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ABSTRACT 

This study is concerned with the biodegradation cf polycyclic 

aromatic hydrocarbons _(PAHs), particularly the utilization of biological 

processes in the bioremediation of PAH-contaminated soils. In this regard, 

the effects of the contaminant bioavailability and the redox environment 

on the biodegradation process have been investigated. 

First, the mineralization of naphthafene in soil/water systems under 

danitrifying conditions has baen studied. The effect of the compound's 

initial concentration and oil-contamination on the mineralization kinetics 

of naphthalene was investigated. Results showed that naphthalene 

minoralization is influenced by its availability ta the microbial 

population, which in turn is a function of the compound initial 

concentration, the sorption/desorption characteristics of the 

soil/contaminant complex and the organic content of the soil. 

Mineralization exhibited zero order kinetics with respect to total 

naphthalene concentration wh en the aqueous concentrations of 

naphthalene were maintained close ta the solubility limit. However, wh en 

the aqueous concentration of naphthalene dropped appreciably below its 

saturation limit, mineralization showed higher order kinetics and became 

substrate dependent. 

Second, the biodegradation of four PAH compounds, acenaphthene, 

acenaphthylene, fluorene and anthracene, in a soil/water system under 

four redox environments has been studied. Both aerobic and denitrifying 

environments supported appreciable PAH biodegradation rates. In 



-. - comparison to the denitrifying conditions, the aerobic environ ment 

exhibited slightly higher PAH biotic losses, but on the other hand, it 

resulted in substantial abiotic losses, mainly volatilisation. Sulfate­

reducing and methanogenic conditions did not result in any significant 

biodegradation of the PAH compounds. For the above mentioned reasons, 

the denitrifying environment was chosen for a further experiment ta 

investigate the performance of a bioreactor system in treating P AH­

contaminated soil5. A bench-scale bioreactor with a total capacity of four 

litres was used and the PAH compounds tested were: acenaphthene, 

acenaphthylene, fluorene and anthracene. Results showed that by enlarging 

the scale of the reactor by approximately eight times and simultaneously 

reducing the mixing intensity of the soil slurry, the biodegradation rates 

of the PAH compounds remained virtually unchanged. 
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c RÉSUMÉ 

La présente étude porte sur l'utilisation de procédés biologiques 

pour restaurer des sites contaminés par des hydrocarbures aromatiques 

pOlycycliques (HAP). À ce propos, l'ef\.et de la disponibilité des 

contaminants et du potentiel rédox sur la biod~)gradation a été examiné. 

La première partie de l'expérience c'lnsistait à étudier la 

minéralisation dü naphtalène dans des c·onditions favorisant la 

dénitrification dans un mélange sol/eau. L'el1lfet de la concentration 

initiale du naphtalène ainsi que l'effet de l'utilisévUon d'un sol contaminé 

par des huiles sur la cinétique de minéralisation du naphtalène ont été 

étudiés. Les résultats obtenus montrent que la minéralisation du 

naphtalène par les populations microbiennes dépend de la disponibilité de 

celui-ci, qui elle, dépend de la concentration initiale du naphtalène, des 

caractéristiques d'adsorption et de désorption du complpxe sol/polluant 

ainsi que du contenu organique du sol. La minéralisation a présent{~ une 

cinétique d'ordre zéro par rapport à la concentration totale du naphtalène 

lorsque celle-ci était suffisamment élevée pour maintenir une 

concentration aqueuse proche de la limite de solubilité. Au contraire, 

lorsque la concentration aqueuse du naphtalène a diminuée de façon 

appréciable sous la limite de saturation, la minéralisation a présenté une 

cinétique d'ordre plus élevé jusqu'à devenir dépendante de la concentration 

du substrat. 

La deuxième partie de l'expérience consistait à étudier la 

biodégradation de quatre HAP, soit l'acénaphthène, l'acénaphthylËme, le 

i i i 



... fluorène et l'anthracène, sous différentes conditions de potentiel redox .. 
dans un mélange sol/eau. Les taux de biodégradation les plus élevés ont 

été obtenus en condition d'aérobiose et en condition de dénitrification. 

Parmi ces deux environnements, celui contenant de l'oxygène a démontré 

un meilleur potentiel de biodégradation quoique des pertes de HAP dues à 

la volatisation ont été notées, un problème qui n'existe pas dans les 

co: jitions de dénitrification. Les deux autres conditions étudiées, soit en 

sulfato·réduction et méthanogénique n'ont pas démontrées de résultats 

significatifs de biodégradation des composés HAP. De plus, la présente 

étude traite de la faisabilité du développement d'un bioréacteur dédié au 

traitement des sols contaminés sous des conditions de dénitrification, à 

partir d'un modèle réduit de bioréacteur ayant une capacité totale de 

quatre litres. Les résultats ont montré qu'un agrandissement de l'ordre de 

huit fois de l'échelle du bioréacteur, tout en réduisant de manière 

substantielle la puissance de mélange dans la suspension de sol ont 

produit peu d'effet sur Jes taux de biodégradation des isomères de HAP 

étudiés. 
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CHAPTER 1 

1.1 FOREWORD 

This report provides an account on the research project carried out 

to investigate the biodegradatir.m of polycyclic aromatic hydrocarbons in 

soil slurries. Prior to the writing of this report, the materiaJ appearing in 

chapters 3 and 4, has been already written and prepared in the form of two 

manuscripts to be submitted for publication in scientific journals. So far, 

one of them found its way to the pages of a journal (Applied Microbiology 

and Biotechnology; see Appendix E) and the other one is awaiting to follow 

suit. However, the fact that this research work could be divided into two 

self-contained manuscripts favoured incorporating them as such in this 

report to emphasize the central issue studied in each of them and to make 

use of the fact that they could be read independently of each other. 

Having explained the reasons behind the ove rail format of this 

report, now a summary of each of the chapters to follow and their order is 

given. 

Chapter 2: The introduction, literature review and objectives of 

study are included here. The literature review provides a background ta 

the problem of soil contamination with PAHs, the role of biological 

processes in determining their fate and in the development of a treatment 

technology. Special attention is given to three factors affecting the 

( biodegradation of PAHs: the redox environ ment, PAH bioavailability and 
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the co-presence of other contaminants. A review of the important studies 

dealing with these issues is presented in this section. Also, the literature 

- review establishes the grounds for the objectives of the study. 

Chapter 3: This chapter consists of a study which investigates the 

biodegradation and mineralization of 14C-naphthalene in a soil slurry and 

under denitrifying conditions in relation to naphthalene initial 

concentration and the adsorptive-desorptive properties of the soil­

contaminant complex. This study has been published (AI-Bashir et aL, 

1990a) and sorne of its results were presented elsewhere (AI-Bashir et 

al.~ 1990b, Leduc et al., 1990). 

Chapter 4: Here, a biodegradation study is provided which 

investigates the role and significance of four redox environments 

(aerobic, denitrifying, sulfate-reducing and methanogen ie) in the 

biodegradation of four PAH compounds: acenaphthene, acenaphthylene, 

fluorene and anthracene. Also, in this study, the performance of a bench­

scale bioreactor is evaluated. Sorne of the results obtained from this 

study were presented at a conference (Leduc et al. 1990). 

Chapter 5: The important findings and the main conclusions of this 

study are stated here. Also, comments are made on the analytical 

techniques adopted in performing the experiments and some suggestions 

are put forward for further research in the field. 

Also, four appendices are attached to this study and these are: 

Appendix A presents the tables of results obtained in chapter 3 in 

their numerical form; 

Appendlx B is constituted of three figures, which show the 

Langmuir, Freundlich and B.E.T. adsorption functions fitted to naphthalene 
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adsorption data in chapter 3; 

Appendlx C presents tables of the results appearing in Fig.4.2, i~ 

chapter 4; 

Appendlx D outlines the procedure utilized to perform the 

statistical analysis that appears in chapter 4. 

Appendix E contains a reprint of the published manuscript. 

Finally, it should be noted that, because of the special format of the 

thesis, references cited in a given chapter appear Iisted at the end of that 

chapter. 

1.2. STATEMENT REGARDING AUTHORSHIP 

The original proposai for this research work was agreed upon by Dr. 

Réjean Samson (Biotechnology Research Institute. BRI) and Dr. Roland 

Leduc (McGiII University). The objectives of the study were stated as 

follows: 

1. Compare the performance of a solid-state bioreactor to the 

standard erlenmeyer techniques for the detoxification of PAHs. 

Naphthalene, acenaphthene and a sample from a contamin~ted site will be 

used as substrates; 

2. Evaluate the rate of biodegradation as a function of major 

operational variables such ~w y-,ater content and redox conditions; 

3. Evalua!e sorne kinetic parameters based on the reduction in PAH 

concentration, production of metabolites and increase in biomass. 

The research work was carried out at the BRI and using the technical 

(, facilities available there. Also. the prototype of the bioreactor was 
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developed by the BRI research staff. The Installation of the bioreactor and 

management of troubleshootings were undertaken by Dr. Tibor Cseh who 
i 

also assisted the author in developing the method of analysis and in 

deciding on the analytical techniques to be used. 

Ors. Roland Leduc and Réjean Samson contributed to the writing of 

and revised the final manuscript in preparation for it to be published. 

1.3. REFERENCES 

1. AI-Bashlr, B., T. Cseh, R. Leduc and R. Samson. 1990a. Effect 

of soil/contaminant interactions on the biodegradation of 

naphthalene in flooded soil under denitrifying conditions. Appl. 

Microbiol. Biotechnol., 34: 414-419. 

2. AI-Bashir, B., T. Cseh, R. Leduc and R. Samson. 1990b. 

Biodegradatîon of [14C]naphthalene in flooded soil under 

denitrification conditions. Paper presented at the 6th Eastern Region 

Conference, ACRPEM/CAWPRC, 1 st November, Montreal. 

3. Leduc, R., B. AI-Bashir, T. Cseh and R. Samson. 1990. 

Biodegradation of polycyclic aromatic hydrocarbons in soil/water 

systems. Poster presented at the 151h Biennial Conference of 

IAWPRC, Kyoto: 187-189. 
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CHAPTER 2 

2.1. INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are widespread 

contaminants that occur in soil, water bodies and air. Due to their 

genotoxic effects and high bioaccumulation potential, PAHs are rE~ceiving 

considerable attention in the field of environmental research. 

A major part of PAH input into the environment urtimately l1'eaches 

the soil where their fate and persistence are largely determined by 

biological activities. The rate of biodegradation of PAHs in soils is a 

function of several physico-chemical factors of the soil-contaminant 

complex. Under naturally occurring conditions, only a few of these factors 

constitute the rate limiting step of the reaction. Hence it is of vital 

importance for research in the field to identify these limiting factors as 

weil as to investigate the possibility of manipulating them as a means to 

explore new and innovative treatment techniques. 

This study investigates the biodegradation of PAHs in soil/water 

systems with respect to two important factors: redox environment and 

substrate bioavailability. Both of these factors are believed to have a 

significant effect on the rate of PAH disappearance trom the natural soil 

environment. Also, this study explores the feasibility of bioremediating 

PAH-contaminated soil slurries in a bioreactor system. 
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2.2. LITERATUBE REVIEW 

2.2.1. SOll CONTAMINATION 

Prior to the 1980s, soil contamination was generally viewed as part 

of surface and ground water contamination problems and, as a result, its 

study has lagged considerably behind that of water. This is partly due to 

the fact that, unlike water or air, soil is relatively immobile and is not 

commonly il1gested by human beings. Furthermore, only simple and low 

cost measures were initially taken, such as restricting access to 

contaminated sites or covering soil, in order to reduce thp, risk of an 

accidentai direct exposure to soil contaminants (Bauman 1989). 

However, concerns over soil contamination have significantly 

increased in the last two decades following the discovery of a large 

number of industrial sites ail over the world, with high contamination 

levels and serious environmental and health risks. Haines (1988) reported 

that as much as 0.20/0 of the total land area of five countries (Denmark, 

Netherlands. Germany, UK and France) is contaminated industrial land 

which requires immediate treatment either because it presents a health 

risk or because it cannot be put to human use without prior 

decontamination. 

Also, the tact that soil could act as a source of contaminant release 

into other media (water or air; see Fig. 2.1), has prompted governments, 

environmental bodies and researchers to address the soil environment 

separately in arder to seek new techniques for treating contaminated 

soils as a further solution to water contamination problems (Bau man 



~ 

HUMAN BEINGS 
Gaseous 
emissions 

ANIMALS 
C~st -) 

PLANTS 

Surface water 

CONTRM 1 NRTED SO 1 L 

Leaching 
- 1- __ __ 1 ____________ _ -----------

GROUND WATER 
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1989, Higgins and Byers 1989). 

2.2.2. POLYCYCLIC AROMATIC HYDRO_CARBONS AS SOll 

CONTAMINANTS 

2.2.2.1. Structure and propertles 

PAHs are ubiquitous environ mental contaminants that exist in air, 

water bodies and soils. These are a class of organic compounds that 

consist of MO or more fuzed benzene rings, arranged in linear, angular and 

cluster arrangements (see Fig. 2.2). They could occur as unsubstituted or 

substituted compounds thus forming a larger group termed polynuclear 

aromat'·~ hydrocarbons. In a substituted PAH compound, a carbon atom in 

the benzene ring is replaced by nitrogen, sulfur or oxygen to form a 

heterocyclic aromatic compound (Bulman et al. 1985). PAHs have been 

found to exhibit mutagenic and/or carcinogenic effects and they form the 

largest class of chemical carcinogens known today (Heitkamp et al. 1987, 

Lee et al. 1981, Withey 1986). As a result, several PAHs have been listed 

by the US Environmental Protection Agency as priority pollutants to be 

monitored in the environ ment (Richards and Shieh 1986). Also, PAHs 

possess hydrophobic and lipophilic properties which accounts for their 

bioaccumulation potential in soils and living matter (Bu Iman et al. 1985). 

ln general, as the molecular weight increases, solubility decreasss and 

the Kow (octanol-water coefficient) increases, thus increasing the 

bioaccumulation potential of the PAH compound (see Table 2.1). 
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1 Table 2.1. PAHs listed as priority pollutants by the U. S. Environmental 
Protection Agency: their structure and physical-chemical properties. 

2 
Solubility 2 2.3 1 Numberof Moleeular fOl111ula Compound 

benzëne rings (weight) (mg/l) 
log K 

Aeenaphthene 3 C12HlO (154) 3.47 4.33 

Aeenaphthylene 3 C12Hs (152) 3.93 4.07 

Anthraeene 3 CI,!H 10 (178) 0.07 4.45 

Benzo( a)anthracene 4 C17H12 (216) 0.014 5.61 

Benzo(b )fluoranthene 5 C20Hl2 (252) 0.0012 6.57 

Benzo(k)fluoranthene 5 C20H12 (252) 0.00055 6.84 

Benzo(g,h,i)pery lene 6 C2ili12 (276) 0.00026 7.23 

Benzo( a)pyrene 5 C20H12 (252) 0.0038 6.04 

Chrysene 4 ClsH12 (228) 0.002 5.61 

Dibenzo(a,h)anthracene 5 C22Hl4 (278) 0.0005 5.97 

Auoranthene 4 C16HlO (202) 0.26 5.33 

Auorene 3 C13HlO (166) 1.98 4.18 

Indeno( 1,2,3 ,e ,d)pyrene 6 C22H12 (276) 0.062 7.66 

N aphthalene 2 ClOHs (128) 30 3.37 

Phenanthrene 3 C14HlO (178) 1.29 4.46 

Pyrene 4 C16HIO (202) 0.14 7.66 
1 Dzombak and Luthy (1984) 
2 Sims and Overcash (1983) 

...... 3 L>g K = logarithm of octanol:water partition coefficient 
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2.2.2.2. Sources and sinks 

Productton of PAHs is a résult of natural and anthropogenic 

processes. They are produced naturally through forest and grass lot fires 

and biochemical synthesis in bacteria. However, man-made activities are 

by far the major source of PAH production. This includes fossil fuel 

combustion such as coal, wood and oil, petroleum refining and coke 

production. Soil is contaminated with PAHs directly through oil spillage 

and industrial waste discharge or indirectly through particle deposition 

and precipitation of PAH atmospheric emissions (Lee et al. 1981, Sims and 

Overcash 1983). 

However, a natural balance was maintained between PAH production 

and destruction prior to the twentieth century. The degradation processes 

managed to keep PAH concentrations in soils at low levels, considered 

now as background levels. However, as a result of the increased industrial 

activity, PAH inputs into the terrestrial environment have increased 

dramatically and subsequently the natural degradation processes have 

lagged behind production (Jones 1988). 

2.2.3. BIODEGRADATION PROCESSES 

The disappearance of PAHs from soils is governed by several biotic 

and abiotic processes. The major processes through which PAHs disappear 

are volatilisation, photodecomposition, microbial biodegradation and 

leaching (Jones et al. 1989). 

While photodecomposition, leaching and volatilisation are not 

( considered as significant pathways for removal of sorbed PAHs from the 

, 
'i 
1 , 
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soil environment, biological transformation is believed to be the principal 

process affecting the PAH fraction of hazardous wastes in soil systems 

(Sirlis and Overcash 1983): 

Several PAH compounds are amenable to microbial degradation, 

especially those with two or three benzene rings. A wide variety of 

microorganisms including bacteria (Heitkamp and Cerniglia 1988, Kiyohara 

and Nagao 1978, Schocken and Gibson 1984), fungi (BumtJus et al. 1985, 

Bumpus 1989, Cerniglia et al. 1989) and algae (Cerniglia and Heitkamp 

1989) have been identified and isolated as being capable of bioconverting 

PAHs. Also, some possible metabolic pathways have been proposed (Gibson 

1971, Rogoff 1967). However, PAHs with a higher number of benzene rings 

have been found to be recalcitrant. A recalcitrant molecule was defined by 

Perry (1979) "as one that is resistant to biological degradation but that 

does disappear from the environment at a slow rate, this persistance is 

due to the inability of microorganisms to manage such molecules readily, 

or in man y cases virtU,"l1y non-biodegradable". 

Several factors influence the rate of PAH biodegradation or, for that 

matter, their degree of recalcitrance and these have been summarized by 

Cerniglia (1984) as follows: 

1. PAH-related: type, concentration, ring number, solubility, 

lipophility; 

2. Environment-related: s(1diment type, organic content, nutrient 

status, salinity, soil-to-water ratio, temperature, pH, redox 

potential; 

3. Bacteria-related: types, population, distribution, previous 

exposure. 

A considerable amount of research has been conducted on the 
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significance of these factors and their impact on the degradation process 

and substantial scientific knowledge has been acquired in this _field. 

However, the!r is a gap existing between our knowledge on PAH 

biodegradation and translating it into a practical application in the form 

of an innovative treatment method (Atlas 1984). Very few studies have 

aimed at bridging such a gap and the field requires further research into 

this subject. 

Among the several possible techniques that have been suggested for 

treating contaminated soils is the use of bioreactor systems in which 

biological processes act as the degradation mechanism (see Table 2.2). 

The several advantages that are normally associated with biological 

activity, such as effective detoxification, high waste volume reduction, 

low operation costs, ve rsatility , wide applicability and safe end products 

or residues make the development of bioreactors a favorable alternative 

to physical-chemical treatment methods (De Kreuk 1986). 

Pertinent to the development of bioreactors is the investigation into 

two important mass-transfer mechanisms which are bound to exhibit 

substantial influence on the treatment process (Bachmann and Zehnder 

1988. De Kreuk and Annokkee 1988). As indicated by Fig. 2.3, the two 

mechanisms are the transfr3r of oxygen from the gaseous to the liquid 

phase and the transfer of substrates from the solid to the liquid phase of 

the soil system. The first of these mechanisms determines the oxygen 

availability to the biological reaction and hence the redox environment. 

and the second mechanism con trois the availability of the contaminant to 

the microbiar population. 

For the remainder of this ~hapter, the major studies dealing with 

these two issues will be reviewed. Also, since the co-presence of other 



-- TABLE 2.2. REVIEW OF REMEDIAL TECHNIQUES 
(Hoogendoorn 1986) 

TREATMENT AFf ER EXCAVATION 

THERMAL l'REATMENT 

EXTRACTION 

MICROBIAL TREATMENT 

THERMAL TREATMENT 

EXTRACTION 

MICROBIAL TREATMENT 

~-

Sleam strippillg 
evaporalion by thermal treabllent 
(T=± 300°C) 
evaporalion by thermal treabllenl 
(T=±100°C) 
incineration ( T > 800 OC) 

l....-I aqueous solution 
organic solvenl 
notation 

~andfanning 
composting 
bio-reaclor system 

IN SITU TREATMENT 

stcam stripping 

aqueous solution 

~dfarming 
L:o-elttrac tion 

ISOLATION AFf ER EXCAVATION 

Packing in drums of containers 

( Temporary ) storage 

Physical-chemical treatmenl ( immobilization ) 

Capping and/or vertical barriers 

Horizontal barri ers in the subsoil 

IN SITU ISOLATION 

Combinalion of capping. barriers and geohydrological methods 

14 
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Figure 2.3. Mass transfer considerations in the biodegradation of soil 
contaminants (adapted from McCarty 1988). 
SI,. : substrate in solid and aqueous phase, respectively; 
G. : gas in aqueous phase. 
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organic contaminants have profound effects on PAH biodegradation, 

therefore it becomes necessary to provide an. account of these effects. 

2.2.4. THE REDOX ENVIRONMENT 

The influence of oxygen and, in the case of its absence, other 

electron acceptors on the biodegradation of PAH compounds has been the 

concern of several researchers. 

2.2.4.1. Aerobic environment 

Bauer and Capone (1985) investigated the effect of oxygen on the 

biodegradation of naphthalene and anthracene by bacteria in intertidal 

marine sediments. A variation in the oxygen concentration in the head 

space of the incubat&d samples resulted in significant changes in the 

mineralization rates of the PAH compounds. For naphthalene, a maximum 

mineralization rate of 3.8%/day was noted at 400/0 oxygen concentration 

and a maximum mineralization of 33.40/0, over a period of 14 days, was 

noted at 10% ccncentration. Anthracene maximum mineralization rate and 

percent recovered occurred at 40% oxygen concentration. In ail the cases 

where acclimated, unacclimated or anoxie sediments had been used, no 

naphthalene or anthracene was mineralized at 0% oxygen concentration. 

Also, the effect of oxygen bioavailability on the biodegradation of 

two hydrocarbons in salt marsh sediments was studied by Hambrick et al. 

(1980). Here, the oxidation-reduction potential was used as a measure of 

oxygen availability. Both compounds, octadecane and naphthalene, 

exhibited significantly higher mineralization rates under oxidizing 

conditions th an under reducing ones. The total amounts of naphthalene 
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reoovered as C02 increased consistently from near zero at ·250 mV up to 

63.3% at +250 mV. However, the- consistent increase in the hydrocarbon 

mineralizatiol" rates with the increase in redox potential did not hold at 

relatively higher redox conditions. A drop in the mineralization rate was 

observed as a result of a further increase in the redox potential from 250 

to 480 mV. 

These above studies and others (Bouwer and McCarty, 1983) have 

suggested that molecu'ar oxygen is a basic requirement for the cleavage 

of the aromatic ring of PAH compounds. Perry (1979) reported that initial 

oxidative microbial attack on a PAH compound is an aerobic one where the 

aerobic environ ment is only required for the insertion of oxygen into the 

hydrocarbon molecule but not for subsequent utilization of the oxygenated 

intermediates. Cerniglia (1984) proposed a general model for the 

metabolic pathway along which PAHs are degraded aerobically. This 

involves an initial hydroxylation reaction in which both atoms of the 

molecular oxygen are incorporated into a benzene ring to create 

dihydrodiols with a cis configuration. The enzyme catalyzing the oxygen 

fixing reaction is identified as dioxygenase. In turn, the cis-dihydrodiols 

undergo a further enzymatic reaction to produce catechols. The latter 

could act as substrates for ring cleavage enzymes (see Fig. 2.4). 

2.2.4.2. Denitrlfying environment 

Under denitrifying conditions, Bouwer and McCarty (1983) reported 

that naphthalene, along with other aromatic compounds, were not utilized 

by the microbial population. Their biodegradation study was condueted in a 

generaJ growth liquid medium inoculated with primary sewage influent. 

These researcher~ concluded that, under anoxie conditions, the basic 
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requirement for the aromatie ring cleavage is the presence of oxygen on 

the ring or ring substituent. 

Miheleic and luthy (1988a), using a soiVwater system as thé growth 

medium, studied the biodegradation of naphthol, naphthalene and 

aeenaphthene under various redox conditions. Their results showed that ail 

compounds biodegraded under denitrifying conditions from initial 

concentrations of 8, 7 and 0.4 mg/l to non deteetable levels in 16, 45 and 
-

40 days respective/y. Under an anaerobic environment, only naphthol was 

degraded to non detectable levels, while naphthalene and acenaphthene 

were recaleitrant over 50 and 70-day periods, respeetively. 

The effect of nitrate availability on PAH degradation rates in a soil 

slurry was further investigated by Mihelcic and Luthy (1988b). Under 

nitrate excess conditions, both naphthalene and acenaphthene were 

biodeg raded to non-detectable levels from initial aqueous phase 

concentrations of 0.6 mgll and 4.4 mg/l respeetively in less than 9 weeks. 

However, under nitrate-limiting conditions, both eompounds were 

resistant to microbial biodegradation. 

ln the two studies by Mihelcic and Luthy (1988a and b), the initial 

PAH concentration and the soil-to-water ratio were relatively low, with 

the later being 2-4%. In this case, the soil particles aeted more as an 

inoculum rather than as the eontaminated medium. 

2.2.4.3. Sulfate-reducing and methanogenic environments 

So far, no study has reported biodegradation of PAHs under sulfate­

reducing nor methanogenic conditions. However, this does not mean that 

the benzene ring is not degradable in those two environments. On the 

( contrary, there is strong evidenee in the literature to show otherwise. 
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Grbic-Galic and Vogel (1987) reported that toluene and benzene were 

biodegraded by a mixed methanogenic culture obtained from an enriched 

ferulic acid-degrading sewage sludge, with C02 acting- as the only electron 

acceptor. Also, ZoBeli and Prokop (1966) found that oil was biodegraded in 

anaerobic sediments when sulfate was present as the principal electron 

acceptor. Moreover, several studies have shown the ability of 

microorganisms from marine sediments and soils to biodegrade 

homocyclic (e.g. benzoate) and heterocyclic (e.g. nicotinate) aromatic 

compounds under denitrifying, sulfate-reducing and methanogenic 

conditions. In the case of benzoid, a common reductive pathway has been 

suggested for ail anaerobic microorganisms including denitrifiers, sulfate­

reducers and fermenters. This metabolic pathway consists of an initial 

ring hydrogenation step followed by a reaction sequence of ring hydration 

and ring cleavage (Berry et al. 1987). 

2.2.5. BIOAVAILABILITY OF PAHs 

The factors governing the bioavailability of the PAH compounds to 

the microbial population and the possible effects they may have on the 

biodegradation rate of PAHs have also received the attention of a number 

of researchers. Among the several factors considered are: physical state, 

dissolution rate, solubility, molecular weight, adsorption, the effect of 

surfactants and initial concentration. 

2.2.5.1. Physical state 

The effect of the physical state of the organic compound on its 

uptake rate by bacteria was investigated by Wodzinski and Bertolini 
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(1972). A comparison was sought between the degradation rate of 

naphthalene by baeteria in a minerai medium containing solely dissolved 

naphthalene and its- degradation rate in a- medium containing a mixture of 

dissolved and solid naphthalene. Th,C) resuJts showed that baeteriaJ growth 

rate was independent of the amount of solid naphthalene present and this 

rate was the same as that obtained in the medium containing only 

dissolved naphthalene. Hence. it was concluded that baeteria utilize 

naphthalene in the dissolved form and cannot do so by extraeting 

naphthalene directly from solid partiel es. 

To generalize this finding and to investigate if a less soluble 

compound couJd induce baeteria to utilize it directly trom the solid phase, 

Wodzinski and Coyle (1974) condueted a similar experiment. but with 

phenanthrene substituting naphthalene as the carbon source for bacterial 

growth. The results were similar to those obtained from naphthalene 

degradation and confirmed the proposition that these eompounds are only 

available for bacterial uptake when present in the dissolved state. 

2.2.5.2. Rate of dissolution 

Since PAHs are slightly water soluble and they are utilized only 

when present in the dissolved state, the rate of dissolution from the 

solid phase is expected to affect PAH biodegradation rates. Thomas et al. 

(1986) addressed this issue and found that in an uninoculated salt solution 

the rates of dissolution of naphthalene and chlorobiphenyl were inversely 

proportional to the solid particle ~ize, i.e. the rate of dissolution 

inereases with the increase in the surface area of the compound. Also, 

these researchers reported that in the inoculated sample the maximum 

concentration of the compounds attained as weil as the final cell count 
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were inversely proportional to the partieles' size. 

2.2".5-.3. Solubllity 

SoJubility is another factor that affects the bioavailability of PAHs. 

Wodzinski and Johnson (1968) noted that the growth rate of cultures 

growing on aromatie hydrocarbons varied proportionally with solubility. 

More importantly, none of the cultures grew on hydrocarbons that are more 

insoluble than the one in which the cultures were isolated. The solubility 

and the generation time for each of the PAHs studied were as follows: 

naphthalene: 98 J1M, 2.0 hr; 

phenanthrene: 9.0 J1M, 19 hr; 

anthracene 0.45 J1M, 29 hrs; 

naphthalene: 0.0066 ~M, no growth. 

Herbes and Sehwall (1978) studied the transformation of 

naphthalene (2 rings), anthraeene (3 rings), benz(a)pyrene (5 rings) and 

benz(a)anthraeene (6 rings) in stream sediment slurries. The 

transformation rates for these eompounds were determined and their 

order was as follows: 

naphthalene > anthracene > benz(a)pyrene > benz(a)anthraeene. 

The authors eoneluded that the initial degradation rate is inversely 

related to the number of benzene rings present. 

Bossert and Bartha (1986) studied the biodegradation of 10 PAH 

compounds in soil in the presence of 1-phenyldecane as a primary 

...... substrate. They observed that the transformation of PAHs was inversely 

affected by the number of aromatie rings and correlated positively with 
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water solubility. 

The solubilities of the PAH compounds have been found to correlate _ 

- with the number of benzene rings or the molecular weight. However the 

cluster arrangement of the rings could also affect solubility (Lee et al 

1981). Therefore, in the several studies which have reported that the 

biodegradation rates of PAHs decrease with an increase in the number of 

benzene rings or the molecular weight, it is not possible to say if this 

decrease is attributable solely to solubility considerations or if some 

other chemical properties come into effect. 

2.2.5.4. Adsorption by solld matter 

Studies published so far have shown that PAH bioavailability to a 

microbial population grown in a liquid media could constitute a limiting 

factor to the biodegradation process. Also, in a soil/water system, 

substrate bioavailability can restrict the biodegradation process even to a 

greater extent. This is so, because centrifugable solids in natural waters 

accumulate PAHs several thousand-fold over water levels (Herbes 1976). 

To investigate how adsorption restricts the availab!!ity of 

contaminants to ba,~teria, Ogram et al. (1985), working with 2,4-

Oichlorophertox acet:c acid (2,4-0), suggested three models to describe 

the reaction proces:; mechanistically: 

Model 1: Only 2,4-0 in solution is available for biodegradation and only 

by bacteria in solution. Sorbed 2,4-0 is completely protected 

from biodegradation and sorbed bacteria are incapable of 

degrading sorbed or desorbed 2,4-0; 

Model 2: Bacteria in solution utilize only 2,4-0 in solution and sorbed 

bacteria utilize only sorbed 2,4-0; 
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Model 3: 2,4-0 in solution is utilized by both bacteria in solution and 

sorbed bacteria. Sorbed 2,4,0 is completely unavailable for 

bacterial uptake. 

The data obtained from the 2,4-0 mineralization ~nd sorption 

experiments agreed fairly weil with model 3 while models 1 and 2 did not 

describe the results accurately. The researchers proposed two possible 

reasons for the unavailability of the organic compound to bacterial 

activity: either 2,4-0 is adsorbed deeply in the soil particles such that it 

is inaccessible to bacteria or sim ply bacteria are unable to uptake 2,4-0 
• 

in the sorbed form. 

The work by Ogram et al. (1985) suggests that the partitioning of 

highly insoluble hydrocarbon compounds between the solid and liquid 

phases of the soil/water system affects the biotic reaction rate and its 

extent. Also, the reversibility of the sorption process and the rate at 

which desorption takes place are expected to have a significant influence 

on the biodegradation process (see sections 3.3.4 and 3.4). 

The partitioning of PAHs between the solid and liquid phases of a 

soil/water system has been studied by a number of researchers with the 

objective of determining its effect on the migration of these 

contaminants through the vadoze zone and the potential threat it 

constitutes to groundwaters. However, so far there is no study which 

investigates the effect of partitioning on PAH biodegradation. 

Ozombak and Luthy (1984) reported that the Freundlich adsorption 

coefficient (K) is directly proportional to the organic content of soil and 

that its normalized value with respect to percent organic content (Koc) is 

independent of other soil properties. Also, for a particular PAH compound, 

the Koc value has been found to correlate highly with the compound Kow 
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(octanol-water partition coefficient). The following expression has been 

derived to relate Koc to Kow for PAH compounds (Means et al. 1980): 

log Koc - log Kow - 0.317 

2.2.5.5. Effect of surface active agents 

Researchers have investigated the ability of surfactants to increase 

the soluhility of PAHs in soi//water systems. Due to the presence of polar 

and non ,polar regions on the same molecule, surfactants may reduce the 

work of adhesion between the hydrophobie compound and soil, thus 

resultillg in the increased desorption of contaminants (Liu et al. 1991, 

Brieke'il and Keinath 1991). However, the various studies that have 

investigated the effeet of dispersants on the biodegradation of 

hydrocarbons have shown increases, decreases and transitory or slight 

inereases in the compounds' biodegradation rates (Leahy and Colwell 

1990). 

Foght et al. (1989) reported that the use of the disperser 

heteropolysaccharide (produced trom Acinetobacter calcoaceticus RAG-1) 

resulted in a 900/0 decrease in the biodegradation of the aromatic fraction 

of erude oil by a mixed population. However, ara matie biodegradation by 

pure culture was either unaffected or slightly stimulated by the 

emulsifier. 

Mulkins-Phillips and Stewart (1974) investigated the effect of four 

dispersants on the biodegradation of the n-alkane fraction of erude oil: 

Corexit 8666, GmlenSea Clean, G. H. Woods Degmaser-Formula 11470 and 

Sugee 2. Results showed that only Sugee 2, wnich had the poorest 
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emulsifying capacity, enhanced n-alkane degradation while the other three 

retarded biodegradation. 

2.2.5.6. Initial concentration 

The effect of the initial compound concentration on PAH degradation 

in stream sediments was examined by Herbes and Schwall (1978) with 

anthracene acting as a model PAH compound. The results showed that the 

transformation rate of anthracene is linearly related to its initial 

concentration when below 1 g/1. Exceeding this concentration resulted in a 

graduai decrease in the microbial transformation rate. Three reasons were 

proposed to account for the decrease in the transformation rate: 

- saturation of interstitial water wit~ the PAH; 

- saturation of the microbial enzymatic pathways; 

- toxic inhibition of microbial activity by the PAH compound. 

Sims and Overcash (1983) summarized the general trend in PAH 

degradation as indicated by several studies as follows: 

(1) for a given PAH compound the initial rate of transformation 

increases with increasing initial concentration in soil; 

(2) within the class of PAHs, the initial rate of transformation 

decreases with increasil"lg number of fuzed benzene rings or molecular 

size (see section 2.5.3). 

2.2.5.7. Membrane permeability 

Cell membrane permeability has been reported to affect the 

bioavailability of PAHs to biodegradation. McKenna (1976) compared the 

oxidation of several PAHs by whole-cell suspensions of PS8udomonas 

putida with that by cell-free extracts. With naphthalene oxidation set at 
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100%, 9.8% anthracene was oxidized by whole-cefl suspension compared to 

61.90/0 oxidized by cell-free preparations. Also, for pyrene, 1.1 % was 

oxidized by whole cell suspension and 81.9% was oxidized by cell-fre_~ 

extracts. It was concluded that cell membrane permeability is a factor in 

determinil1g the degree of recalcitrance of PAHs. Furthermore, McKenna 

noted that the initial PAH oxidation rates ir. cell-free extracts were 

proportional to their water solubilities. 

2.2.6. PRESENCE OF OTHER CONTAMINANTS 

PAHs do not exist in soils as single constituents but rather as a 

complex mixture of a number of PAHs, other organic contaminants and 

naturally-occurring organic material. The presence of these compounds 

has a considerable effect on PAH bioavailability and their susceptibility 

to biodegradation. 

The co-occurrence of PAHs and other contaminants in a soil matrix 

cou Id give ri se to one or more of the following mechanisms: co-oxidation 

and adaptation. 

2.2.6.1. Co-oxldation 

Co-oxidation IS an important mechanism that could account for the 

loss of recalcitra1t PAHs from soil (Heitkamp et al. 1988). Foster (1962) 

defined co-oxidath')n in the following manner: "non-growth hydrocarbons 

are oxidized when present as co-substrates in a medium in which one or 

more different hydrocarbons are furnished for growth". Also, co-oxidation 

has been used to describe the process in which microorganisms oxidize 

the co-substrate without being able to utilize the energy resulting from 
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the oxidation reaction. Foster (1962) wrote that ·the inability to grow at 

the expense of a particular ~ydrocarbon is not a consequence only of an 

organism's inability to attack the substrate; obviously. 'ailure to grow 

may be due then to its inability to assimilate the oxidation products·. 

Keck et al. (1989) studied the degradation of 13 PAHs in a fine sandy 

soil. Four different soil matrix conditions were created such that the PAH 

compounds were present as: 

1. single constituents, incubated singly; 

2. a synthetic mixture, applied and incubated together; 

3. a mixture of oil refinery waste; 

4. a creosote wood preserving waste. 

Keck et al. (1989) found that for three-ring compounds the degradation 

rates were similar in ail four matrices. However the degradation rates of 

four and five ring compounds were significantly higher when present as a 

complex waste than as single constituents. 

2.2.6.2. Adaptation 

Adaptation is defined as a change in the microbial community that 

increases the rate of biodegradation of a test compound as a result of a 

prior exposure to the test compound (Spain and Van Veld 1983). Evidence 

for adaptation includes shortening of lag period, changes in biodegradation 

kinetics or increase in biodegradation rate (Moorman 1990). 

Upon exposure to a new substrate. the microbial population can 

adapt following three mechanisms (Spain et al. 1980): 

(i) induction or depression of a specifie enzyme not present in the 

population prior to exposure; 

(ii) selection of new metabolic capabilities produced by genetic 
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changes; 

Ciii) increas~ in the number of organisms capable of catalyzing a 

particular transformation. 

Bauer and Capone (1988) investigated the effect of pre-exposure on 

the degradation of some PAH compounds. They reported that prior exposure 

to anthracene, phenanthrene, naphthalene and benzene enhanced 

naphthalene mineralization in marine sediments. Anthracene 
-

mineralization was only enhanced by anthracene and benzene pre-exposure. 

The study concluded that the enhanced degradation of a PAH compound 

after sediments have been exposed to the same compound is a result of 

selection and proliferation of a specifie microbial population capable of 

degrading it. However, the enhanced degradation of a PAH compound as a 

result of sediment pre-exposure to a comoletely different PAH compound 

indicates that the proliferated population has either broad specificity for 

PAHs, common pathways of PAH degradation, or both. In the latter case, 

the more the compounds are structurally similar, the more similar their 

oxygenase or metabolic pathways. 

2.3. OBJECTiveS OF THE STUOY 

Redox conditions and PAH availability to degrading microorganisms 

are two important factors of significant influence on ttle degradation 

process of PAHs in soil/water systems. Besides helping to understand the 

fate of PAHs in the environment, a better understanding of their effects 

is necessary for the development of an innovative technology for treating 

soils contaminated with PAHs. 

, 
, , 
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This study therefore has the following objectives: 

1. To examine the effect of PAH (naphthalene) bioavai1ability on its 

degradation rate in the soil/water system under a denitrifying 

environ ment. 

2. To investigate the effect of the redox environ ment on the 

biodegradation of four PAH compounds (acenaphthene, 

acenaphthylene, fluorene, anthracene) in a soil/water system with a 

relatively high solid content (slurry). 

3. To investigate the performance of a bench-scale bioreactor system 

when treating PAH-contaminated soil slurries. 
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3.1. SUMMABY 

The mineralization of [14C]-labelled naphthalene was studied in 

pristine and oil-contaminated soil slurry (30% solids) under denitrifying 

conditions using a range of concentrations from below to above the 

aqueous phase saturation level. Results from sorption-desorption 

experiments indicated that naphthalene desorption was highly irreversible 

and decreased with an increase in the soil organic content, thus 

influencing the availability for microbial consumption. Under denitrifying 

conditions, the mineralization of naphthalene to C02 occurred in parallel 
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with the consumption of nitrate and an increase in pH from 7.0 to 8.6. 

When the initial substrate concentration was 50 ppm (Le. close to the 

aqueous phase saturation level), about -90% of the total naphthalene was 

mineralized within 50 days, and a maximum mineralization rate of 1.3 

pprn'day was achieved after a lag period of approx. 18 days. When added at 

concentrations higher than the aqueous phase saturation level (200 and 

500 ppm), similar mineralization rates (1.8 ppm/day) occurred until about 

50 ppm of the naphthalene was mineralized. After that the mineralization 

rates decreased logarithmically to a minimum of 0.24 ppm/day for the 

rest of the 160 days of the experiments. For both of these higher 

concentrations, the reaction kinetics were independent of the initial 

concentration. However, as the concentration of naphthalene in the 

aqueous phase dropped below the solubility limit, as in the case of the 50 

ppm total naphthalene concentration, the mineralization rate became 

substrate dependent and exhibited higher order kinetics, indicating that 

desorption of the substrate governs the mineralization rate. Other results 

showed that pre-exposure of soil to oil contamination did not improve the 

deg radation rates nor reduce the lag periods. This study clearly shows the 

potential of denitrifying conditions for the biodegradation of low 

morecular weight PAHs. 

3.2. INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic 

compounds that are composed of two or more fused benzene rings, and 

have been found to exhibit mutagenic and carcinogenic effects (Heitkamp 
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and Cerniglia 1988; Withey 1986). They are introduced into the 

environment through natural and anthropogenic processes, such as the 

incomplete combustion or fossil fuel and organic matter in coke 

production and petroleum refining (Lee 1981; Sims and Overcash 1983). In 

the last few decades, contamination with PAHs has received increased 

attention as a result of the unprecedented levels they have reached in the 

environment, particularly in soils and sediments (Jones 1988; Yland 

1986). Due to their lipophilic properties, PAHs tend to accumulate and 

persist in soils for a relatively long time (Bulman et al. 1988). One of the 

PAH's that has been extensively studied is naphthalene, being with its 

methylated derivatives among the most toxic compounds found in the 

water soluble fraction of petroleum (Heitkamp et al. 1987). Much work in 

this field has focused on the mechanisms and the effects of various 

environmental factors on the biodegradation of naphthalene. Most of these 

studies related to naphthalene biodegradation under aerobic conditions in 

which free oxygen acts as the final electron acceptor (Bauer a:1d Capone 

1985; Hosler et al. 1988). 

Only a few authors have investigated naphthalene biodegradation in a 

soillwater system under denitrifying conditions. Furthermore, only few 

research workers have considered the sorption-desorption pattern of a 

pollutant to the soil matrix as a variable controlling the kh1etics of 

biodegradation. The information available indicates that the dissolution 

rate of some PAHs, including naphthalene, is an important factor in 

controlling the rate of biodegradation (Thomas et al. 1986; Stucki and 

Alexander 1987). Mihelcic and Luthy (1988a and b) showed that the soil 

desorption kinetics and the reversibility of desorption influences the 

~ microbial biodegradation of naphthalene. However these studies were 
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conducted with concentrations much below the aqueous phase saturation 

level (reported as 31.7 mg/l at 25 oC. MacKay and Shul 1977. This is of 

particular importance because at concentrations higher than the aqueous 

phase saturation level the sorption-desorption pattern of the contaminant 

is expected to be somewhat different. Furthermore. sites where soil is 

contaminated with very high concentrations of PAHs are common. Such 

information can help design better processes for remediation of 

subsurface soils and groundwaters where denitrifying conditions are 

present. One study that has invsstigated naphthalene biodegradation in 

primary sewage effluent under denitrifying conditions reported no 

significant biodegradation rates (Bouwer and McCarty 1983). In another 

study. naphthalene was mineralized to a very low concentration (7 mg/l). 

in a soil-to-water ratio of 1 :50 (Mihelcic and Luthy 1988b). 

The objective of this work was to pursue the subject further by 

studying the biodegradation of a wide range of naphthalene concentrations 

(50 to 500 ppm) under denitrifying conditions in a flooded system having a 

high soil-to-water ratio (1 :3). Furthermore the study took into 

consideration the naphthalene sorption-desorption pattern êiS one of the 

parameters that possibly influence the biodegradation rate. 

3.3. MATERIALS AND METHODS 

3.3.1. Soil. Two bulk soil samples were used in this study. First. a 

pristine soil obtained from the Biotechnology Research Institute land 

premlses. Montreal. Ouebec. and second. a weathered oil-contaminated 

soil sample obtained from the vicinity of a petroleum oil refinery in 
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Montreal. In both cases, the top 2-5 cm of soil was scraped off and the 

sail samples were collected at 5-10 -cm depth. The latter site has b~en 

contaminated for a long period of time (approximately fort Y years). Both 

soils were dried at 35°C for 24 hours and large particles removed with a 

500 micron mesh sieve. The sieved soils were analysed for total organic 

content and particle size distribution using the U.S. Department of 

Agriculture Scheme (Gee and Bauder 1986). These soils were further 

analysed for extractable oil content by extracting 5 9 of soil with benzene 

in a Soxhlet extractor. The solvent was then evaporated (Büchi Rotavapor 

RE 120, Laboratoriums-Technik AG, Flawil, Switzerland) until the oil part 

was brought to dryne!;s. The weight of the oil remaining was then 

measured. The characteristics of the two soils were as follows: for the 

pristine soil the content of sand, silt and clay expressed as a percentage 

of the dry weight was 74, 21 and 50/0. respectively, and the organic content 

was 2.1%. No extractible ail was measured. For the oil-contaminated sail, 

the sand, silt and clay contents were 78. 20 and 2%. respectively and the 

organic content 4.3%. In this soil the extractible oil content represented 

1.~/o of the dry weight. 

The two soifs tested in both the sorption-desorption and 

biodegradation experiments were: (1) a soil mixture consisting of 90% 

pristine soil and 10% weathered oil-contaminated soil (Soil 1) and (2) a 

1000/0 weathered oil-contaminated soil (Soil 2). 

3.3.2. Minerai medium. A mineraI medium was used to flood the 

sail and to provide an excess of nutrients. This medium was prepared by 

dissolving the following salts in tap water: KH2P04. 0.170 gll; K2HP04. 

0.430 g/l; Na2HPO.·7H20, 0.660 9 /1; FeCI3·6H20, 0.003 9 /1; NH4C1, 0.034 
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gll; MgS04e7H20, 0.450g Il; NaN03, 20 g II. The final pH of the medium 

was adjusted to 7.0 (Mihelcic and luthy 1988a). 

3.3.3. Naphthalene solution. Naphthalene was obtained from 

Aldrich Chemical Inc. (Milwaukee, Wise., USA) as a scintillation-grade 

crystalline powder with 99% + purity. The uniformly radio labelled 

[14C]naphthalene was obtained from Sigma (St-louis, Mo .• USA) with 98% + 

purity and 4.7 mCi/mmol specific activity. A solution with a specifie 

activity of 10000 dpm/mg of naphthalene was prepared by adding the 

radio labelled [14C]naphthalene to a stock solution. This solution contained 

66.7 g Il naphthalene dissolved in HPlC-grade methanol (Caledon labo ltd .• 

Georgetown, Ont. Canada). 

3.3.4. Sorptlon-desorptlon experlment. This experiment was 

conducted according to the procedure described by OiToro and Horzempa 

(1982). Centrifugation vials (16 ml) with Teflon lined screw caps were 

used for this experiment. They were filled with a slurry made from a 

mixture of Soil 1 and minerai medium in a 30% (w/v) ratio. The 

naphthalene concentration in these vials was adjusted to 10, 25, 35, 50. 

100, 200 and 500 ppm. Another vial containing 200 ppm of naphthalene 

was prepared as above, but in this case Sail 2 was used. To verity the soil 

sorption capacity a control experiment, using the same procedure but 

without adding sail, was made. Ali vials were placed 0:1 a Wrist-Action~ 

Shaker, Model 75 (Burrell Co., Pittsburgh, Pa., USA) and incubated at 35°C. 

After 24 hrs of shaking, the vials were centrifuged for 10 min at 2000 g 

(Centra 4, International Equipment Co, Needham Heights, Mass., USA). To 

determine the desorbed naphthalene concentration 1 ml of the supernatant 
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was added to 15 ml scintillation cocktail (ACS, Amersham, Arlington 

Heights, III., USA) and tested in a scintillation counter (Packard Tri-Carb . 
model 4530, Downers Grove, ILL., USA). The rest of the supernatant was 

discharged and re~laced with fresh minerai medium. The vials were 

returned to the shaker for a further 24 hrs incubation. The procedure of 

introducing fresh amounts of minerai medium was repeated twice more, 

such that each time a new equi/ibrium state was determined. 

3.3.5. Biodegradation experiment.. The soil samples were 

incubated in 50-ml glass vials containing 9 9 of soil and 21 9 of mlneral 

medium. Each vial was equipped with a C02 trap containing 0.7 ml of 5 N 

NaOH in a 1.2 ml glass cup. Each glass cup was supported by a steel rod 

suspending the cup above the slurry level in the head space of the vial. 

The soil sample and minerai medium were added to the vial, the NaOH cup 

was put in place and a known amount of [14C]-labelled naphthalene 

solution was injected into the soil slurry to obtain the required initial 

naphthalene concentration in terms of ppm total slurry weight. Each vial 

was then sealed with a teflon-lined stopper, wrapped in aluminum foil to 

prevent photodegradation of naphthalene, and then placed in a shaking 

water bath set at 100 rpm and kept at 35°C. To avoid oxygen 

contamination, the above procedure was conducted in an anaerobic 

chamber filled with nitrogen gas. A total of 100 vials was prepared in this 

manner, covering the four different series of experimental conditions. For 

each series, 20 vials were prepared using the procedure described above 

and 5 vials received 500 ppm of HgCI2 to hait bacterial activity (Wolf et 

al. 1989). These controls were also used to verity the results obtained 

, 
1 
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from the other experiments. The incubation conditions, in terms of 

naphthalene initial total _ concentration and soil ~ype, wer~, (A) 50 ppm in 

Soil 1, (8) 200 ppm in Soil 1, (C) 500 ppm in Soil 1 and (0) 200 ppm in Soil 

2. 

ln the case of the 500 ppm initial concentration, spiking was 

performed in two steps. First, a known amount of non-Iabelled naphthalene 

was dissolved in ether in a boiling flask and 10% of the soil sample 

designated for this experiment was added to the prepared solution. After 

mixing the contents of the flask vigorously, the organic solvent was 

evaporated using a Büchi Rotavapor (RE 120, Laboratoriums-Technik AG, 

Flawil, Switzerland) until the soil fraction was dry. The spiked sail was 

then mixed thoroughly with the rest of the soil sample to produce a 

homogeneous mixture. One gram of the resulting soil was extracted with 

benzene in a Soxhlet apparatus and the naphthalene concentration was 

determined by HPLC, using a 25 cm long reverse phase column (model AP8, 

Brownlee Co., Santa Clara, Calif., USA) and a fluorescence detector (model 

Spectroflow 980, Kratos Co., Ar msey, N.J., USA). The measured 

concentration of naphthalene was approximately 300 ppm, 

[14C]naphthalene was th en added to reach a final concentration of 500 ppm. 

The above procedure was followed to avoid the addition of large amounts 

of methanol. If large amounts were added, higher denitrifying activity 

would have probably occured and this in turn would have lead to an 

undesirable increase in the pH of the slurry (see Fig 3.2 in section 3.4). 

3.3.6. Sampling and analysls. At given time intervals, two vials 

(duplicates) were terminated by the addition of 2 ml of concentrated 

phosphoric acid, by syringe, to hait bacterial activity as weil as to 
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liberate any CO2 trapped in the soil slurry. The punctured hole in the 

stopper was sealed with silicon and the vials were returned to the shaker 

for another 24 hrs. The vials were then connected through a silicon tube to 

an external C02 trap containing a solution of 10N NaOH. The gas in the head 

space of each vial was bubbled through the solution to recover ail C02. 

This procedure was continued until no radioactivity was detected in the 

trap. To remove any traces of [14C]naphthalene, the NaOH solution in the 

glass cup was extracted with hexane. The residual solution was then 

weighed and 0.1 ml was mixed with 15 ml of scintillant. The radioactivity 

of the trapped C02 was quantified using a liquid scintillation counter. 

Correction for color quenching was applied using an external standard. The 

nitrate concentrations in the test samples were measured using a HPLC 

(model SP8100 with integrator model SP4200, Spectra-Physics, San Jose, 

Calif., USA) equipped with conductivity type detector (model 430, Waters 

Chromatography Division, Milford, Mass., USA) and anion exchange column 

(model PRP-X100, Hamilton Co., Reno, Nev., USA). 

3.4. BESULTS 

Results from the sorption-desorption experiment are shown in 

Figure 3.1. The saturation concentration of naphthalene in the soil slurry 

(liquid fraction) was about 50 ppm. When naphthalene was added at 

concentrations higher than the aqueous phase saturation level the sorption 

isotherm was bent upwards indicating a substantial reduction in the 

solubility and a significant naphthalene increase in the soil fraction (Fig. 

( 3.1A). For these high concentrations, naphthalene in the solid phase would 

1 
1 
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probably be found bath sorbed to the sail and precipitated. At 

concentrations lower th an the saturation level, the sorption isotherm is 

best described by the trinomial funcfion (l'l - 0.99). 

Y - -1.68 + 7.15x - 0.35x2 + 7.33e10·3x3 , 

where x represents the fraction of naphthalene dissolved in the aqueous 

phase and y the fraction sorbed in the soil (see Fig. 3.1 B). The inflexion 

point for the above function corresponds ta an aqueous phase 
-

concentration of 16 mg/l. This function provided a better fit than the 

Langmuir (12 - 0.94 ), Freundlich (12 - 0.92) or B.E.T. (12 - 0.98) isotherm 

functions (Green 1984; see Appendix B). 

Desorption isotherms (Soils 1 and 2) were established from the 

seven data points used to construct the sorption isotherm. For each of 

these points a desorption curve was obtained, suggesting that the 

desorption is partly irreversible and dependent on the amount of 

naphthalene previously adsorbed (Fig. 3.1). The control desorption 

experiment, realized without soil, showed that the equilibrium 

concentration in the aqueous phase after each of the four desorption 

sequences always remained close to the saturation limit (50 ppm). This 

phenomenon illustrates the strong sorptive capacity of sail for 

naphthalene. It also shows that the solubilisation of naphthalene in solid 

form (precipitate) never reached the saturation limit when the sail was 

present. The desorption behavior of the weathered oil-contaminated soil 

(Soil 2) was studied only for the 200 ppm naphthalene concentration, 

which was the concentration used later in the mineralization experiments. 

Comparison between the desorption isotherm for Soils 1 and 2 indicated 

that the naphthalene partition of the weathered oil-contaminated soil 

(~ shifted more towards the solid phase and that the concentration found in 
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the aqueous phase decreased significantly below the saturation 

concentration. The latter soil exhibited a greater degree of sorption 

(smaller slope) suggesting- that the desorption- is influenced by the soil 

organic content. In fact, the organic content of the weathered oil­

contaminated soil was approximately twice the concentration of the 

pristine soil. The confidence level for the difference in the slopes of the 

desorption isotherms corresponding to soil 1 and 2 exceeded 99% (Walpole 

1982). The results also showed that the methanol introduced in different 

amounts in the system did not influence the solubility of naphthalene. In a 

separate experiment, it was found that wh en the total naphthalene 

concentration was increased to 500 ppm, the solubility of naphthalene in 

the aqueous phase increased only by 2 ppm. As a result, the impact of the 

variations in methanol concentration on the sorption-desorption process 

was neglected. 

Biodegradation of naphthalene under denitritying conditions was 

monitored for 160 da ys (Fig. 3.2). The results obtained from the aralysis 

of trapped 14C02 corresponded to the amounts of naphthalene mineralized 

and represented the average of two readings (see Appendix A). Analysis of 

the traps trom the control samples showed radioactivity levels similar to 

those of the background, indicating that mineralization due to abiotic 

processes is negligible. 

Mineralization occurred under ail experimental conditions. An 

adaptation period of approximately 18 days was observed in ail cases. 

When the initial naphthalene concentration was 50 ppm (Fig. 3.2A) the rate 

of mineralization reached a maximum of 1.3 ppm/day after 18 days. The 

same rate was observed until about 80% of the naphthalene was 

mineralized. Following this period. the mineralization rate decreased 
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rapidly. The total amount of naphthalene recovered in the form of 14C02 

attained 900/0 after a SO-day period. 
-

ln the experiments where naphthalene was added at concentrations 

higher than the aqueous phase saturation level (200 and 500 ppm, Soil 1 

and 2) mineralization resulted in similar curve profiles (see Figs. 3.28, C 

and 0). After the adaptation period, ail curves showed an initial region 

(almost linear) fo!lowed by a graduai logarithmic decrease in the 
• 

mineralization rate. This indicated that the factors controlling the 

mineralization process were similar for these three different 

experiments. The first region lasted until approximately 50 ppm was 

mineralized. The highest mineralization rates, corresponding to these 

sections, were 1.8 ppm day-1. These values decreased to 0.24 ppm/day on 

the 160th day. The mineralization rate curves indicated that pre-exposure 

of the soil to hydrocarbon contamination did not effect the initial rate of 

biodegradation, but the subsequent biodegradation was Jess rapid (see Fig. 

3.20), with a minimum rate of 0.15 ppm/day observed on the 160th day. 

Nitrate consumption and pH increase were associated with the 

denitrifying process (Figs. 3.2A-D). In ail cases, nitrate was in excess of 

the biological demand and did not act as a limiting factor to the 

mineralization process. The lowest nitrate consumption was observed in 

the case of the 50 ppm naphthalene concentration and the highest with the 

oil-contaminated soil. Moreover, there was no detectable nitrate 

consumption in the control experiment indicating that denitrification was 

the predominant biological process. This was in agreement with the 

nitrate demand to be expected as a result of the biodegradation of 

methanol and naturally occurring organic carbon in the soil samples. Also o 

the nitrate consumption rate was highest in the initial stages of the 
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experiment. when the easily biodegradable compounds (such as the 

introduced methanol) were metabolized. In ail experiments, the pH 

increased in paraI/el with the utilization of nitrate. The highest pH value 

(8.6) was recorded for the experiment with the weathered oil­

contaminated soil at 200 ppm naphthalene, while the lowest pH (8.0) was 

observed for Soil 1 with 50 ppm. 

3.5. DISCUSSION 

The main objective of this work was to study the biodegradation of 

naphthalene in a soil-slurry system under denitrifying conditions. More 

specifically, the objective was to investigate the mineralization of 14C­

labelled naphthalene when it was present at concentrations close to or 

above the aqueous phase saturation levels, and the effect of the 

naphthalene sorption-desorption pattern on the biodegradation rate. 

The results obtained in this study iIIustrate that naphthalene 

mineralization under denitrifying conditions has occurred in a" 

experimental set-ups. These results also show that different 

mineralization rates were obtained in response to the induced changes in 

naphthalene concentration and soil type (Soil 1 vs Soil 2). In order to 

understand these differences it was necessary to study the naphthalene 

sorption-desorption pattern for the two soil compositions. The sorption 

isotherm presented in Fig. 3.1 show that addition of various amounts of 

naphthalene to the soil slurry result in different concentrations in the 

aqueous phase. Hence, when the initial naphthalene concentrations were 

200 and 500 ppm, the corresponding concentration in the aqueous phase 
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never exceeded 50 ppm. Also, it was noted that the biodegradation rates 

obtained for the se two different concentrations were similar. Therefore. 

it is concluded that when naphthalene concentration in a soil slurry is 

maintained close to, or higher than the aqueous phase saturation level, the 

kinetics of mineralization are zero order with respect to the total 

substrate concentration. However, in the experiment where the initial 

concentration was equal to the aqueous phase saturation level (50 ppm) 

the actual concentration available in the aqueous phase was significantly 

less (about 32 ppm) and the mineralization rate represented about 60% of 

that obtained for the 200 and 500 ppm experiments. This decrease in the 

mineralization rate indicates that the availability of naphthalene as a 

carbon source for the microorganisms was an important factor controlling 

the reaction speed. This also suggests that once the concentration of 

naphthalene in the aqueous phase decreases below the saturation level, 

the mineralization rate becomes substrate dependent and exhibits higher 

order kinetics. In this case, the desorption of naphthalene could control 

the rate of biodegradation provided that the desorption rate is srnaller 

th an that of biodegradation. However, to confirm this, a further study has 

to be conducted to measure the rate of desorption. 

The low biodegradation rate (0.24 ppm/day) as observed after the 

first 50 ppm were mineralized, for the 200 and 500 ppm naphthalene total 

concentration experiments (Figs. 3.28, C and D) can be attributed to the 

following reasons. Firstly, it could be due to sorption of naphthalene on 

the relatively high specifie surface area of the solid materia!. For 

instance, Fig. 3.1 shows that the sorption of naphthalene on soil was very 

strong, thus limiting the amount available in the liquid phase for the 

microbial attack. Therefore, in spite of the high amounts of naphthalene 
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added. the aqueous concentration dropped quickly below the saturation 

level. In the experiment with the weathered oil-contarninated soil (Soil 

2), the decrease in the reaction rate was found to be higher than with Soil 

, 1, which was rnostly pristine soil. However, for the same time period, the 

naphthalenll mineralized in Soil 2 was 13% less than in Soil 1 (Figs. 3.28 

and 0). This can probably be attributed to increased sorption due to the 

higher organic content of the contaminated soil. Secondly. increase in pH 

probably inhibited the microbial activity. 

As expected, when compared with pristine soil, the weathered oil­

contaminated soit did not support higher naphthalene-degrading activity 

nor a shorter lag period. This lack of difference cannot be associated with 

a possible lack of denitrifying activity because denitrifiers are ubiquitous 

in soil. On the other hand the higher concentration of organic matter (4.3% 

versus 2.1%) in the oil-contaminated soil lead to a quick pH ri se (up to 

8.6, see Fig. 3.20). This increased pH could have reduced the activity of the 

denitrifiers. 

Comparisons between the results of this study and studies 

conducted by other researchers are difficult to evaluate partly because 

the soils used were different and did not exhibit identical sorption­

desorption patterns (Table 3.1). From that table, it appears that 

naphthalene biodegradation rates obtained under denitrifying conditions 

were in the same range as those obtained under aerobic conditions. It al'so 

indicates that denitrifying conditions could play an important role in the 

decomposition of low molecular PAHs in nature. From an engineering 

perspective, it would be easier and probably more economical to supply 

the needed amounts of electron acceptor for the decontamination reaction 

( to take place in the soil/water system in the form of nitrate, rather than 
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Table 3.1. Biodegradation rates of naphthalene under aerobic and denitrifying conditions .. 

Type of Initial naphthalene Tempe- Redox Maximumbi~ 
ecosystem concentration rature condition degradation rate Ref~nce 

[ppm] [·C] [ ppm/day] 

marine sediment sluny 100 23 aerobic 1.87 - (Bauer and Capone 1988) 
marine sediment sluny 100 23 aerobic 11.70 a.c: (Bauer and Capone 1988) 
sail-warer sluny 7 roomtemp. aerobic appr. 1.5 b (Mihelcic and Luthy 1988) 
sail-water sluny 7 roomtemp. denitrifying appr. 0.25 b (Mihelcic and Luthy 1988) 
soil-water slurry 500 35 denitrifying 1.7-1.8 a this study 
soil-water sluny 200 35 denitrifying 1.7-1.8 a this study 
sail-warer sluny 50 35 denitrifying 1.3- this study 

a: mineralized fraction; b: measured upon disappearence from sample; c: previous pre-exposure 10 naphthalene. 
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as molecular oxygen. These results show also that, in order to reach a 

better understanding of the biodegradation process of an organic pollutant 

in a soillwater system, a certain amount of knowledge is needed -about the 

interaction of the contaminant with the solid phase. Work is being pursued 

to assess the best operating conditions for using denitrification as a 

means to treat PAH-contaminated soUs and to better understand the 

influence of PAH sorption-desorption patterns on the biodegradation 

kinetics using soils of various compositions. 
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CHAPTER 4 

BIODEGRADATION OF FOUR PAH COMPOUNDS 

IN A SOIL/WATER SYSTEM UNDER VAR'OUS 

REDOX ENVIRONMENTS 

4.1. SUMMABï 

61 

Biodegradation of acenaphthene, acenaphthylene, fluorene and 

anthracene was studied in soil/watar slurries under four redox conditions. 

Under aerobic and denitrifying conditions, biodegradation of ail four 

compounds occurred. The degradation rates observed were 0.4 ppm-day·1 

for the aerobic environment and 0.2-0.4 ppm-day·1 for the denitrifying 

one. However, no significant biodegradation occurred under sulfate­

reducing nor methanogenic conditions. The aerobic environment exhibited 

much higher volatilisation rates of the studied compounds than the 

denitrifying one. The denitrifying environment was then chosen to conduct 

a further study to investigate the performance of a bench-scale 

bioreactor. The results showed that scaling up the size of the bioreactor 

while simultaneously reducil1g the mixing intensity did not result in any 

significant change in the degradation rates of the PAH compounds. This 

study suggests that the denitrifying environ ment could play an important 

role in the development of an effective, economical and environmentally 

safe detoxification technology for treating PAH-contaminated soils. 
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4.2. INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are widespread organic 

contaminants that are produced from natural and man-made processes, 

mainly petroleum refining and coke production (Bulman et al. 1985). 

Because of their toxicity and/or mutagenicity, the U.S. Environmental 

Protection Ageney has listed 16 PAH compounds as priority pollutants 

(Richards and Shieh 1986, Heitkamp et al. 1987). Large amounts of PAHs 

find their way to the terrestrial environment through atmospheric 

deposition, agricultural and industrial waste discharges and chemical 

spills (Jones 1988). As a result, several sites are being discovered 

annually, ail over the industrialized world, with high contamination levels 

and serious environmental health risks such that they require immediate 

remedial action (Haines 1988). 

PAHs are amenable to microbial biodegradation and their 

persistence in ground waters, soils and sediments is largely determined 

by biologieal proeesses (Herbes and Schwall 1978). Several studies, 

mainly eoncerned with the fate of these contaminants in various 

environments, have investigated the effect of the different factors on the 

biodegradation rates of PAHs. These factors have been summarized as 

follows (Cerniglia 1984): 

- eompound-related: type, concentration, ring number, solubility; 

- mierobial-related: types, population, distribution, previous 

exposure; 

- environment-related: sediment type, organic content, nutrient 
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status, salinity, soil-to-water ratio, salinity, temperature, pH, 

redox potential. 

Currently, a gap exists between the scientific knowledge on PAH 

degradation and putting this knowledge into practical use in the form of 

an innovative and economically feasible treatment technology (Atlas 

1988). Bridging the existing gap could lead to the development of a highly 

efficient soil bioremediation technology which, in comparison to other 

physico-chemical treatment techniques, would hopefully possess several 

advantages such as low cost, low energy consumption, high waste 

reduction and detoxification efficiencies, minimal air pollution problems 

and a biologically healthy decontaminated soil (De Kreuk 1986). 

Two biotic treatment techniques of contaminated soils have been 

proposed: in-situ biological treatment and use of a bioreactor system. The 

latter technique is still in the stage of development. In comparison with 

in-situ treatment, bioreactors are thought to have the following 

advantages (Soczo and Staps 1988): 

- better control of several process parameters; 

- lower chance of dissipating pollutants to uncontaminated areas; 

- option for use of indigenous microbial population or a specifieally 

developed microbial population. 

However, for a bioreactor system to bioremediate eontaminated 

soil effectively and within a reasonable time frame, it is necessary to 

optimise the set of factors that influence the reaetion rate. One of the 

most important factors that have to be investigated is the redox 

environ ment (De Kreuk and Annokkee 1988). 

ln general, PAHs are readily biodegradable under oxic conditions, 

particularly those containing two or three aromatie rings (Bauer and 
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Capone 1985, Heitkamp et al. 1988). However, there is a paucity of 

information in the literature regarding the amenability of these 

compounds to biodegradation under anoxie conditions. 

Bauer and Capone (1985), investigating the degradation of a number 

of PAH compounds in marine sediments, reported significant 

mineralization of naphthalene and anthracene under oxic conditions, while 

both eompounds were resistant to biodegradation under anoxic ones. 

Similarly, Bouwer and McCarty (1983) showed that, under the denitrifying 

environment, naphthalene along with other aromatic compounds were not 

utilized in a minerai growth medium inoculated with primary sewage 

influent. 

On the other hand, Mihelcic and Luthy (1988). using a soil/water 

system as the growth medium, were able to obtain biodegradation of 

naphthol, naphthalene and acenaphthene under the denitrifying 

environment at rates of 0.5, 0.16 and 0.01 mg/l-day respectively. In their 

study. Mihelcic and Luthy used a low soil-to-water ratio (1 :25 and 1 :50) 

and relatively low initial compound concentrations (8, 7, 0.4 mg/l. 

respeetively). 

AI-Bashir et al. (1990) investigating the effect of sorptian­

desorption equilibria on the mineralization of naphthalene under the 

denitrifying enviranment, obtained a mineralization rate of 1.7-1.8 

ppmlday. The initial naphthalene concentration used was 200 mg/g (soil 

slurry) and the soil-to-water ratio was 30%. 

The literature reports no study on the degradation of PAHs under 

sulfate-reducing nar under methanogenic conditions. However, the benzene 

ring has besn shown to be amenable to biodegradation under these two 

environments. For example, benzene and toluene were biodegraded by 



( 65 

mixed methanogenic cultures obtained from an enriehed ferulic acid­

degrading sewage sludge, with C02 acting as the only electron acceptor 

(Grbie-Galic and Vogel 1987). Also, benzoate was mineralized to C02 by a 

sulfate-reducing organism in the presence of reducible sulfur compounds 

(Berry et al 1987). 

From the above it is seen that there is a need to examine the raie 

and signifieance of redox environments in the development of a 

remediation technique that utilizes biologieal processes to treat PAH­

contaminated soil slurries. Therefore the purpose of this study is to 

investigate the following: 

1. the biotic and abiotic losses of four PAH compounds tram the soil 

slurry treated under various redox conditions (aerobic, denitrifying, 

sulfate-redueing and methanogenic). The eompounds investigated are 

acenaphthylene, acenaphthene, fluorene and anthracene. 

2. the performance of a beneh-seale bioreactor under the optimum redox 

environment, based on results of part 1. 

4.3. MATE RIALS AND METHODS 

4.3.1. Soli. A bulk soil sample was obtained trom the 

Biotechnology Research Institute land premises, Montreal, Quebec. After 

scraping off the top 2-5 cm layer, soil was sampled at a depth of 3-10 em 

trom the surface. The sam pie was dried at 35 oC for 24 hours, sieved 

through a 500 mieron mesh sieve, and analysed for particle size 

distribution and total organic content (Gee and Bauder 1986). The soil 

{ composition was as follows: sand 74%, silt 21 %, clay 5% and the organic 
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4.3.2. Mineral medium. The minerai medium used as the aqueous 

phase of the soil slurry was prepared by dissolving the following salts 

(ail analytical grade) in tap water: KH2P04, 0.170 g/l; K2HP04, 0.430 g/I; 

Na2H P04·7H20, 0.660 g/l; FeC13·6H20, 0.003 g/I; NH4CI, 0.034 g/I; 

MgS04·7H20, 0.450 g/I. The final pH of the medium was adjusted to 7.0 

(Mihelcic and Luthy 1988). 

4.3.3. PAH chemieals. The PAH compounds, acenaphthylene, 

acenaphthene, fluorene and anthracene were obtained as crystalline 

powder from Aldrich Chemical Company Inc. (Milwaukee, Wis., USA) with a 

corresponding purity of 95, 99, 98 and 99.9% respectively. A stock 

solution of the four PAHs was prepared by dissolving a known amount of 

each compound in HPLC-grade ether. 

4.3.4. Soil spi king with PAHs. 10% of the bulk soil sample was 

isolated and placed in a 250-ml boiling f1ask which also received the PAH 

stock solution. The contents of the f1ask were mixed thoroughly prior to 

evaporating the organic solvent (Büchi Rotavapor RE 120, Laboratoriums­

Technik AG, F1awil, Switzerland) under vacuum and at room temperature. 

The spiked soil was then added to the bulk soil sample and both were 

mixed thoroughly to obtain a uniform distribution of the PAHs in the soit 

matriy.. 

4.3.5. Experimental setup 

i) Redox conditions experiment. Four redox conditions were 

tested a: aerobic, b: denitrifying, c: sulfate-reducing and d: methanogenic. 
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For each redox environment two SOO-ml erlenmeyer flasks were 

used. of which one acted as a control_ by receiving a dose of mercury 

chloride at a concentration of 5 g/kg soil to hait bacterial activity (Wolf 

et al. 1989). Each flask contained 187 9 of soil and 200 ml of minerai 

stock solution. The initial concentration of each individu al PAH compound 

in the slurry samples was 100 ppm (dry soil weight). The aerobic flasks 

were plugged with a polyurethane stopper to allow for gas exchange with 

the atmosphere. The anoxie flasks were purged with nitrogen gas, received 

0.5 9 glucose and sealed with air-tight teflon-lined screw caps. Glucose 
\ 

was added to the latter flasks, as an easily available organic compound 

for microbial uptake in order to consume any free oxygen present and to 

lower the oxidation-reduction potential to that corresponding to the 

denitrifying, sulfate and methanogenic environments. The flasks used for 

both of the denitrifying and sulfate-reducing environments received 

respectively 3.6 g/l of nitrate (as sodium nitrate) and 4.0 g/l sulfate (as 

sodium sulfate). Finally, ail flasks were wrapped in aluminum foil and 

placed in an incubator shaker (model G25, New Brunswick Scientific Co., 

Inc., Edison, N.J., USA) and shaken continuously at 250 rpm and incubated 

at 25DC. 

li) The bench-scale bioreactor ex periment. Two bioreactors 

were used here, of which one acted as a control by adding 5 g/kg mercury 

chio ride. The bioreactors were constructed from a multi-function mixer 

(model K5SS, KitchenAid, Inc., St. Joseph, Michigan, USA). As shown in Fig. 

4.1, the stainless steel bowl (4 liters total capacity) was covered with a 

steel lid equipped with rubber bands around the rotor and bowl edges to 

insure a closed and air-free operation mode. A number of screw-type ports 

(, were fitted to the covering lid to facilitate the sampling procedure. The 

, 
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Figure 4.1. A schematic representation of the bench-scale bioreactor. 
a: stainless steel bowl, b: motor, c: mixing blade, d: sampling 
port, e: speed regulator, f: soil slurry. 

68 



( 69 

bioreactor received 1.5 kg of soil and 1.5 kg of minerai solution. The 

initial individual PAH concentr ation was 120 ppm (dry soil weight). 

Sodium nitrate was added to the slurry, b-ringing the final nitrate 

concentration to 8 {l/i. The mixing frequenc1 and duration of the 

bioraactors were contmlled using an electronic timer (model CD-4, 

ChronTrol, Linburg Enterprises, Inc., San Diego, Calif., USA). Mixing was 

perlormed three times a day for 20 seconds at a speed of 120 rpm. 

Temperature was maintained at 20±1°C. 

4.3.6. Sampling an~ analysis. 

i) Sampling. Sampling from the erlenmeyer flasks was conducted 

in an anaerobic chamber that was charged with oxygen-free nitrogen gas. 

Prior to sampling from the bench-scale bioreactors, their contents were 

mixed thoroughly in order to maintain a good sampling consistency 

throughout the duration of the experiment. Samples were collected for 

analysin~ PAH concentration, pH, sulfate and nitrate ions and methane gas. 

Il) PA'" analysls. Each soil slurry sample was first mixed with 5 

9 0\ anhydrous Na2S 0 4 and th en extracted with benzene in a Soxhlet 

extractor for five hours. The solvent was then concentrated on the 

Rotavapor at 30°C under vacuum and analysed on a capillary gas 

chromatograph (model Sigma 200, Perkin-Elmer, Norwalk, Conn., USA) 

equipped with a flame ionizing detector and a 50-m column (Ultra-1, 

Hewlett-Pac~ard, North Hollywood, Calif., USA). The PAHs recovery 

effic;encies for the extraction and concentration were 86% for 

acenaphthylene, 870/0 for acenaphthene and 85% for fluorene and 

anthracene. 

iii) I~nion analysls. One gram of sampled slurry was centrifuged 
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(model 5415, Eppendorf Centrifuge, Brinkmann, N.Y., USA) at 11000 9 for 5 

minutes. The supernatant was then analysed for nitrate and sulfate using 

an HPLC (model SP800 with integrator model SP4200, Spectra-Physics, 

San Jose, Calif., USA) equipped with c:onductivity type detector (model 

430, Waters Chromatography Division, Milford, Mass., USA) and anion 

exchange column (model PRP-X100, Hamilton Co., Reno, Nev., USA). 

iv) pH Ineasurement. The pH values of slurry samples were 

measured using a combined elect{ode and pH meter (Accumet 925, Fisher 

Scientific, Montreal, Canada). 

v) Methane ga5. The methanogenic conditions were confirmed by 

detecting methane gas formation in a sample collected trom the head 

space of the flask. The sample was analysed using agas chromatograph 

(Perkin Elmer, Sigma 2000GC, Norwalk, Conn., USA) with a Perkin Elmer LC-

100 integrator and a thermal conductivity detector. The GC column 

(Chromosorb 102, Belletonte, Pa., USA) was 12 ft long. 

4.4. RESUL TS and DISCUSSION 

4.4.1. Redox conditions. The results obtained from the redox­

condition experiment are shown in Figs. 4.2 and 4.3. Although ail four PAH 

compounds were present simultaneously in any flask, Fig. 4.2 presents the 

disappearance of each compound under the four redox environments 

separately )or ease of comparison. 

The loss of the PAH compounds from the oxic and anoxie control 

samples, as shown in Fig. 4.2, is attributed to abiotic proeesses, mainly 

volatilisation, sinee no biological activity was detected in thase samples 
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b. Sulfate and pH measurements under sulfate-reducing conditions. 
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us;ng the plate counting technique. Under the aerobic environment, 

intensive volatilisation of the PAH compounds trom the erlenmeyer flasks 

oeeurred. A large percentage of the volatilised compounds was reeovered 

by extracting the polyurethane stopper. Other abiotic processes could have 

contributed to the loss of PAHs from the controls. Park et al. (1990) 

suggested that sorption, artifact of the assay, hydrolysis, Hg-catalyzed 

reactions and autoxidation are possible mechanisms for PAH losses from 

bioinhibited soil samples. 

The continuous and intensive mixing of the slurry, in order to 

maintain the soil particles in suspension and to ensure adequate oxygen 

diffusion, may have contributed to the tairly rapid volatilisation of the 

compounds in the aerobic flasks. However. volatilisation also occurred, 

though to a much lesser extent, under anoxie conditions. This is probably 

due to the escape of certain amounts of the PAH compounds trom the 

flasks, especially those saturating the head space, during sampling in the 

anaerobic chamber. 

ln the biologically active flasks, the loss of PAHs is attributed to 

both biotic and abiotic processes. Under the denitrifying and sulfate­

reducing environments, the microbial population exerted a signifieant 

demand for nitrate and sulfate respectively (see Fig. 4.3). The nitrate and 

sulfate consumption at the early stage of the experiment was higher than 

that at subsequent stages. The rapid initial rates of nitrate and sulfate 

reduction are probably due to the biodegradation of easily degradable 

carbon (the added glucose and the naturally occurring organic matter in 

the soil). 

Also, Fig. 4.3 indicates that nitrate and sulfate microbial uptake 

was associated with a slight increase in the slurry pH. To avoid further 
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increase in the pH of the media, the depleted nitrate and sulfate ions were 

replenished by adding fresh amounts of nitric and sulfurie acids, 

respeetively. Besides acting as sources for nitrate and sulfate, these 

acids provided the hydrogen ions needed to neutralize the hydroxyl group 

resulting from the denitrifying and sulfate-reducing baeterial activities. 

The nitric and sulfuric acids were added at 10% aqueous concentration to 

minimize local pH fluctuations. 

A statistical analysis was performed on the set of results obtained 

from the redox conditions experiment (see Appendix 0). To determine the 

biodegradation rates of the PAH compounds under the various redox 

environments, the linear least-squares method was used to calculate the 

two rates of disappearance of each PAH compound from any flask and its 

control. The difference between these two rates represents the rate of 

disappearance due to biological activity. The confidence limit 

corresponding to the difference was al 50 determined (Walpole 1982). 

Aesults from the statistical analysis are shown in Table 4.1. It is 

seen that both the aerobic and denitrifying environments exhibited 

significant PAH biodegradation rates. The confidence levels for the 

aerobic and the denitrifying environments exceeded 95%. However, ail four 

compounds were recalcitrant under the sulfate-reducing and methanogenic 

environments and their confidence limits were significantly low. 

Therefore, it was not possible to confirm whether the compounds were 

biodegradable or completely recalcitrant under these two redox 

environments. Also, the gas chromatograph did not deteet any 

accumulation of PAH metabolites, thus indicating that the reaction 

limiting step lies in the initial microbial attack on the aromatic ring. 

Furthermore, Table 4.1 shows that the PAH biotransformation rates 
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Table 4.1. Volatilisation and biodegradation rates or PAR compounds (ppmlday). 

PAH Process 
Aerobic Denitrifying Sulfate-

a b reducing 

Volatilisation 1.6O±O.06 O.32±O.O2 O.36±O.O3 
Acenaphthylene 

Biodegradation O.53±O.06 O.35±O.O3 O.37±O.04 • 

Acenaphthene Volatilisation 1.39±O.Ol O.26±O.O2 O.34±O.O3 
Biodegradation O.39±O.04 O.32±O.O3 O.30±0.O3 • 

Fluorene 
Volatilisation 1.18±O.O3 O.16±O.O3 O.15±O.O3 
Biodegradation O.50±0.O3 O.29±O.O3 O.33±O.O2 * 

Volatilisation 1.OI±O.02 O.10±0.O3 1.11±O.O2 
Anthracene Biodegradation O.38±O.O3 O.29±O.O3 O.28±O.O2 * 

a: erlenmeyer flasks. b: bench-scale bioreactor. *: below 80% confidence limite 

Methanogenic 

• 

* 

* 

* 

l'fi&. 

1 

-...,J 
(J1 

.. ~ 
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under the denitrifying environment compare favorably with those under 

the aerobic one, with the former being on average 15% lower. Also, a rough 

negative correlation exists between the volatilisation rates of the four 

PAH compounds and their molecular weight (the molecular weights for the 

PAH-compounds are: acenaphthylene : 152, acenaphthene : 154, fluorene 

166 and anthracene : 178). 

ln this study, the method of assay resulted in a significant scatter 

of the results. This is evident in Fig 4.3 and Appendix C where some of the 

measured PAH concentrations rise above their corresponding initial 

values. The fluctuation in the concentration of PAHs was as high as 15%, 

determined by analysing a triplicate sample of the soil slurry. This is 

largely due to the inconsistency in soit sampling in spite of ail 

precautions taken to standardise its procedure. A slight change in the 

distribution of the soit particles in the sample inherently gave ri se to a 

significant change in its organic content and consequently a change in the 

concentration of the PAH compounds. 

The scatter of the results hindered any attempt to make a valuable 

assessment of the effect of the PAH compound's physico-chemical 

properties, such as aqueous solubility, octanol:water partition coefficient 

and molecular weight, on their biodegradation rates. Also, this scatter has 

made it, in certain cases, difficult to decide on the kinetics of the biotic 

and abiotic processes. 

However, in determining the biodegradation and volatilisation rates 

reported in Table 4.1, zero order kinetics were assumed. Besides giving a 

better description of the results, other reasons favour making such an 

assumption. In tha case of bioinhibited samples, volatilisation trom the 

soil slurry departed from simple tirst order kinetics observed in water 
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bodies due to the fact that the process is complicated with the sorption of 

the PAHs on soil particles, and that the amount of PAHs in soluble 'orm 

constituted only a small fraction of the total amount present (Bulman et 

al. 1985). Also, for the biologically active samples that were kept under 

anoxic conditions, the initial and final concentrations of the compounds at 

the end of the experimental run were relatively high. Hence. it is unlikely 

that the depletion of the soluble PAHs have imposed limitations on the 

reaction rates (AI-Bashir et al. 1990. Herbes and Schwall 1978). 

A comparison between the biodegradation results obtained in this 

study and those reported in the literature needs to take into consideration 

the limitations of such a comparison arising from the variations in the 

biodegradation studies in terms of the nature of the soil matrix, 

experimental conditions and the as say artifacts. For example, in this 

study, the biodegradation experiment lasted 120 days. du ring which a 

microbial population shift had probably occurred thus questioning the 

value of extrapolating the data to their initial conditions and comparing 

them to other studies with a different time frame (Herbes and Schwall 

1978). 

Under an aerobic environment, 8auet and Capone (1988) obtained a 

biodegradation rate of 1.6 ppm/day for anthracene biodegradation in 

marine sediment slurries that had been previously acclimated to 

anthracene contamination, and a biodegradation rate of 0.07 ppm/day for 

unacclimated sediments. The initial concentration of anthracene was 100 

ppm and the incubation time was 50 hrs. The biodegradation rate of 

anthracene under aerobic conditions was found to be 0.38 ppm/day. In this 

study, the long exposure time of the soil microbial population to 

( anthracene could account for the elevated microbial activity over that 
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acting in the unacclimated marine sediments investigated by Bauer and 

Capone. 

Keck et al (1989) reported a half-lite of 99 days for fluorene 

biodegradation in Kidman soil. Fluorene was present as part of a refinery 

waste and its initial concentration was 29 ).lg/g. The half-lite for 

fluorene biodegradation under aerobic conditions obtained here is 100 

days. 

The biodegradation rates for acenaphthene under aerobic and 

denitrifying conditions (see Table 4.1) are substantially higher than those 

reported by Mihelcic and Luthy (1988) which were 0.125 mgll-day and 

0.016 mgll-day, respectively. The reason for this difference could be 

attributed to the much lower initial acenaphthene concentrations used by 

those researchers, 1 mg/l for the aerobic environment and 0.4 mgll for 

the denitrifying one. Equally important is the fact that Mihelcic and Luthy 

used a more diluted soil suspension (1 :25 and 1 :50) than the one used here. 

The lower soil-to-water ratio probably gave rise to a lower concentration 

of the microbial population and in turn ta lower biodegradation rates of 

PAHs. 

4.4.2. Bench-scale bioreactor. The criteria for selecting a 

particular redox condition for a soil bioremediation technology have to be 

based, in the first place, on the ability of that redox environment to 

support a biological activity that is capable of both biodegrading and 

detoxifying the contaminants, and to do sa within a reasonable time 

frame. Another equally important consideration is economical feasibility; 

unless the treatment process is economical, there is little chance for it 

to be developed into a full-scale application. 
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The redox-condition experiment has shawn that both the oxic and 

the denitrifying conditions could act as a suitable environment for 

treating PAH-contam;nated soil. However from a practîcal point of view, 

the denitrifying environment could provide a better prospect for 

developing a bioremediation technology than the aerobic one. for the 

following reasons. First, an aerobically operated bioreactor would result 

in substantial volatilisation of the PAH compounds, thus creating a 
-

potential air pollution problem. Second. due to the relatively high density 

of the soil slurry, aerobic treatment is bound ta face a mass transfer 

problem with respect ta oxygen diffusion. Energy demand to overcome 

limitations on oxygen diffusion might turn out ta be high enough ta render 

the process uneconomical. 

For the above reasons, the denitrifying environment was chosen for 

conducting a further study to investigate the performance of a more 

advanced bench-scale bioreactor. 

The disappearance of the four PAH-compounds from the bioreactor 

and its control, along with nitrate and pH measurements, are presented in 

Fig. 4.4. A statistical analysis was also performed to determine the rate 

of disappearance due to biotic processes (see Appendix 0). These rates are 

presented in Table 4.1, along with the results obtained trom the redox­

conditions experiments. The confidence limits correspunding to the 

difference between the observed volatilisation rate in the control and the 

rate of disappearance in the bioreactor for each PAH compound exceeded 

950/0. 

As shown by Table 4.1, the biotransformation rates obtained in the 

bench-scale bioreactor are very close to those obtained from the 

den itrifying erlenmeyer flask, thus suggesting that scaling up the 
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treatment process and simultaneously reducing the mixing intensity, from 

continuous mixing to intermittent one, did not result in any significant 

change in PAH-biodegradation ratés. 

Finally, the naphthalene biodegradation study (chapter 3) has shown 

that the denitrifying environment can support significant biodegradation 

of naphthalene. This fïnding is further confirmed by the present study and 

extends it to include other PAH-compounds with higher molecular weight. 

Furthermore, besides its capacity to support a PAH-utilizing microbial 

population, the denitrifying environment could provide an environmentally 

safer and a more economical alternative to aerobic treatment processes. 
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CHAPTER 5 

5.1. CONCLUSIONS 

ln developing a remediation technique capable of treating PAH­

contaminated soils, there would be two main objectives: 

1. Optimisation of the different factors influencing the biological 

reaction in order to create favorable, and ideally optimum environment for 

the growth of the biodegrading microbial population. 

2. Under optimal conditions, the rate limiting factors have to be 

identified and in light of this, appropriate methods can be devised ta 

speed the reaction rate. 

With regard to the first objective, this study has investigated the 

role and significance of the redox environ ment in the biological treatment 

of soils contaminated with polycyclic aromatic hydrocarbons (PAHs). The 

results showed that the four PAH compounds studied, acenaphthene, 

acenaphthylene, fluorene and anthracene, were biodegradable under both 

aerobic and denitrifying conditions, but ail four were recalcitrant under 

the sulfate-reducing and methanogenic environments. Furthermore, the 

biodegradation rates under the denitrifying environment compare 

favorably with those obtained under the oxic one. Moreover, aerobic 

treatment of contaminated soil has resulted in the volatilisation of 74% 

of the total amount of PAHs initially added, thus rendering them 

unavailable to soil bacteria. 

With regard ta the second objective, this study has examined the 
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} 
ï 
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effect of the initial concentration of naphthalene and its 

adsorpti'!e/desorptive behavior on its degradation rate under denitrifying 

conditions. The results showed that when naphthalene concentration in the 

soi! slurry is maintained close to or higher than the aqueous phase 

saturation limit, the mineralization kinetics are zero order with respect 

to substrate total concentration. However, once the concentration of 

naphthalene in the liquid phase drops belc,w its solubility limit, the 

mineralization rate becomes substrate dependent and exhibits higher 

order kinetics. In this latter case, the desorption of naphthalene from the 

solid phase controls the reaction speed . 
.. 

ln conclusion, this study proposes first, that the denitrifying 

environment could be the one to favour in the development of a bioreactor 

system for treating PAH-contaminated soils. Second, the bioavailability 

of the PAH eontaminants to microorganisms in the soil/water matrix 

could constitute a rate limiting step for the biological reaction. 

Future research should investigate, with respect to the first of 

these propositions, the susceptibility of PAHs with more than three 

benzene-rings ta biodegrade under the denitrifying environment. Also, the 

performance of bioreactors should be evaluated when the soit to be 

treated has been contaminated with a complex mixture of industrial 

compounds including PAHs. 

However, to determine the extent to which PAH bioavailability can 

constitute the limiting step to the biologieal reaction, it is necessary to 

perform further experiments, investigating the effect of emulsifiers, soil· 

to-water ratio, organic content, pH, temperature, and chemical 

substitution on the soil-PAH adsorptive/desorptive properties. 

Finally a note is made here on the experimental procedure. In this 
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study both radioactive-tracer and chromatographie analysis have been 

used to determine the biodegradation rates of the PAH compounds. While 

the former - monitors PAH biodegradation throl.\,gh C02 evolution which is 

exclusively a product of biological activity, the latter monitors the 

concentration of the PAH compounds and their ral'\9 of disappearance which 

are due ta bath biotic and abiotic processes. RadIoactive analysis provides 

a more accurate method than ehromatography fOl PAH determination in 

soils, for the following reasons: 

1. There is an error arising from the inconsi5tency of slurry 

samplïng. In the case of chromatographie analysis, SQ'il sampling acts as a 

major source of error. This is due to the fa ct thô't the finer the soi/ 

partie/es are the larger thei,. organie content and also the higher their 

PAH adsorptive capacity. Henee, slight variations in the particle size 

distribution of the sample eould lead to considerable fluctuations in the 

results. 

2. Analysis on Ge or HPlC instruments requires prior extraction, 

purification (for a complex waste), fractioning and concentration of the 

sample. Each of these steps could act as a source of error, especially when 

dealing with low concentrations and with compounds having appreciable 

volatilisation rates. 



APPENDIX A 

Results from the naphthalene blodegradatlon and 
adsorption study (from Chapter 3). 
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( Table A.1. Naphthalene minerallzed at 500 ppm Initial 
concentration and using soli slurry type A. 

DAYS First Second Average 
sample sam pie (ppm) 
(ppm) (ppm) 

---------------
0 0 0 0 
5 0 0 0 
10 6.1 5.6 5.9 
18 21.3 17.5 19.4 
25 35.4 29.5 32.5 
35 51.0 42.6 46.8 
42 67.6 59.7 63.6 
60 78.3 60.3 69.3 
75 72.1 80.6 76.3 
100 80.7 88.6 84.6 
160 113.7 86.4 100.1 

Table A.2. Naphlhalene mineralized al 200 ppm initial 
concentration and using soil slurry type A. 

-----------------------------
DAYS First Second Average 

sample sample (ppm) 
(ppm) (ppm) 

----
0 0 0 0 
5 0 0 0 
10 4.5 5.2 4.8 
18 23.1 19.9 21.5 
25 38.6 41.1 39.8 
35 44.9 43.4 44.2 
42 57.3 55.0 56.1 
60 72.3 62.7 67.5 

r 75 81.3 78.0 79.7 
100 91.0 87.7 89.4 
160 106.6 95.2 100.9 

-------------



Table A.3. Naphthzlene mineralized at 50 ppm initial 
concentration and using soil slurry type A. 

DAYS 

o 
5 

10 
18 
25 
35 
42 
60 
75 
100 
160 

First 
sample 
(ppm) 

o 
o 

3.2 
11.5 
22.0 
41.7 
40.6 
45.8 
43.6 
45.7 
45.3 

Second 
sample 

(ppm) 

o 
o 

4.6 
15.2 
19.7 
32.2 
44.6 
45.3 
45.8 
45.2 
44.8 

Average 
(ppm) 

o 
o 

3.9 
13.4 
20.9 
37.0 
42.6 
45.6 
44.7 
45.4 
45.0 

Table A.4. Naphthalene mineralized at 200 ppm initial. 
concentration and using soil slurry type 8. 

-----------------------------
DAYS First Second Average 

sam pie sample (ppm) 
(ppm) (ppm) 

90 

---------._----------------
0 0 0 0 
5 0 0 0 

10 3.9 5.3 4.6 
18 17.7 14.7 16.2 
25 38.3 23.0 30.6 
35 56.3 34.1 45.2 
42 54.4 43.1 48.7 
60 58.5 51.2 54.8 
75 65.3 58.8 62.0 
100 71.6 77.6 74.6 
160 96.8 84.8 90.8 
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( Table A.S. Naphthalene partitionlng between the solid and liquid 

( 

Total concentration 

ppm 

0.0 
10.0 
20.0 
35.0 
50.0 

100.0 
200.0 
500.0 

phases. 

liquid phase 
concentration 

ppm 

0.0 
4.8 

10.3 
22.4 
31.3 
43.2 
48.7 
49.8 

solid - phase 
concentration 

ppm 

0.0 
22.1 
42.7 
64.4 
93.9 

232.5 
553.8 

1550.8 



APPENDIX B 

Langmuir, Freundllch and B.E.T Isotherms descrlblng the 
adsorption of naphthalene by soli (Chapter 3). 
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1/q = 3.8ge-3 + 0.21(1/c) R"2 = 0.942 
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0.00 +----,..---r----.---__ ---.----! 

0.0 0.1 0.2 0.3 

lie (g/Jlg) 

Fig. B.1. Langmuir model fitted to naphthalene aqueous 
concentrations below saturation limit. 

q = Jlg naphthalene adsorbed/g soil at equilibrium. 
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c = Jlg naphthalene in solution/ml water at equilibrium. 



2.41 -/1 
log q = 0.56186 + 1.0155 loq c R"2 = 0.916 
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Fig. B.2. Freundlich model fitted to naphthaJene aqueous 
concentrations lower than :ile saturation level. 

q = Jlg naphthalene adsorbed/g soil at equilibrium. 
c = Jlg naphthalene in solution/ml water at equiJibrium. 
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Fig. B.3. B.E. T. model fitted to naphthalene aqueous 
concentrations below saturation limit. 

q = J1g naphthalene adsorbed/g soil al equilibrium. 
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C = J.1g naphthalene in solution/ml water at equilibrium. 
Cs = saturation concentration of naphthalene in water (Jlg/ml). 
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APPENDIX C 

Results from the blodegradatlon of acenaphthylene. 
acenaphthene, fluorene and anthracene under varlous 

redox conditions (from Chapter 4). 



( 
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Table C.1. Changes in acenaphthylene concentration (ppm) with 
time under various redox conditions. 

---------------------------------------------------DAYS AEROBIC DENITRI­
FVING 

SULFATE- METHANO-
REDUCING GENIC 

----------------------------------------------------o 
15 
30 
45. 
60 
75 
90 

120 

101.6 
58.2 
37.9 
7.5 
0.0 
0.0 
0.0 
0.0 

98.3 
66.3 
63.6 
69.7 
53.9 
38.2 
45.7 
32.1 

99.5 
72.4 
92.8 
82.3 
83.9 
71.4 
67.0 
78.1 

96.7 
87.3 
97.7 
81.2 
85.6 
77.9 
86.4 
66.4 

Table C.2. Changes in acenaphthylene concentration (ppm) with 
time under various redox conditions in the control samples. 

DAYS 

o 
15 
30 
45 
60 
75 
90 
120 

AEROBIC 

96.3 
61.2 
54.7 
23.9 
11.4 
0.0 
0.0 
0.0 

DENITRI­
FVING 

97.8 
77.6 
85.3 
92.8 
71.6 
72.4 
66.5 
73.1 

SULFATE- METHANO-
REDUCING GENIC 

102.1 
89.5 
79.6 
71.7 
82.3 
85.5 
68.6 
65.8 

91.2 
93.6 
101.4 
86.7 
92.3 
75.8 
71.5 
87.9 
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Table C.3. Changes in acenaphthene concentration (ppm) with 
time under various redox conditions. 

DAYS AEROBIC DENITRI· SULFATE- METHANO-
FYING REDUCING GENIC 

----------------------------------------------------
0 99.6 104.5 92.2 96.5 
15 67.3 72.3 75.8 91.3 
30 41.6 75.8 95.7 101.9 
45 16.9 78.7 82.9 84.6 
60 0.8 55.3 86.5 88.4 
75 0.5 45.1 74.7 82.5 
~)O 0.4 56.2 72.2 91 2 

120 0.6 38.7 78.0 68.8 

Table C.4. Changes in acenaphthene concentration (ppm) with 
time under various redox conditions in the control samples. 

DAYS AEROBIC DENI TRI· SULFATE- METHANO-
FYING REDUCING GENIC 

----------------------------------------------------
0 96.7 92.6 105.8 94.8 
15 67.8 82.4 94.4 96.0 
30 55.4 91.3 86.3 102.5 
45 33.5 96.8 75.7 87.4 
60 19.1 71.6 86.5 94.3 
75 0.0 78.5 91.3 78.6 
90 0.0 69.2 73.1 76.5 
120 0.0 81.1 74.2 89.9 

-----
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( Table C.S. Changes in fluorene concentration (ppm) with time 

( 
, 

under vlrious redox conditions. 

DAYS AEROBIC DENITRI- SULFATE- METHANO-
FYING REDUCING GENIC 

----------------------------------------------------0 97.2 101.7 95.1 101.8 
15 78.4 84.5 78.6 95.2 
30 47.6 83.8 98.5 107.4 
45 24.5 84.6 87.2 89.1 
60 0.0 66.3 91.3 97.6 
75 0.0 59.1 82.5 87.9 
90 0.0 68.4 76.8 102.0 
120 0.0 48.5 84.3 78.2 

Table C.6. Changes in fluorene concentration (ppm) with time 
under various redox conditions in the control samples 

DAYS AEROBIC DENITRI­
FYING 

SULFATE­
REDUCING 

METHANO­
GENie 

----------------------------------------------------o 
15 
30 
45 
60 
75 
90 
120 

101.7 
71.9 
77.4 
46.1 
39.6 
11.8 
0.0 
0.0 

101.2 
83.8 
97.9 

106.6 
78.4 
86.5 
77.3 
92.1 

99.6 
102.8 
93.6 
87.3 
92.7 
98.3 
84.2 
82.8 

92.1 
93.5 
103.4 
91.7 
96.3 
83.3 
83.7 
92.5 

----------------------------
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Table C. 7. Changes in anthracene concl'ntration (ppm) with time 
the various redox conditions. 

DAYS 

o 
15 
30 
45 
60 
75 
90 
120 

AEROBIC 

102.3 
88.5 
58.7 
36.5 
11.8 
0.0 
0.0 
0.0 

DENITRI­
FYING 

103.6 
91.7 
83.4 
86.3 
68.8 
62.7 
75.5 
54.2 

SULFATE- METHANO-
REDUCING GENIC 

95.6 
85.9 
105.4 
101.3 
93.8 
97.8 
82.1 
89.0 

106.4 
102.2 
108.8 
93.5 
98.2 
88.6 
106.4 
81.5 

Table C.S. Changes in anthracene concentration (ppm) wit~ time 
under various redox conditions in the control samples. 

DAYS AEROBIC DENITRI- SULFATE- METHANO-
FYING REDUCING GENie 

----------------------------------------------------0 98.5 94.8 101.1 94.3 
15 91.3 85.2 105.2 95.6 
30 83.9 103.1 98.6 103.5 
45 54.7 106.6 91.3 95.8 
60 48.7 82.5 97.7 99.6 
75 23.3 93.9 102.0 87.4 
90 0.0 80.5 87.2 88.2 
120 0.0 97.3 89.9 96.1 
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Table C.9. Changes in the concentration of PAH compounds (ppm) 
with time in the bench-scale bioreactor. 

DAYS Acenaph- Acenaph- Fluorene Anthracene 
tbylene thene 

----------------------------------------------------0 118.3 123.3 117.8 119.4 
1 5 103.6 111.3 112.2 114.7 
30 84.1 94.2 106.5 107.5 
45 95.5 101.1 105.8 1092 
60 87.2 92.6 99.6 103.7 
75 60.3 74. 8 83.4 93.6 
90 41.6 53.6 68.6 76.4 
120 46.4 51.5 70.2 79.7 

Table C.10. Changes in the concentration of PAH compounds 
(ppm) with time in the control bench-scale bioreactor. 

DAYS Acenaph- Acenaph- Fluorene Anthracene 
tbylene thene 

----------------------------------------------------0 118.8 118.4 119.3 122.7 
15 89.3 93.5 101.6 108.3 
30 83.7 87.0 95.8 102.7 
45 99.2 104.9 111.6 115.5 
60 91.7 99.5 102.5 111.8 
75 73.6 81.3 94.8 102.4 
90 94.9 101.7 116.2 120.3 
120 72.4 78.1 95.4 102.4 
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APPENDIX 0 

Statlstlcal analysls to determlne the dlsappearance 
rates of the PAH compounds under the varlous redox 

conditions (from Chapter 4). 



( 

A straight line is best fitted to the set of data representing the 
disappearance of the PAH compounds under a particular redox 
environment. The straight-line fit was fixed at .one point, that which 
corresponds to the initial concentration of the PAH compound. The slope of 
the fitted Hne, which indicates the rate of the disappearance of the 
compound, is denoted as MI . Similarly, Ml indicates the rate of 
disappearance of the compound from the control sample. 

Also let III and III represent the slopes of the straight line fits, 
corresponding tG Ml and Ml' respectively, that might be obtained from an 
infinitely large number of sampJing points. 

Now, to construct the confidence interval for J1
1 

- J1
1 

' do the 
foJlowing: 

1. Test the hypothesjs that 

Ho : J.lI - ~2 = 0 or ~l = J.l2 

using the following statistical values: 

t' = (Ml- M2)- do 

" ST + s~ 

v = (Sr+ S~)2 
(Sr)2 (S~)2 
----- + -=---
"} - 2 "2 - 2 

where al -:;:. <12 and unknown 

, " 
if t lies in the critical region: t < - ta/2 and t > t0./2 

then reject Ho in favor of the alternative hypothesis: 

Hl : III - ~2 = do or J.ll ~ J.l.2 

100 
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2. The confidence interval for Jll - Jl2, where (JI ~ 02 and unknown: 

3. Confidence interval for Jl.: 

Ml + ta/2 SI 

and VI = ni - 2 

where 

variance of slope (M) 

residual mean square 

residual SUffi of squares 

corrected sum of squares for the x ils 

corrected sum of squares for the Yi IS 

corrected SUffi of cross products 

Sample average for the x ilS 

Sample average for the Yi 18 

(days, conçentration) for the i lh data point 

number of data points 

s2=L sxx 
a2=~ 

n-2 

RSS= Syy _ (SXY)2 
SXX 

SXX = r(xi - x)2 

n 

101 



~ 

M' (ppmlday) 
M2 (ppmlday) 
VARl 
VAR2 
nl 
n2 
t 
v 
M1-M2 (ppm) 
conf. limil 

Ml (ppmlday) 
M2 (ppmlday) 
VARI 
VAR2 
nI 
n2 

v 
Ml-M2 (ppm) 

conf. limlt 

Table 0.1. Statistical analysis to determine rates of biotic and abiotic losses for the 
four PAH compounds in the 500 ml-erlenmeyer lIasks. 

ACYN. N;YN, N::VN. N::VN. ACEN. ACEN. ACEN. ACEN. 
AER>. DENrr. suu=. METAtt. AEKJ. DENrr. SULF. METAH. 

2.13 0.68 0.30 0.26 1.78 0.58 0.27 0.22 
1.60 0.32 0.33 0.21 1.39 0.26 0.25 0.17 
0.09 0.17 0.29 0.04 0.02 0.15 0.23 0.03 
0.18 0.09 0.03 0.03 0.10 0.07 0.02 0.02 
4.00 7.00 7.00 7.00 4.00 7.00 7.00 7.00 
5.00 7.00 7.00 7.00 5.00 7.00 7.00 7.00 
2.21 1.83 -0.14 0.50 2.54 1.81 0.09 0.49 
18.90 14.03 7.41 14.76 85.48 12.91 6.98 18.56 
0.53 0.35 -0.03 0.05 0.39 0.32 0.02 0.04 
>SI6% >80% :oQ6% >W% 

FlUOR. FWOR. flUOR. FWOR. ANTH. ANTH. , ANTH. ANTH. 
AER). OENrr. SULF. METAH. AER>. DENrr. SULF. METAH. 

'.68 0.45 0.20 0.11 1.39 0.40 0.10 0.08 
1.18 0.16 0.14 0.13 1.01 0.10 0.08 0.08 
0.06 0.04 0.19 0.03 0.16 0.01 0.05 0.05 
0.15 0.13 0.03 0.02 0.14 0.12 0.03 0.03 
4.00 7.00 7.00 7.00 5.00 7.00 7.00 7.00 
5.00 7.00 7.00 7.00 6.00 7.00 7.00 7.00 
2.36 1.90 0.31 -0.15 1.62 2.15 0.19 0.00 
27.86 127.51 8.34 17.28 11.96 825.11 16.81 15.60 
0.50 0.29 0.06 -0.01 0.38 0.29 Ci.02 0.00 
>95% >90% >85% >95% 

~ 

..... . 
o 
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Table 0.2. Statistical analysis to determine biotic and abiotic losses for 
the four PAH compounds in the bench-scale bjorp~ctor. 

ACVN. ACEN. FLUO. ANTH. 

------
M1 (ppm/day) 0.73 0.64 0.48 0.39 

M2 (ppm/day) 0.36 0.34 0.15 0.11 
VAR1 0.07 0.11 0.13 0.07 
VAR2 0.24 0.10 0.07 0.02 
n1 7.00 7.00 7.00 7.00 

02 7.00 7.00 7.00 7.00 

t 1.76 1.73 1.99 2.43 
v 123.09 21.87 14.08 9.68 
M1-M2 (ppm) 0.37 0.30 0.33 0.28 

Conf. limlt >900/0 >900/0 >90% >950/0 

$ t 

..... 
o 
c:.;, 
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APPENDIX E 

Reprint of the published manuscript on the 
blodegradation of naphthalene in soli slurry. 
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Effect of soil/contaminant interactions on the biodegradation of 
naphthalene 
in flooded soil under denitrifying conditions 

Bilai A!-Bashir" Tibor Cseh 2
, Roland Leduc" and Réjean Sam .. on 2 

, Dep,lfIment 01 (Ivll 1 ngmccnng .lf'd Apphed Mech,lIlll', I\IllII11 l'nl\CI"I\ 1\hllllIC,d 11',\ 2J....6 (,III,ld.1 
, Envlronment.t1 Engmeenng Group, RlOtedlllology Re'C.!rlh In,tltllle, N,Il III Il,11 Re,c,1I h ( llUlllIl (,IIl,ld,\ 1\101l1Il',11 .141' .:IC 
(,m.ld.l 

Recelved 1 M.lrch IlJ90 Accepted 1 -\ugu"t 1 }O 

Summary. The mmer.iltldtlOll of 14C-labelled n,\phlh,lI­
ene wa~ <,Illdted 111 pmtll1c and o\l-contamln,tted ~O\I 
~Illrry 000

'0 !>oltd!> \ llnder demtnfYll1g condltlon~ ll~lng 
a range of concentratIOn:, from helow to dbove the ,Iq­
ueou~ pha~e 5,l\llratlOn level Re"lllh from ~orplloll-de-
50rption expenments II1dlcdted that naphthalene dl:­
~orptton wa" hlghly IrreversIble dnd decred"ed wlth ,Ill 

increa~e 111 the 5011 orgamc content, thu~ 111 Il li el1l:lIlg thl.' 
avallabiltty for mlcmbtal con~umptlon Under denl­
tnfyll1g condltton~, the mll1eraltz,ltlon ot Il..lphth,llene 
to CO~ cccurred m parallel wlth the l'on"'llmpllOn ot nI­
trate and an Illl'reasc 111 pH from 70 10 X {) When Ihe 
imtlal !>ubstratc coneenlrdtlon wa" 50 ppm (1 e l'khe 10 
the aqueou~ phd"e saturatIon le~ d), about 90"" of thl.' 
total naphthalene Wd~ mmerallzed wlthlll 50 d,IY", ,lI1d 
,\ maxImum mll1eraltzallon raIe of 1 3 P1vn d,IY 1 W,I~ 
achle\<cd after a lag penod of approx 1 h d.IY" Wh~n 
added at concentf<ltlom hlgher th,li1 Ihe Jqu~oll~ pll,h~ 
saturatton levc\ (200 and 50n ppm), ~IITI1lar mlneralt/,I­
lIOn rate~ (1 X ppm day .1) occurred unIt! ,Iboul 50 ppm 
of the naphthalene W:I~ mll1eraltzed Aftt:r th,11 the 1111-

neraltzatlon rale~ decrea~ed 10ganthmlc,llIy 10 ,1 1111111-
mum of 0 24 ppm day 1 for the re~t of the 160 d.!y~ of 
the expenmenls For both of Ihe,e hlgher conl'elltr.t­
lIOn", Ihe leactlon kll1etlc~ were II1dependent 01 the 
concentration, mdlcatmg thal de,nrpllOn of the ,un­
~trate governs the mmerallzatlon rate Oth~r re~lllh 111· 
dlcated th al pre-expo"ure of ~0I1 10 011 cont,IIllI\1.!lIon 
dld not Improvc the degraddllOn rale~ nor reduce th~ 
lag penod'i Thl~ sludy c1early ~how" Ihe pOlentl,11 01 
demtnfYlllg condltlOm for the blodegrJd,ltlon of I(m 
molecular weight PAH~ 

Introduction 

Polycycltc aromatlc hydrocarbon~ (PAHs) are a c1as~ of 
orgamc compounds that are composed of Iwo or more 

Olfpnlll rCII'II!\/\ /0 R S.lm,on 

fu~ed h~n/t'Ile ring." ,lIld h,I\~ hc~n lound ln nlllbit 
mul,lg~l1Il' ,lIld l.lIunogcllll' ~1I~d., (11l'ltLllllp ,llhl 
Cellllgllt,1 1l)~X, /l'd~d\ IllXO) 1 hc\ ,Ill' Illlllldllll'd 
lIltn th~ Cl1vtrOl1lllel1t through Il,lttll '1 ,md ,llllhltlllll 
gel1ll prnl'e~~~ ... , "ULlI ,l, the IlllOlllpl\'1l' lIlIlIhu"tlOIl 01 

111,,11 tue! ,lIld org,lIlll \II.ltkl III Loke plodtlL!1I111 ,111.1 

pt'lroleulII r~lïlllllg (Icl' I\IX 1. ~JJII" ,IIH! (h l'rl,l,h 
1l)~31 ln Ihe I,I~I k\\ dCl.lde .... Ull1l.lllllll.ltl\lll \\Ith 
PAl'" h,l, r~lel\ed IIlLfc,hed .lttClltltlll ,1" .1 Ic,,\t!1 01 thl' 
unprecedelltcd Ie\cl, thl'\ h,l\e Il',IChullll the l'll\lltlll 
ment, p.lrtllul,lIl) III ,,(III, ,lIld 'CdlIllCllh (Iolle" l '):-'~ 
Yland IlJii(l) Due to thl'II ItPOplllhl pltlpl'Jtll' P \11, 
lend to ,lll'lIlIlld,lll' ,lIId pl'I ,I~t 1II ""t!" Illl ,1 1l'1.111\l'i\ 
long lime (BUIIll.l1l et.1I IllXX) OIlC (II the 1',\11',111.11 
h.!, been L'\tL'Il,I\L'I~ "ltIdled" Il.lphlh,IIcIIl'. hl'1I11:! \\1111 
Ih Illt'lh)l.\tcd dCII\.ltl\':" ,11l1011g lit.: IIlmt tO\ll uI1l1 

pound, loulld III thl.' w.ltel-"oluhlc IladlOIl (lI p' Il'' 
leul11 (lIeltLlIl1p d ,II IlJX7) A ~rl',11 ,11Il01l1tt III \\ ,1( k ,\1 

thl, tïeld hd" lol'u,ed 011 the l;lelh.lItI"llh ,111.1 III,' l'I 

teL!, 01 V.\IIOll~ ell\lrOllllll'nt,1I i.ldol~ (lit Iii, hl'I<k 
grdd,IItPII 01 n,\phth,t1ene ~l\),t 01 th.:'l' "tll"" Il.11, 
lel,ltcd 10 n,lphth,t1ene nlodcgl,ld.ltloll 1I1l,kt .1,'1 "h" 
cOIldll\Oll~ III Whllh Irl'l' O\YI:!CIl dlh .t' Ih, 1III,Ii l'il', 
tlOn dl'l'eplOt (B,llIel ,llld ( IpOIIl' l'IX~ ! 1" ,l, 1 \ l ,Ii 

19~X) 

Ont; ,1 kw ,Iuthor ... hdH' IItV\·"II!!,\I.:d l"plilli,tkfl\ 
hloùcgr.td.tlloll ln ,1 ... ot!-W.lt':l ""ILlII IlIllll 1 d"JIII'Jf\ 
mg condltlolh lurthall1olc, oltl" Il \\ Il 'l \Il li Il "1 ~, 1 

:Idve cOIl~ldcled thc "orptH)1l <le,,(1[ l'Jlol1 Jldll', III III 1 

pollulanl 10 the "ot! Ill"tll\ ,i'.t \.tfl,lhk l "1111,,11,\1:' li'< 
klncttc" of bJOdegr,ld.ltHl/J 1 hl' ,,1101111.11\<)\' ,1 .1" ,l,', 
Illdlcale ... Ihat Ihe dl ... "oIIlIIOIl l ,Ill' of ",1 fil \ l' \ 11 
c111dlng ndphthalcne. I~ .In JlIlpUJ 1.1111 Llll,1( Il: "",, ," 

Illg the r,ltc of hlOdcgldd.tlllll1 (1 hOlllol' ,1 ,d !" 

Sluckl .tnd Aln,lIIdcl 19:-17) t\llh<:llll 111.1 1,.1' 
(19XXa. h) "hOWLd th,11 th.: 'Ilil de",nplJllll k,ll' Il. " 
the re\cr~lnt!lty 01 dC,OlpiIOIl JllflUCII' l" Il,, l," l , 
blodegraddllol1 01 Il''phth,tlellc 110v.nl'l tll\' ",,1, 
were l'Ol1duLlcd \\llh l()lll':IlII.tIIOIl ... IIIIJd, t .. 1,,", l , 

aqu~ou" ph,l ... e ~,llllrdIIOlllnel 1111' l' ,il P IJt" 111" Ill. 
portance nCl.lIl,e dt lOllll'fllr.ltl()ll ... hl)!!:l r lit, "IIll 1'1 

ueou ... phd~e ~ ,(Uf,IIIOII Inef thl ,orplll'Il d. ",'p'IIl/l 
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paUern of the contaminant is expected to be somewhat 
different. Furthermore, sites where soil is contaminated 
with very hlgh concentrations of PAHs are common 

... ~ Such informatIOn can help design betler processes for 
U remediatlOn of subsurface soils and ground-waters 

when denitrifying conditions are present. A study that 
has investigated naphthalene blodegradatlon in pri­
mary sewage effluent under denitrifying conditions re­
ported no sigmficant biodegradation rates (Bouwer and 
McCarty 1983) ln another study, naphthalene was mi­
neralized to a very low concentration (7 mg 1- 1), in a 
soil-to-water ralto of 1 :50 (Mihelcic and Luthy 
1988b). 

The objecttve of this work was 10 pursue the subject 
further by sludytng the blOdegradation of a wide range 
of napthalene concentrations (50 to 500 ppm) under de­
nitrifying conditions in a /1ooded system wlth a hlgh 
soil-to-water ratio (1: 3). Furthermore the study took 
into consideration the naphthalene sorptton-desorption 
pattern as one of the parameters that possibly influence 
the biodegradation raIe. 

Materials and methods 

SOli Two bulk 5011 samples were used ln IhlS ~tudy. Flrst, .1 pris­
tme sOli obtatned from the BlOlechnology Research InSIJlUle land 
premlses, Montreal, Quebec, and second, d wealhered OII-conlam­
tnated 5011 sample oblatned from the vlClntty of a petroleum 011 
refinery tn MontreJI ln both case~, the top 2-5 cm of 5011 was 
scraped off and the SOli sdmples were collected at 5-10 cm depth 
The latter site has been contdmmated for ;J long penod of tlme 
(apprml.lmately 40 year~) Both 5011s were dned dt 35° C for 24 h 
and large parllcles removed wlth d 500 Il mesh swve The sieved 
50115 were analysed for \otdl orgame content and pdrtlcle size diS' 
tr.bullon US mg the U 5 Dcpartment of Agnculture Scherne (Gee 
and Bauder 1986), These sOIls were further analysed for exlracta­
ble oil content by extractlng 5 Il of 5011 Wlth benzene m a Soxhlel 
extractor. The solvent WolS then evaporated (Buchl Rotavapor RE 
120, Laboratonum-Techme, F1awll, SWltzerldnd) untll the 011 Wd; 
brought to dryness The welght of the 011 remaIRfng wa~ th en mea­
sured The chardetenstlcs of the Iwo 50 Ils were as follow.. for the 
pnstlne sOlI the content of sand, sllt and c1ayexpressed .15 J per­
eentage of the dry welght WdS 74, 21 dnd 5%, respecllvely, Jnd the 
orgaOlc content WolS 2 1% No extractable 011 wa, medsured for 
the OII-contaminaled SOli, the sand, sill and clay contents were 7l!. 
20 and 2% respecllvely and the org.lOlc content 43% ln thls ~0I1 
the extractable 0/1 content represented 1 2% of the dry welght 

The Iwo sOlls tested tn both the sorptlOn-de~orphon dnd blOd­
egradatlon expenments were (1) a 5011 mixture conslstmg of 90% 
pnstme sOli and 10% weathered OII-contdmmated 5011 (SOli 1) dnd 
(2), a 100% weathered OII-eontammated 5011 (SOli 2) 

Minerai medium A minerai medium was used to flood the .. 011 
and to provlde an cxccss of nutncnts, This medIUm was prepdred 
by dlssolvmg the lollowlng salIs ln tdp water KH 2 PÛ4, 0170 
gl-/: K2HPO., 0430 gl-I, Na2HPÛ.7H:O. 0660 gl-I. 
FeCl,·6H2û, 0003 gl- l, NH.CI, 0034 gl-I, MgSû.7H:O, 
0450 g 1- l, NaNO" 20 g 1 - 1 The final pH of the medIUm \\-as 
adJusted to 70 

Naphtfralene m/urlOn Naphthalene was obtamed from Aldnch 
(Milwaukee, W/~C, USA) a~ 01 SCintillatIOn-grade cry~tJlllnc 
powder wllh 99% + punty The umformly rJdlO-làbelled 

...,. [14CJnaph'halene WolS obtalOed from Sigma (St·LoUls. Mo, USA) 
wlth 980;0+ punty and 47 mO mmol- , ;peclfic actlvlty A solu­

- lIOn wlth a ,peclfic aCllvlty of 10000 dpm mg , of nJphthàlene 
WolS prepared by dddmg the ratlo-Iabelled ("('jndphthalenc to à 

stock solution Thl, solution cont.llned 66 7 g l 'ndphth"lcnc ,h,­
solved ln methdnol 

SorprlOn-d('wrpll/l/I e\perlment Th" cxpenmcnt w,.., CllndulIcd 
dccc.rdmg to the procedure de;cnbed bY D,Toro ,lRd /lor/cllI!,,1 
(1982) Centnfug.lllOn H,tJ, (16 ml) wnh Tcl1on-hncd 'Hl'" "II" 
were u'ed for th" e\penmenl They wcrc lilled Il IIh" ,llIrr~ 1ll,ld" 
from a mixture of SOli 1 dnd mtncr,llmrdllllll '" " \Il"" (II \ i 1., 
110 The nàphthdlene concentr"tllln III Ihe,c \ 1.,10, w ..... 1I11Ihl(·" l" 
10,25, 15. 50, 100,200 and SOO ppm Anlllher \ .. ,lulnl.lll11n!! ~O(\ 
ppm !Iàphth .. lene wa, prep,lred .1' .,bllve, hlll ln 1111, ',''l' '",II 
was used To venfy the ,1111 ,orpllllll CJp,'l'It\ ,1 1l11,11ll1 <:\Pl r, 
ment, u;mg the "dlOe pHKedllre bul WllhllUI .'lhhl\~ \1,,1 \\,', 
made Ali VllIb were placed on ,1 Wml-Acllllll'" ~h.l~rr, I\h"kl " 
(Burrell Co, PIII .. hurg, PJ, USA) ,lIld 'lI'IIh.lled ,,1 1\ ( \11 1 

24 h of ,hàkmg, the VI,". were ü'nlntuged lm 10 mm ,.: '(\UII " 

(t'enlm 4, InlerndllOnJIl:qulpmenl (n, Nl'ClHwll Ih ,,,Ilh. '\\ 1 

USA) To determtnc Ihe ndphth .. lene ClHlccnlr.II,,11l Iml 'UI" "" 
tdnt Wd~ added to 15 ml .. cmtlll.lIlOIl Wl~t,1I1 (A< 'l, '\II1C'I' fI '" 

Arhngton f{elght~, III, USA) dnd le,tet! 111 ,1 'lIlIldl"t""1 \ ,>1 III • 

(Pdck.ml Tn-Cuh nlodcl 45.10, P.IÜ.lrd, D(I\I'fIl'f'!,IOI\ Il' 
USA) The re,t of Ihe .upern.lI,lfll w", d"dhUgl'" .1II1l "l'! ", li 
wlth fre.h mlnerdl medium The \,\.,11 wcrc rl'lufIle.! (0 Il,,' ,/t,~ 1 

for J furlher 24 h ,"euh.ltlOn The protl:uure 01 Inlro.!I1''''!! Il,''' 
amounls of mlOcrJI medlUnl W,I', rcpe,ltl'd tWill' nlOrt', '11l11 Ih,1/ 
each lime a new cqUlhhnum ,t,Ile w .... deternllllcd 

B/OdeqradarllJfl etpenml'lIl1 The ,ml "Impie, were IlIcuh.lted III 
50-ml gla" VI.lI~ cunt.llnlng <) g ,ml ,l/1d 21 g mlller.11 llledlU/II 
EdCh 1'1011 wa, eqUipped wlIh ,1 (0, !I.lp wnl.III1 I \lg 0 7 ml nt 'i N 

NdOH 10 a 1 2-ml gl .. " cup 1 .. dl gl.", llll' w,,, 'Ul'Purlet! hl' .1 
steel rod .. u,pcndl/1g the ,up ,lhOlt' (hc ,Iurry I~\l'I III Ihe hc,IIt 
space of the vl.!1 lhc .. 011 "ImpIe ,11111 111 Ille r.11 melhllltl \\;cre .Id 
ded to the 1'1.11. the N .. OII cup IV." put 111 pl.lle .11\1\ ,1 ).,nO\11I 
.tmount of ("('j-I.lbcllcd n.tphth.llellc .. "luI Hill IV.I' 1I11"te.t \/lIn 
the .. ml .. Iurry to obt.lln the reqUlre.! 1/1111.11 Il.IJ1ht\i'lklll· llln'Cil 
tratlon IR tcrm, of ppm 101.11 ,Iurr) WCI)!llI 1.llli Ihll \\," tl1<'11 
~ealcd wlth .1 Tdlol1-hncd .. Iopper, wr.l(1ped III ,1111111111\111' Iml 10 
prevent photodegr.ldJtlolI of I1Jphlh.dcIlC, .!"lI Ihl'Il pl.IICd III ,1 
~hdkmg WJtcr h.lth ,cl al /00 rpm .11111 lcpl ,,1 1 ~ ( 1 () .110,,1 
oxygen cunl,lIOIn.lllon, (he .. hole Prol cil III CIl ... ltllHhllll'd r/\ .111 

Jndcrohlc LhJmher fillcd wuh 11Itrog~1l g.h "10/,,1 01 1011 '1.1" 
were prep.lred III thl\ ll1.tnflcr, wvclIng Ihl' IOIJl lhtil'rellt '>l'Ill" "t 
expcnmentJI conditIOn, 1 or CJlh 'CliC,>, 2tl Il,1'' wcre prcp.net! 
u~mg thr procedure de,>whed ,Ihove .lI1d 'i ,1.11, rClclvell 'iOO l'pm 
of HgCI, ID hJIt bJltCII .. 1 .ICllvlly (Woll cl ,II Il)XlJ) 1 he,c '011 
trot.. were .11 .. 0 u .. cd 10 vcnfy the rc .. ult, ohl.llned lrom HH: olher 
expclImenl, The Incuh.ltlng cOlllhllom. /Il lefll" 01 n.lphlh.llcn~ 

IOltldl totdl conccnlrdtHlII .Ind ,011 type, werl' lA) 'i0 ppm III SO" 
l, (8) 200 ppm m ~llil l, ( ) 'iut) PP 111 'Il 1,,,,1 1 .lIId (D) 200 ppm III 
SOli ~ 

To dVOld dddlllg IMge .Imounl'> III melh.lI1ol when thc \n1t1,11 
ndphth.llene COlilentr,HulI1 IV." 'iOO 11PI11, ,pl~lIIg \\;.1' perlorllllli 
10 two ~tcp'" hl'it,.' kntlwn .Imnunt n! 11lJn-l"he\kd Il.lphlh.llclIl 
w • ., dllsolved 10 ether Ill" hOlllng Il.h~ .\Ill! 10" .. nf Ihc "ml ',1111 

pic dc"gnated for thl' cxoenmcnl IV.!' ,I<lded to the prep.llcd lU 

luI/on Aftcr mlxlng the uHltell1 nt Ihe Il.,,~ \lgorou,I), (~l' or 
g.lOle .olvent Wd' e\,lpol.!ted lI"ng.1 rolocl.!por,llor UIIIII Ihe ",,! 
fr .. cllon WJ' dry The \r,~cd ",,11';.11 Ihell nlncd (horollghh \\llh 
the rcçl of Ihe .. 011 ,.lInplc to produle .1 homo!!clleol/' 1111 ,II/n' 
One grJm of the rClUlUng .oil II.I'> nlr,lclcd wllh hell/l'Ile III 1 
Soxhlet dpparatu\ ,lIId Ihc nJph'h,i1clle WIll enlr,,11I1Il \1.." .kll! 
mlRed hy HPL(' )lIll~ th.: nlC.llUfCll Wlllcnlr,ltlllll W,I' .II1P[ll·1 
mJtcly JO(J ppm, (II( ')n,lphlh.llenc W.I, ,\lllled 10 rr,ldl .1 fll1,11 toll 

centrdtlon of ~O() ppm 

Samp/mq and alla/nll At glvcn IIIIlC mter",", two Il.I!' 1 <1 Il l'! 1 
c.llcl) were lerrnlfl.llcd hy the .ld(lIlion 01 :2 ml ulIllcnlr,>ll'd l,ft" 
phone aud. by ,yr,"g~, 10 h .. lt hdLlcn,11 ,'Lllvlly .l', wcll ,", III I,', 
er,ltc .. ny ('0, tr,lpped III the .. 011 ,Iurry rhe pUllllurcd h,,!, 1'1 

the ~toppcr Wd' le,lled wlth .. IIILUne .lI1d Ihe 1'1.11, wcrl' rctllllw<l III 

• 
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the ,h,lker for ,lIluther 24 h fhe Il.11., I~ere then cOlilleded 
through .1 'Iltlllllc tune lu .\Il ntcrn.II «() tr.lp contJlnlllg J ,olu­
Uon 01 10" N,lOI! Ihe !!.l' III the he.td'pJee "f cdLh Il,tI 1\.1' 

huhhlc.l through Ihe ",lulion 10 n:ulIcr .III (0, Th" procedure 
W,I' LOllllnllCd lIntd no r,ldllhllllllty w.t, dt:lectcd 111 thc tr,lp 10 

remme .111) tr.lll:' of I"( In.lphth.llene. the NJOII ,OIUIlOIl 111 the 
gl.", .up W.I' c\l1.tLlc.J Wllh hn.lllc fhe rC'>ldu.IJ ,oJutlon ~." 
then wClghed .llId Olmi W.l\ Il1lxed wlth J5 ml 'llntlll,mt The r,l­
dlOJLlIvlty of the tr.lJ1pcd «() w." lIUJntllÏed u'lng.1 Itlluld ,CII1-

tllIJtlon l(HlI1ter (orrelllOn lor cDIDur qucllchmg W.I' .tpplll:d U,­
IIlg .ln extcrl1.I1 ,t.llld.lfd 1 he IlltrJtc UHlLclltrJtloll' III the te,t 
,.1I1lpiL, v.cre me,,,urcd U"Clg JfI 111'[( (model ~I'HIOO wuh mle­
gr.ltor mtlde! ~P4~0(). :-'pectr.I-PhY'I". ~.11l Jmc. C.lhl, USA) 
Cljulppcd W Ith UIliU m.1I 1 It \ type deteLtor (model 4JO, W.lter,> 
( hWlIl,ltogr.lrh, J)IIIIIO/1, Mdford. 1\1.1"", USA) ,lIld .111 ,1111011 

e\Ch.lIlgc L"JlImn ImudcJ l'RP-X J()(), H,lImlton (omp. Reno, 
Nel . lJ'>A) N.lphth.tlene Wllcelltr,lIIon 111 the hen7ene extr.ILt 
WJ, llle.l,ured 11,111~ .1 ~~-CI1l rcver,e-ph.l,e Lolumn (model RPH. 
Brownke, '>.lIlt.! (1.1[,1. ( ,Iltl . U'>A) on the ,lhOle HPL( equlp­
ped wllh .1 fluorc"clILc deteLtor (nllldd ~PCC(rotlow 9HO. Krdto,> 
( n. Ralll'>ey. NI. lI~A) 

Results 

Rc~ult~ t'rom tht: .,()rrtton-dc~orptlon expenment are 
~hown tn Fig 1 The aqueou, phd~e ,aturattOn concen­
tration 01 naphth,llene III the ~0I1 ,Iurry wa~ about 50 
ppm When naphthalcnc wa, added at concentratlon~ 
htgher thdn the aqueou, pha~e ~aturatlOn level :he 
~orpttOIl I~otherm Dent upw.trd~ Indtcatlng a ~ub~tantlal 
reduCllOn III ,oJuht!tty .lIld a 'Igntficant naphthalene In­
crea~e III the ,011 fractIOn (hg lA) For the,c htgh con­
centratlon .... naphthalenc ln the ,o!td pha~e would prob­
ably be found hoth wrhcd to ~0I1 and preclpltated At 
concentratton., lower th.m the saturatton level. the ~orp­
tlon t,olhcrm l, he.,t de ... cnbed hy the trinomtal runc­
tlon (r' = 0.99) 

\'=-16K+715\-035\,è+7J3 \0-\\ 

where \ rcpre,cnh the fraction of naphthalene dis­
,olvcd III the aqucou'i pha,e and y the fraction sorbed 
in the ,oil ('iec FIg 1 H) The inl1ection point for the 
aboye function corre ... ponds to an aqueous phase con­
centration of 16 mg 1 1. Thl~ functlOn provtded a better 
lit than the LangmUIr (r~ = (95) or Freunlich (r2 

=.: 0.90) 
I,othcrm fUl1cttOn., (Green 19&4). 

De'iorption I\Otherms (Solb 1 and 2) were estab­
It,hed from the ,even data pOlO!'> used to construct the 
,orptlon i~othcrm For each of the~e points a desorp­
tlon curve wa, ohtatned. ,ugge~tmg that desorptlOn 15 

an Irrever~lhlc procc~~ dependent on the amount of 
naphthalenc prevlOu~ly ,>orbed (FIg. 1). The control de­
~orptlOn el(pcnment, rcaltzed wlthout 5011, showed that 
the equtllbnum concentratIOn 111 the aqueous phase 
lIfter each of the four de,orpttOn sequences al ways re­
matllcd c\o ... e 10 the ,aturattOn !tmtt (50 ppm). This phe­
llomCl1on demon'itrates the ,trong sorptlve capaclty of 
the,c ,0( l, for naphthalenc Il al~o "hows that the solu­
bllt",tWI1 of naphthalene 111 'ioltd form (preCÎpttate) 
ne\cr re.tched the .,aturatton hmtt when sotl was pres­
ent The de,orptlOn behavlOur of the weathered 011-
contammated ~otl (SOli 2) was studled only ror the 200 
ppm naphthalene concentratIOn. which was the concen-
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Fig. 1 A. 8. l'.!flllion 01 n,lphth.t1cnc nCII\een thé IrljUld ,lIld the 
,olld ph.I'>e ,liter ,/ddulOll of <1 ~no\\ Il .lmOlllll NUlllht'/\ II/ parell­
,"r\t'I mdlc,lIe the conccntr.lIlOn of n.lJ1hth,llené Inlected (ppm) 
for the de,orplloll c\perlment. cdch d.II.1 pml1t repre,el1t~ the 
l1ew equlltlmum ohl.l1ned .tller 24 h of ml\lng W Ith Ire,h medium 
A full-,c,t!c pre,ent.lllon R Fnl.trgcd .Ire.l for IOllel concentr.l­
tlOl1" _ .• ~ , Jd,orptloll "othcrm for '>011 .. Iurry (Sot! 1 J. -- + -
de .. orpttoll l'>olherm for '01, ,11Irry (''1011 1). -·0- de,>orpllon I~O­
therm for nri-colltamlOdted .. Iurry (SOli ~J v.lllIe, 011 the ordlllate 
were calculated from the dl"olled n,lphth.r1ene meJ .. ured ln Ihe 
Irquld ph,!'>e dnd hy takrng mto .lccount that tht: ,olrd frJcllon 
repre~ented JO"" 01 the tntJI .. Iurry wClght 

trahon used later ln the mlnerahzatlon expenments. 
Compartson between the desorption Isotherm for Soils 
1 and 2 indtcated that the naphthalene partition of the 
weathered oil-contamll1ated SOli shifted more towards 
the sohd phase and that the concentration found in the 
aqueous phase deereased sigl1lfieantly below the satu­
ratIOn concentratIOn The latter SOli exhlblted a greater 
degree of sorptlOn (smaller slope) sugge~tlng that the 
desorption is inlluenced by the soil orgamc content. In 
faet. the organtc content of the weathered oil-contami­
nated soil was approx twice the concentration of the 
pristine 5011 (Table 1) The results also showed that the 
methanol introduced 111 dtfferent amounts 111 the system 
dld not II1l1uence the ~olublhty of naphthalene. In a 
separate expenment, It was round that when the total 
naphthalene concentratIon was II1creased to 500 ppm, 

e 

the solubihty of naphthalene in the aqueous phase in­
creased by only 2 ppm As a result, the impact of the. 
vanatlOns III methanol concentralton on the sorption­
desorptlon process was neglected 
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Table 1. DecomposItion of naphthalene under aeroblc and denltnfytng condllton, 
------ --

Type of Imitai fempe- Redox M.I\lmum Rckrcncc 
ecmy~tem naphthalenc r..lture condItion deCllmpO,tllon 

conccntralton rC) rate 
(ppm) (ppm dJ~) 

M,Inne ,edlment ,Iurry 100 23 AerobIc 1117 ' (1l.llIer .Iod (,lp<lne 1')~l\1 

(1l.llIer ,llId ClrOlll· Il)SSI 
(I\tlhckll .lnd L UII1\ 19l\X.11 
(Mlhclclc ,lIld IUII1\ 19l\S.11 
Thl~ ,lUth 

M,Inne ,edlment ,Iurr} 100 23 Aerohlc Il 70' h 

SOII-wJter ~Iurry 7 Room temp AerobIc Appro\ 1 5' 
SOII-water ~Iurry 7 Room tcmp DemtnticJtlon Approx () ~5' 
SOII-w..lter ,Iurry 500 35 DentlrtticJtlon 1 7 III 
SOII-w,lter siurry 200 35 DemtnticJtlon 17 Ill' 1 hl, ,1 ulll 
SOII-water slurry 50 35 DemtnticJlton 13' 1 hl, ,lUth 

, MtnerJhzed fractton 
h PrevlOm pre-exposure to naphthalene 
• Measured upon dlsàppearance from sample 

BiodegradatIon of naphthalene under demtnfymg 
conditions was monitored for 160 days (FIg. 2). The re­
sults obtamed frorr the analysis of trapped 14C02 cor­
responded to the amounts of naphthalene mtnerahzed 
and represented the average of two readtngs. The vertI­
cal Iines mdlcate the standard devlatton Analysls of 
the traps from the control samples showed radioactlvtty 
leveJs simllar to those of the background, indlcatmg 
that mmeralization due to ablottc processes is neghgi­
ble. 

MtnerahzatlOn occurred under ail experiment<tl 
conditions. An adaptatIOn penod of approx. 18 day:. 
was observed in ail cases. When the mitIaI naphthalene 
concentratIon was 50 ppm (FIg. 2A) the rate of mineral­
IzatlOn reached a maximum of 1.3 ppm day - 1 after 18 
days. The sa me rate was observed untll about 80% of 
the naphthalene was mtneraltzed Followtng thls peri­
od, the minerahzatlon rate decreased rapidly. The total 
amount of naphthalene recovered ln the form of 14('02 

attamed 90% after a 50-day penod 
ln the experiments where naphthalene was added at 

concentrations higher than the aqueous phase satura­
tIOn level (200 and 500 ppm, Solls 1 and 2) mtneraltza­
tion resulted in slmllar curve profiles (see FIgs 2B, C 
and 0). After the adaptatIon penod, ail curves showed 
Jn imtlal reglOn (almost hnear) followed by a graduaI 
logarithmic decrease In the minerahzatlOn rate. ThiS In­

dicated that the factor~ controlhng the mtnerahzatlOn 
process were slmtlar for these three dlfferent expen­
ments The first reglOn lasted untt! approxlmately 50 
ppm was mtneraltzed The hlghest mmeraltzalton rates, 
eorrespondtng 10 Ihese sections, were 1 8 ppm day - 1. 
These values decreased to 0.14 ppm day - 1 on the 160th 
day. The mineraltzatton rate curves mdlcated th al pre­
exposure of Ihe sOlI 10 hydrocarbon contaminatIOn dld 
not effeet the InItiai rate of biodegradatton, but the ~ub­
sequent blOdegradatlOn was les~ rapld (~ee FIg. 2D), 
wlth a minImum rate of 0 15 ppm dJ)' - 1 ohserved on 
the 160th day 

.. Nttrate eonsumptlOn and pH IOcrease were a ... so­
W:lated wlth the demtnficatlOn process (FIgs. 2A-D) ln 

ail cases, nitrate wa~ m exce!>~ of the blologleal demand 
and dld nol ael a~ a hmlttng factor to the mtnerahzatlOn 

------------ ---- - -

process. The lowest nltrale comumrllon \\.1" ob..,el\\:l! 
with 50 ppm naphthalene and the hlghe..,t wlth Ihe 011-
contammated ~0I1 Moreover. therr wa.., no dL'tecl.lhlr 
nitrate con!.umrtlOn ln Ihe conlrol l'xpefllllcni IIldH:.II· 
mg that deOltnftcatlon INa .. Ihe dOlllltlant hlOlogH:.11 
proeess. Thl~ wa.., 111 agrecment wtth Ihl' c\pedl'J Ill­

trate demand a ... J re .. ult 01' the hlodegr.ld.lllOll 01 mc­
thanol and naturally occufrlng organll c.lIhon 11\ lite 
sOli sam pie... AI..,o, the mlr.lte COI1,llmptlOI1 r.IIe IV.I.., 
hlghe<;t tn the mltlJI :-otage.., 01' the e\penmcnl. whcn the 
eal>lly biodegrJdahle compolllld., hllCh .I~ 11ll' IntlO­
duced methanol) were I11ctaholtled ln .111 C\l'l'lIl11cnh, 
the pH increa~ed 111 parJllel \\Ith the llttlll.ltlOn 01 ni­
trate The hlghe~t pH v,due (Il 6) IVa, fecOIdcd lOI 11ll' 
expenment wlth the weJthered otl-contamll1.ttcd 'Iltl .II 
200 ppm naphthalene, whl!\: the h,we..,1 pH (Il 0) "'.1., 
ob~erved for SOlI 1 wlth 50 prm 

Discussion 

The matn objectIve of th", worl wa~ 10 .. tudy the hlOd­
egradation of naphthalene ln a ",oll-,lun y "'y..,teJl1 undel 
demtrifytng conditlOm More ... pccllïc,llly, It W,I" 10 /11-

ve<;ltgate the mmeralt7,ltlon of 14(,-I.lhcllcd Il.tphth.tI­
ene when il w.,''' pre .. ent dl concenlr,lllon .. clll\e to or 
above the aqueou" ph, .... c .. aturaIH)!1 level" .lI1d the cr­
fect of the naphthalel1e .,orpllon-de,orpllOn p.ltll'fl1 on 
the blodegradatlOn r<lte 

The re~ulh oht<llncd 111 tlm ,tudy IlIu.,lralc th.lt 
naphthalene mmcraillaiion under denllrtfYlIIg condI­
tions occurred ln JII the expcrtrnent,tI ,ct-up" 1 hc,c re­
\ult~ also show that dllfcrcnt mlllerail/allon rdtc, WCIl' 
obtatned ln re"'pon.,e to the lI1duccd dldl1gC., 111 Il,frh· 
thalene concentratIOn and .. or! type (SolI 1 \, ~ot!2) III 
order to under,tand the ... e dlilcrencc .. II \V.I" llCeC.,."II! 
to :-otudy the naphthalcl1c .,orptlol1-dc'>\lfpIIOIl pdltclll 
for the two \011 compll .. lllon, The ,Ilrpllllll I,olhellll" 
presenled 111 hg l ,IJO\V th,lt .tddilion (JI \,\ltoU" 

amount., of naphlhalcnc to the "ot! ,Iurr~ rc'Itlt., 111 dtl­
ferenl concentratlom 111 Ihe <lqucou .. ph".,c IIClllC 
when thc Imttal naphth,t1ene Loneentr .JtlO/h t,.\ cre 2011 
and 500 ppm, the corrc\pondlng conlcnll.ltl<ll\ III tltc 
aqucou~ pha~e never eXlceded 50 ppm ;\ho Il W.t, 



Fig. 2 A-O. MmerJhzJtlon of [14C)naphthalene ln 5011 51 urnes A 
50 ppm m SOlI 1 8 200 ppm m SOlI 1. C 500 ppm total naphthal­
ene concentration III 5011 1 D 200 ppm totàl nJphthalene concen­
trJtlon. lI\mg oll-lOnt.lmmJted ~0I1 (SOlI 2) 0 pH 

noted that the blOdegradatlOn rates obtained for these 
two dlrrerent concentrations were slmilar Therefore, il 
I~ conc1uded that when naphthalene concentratIOn ln a 
5011 ~Iurry is malntained close to. or hlgher than the aq­
ueou, pha,e saturatIOn level. the kinetics of mineraliza­
tlOn are zero order wlth respect to the lotal subslrate 
concentratIOn ln thls case the desorptlOn IS controllmg 
the rate of blodegr<ldatlOn However, '" the expenment 
where the Initiai concentratIOn was equal to the aque­
ou~ ph.! ,aturation \evel (50 ppm) the actual concen­
tratIOn avallable m the aqueous phase was slgnifïcantly 
less (about 32 ppm) and the mirleraltzatlOn rate reprl':­
sented about 6011

'11 of that obtatned for the 200 and 500 
ppm c\penmenh Thl' decrea~e m the minerahzatton 

rate indicates. that the avmlabihty of naphthalene as a 
carbon source for the mlcroorgamsms was an Impor-
tant factor in controlhng the reactlOn speed ThIS also. 
suggests that once the concentratIon of naphthalene in .. 
the aqueous phase decreases below the ~aturatlOn level, 
the mmeralizatlOn rate becomes substrate dependent 
and exhibll'i hlgher order klnetlc~. 

The low blodegradatlon raIe (0 24 ppm day - 1), as 
observed after the first 50 ppm were mlneraltzed for the 
200 and 500 ppm naphthalene total concentratIOn ex­
penments (FlgS. 28, C and Dl could be attributed to 
the following reasons Firstly, Il could be due to sorp­
tion of naphthalene on the relatlvely hlgh specific sur­
face area of the sohd matendl. For Instance, Fig. 1 shows 
that the sorptlOn of naphthalene on soil was very 
strong, thus limlling the amount available ln the hqUld 
phase for microblal aUack. Therefore, ln ,pIte of the 
high amounls of naphthalene added, the aqueous con­
centration dropped quickly below the saturatIon level. 
ln the expenment with the weathered Oll-contaminated 
SOlI (Soil 2). the decrease ln the reaction rate was found 
to be hlgher th an with Soil l, whlch was mostly pristine 
SOlI However, for the same lime period, the na ph thal­
ene mineralized ln SOlI 2 was 11010 less than ln Soil 1 
(Figs. 2 Band D) Thl~ could probably be attributed 10 
increased sorption due to the hlgher organic content of 
the contammaled SOlI Secondly, mcrease ln pH proba­
bly inhlbiled the mlcroblal acllvlty. 

Expectedly, when compared wlth pnstlne soil the 
weathered oil-contaminated sot! did not support higher 
naphthalene-degradmg acltvity nor a shorter lag peri­
od. ThIS lack of dlfference cannot be assoclated wlth a 
possible lack of denttnfymg actlvlty because denttrif­
lers are UblqUltous 10 soil. On thl' other hand the higher 
concentratIOn of orgamc matter (43% versus 2.1%) JO 

the ail contaminated SOli led to a qUlck pH TIse (up to 
86, see FIg. 2D) ThIS increased pH could have reduced 
the activlty of the denitrifiers 

Comparisons belween the re~ults of thls study and 
studies conducted by other resCi:lrchers are difficult to 
evaluate partly because the sOlls used were dlfferent 
and dld not exhibit tdentlcal sorptlOn-desorption pat­
terns (Table 1). Frorr. that table, it appears that naph­
thalene blOdegradatlOn rates obtained under demtrify-
ing condllions were ln the same range as those obtamed 
under aerob!c conditIons. lt also indlcates that den!­
tnfying conditIOns could play an important role ln the 
decompositlOn of PAHs in nature. From an engineering 
perspective. it would be easler and probably more eeo­
nomical to supply the needed amounls of electron ac­
ceplors for the decontammatlOn reacllOn 10 take place 
in the soil-waler system m the form of nttrate, rather 
than as molecular oxygen. These results show also that, 
in order to reach a better understandmg of the biode­
gradation process of an organtc pollutanl ln a soil-wa-
ter system, a certain amount of knowledge is needed 
about the mteractlon of the contammant with the sohd 
phase. Work is being pursued to assess the best operat. 
ing condItions for using denitnficatlOn as a means t 
treat PAH-contaminated soils and to belter understand 
the influence of PAH sorption-desorptlOn patterns on 
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the blOdegradatlOn kmetics usmg soib of various com­
posItion. 
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