 0.121 0.120 0.121 0.077 0.091 0.087
48 0.08 0.100 0.094 0.125 0.126 0.126 0.068 0.102 0.096

Table D.3 Optlcal denslty readings al 600... for growlh of P. plltlda al 130ppm of each PAH in
mineraI salts medium.

PI)H Naplltlllllelle 2-Me/lIyl Nap/ltllIIlelle 2-NaplltllOl
Tlme (11011'5) A B Average A B Average A B Average

0 0.056 0.059 0.058 0.04 0.07 0.045 0.024 0.03 0.027
6 0.078 0.082 0.08 0.07 0.092 0.071 0.024 0.021 0.023
16 0.15 0.16 0.155 0.077 0.117 0.086 0.027 0.027 0.028
24 0.191 0.196 0.194 0.092 0.135 0.102 0.027 0.028 0.033
40 0.181 0.191 0.186 0.159 0.195 0.167 0.033 0.032 0.033
48 0.184 0.188 0.186 0.177 0.21 0.184 0.035 0.031 0.033



• Appendix E
Sample Calculation

The following presents th~ sample calculations to iIIustrilte the potential

speciation of cadmium in the minerai salts medium. It should he noted that thesc

calculations are present results that are only qualitative in nature.

The following calculations use concentrations instead of activities which will

introdu~ a margin of error.

Sample Calculations:

The following equations represent the complexation of cadmium with the most

Iikely ligands present in mineraI salts medium. The following equations were presented

in the Introduction section.

•
Cd2+ + H2P04- " .. CdHP04 + W

The preceding equations are rearranged below to include the formation constants taken

from Lindsay (1979).
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• [CdHP041[WI

[Cd2+1 [H2P04°j

•

The following parameters were usee! for calculating cadmium speciation:

Total cadmium concentration (CdT) = 0.044 mmol L-'
Total phosphate concentration (HPO/) =19.4 mmol L"'

Nitrate concentration (NO;) = 0.088 I!IIlI0l C'
pH = 7 therefore, H" = 1 X 10-'

[OH] = 1 X 10"'
Keq = 1.8 X 10-16 mol C'at 25'C

After replacing the appropriate values into the above equations, the

concentration of Cd'" was calculated to equal 227 X la" M using CdT =0.00004M). By

substituting Cd'" back into the above equations, the following concentrations for the

cadmium complexes is calculated:

[CdOH"] =5.8 X la" [Cd'"] =1.3 X 10"

[CdNO;] =224 X 10~ [Cd'"] =5.085 X la'" M

[Cd(OH),] = 2.67 X 10 10" [Cd'"] = 2.67 X la" M

[CdHPO.] =19.4 [Cd'"] =4.4 X la" M

Theoretically, the amount of cadmium removed from solution includes,

[Cd"] + [CdOW] + [CdNO;] + [Cd(OH),] + [CclHPO.]

which gives a total concentration of 0.000042M (0.042 mmol LO'). The amount calcu1ated

is aImost virtually the same concentration of the total amount of cadmium added which

was 0.044 mmol L·'.
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