
I
I
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

IN SITO BIOREMEDIATION OF PAH'S

SUBMITTED TO:

John J. Jonasch
The Commonwealth of Massachusetts
Division of Water Pollution Control

Technical Services Branch
Lyman School, West View Bldg.

Route 9
P.O. Box 545

Westborough, MA 01581

June 1988 *

PRINCIPAL INVESTIGATOR:

Donald L. Wise, Ph.D., P.E.
Cabot Professor of Chemical Engineering

342 Snell Engineering Center
617-437-2992

AUTHORIZED ORGANIZATIONAL REPRESENTATIVES

Paul M. Kalaghan Date
Vice Provost for Research
617-437-2170

Donald W. Helmuth Date
Director, Division of
Research Management

617-437-5063

Northeastern University

360 Huniingion Avenue, Boston, Massachusetts 021 15



I
I
I
I
I
I
I
I
1
I
I
I

I
I
I
I
I

IN SITU BIOREMEDIATION OF PAH'S

Submitted By:

Northeastern University
College of Engineering

Boston, MA 02115

Principal Investigator:

Donald L. Wise, Ph.D., P.E.
Cabot Professor of Chemical Engineering

342 Snell Engineering Center
617-437-2992

Submitted To:

John 3. Jonasch

•

The Commonwealth of Massachusetts
Division of Water Pollution Control

Technical Services Branch

t Lyman School, West View Bldg.
Route 9

P.O. Box 545
Westborough, MA 01581

Date Submitted:

June 8, 1988



I
I
I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I

TABLE OF CONTENTS

Page

SECTION 1
Abstract

SECTION 2
Introduction

» 2.1 Overview of Proposed Program 2
2.2 Overview of General Decontamination Techniques 4
2.3 Technical Approaches to Bioremediation 5
2.4 Considerations Prior to Bioremediation 6
2.5 Additional Aspects of Bioremediation 7
2.6 Preliminary General Assessment 8

SECTION 3
Overview of Microbial Soil Decontamination Techniques

3.1 Review of General Decontamination Techniques 10
3.2 Emission Control Measures 14
3.3 Cost and Implementation Factors 16
3.4 Containment Techniques 19
3.5 Monitoring Systems • 21

SECTION 4
Microbial and Enzymatic Degradation of PAH's In Soil

4.1 Microbial Degradation of PAH's 23
4.2 Potential for Enzymatic Aromatic Ring-Cleaving 28

SECTION 5
Technical Overview of Anaerobic Metabolism of Aromatics

5.1 Background . 32
5.2 Introduction 32
5.3 Early Work ' 33
5.4 Laboratory Culturing 34
5.4.1 Pure Cultures 34
5.4.2 VPI Work 35
5.5 Anaerobic Lignin Degradation 35
5.6 Conclusions and Status 36

SECTION 6
Recalcitrant Nature of Xenobiotics and Potential for

Stimulated In Situ Biodegradation
6.1 Introduction 40
6.2 Overview of Xenobiotics 40
6.3 Biodegradation of Xenobiotics 40
6.4 Recalcitrant Compounds 41
6.5 Aromatic Compounds as Xenobiotics 41
6.6 Environmental Factors Affecting Biodegradation of

Xenobiotics 43
6.7 Strategies for Stimulated Biodegradation of Xenobiotics 45
6.8 Application of Special Microorganisms for the

Degradation of Xenobiotics 47
6.9 Acknowledgement 48



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
f
I

TABLE OF CONTENTS, Continued

Page

SECTION 7
Specific Program Outline

7.1 Work Scope 52
Task 1 — Pretreatment of PAH's 52
Task 2 — Anaerobic Digestion 52
Task 3 — Chemical Analysis 53
Task 4 — Project Engineering Evaluation 53

SECTION 8
Project Management, Related Background, and Budget Estimate

8.1 Project Management . 55
8.2 Related Background 55
8.3 Budget 57

m



I
I
I
I
I

I
I

I
I
I

SECTION 1

ABSTRACT

A specific and focused experimental research program is proposed to

investigate the potential for the general, not site-specific, in situ

bioremediation of selected hazardous wastes. The major theme of this research

program will be directed to polycyclic aromatic hydrocarbons'(PAH1s). These

specific hazardous wastes exist, for example, in old dump sites containingI
coal tar residues from former manufactured gas ("town gas") plants which were

so predominate throughout New England at the turn of the century.

The technological concept that will be pursued in this program will be

thermal (chemical) oxidative pretreatment to break down PAH macromolecules,

followed by anaerobic degradation (with augmented microorganisms nutrients,I
and growth factors) of the lower molecular weight PAH's. It is anticipated

V that the technological concept evolving from this work will primarily result

• direct in situ bioremediation, but bioextraction treatment (both aerobic/
t
• anaerobic) and landfarming (primarily aerobic) will be treatment options.

I Recent experiments with thermal (chemical) oxidative pretreatment of
'

selected fossil fuels, followed by anaerobic fermentation, lend strong support

| to applying this coupled technology concept to in situ bioremediation of

^ PAH's, as proposed.

* The experimental work in the proposed program will be to demonstrate, in

the laboratory, that fossil fuel derived PAH's are ammendable to treatment by

the .concept presented. No field work will be carried out at this time, but

cost projections will be included.
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SECTION 2

INTRODUCTION

Z.I Overview of Proposed Program

•' A comprehensive broad-based program is proposed by an outstanding project

team to investigate the general, not site-specific, 1n situ bioremediation of

|: fossil fuel derived polyaromatic hydrocarbons (PAHs), such as occurs at old

• manufactured gas sites. The technology concept that will primarily be pursued

™ in this program will be pretreatment/anaerobic bioremediation of the PAHs.

• This theme recognizes the need for considering aerobic degradation, but will

stress the potential of an essential understanding of anaerobic degradation of

PAHs, including pretreatment.

I It is further anticipated that the technology concept evolving from this

work will primarily rely on direct in situ bioremediation. but bioextraction/

• treatment (both aerobic/anaerobic) and landfarming (primarily aerobic) will be

carefully evaluated. In addition, recent experiments with thermal chemical/

I'
oxidative pretreatment of selected fossil fuels, followed by anaerobic

g fermentation, lend support to applying this particular coupled technology

™ concept to in situ bioremediation of PAHs, and this approach will be

I emphasized.

Thus, while total in situ anaerobic bioremediation is the optimistic goal

of this particular program, it is recognized that other technology aspects

,11 should be addressed. The technology concepts that should be addressed

independent of this specific project range from including practical aerobic

I and anaerobic experiments on PAH-conta1n1ng soil samples to experimentally

exploring the most advanced contributions from modern biotechnology. For«~

example, along with the proposed experimental work, the literature search

_ should be continued for those workers investigating enzymes (not

• microorganism) that will cleave the aromatic ring. An aromatic ring-cleaving

i



enzyme could be overproduced by genetic engineering techniques (not a

recombinant microorganism, which may not be suitable for broadcast

applications, but the resultant enzyme). The enzymes could then, for example,

be immobilized on small particles and be injected into a site for direct in

situ treatment.

I, Also, recognizing the need for protection and controlled delivery of

selected nutrients and other growth factors for actually implementing 1n situ

| bioremediation, independent experiments to prepare and test controlled release

( samples should be conducted.
'

In considering in situ bioremediation of PAHs, it is essential that

f appropriate chemical assaying be carried out prior to treatment, be conducted
,

during the bioremediation and be continued through subsequent surveillance of

any site. Although the present project will work with model PAH's, an

g experienced group within the project team is available to conduct chemical

• assays following procedures already established and proved. In addition,

•I independent experiments should be planned to compare fiber optic probes that

will enable the initial direct in situ assaying of a selected site, the

.|/ monitoring of the progress of bioremediation during in situ treatment, and the

j| continuing in situ surveillance of any site, once the bioremediation work has

been completed. Further, there are now monoclonal antibodies to several PAHs

ft (available to the project team), such that advanced immunodiagnostic

techniques may be used for specific assaying of PAHs in the environment. It

is anticipated that several members of the project team will independently

^ investigate the application of this new aspect of modern biotechnology to the

• assay of model PAHs and in soil samples,

• This is also to state that we are aware that because of the nature of

PAHs, an environmental health and human impact assessment should be

well-integrated into this program based on the material from a manufactured

I -3-



I gas site. However, a human risk assessment will not be carried out on this

— proposed program. Further, a human toxlcological assessment should be coupled

'" with both the experimental work and the technology concept work in order to

• ensure that additional problems are not presented with the actual

bioremediation under investigation. However, this work 1s not proposed at

|' this time.
i
^ Coupled with the above laboratory experimental work on bioremediation

1 - win be a careful engineering evaluation of Innovative technology concepts, in

i
i

anticipation of moving from this overall Phase I feasibility work to Phase II,

using soil samples in a laboratory pilot model (Phase II not proposed a this

time). This Phase I work (proposed) and Phase II work (projected laboratory

^ pilot work), will lead to Phase III, proof-of-concept bioremediation at an
I example manufactured gas site. Thus, while Phase I work only is proposed at

• this time, the Phase II laboratory pilot system and Phase II proof-of-concept

program is delineated above.i

i

While the proposed project goal is direct in situ anaerobic

bioremediation of PAHs from generalized sites, there are many facets to this
§

- theme which must be addressed. As a result, aerobic/anaerobic treatments will

•' also be considered, as will pretreatment concepts. Also, extraction and

biotreatment, as well as landfarming, will be included in the design phase.

V Practical aspects such as total containment, awareness of leachants, and

monitoring systems will be included in. order to obtain preliminary engineering

cost estimates.

i
2.2 Overview of General Decontamination Techniques

W Tne feasibility of microbial decontamination or bioremediation of soil

m. which has been polluted by the organic chemicals from manufactured gas sites

must largely be studied on the basis of literature references and the

• experience of workers in closely related areas. The following topics must be



I
• considered for bioremediation of sites containing fossil fuels derived

xenobiotics: A. The frequency of soil contamination and the nature of the

I contaminants; B. The biodegradability of contaminants; C. Soi.l decontamination

- procedures; D. Methods of protecting the environment against pollution from a

™ contaminated area or from the decontamination procedures.

• In spite of the existence of traditionally recalcitrant xenobiotics in

many cases of "permanent" soil pollution, most organic compounds, including

I polyaromatic hydrocarbons (PAH's) derived from fossil fuels, appear to be

inherently biodegradable under favorable conditions, which include: A.

I .
Availability of nutrients and an electron acceptor (oxygen); B. Moderate

• temperature; C. pH 6-8; and 0. Presence of microbial degraders.

The rate of biodegradation, however, may be low because of the chemical

• nature of a compound or of its physical behavior. The latter may affect its

^ availability for microorganisms, for example, by a low solubility, or a strong

P adsorption on soil particles. Biodegradation will probably also not occur, if

f special organisms are required, or if differing conditions are needed for the

various steps of the degradation process.

I By modifying the conditions, and, if necessary, by seeding with specific

^ microorganisms, it is to be expected that biodegradation may be enhanced

™ significantly. Thus, engineering solutions to the problem may be developed

• once the necessary laboratory work is conducted.

| 2.3 Technical Approaches To Bioremediation

_ In particular, microbial decontamination should provide a valuable tool

•• for remedial measures in cases of manufactured gas sites. There are two

• approaches for tackling a specific case:

i
A. Decontamination of the soil in situ. In this case the soil is not

excavated, but the conditions in the soil are modified to facilitate

-5-
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• microbiological decontamination. This technique may also include

thermal/chemical oxidation pretreatment followed by microbial

• -biodegradation, discussed herein. If the soil is sufficiently

m permeable, an aqueous solution containing nutrients, oxygen,

W microorganisms, etc. may be circulated through the contaminated soil

• (bloextraction). If contamination is only superficial (less than 0.5

m deep), "landfarming" techniques can be used whereby normal

j| agricultural procedures such as ploughing, harrowing and fertilizing

^ are used in order to obtain biodegradation. This has been applied

™ with some success in The Netherlands with, for example, oil compounds

• B. Decontamination of the soil after excavation: a decontamination

process, adapted to the nature of the contaminant and of the soil, is

• carried out on-site at a decontamination plant. Landfarming may ;also

— be used to decontaminate excavated soil after spreading in a layer of

™ 0.2-0.3 m. Most other decontamination procedures resemble composting

• processes and may be carried out either in the open in windrows or in

c.losed equipment using process engineering techniques. A reactor can

be used in special cases when a selected strain of microorganisms is

.f. required for degradation; in these cases the use of industrial mixers

for solids may be feasible. On the other hand, costs for excavation

• will be high. Thus, innovative approaches to in situ bioremediation

should be explored to the fullest extent.i
• 2.4 Considerations Prior To Bioremediation

The following scientific and engineering aspects must be considered

• before a selection of a microbial decontamination procedure can be made: A.

i

i
The biodegradability of the contaminants; B. The nutrient status of the soil

and the possibility of improving this status (including oxygen); C. pH; D. The

-6-
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fl presence of other carbon sources and their influence (positive or negative) on

the decontamination process; E. The presence of microorganisms which are able

to degrade the relevant contaminants; F. The physical behavior of the

contaminants (adsorption to soil, Teachability, permeability of the waste for

• water and microorganisms, melting points, etc.); G. Toxicity of the

• contaminants for microorganisms; H. Soil characteristics; I. Groundwater and

flow characteristics; J. "Development status" of the technique; K. Costs; and

I L. Environmental nuisance (dust, smell, noise).

The relative importance of these aspects is determined by the actual

• choice and the specific "properties" of the site. Insight into all of these

flj aspects is, however, required.

• 2.5 Additional Aspects of Bioremediation

It should be emphasized that care should be taken that the

W decontamination process itself will not form a source of pollution. A number

It of containment techniques, and venting and collecting systems for volatile

compounds and/or products must be considered. For example, horizontal

• transport of contaminants (e.g., via groundwater) may be prevented either by

^ screens of bentonite, plastics, grout, etc. or by hydrological measures.

™ Also, vertical transport may have to be prevented when the contaminated soil

8 is situated over a permeable layer. In such cases, the permeable layer may

need to be blocked by injection of bentotite, resins, grout, etc. Plastics or

other materials can be used for covering soil. The effectiveness of such a

_ "containment" system must be monitored. Further, gaseous products may be

•™ vented from soil through a collecting system, consisting of slotted pipes or

• gravel-filled trenches. Forced ventilation for treatment of the gases may be

necessary.

| Containment and controlled sanitary landfilling are alternatives to

I
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ft stimulate biological treatment. Further alternatives, when microbial

decontamination is not feasible are:

I A. Extraction (either in situ or after excavation):, the extraction

process can be accompanied by chemical oxidation. On the other hand,

• this may be part of a chemical pretreatment prior to bioremediatton.

• . B. Thermal treatment: the soil then is heated by appropriate means in

order to volatize the contaminants. The waste gases should be

• . treated. Here, too, a mild thermal treatment may be a pretreatment

prior to bioremediation.

ft 2.6 Preliminary General Assessment

The following general conclusions may be stated with respect in

fl bioremediation:

A. Microbial decontamination of polluted soils is, in principle,

W feasible when favorable conditions for biodegradation are created;

IB B. The most promising procedures are expected to be:

Innovative in situ bioremediation i.e., stimulated biodegradation

• (both aerobic and anaerobic)

^ . Bioextraction coupled with in situ stimulated bioremediation.

ft C. The novel techniques used for the above-mentioned procedures must be

ft applied in such a way that contamination of the surroundings is

prevented.

• D. In special cases selected strains of microorganisms (and enzymes) may

be used in equipment such as industrial mixers for solids or via

™ injection for in situ bioremediation.

I £• In situ treatment (without excavation) may best be used when the soil

is sufficiently permeable. Alternative such as (chemical) oxidative

ft and thermal pretreatments should be considered as being coupled with

• bioremediation.

ft -8-



I
A From a review of the literature and discussion with experts about the

recalcitrant organics in manufactured gas sites, it appears that the following

• groups of xenobiotic compounds may be treated biologically:

A. Non-halogenated aromatic solvents and the lower polynuclear aromatics

• (naphthalene, anthracene), and compounds such as phenols, phthalic

• acids and cresols;

B. Fossil fuel derived oils and products thereof (gasoline, kerosene,

1 etc.).

Finally, it may be noted that microbial decontamination of manufactured

P gas sites is expected to be less expensive as compared to other treatments.

4| Costs for microbiological techniques should range from the lowest for in situ

treatment to the highest for bioextraction composting-like techniques in

I closed systems. On the other hand, the costs for full thermal treatment may

^ be several times that of bioremediation. However, thermal pretreatment/

I• (chemical) oxidative techniques coupled with in situ bioremediation may offer

• the most cost-effective treatment of the overall site. Based on this general

assessment, this latter approach to in situ bioremediation will be explored.i
I
i
i
i
i
i
i
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I SECTION 3

OVERVIEW OF MICROBIAL SOIL DECONTAMINATION TECHNIQUES

I 3.1 Review of General Decontamination Techniques

There are essentially three ways to decontaminate polluted soils using

• microbiological methods. These are:

• 1. In situ decontamination, without excavation of the soil;

2. On or off site decontamination, after excavation of the soil. The

| soil may be redeposited after decontamination.

_ 3. Thermal and/or (chemical) oxidative pretreatmervt followed by in situ

™ bioremediation.

• The choice of the technique to be used in any particular case will be

based on a number of considerations. The techniques which may be considered

| are summarized below.

• 1- In situ decontamination:

™ a. Landfarming

V This limited technique is cited only because it may be applicable

when the contamination is concentrated in a top soil layer having

| a maximum depth of 50 cm. Sufficient oxygen is provided by :

^ regularly plowing or harrowing the soil layer. Nutrients are
m added by conventional methods. The costs of treatment depends on

I (among other factors) the time scale required for sufficient

decontamination. Additional costs for containment, etc. are not

j| included. Limited attention to this will be given but it will be

— addressed for completeness.

'" b. Bioextraction

• Bioextraction is a process by which contaminants present in soil

are biodegraded by adding biomass, nutrients and air. Nutriments

| may be supplied via controlled release, i.e., slow acting

i -10-
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ft methods. Drainage pipes are installed into the soil body, and water

containing the necessary compounds is recirculated. The

• applicability is restricted to soils which are pervious to water.,

Costs of treatment are very site-specific and can hardly be estimated

B in general. Additional costs for containment and chemicals (nitrate,

• etc.) must be included. These techniques will be carefully

considered. It should be noted that in situ bioremediation is

• strongly dependent on soil conditions and general "shape" of the

polluted site as seen in Figure 3.1.

• 2. Decontamination after excavation of the soil:

ft a. Landfarming

The main difference from in situ use of this technique is that in

8 the present context landfarming is carried out at a suitable

— off-site location. In this way external conditions can be

™ influenced more widely. Costs of treatment are strongly

• determined by the costs of transportation of the contaminated

soil from the site to the treatment area. This is exclusive of

I additional costs for buying the necessary site, installing

.^ impervious layers, and so on. This technique will be considered

• only for completeness.

A b. Composting-like techniques

Because of aerobic/anaerobic considerations for PAH's, this topic

I will be investigated. Composting, i.e., aerobic treatment, has

been applied for treatment of wastes, such as domestic waste,

sewage sludge or piggery waste, that contain compostible organic

compounds. This technique will be considered only for

completeness.

-11-
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Land surfi

Highly permeable*
homogeneous soil

Less permeable
homogeneous soif.

..'. Stratified soil with
• varying permeability

FIGURE 3.1 GENERALIZED SHAPES OF SPREADING BODIES

SHOWING DIFFICULTY ON IN SITU BIOREMEDIATION

-12-
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Contaminated soils may, if advantageous, be mixed with

compostible materials prior to treatment. It is expected that

the usual composting techniques can be carried out. The most

relevant processes to be investigated are:

1. Open systems

| o Windrow system: Soil is piled up in mounds which are

^ periodically turned to facilitate aeration. Costs of

™ operation are dependent on the time scale required for

• degradation.

o Beltsville system: As in the Windrow system, soil is

• piled up in mounds. Aeration takes place, however, by

introduction of air via perforated pipes passing through

I the mound.

( 2. Closed systems

Closed systems include:

fl o Dano system: In this system soil is treated in

horizontally rotating drums; part of the treated material

• is recycled.

o Kneer system: In this system soil is passed downwards

• through a column while air is blown in counter flow

• through the column.

o Schnorr system: This system is similar to the Kneer

• system, although the column is divided into stages by

horizontal plates. The soil is periodically transferred

9 to a lower stage.

o Triga system: This system is similar to the Kneer system,

9 although the column is divided into compartments by

• vertical separation walls. The operation costs for closed

systems depends strongly on the process conditions needed.

i -13-
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o Process Industrial systems: These systems Include

reactors for solids that are used in the process industry

• for carrying out physical and chemical operations. If the

residence times needed are small (maximum of several

I days), then these systems may be suitable for

decontamination of soils. Costs of operation, exclusive

of transport costs, are comparable to those for "closed

systems".

3. Combined Thermal/Oxidative and Bioremediation

I Application of alkali oxidation pretreatment has been made to

peat, lignite, and sub-bituminous fossil fuels with

| subsequent anaerobic fermentation to fuel gas. It is

generally believed in this work the PAH's below 500 molecular

•• weight are anaerobically fermented. Based on this recent

• work with pretreatment/anaerobic digestion to fuel gas, it

appears practical to extend some of this technology to

• bioremediation of manufactured gas sites. Such design

considerations will be integral to the work proposed.

| All three techniques and sub-techniques given above will be given

^ consideration in the work proposed. The work to be done should also include

' information on applicability, operating costs and specific restrictions for

• the various techniques investigated.

3.2 Emission Control Measures Accompanying Microbiological Soil

• Decontamination

A number of emission control measures may be needed when microbiological

| decontamination of soil is carried out. These techniques include the use of

£ installations to avoid specific emissions and the monitoring of specific

• parameters. The following activities may be necessary:

i
-14-
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1. Installation of barriers in the soil to isolate the contaminated body

from its surroundings. Vertical or horizontal barriers of either natural ori
synthetic materials are possible;

2. Drilling of injection and/or drainage wells to prevent contaminated

groundwater from reaching the surrounding soil;

3. Collection of gases when gases are emitted in concentrations which

M are considered to be hazardous. Moreover, gases must be removed from the soil

• when their concentrations in the soil body are so high that they inhibit

• biodegradation. Controlled transport of gases, can be achieved by;

o Ventilation through horizontal and vertical perforated pipes

• placed in the soil body;

o Ventilation by trenches. These trenches are dug in the soil In

I order to create directed transport of gases within the soil. The

• use of trenches may be combined with that of pipes.

o Gas barriers. Horizontal barriers to prevent uncontrolled

• emissions of gases to the air may be applied. Clay, concrete or

synthetic materials can be used for constructing these barriers.

• 4. Treatment of the gases collected. Several techniques are available

for further treatment of the gases in such a way that environmentally

• acceptable products are formed.

• 5. Monitoring systems may be to be installed for:

o Analytical monitoring of the decontamination process;

• o Warning of sudden modifications in the process;

o Protecting the groundwater against pollution;

o Warning of emissions to the air.

In brief, an investigation of bioremediation should also include

investigation of the various emission control techniques which are available,

and also provide estimation of their costs.

-15-
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3,3 Cost and Implementation Factors

Costs for in situ landfarming only comprises costs for clearing of the

site, plowing and fertilizing. As clearing of the site may include removal of

• vegetation (shrubs, trees) and structures, it is impossible to give an exact

figure for the costs of this operations. Labor costs will be for monthly

I plowing. The costs of fertilizing are highly dependent on soil composition.

The total costs for treatment will need to be considered over a two-year

• decontamination period and should include costs for environmental protection,

• replanting, etc.

For cost analysis for the bioextraction process, biodegradation of

• compounds 1n contaminated soil is stimulated by circulating water to which

nutrients, oxygen and/or adapted microorganisms has been added, through the

| soil (Figure 3.2). There are three possibilities for recirculating the water:

_ 1. The water is infiltrated into the soil and drained from under the

w contaminated layer;

2. The water is injected under the contaminated layer and withdrawn from

the surface;

I

I
I
I
I
I
I

3. The water is passed horizontally through the contaminated layer.

Part of the water extracted is drained off to prevent the accumulation of

salts, etc. If necessary, the soil to be processed is contained using

protective techniques. Another possible design is shown in Figure 3.3.
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(1) supply of water
with nutrients,
etc.

(2) separation of
solids

(3) to waste
(4) veils
(5) contaminated soil

FIGURE 3.2 EXAMPLE OF POSSIBLE DESIGN CONCEPT FOR

IN SITU BIOREMEDIATION
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300
ft.

1200ft

Holding
Tank

Wetwetts
Main Drainage System
Lateral Tranche*
Manhole*

FIGURE 3.3 EXAMPLE OF DRAINED WASTE DISPOSAL SITE

TO WHICH IN SITU BIOREMEDIATION COULD BE APPLIED
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Note that the recirculated water, which may contain contaminants, is

purified biologically after infiltration in the first layer of soil through

which it is being transported. The decontamination rate may be increased by

• warming the water. This may be also used for thermal oxidative pretreatment

followed by bioremediations. Factors concerning the parameters pH,

| temperature and seeding with microorganisms apply for bioextraction. The

_ decontamination process will proceed at the same rate at which oxygen can be

B introduced. For aerobic designs, since the solubility of molecular oxygen in

water is low, nitrate may be added as a supplementary electron acceptor, in

this case.

• Obstacles preventing a proper distribution of the recirculating water

must be removed from the site. A spraying installation, such as an overhead

| irrigation installation of the type used in agriculture, must be installed on

_ the site.
I
• Clogging of pipes and nozzles must be prevented. Pumps to recirculate

• the water must be installed in wells. As colloidal and suspended particles

will also be pumped up with the recirculating water, it may be necessary to

• include a (biological) purification step before the water is returned to the

soil.

| It will be clear that the application of bioextraction will be restricted

_ to the decontamination of relatively permeable soils such as sandy soils. It

™ is also of great importance that the soil retains its permeability during the

• process. These factors must be addressed if bioremediation is to be general

and not site specific.

i
3.4 Containment Techniques

I Investigation of a number of techniques to isolate a decontaminated soil

packet from its surrounding should be included. The isolation may be achievedi
i -19-
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using either natural or artificial means. Moreover, both vertical and

horizontal isolation is possible. Vertical placed means from containment

include the following:

• o Steel sheet piling

o Plastic sheet piling

| o Jet grouting. ("Cement grout" is injected at high pressure into the

_ ground,}

• o Panel sheet piling. (Bentonite-cement or concrete panels are formed

• in steel molds.)

o Clay with or without plastic film in a trench.

• o Slurry trench techniques. (A trench is dug, and the sand removed is

mixed with betonite and poured back into the trench.)

| o Diaphragm wall. (A narrow trench is dug and a'fluid supporting the

_ sides is simultaneously introduced. This fluid is either "self.

™ hardening" or is replaced by bentonite, grout, or the like. The

• technique can be applied for practically all types of soil.)

o Plastic film. {The film [up to a thickness of 200 urn] is applied

• by means of a chain mortise machine. The film is impermeable to

water.)

• o Bored piles wall. (Overlapping piles of either bentonite-cement or

• of concrete are cast in pre-bored holes in the ground.)

• Horizontally placed means for containment include the following:

flj A. Injection into permeable soil; agents based on one of the following

are injected into permeable soil: 1. water glass; 2. synthetic

• resin; and 3. bentonite, etc.

B. Covering by asphalt-concrete layer.

| C. Application of a bentonite-sand layer. (Applicable as a sealing

above or below the contaminated soil.)i
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As the work must be practical, the choice of containment technique to be

used in a particular case of soil contamination will have to be made after

consideration (among others) of the permeability of the material used and its

I chemical stability for the relevant contaminants and the costs.

I 3.5 Monitoring Systems

Once the decontamination process to be used has been selected, procedures

• for monitoring both the progress of the decontamination process and the

• possible environmental pollution resulting from it, must be made (surface

water, groundwater and air). The objectives of a monitoring system are: 1.

• To follow the process of decontamination by chemical analysis; 2. To detect

possible sudden changes in the process (calamities); and 3. To protect the

| surrounding environment: surface water, groundwater (particularly with in

m situ decontamination) and air, and any consumers of these.

• For purposes of review, brief descriptions of the possible principles of

• these monitoring activities are given as follows.

A. Process Monitoring: Soil samples are taken at regular intervals,

I depending on biodegradation rate, for analysis of relevant

compounds. Soil samples must be taken at various depths and places

| for the final evaluation of in situ decontamination. During

_ treatment it suffices to analyze samples from drainage wells.

™ 8. Groundwater Monitoring: Any groundwater monitoring program will

• consist of the following steps:

o Determination of background concentrations of relevant

I contaminants in groundwater;

i
i
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• o Choice of locations for "monitoring wells": The design of the

• monitoring wells depends on the number of acquifers. The costs

for the installation of wells vary greatly, depending on the

• local conditions.

Samples can be taken from the wells in four ways: 1. By means of a

J permanent pump. This is recommended if checking over a longer period is

— required; 2. By means of mobile pumps; 3. By means of an air lift, with which

• compressed gases bring the water to the surface. With this technique

• contamination of samples taken at different times and from different wells (as

might be found when mobile pumps are used) can be excluded. Care must be

• taken not to lose volatile compounds from samples; and 4. By the use of

in-place fiber optic probes. The final choice is determined by frequency of

| sampling: the number of wells and the local conditions.

i
i
i
i
i
i
i
i
i
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• SECTION 4

MICROBIAL AND ENZYMATIC DEGRADATION OF PAH'S IN SOIL

I 4.1 Microbial Degradation of PAH's

Microenvironments in soil are heterogeneous and provide habitats for-a

I wide array of microorganisms. In recent years, it has become increasingly

clear that the relationships and interactions of these organisms are very

B important for the geochemical cycle including the catabolism of many

• xenobiotics.

Many stable communities or consortia of microorganisms develop through

• various types of interactions among populations. For instance, a mutualistic

community is established when metabolic products of one member furnish

| essential nutrients for others. Such a relationship was found in the

biodegradation of cyclohexane and hexadecane among other compounds. A

B consortium of another type may be formed on the gases of the ability of a

• member which can remove products inhibitory to other consortium members. This

was found in communities oxidizing methane and methanol and those involved in

• sulfate reduction and oxidation (1; references at end of each section).

Yet another type of interacting community may develop,through combined

| metabolic attack on recalcitrant complex molecules which are used as the

_ source of carbon and energy. The component populations do not separately have

• the capacity to transform the molecules, while together, they can completely

• metabolize them. In the biodegradation of polychlorinated biphenyls, the rate

of degradation of various congeners was slow and comparable among Alcaligenes

• odorans. A_._ denitrlficans. and an unidentified bacterium. The rate in a mixed

culture of these organisms was, however, significantly faster than that in

| pure cultures and significantly, the degradation of a tetrachlorobiphenyl was

« observed, which was not seen in pure cultures. There are still many consortia

™ of different types (1).
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It 1s difficult to Isolate such consortia. However, once they are

• isolated and characterized, their efficiencies can be maximized. Continuous

• flow culture techniques, especially those based on chemostat principles are

effective in Isolating microbial consortia and used most often. In such an

• open system, Interacting members of consortia become dominant, whereas those

organisms not associated with the consortia are rapidly washed out. [For

I example, a methanol-utllizing denitrifying community of unknown population

• composition was grown in the column made of aquarium gravel in which

' methanol-KNOs medium was continuously pumped 1n at the bottom and overflowed

I at the top. Over a period of about a week, two layers of microbial

populations of distinct coloration developed. A further study revealed that

| the pinkish population developed at about the bottom half of the column. This

bottom half contained methanol-oxidizing Vibrio extorquins which released

• copious amounts of isocitrate. The light-brownish population above them was

• primarily the denitrifier, Pseudomonas stutzeri. which utilized isocitrate

carried upward in the Oz-depleted medium as a carbon and energy source for

I denitrification. The revelation of this relationship enabled the workers to

increase the efficiency of denitrification (2).]

• Aerobic conditions generally prevail in well-aerated soils. Even in

aerated soil, however, oxygen consumption at any one time frequently exceeds

B supply rates at many microsites. In poorly-aerated deeper layers or in

• compacted or waterlogged soils, anaerobic reactions are predominant.

Therefore, a large portion of organic contaminants at disposal sites stays

• under anaerobic conditions. Any in situ bioremediatlon strategies should thus

.consider the utilization of both aerobic and anaerobic microbial processes.

I It appears that in aerobic transformations of many polynuclear aromatic

I hydrocarbons (PAH), such as naphthalene, phenanthrene, benzo[a]pyrene, and

benzo[a]anthracene, the enzymatic reactions any single species can utilize is.
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_ In general, limited, with complete mineralization of rare occurrence (e.g.,

• (3)). Few PAH's have been known to undergo reductive fission by

microorganisms (4,5). It is unclear, however, whether anaerobic organisms may

i
metabolize the products of aerobic PAH transformations which may help their

mineralization.

Despite the demonstration of microbial transformations of many PAH's,

I their persistence in the environment indicates environmental constraints

• inhibiting the growth and/or the activity of the right organisms at

contaminated sites. The constraints may include the inhibitory level of PAH,

I accumulation of toxic intermediates or biologically produced toxins (e.g.,

organic acids of low pH values), the lack of essential nutrients, and too low

I concentration of PAH for microorganisms to be able to utilize.

Initial goals should be: to isolate microbial communities mineralizing

I or detoxifying PAH from various sources such as the contaminated sites and

• sewage treatment plants, to characterize populations in the communities, and

to define the conditions for their maximum in situ activities. An insight

I into possible actions by anaerobic communities on PAH may be gained from

on-going experiments by Rhee(6) on the anaerobic biodegradation of

• polychlorinated biphenyls by analyzing the in situ incubation samples of

dredged Hudson River sediments for PAH in addition to PCBs. An analysis of

B the sediments showed the presence of PAH.

• The procedure 1s to Isolate mixed aerobic bacteria capable of degrading

naphthalene, phenanthrene, and benzo[a]pyrene from the contaminated sites and

• sewage sludges from various sources, using standard enrichment culture

techniques. Various concentrations of the selected PAH mixture should be

I
I
I

used. Anaerobic bacteria should be enriched in the spent medium of aerobic

cultures using the serum vial method. Their activity should be determined by

measuring the disappearance of the PAH in aerobic cultures and of

transformation products of aerobic cultures in anaerobic cultures.
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Concurrently with the isolation work, the degradation of the selected PAH

• should be studied 1n soil columns Inoculated with the same contaminated soils

and sludges using continuous flow methods similar to those used to study

I denitrlflcation (see above). Degradation should be determined by measuring

the disappearance of the PAH in the overflow medium and column extract. The

I dilution rate should be adjusted empirically, depending on degradation rates.

• When isolates are obtained, they should be characterized for the member

populations in the community. At the same time, optimum PAH concentrations

• and flow rates for maximum transformation should be investigated in a soil

column. If anaerobic cultures degrade the transformation products of aerobic

I organisms, one column should be set up with aerobic community alone, and the

other, with both aerobic and anaerobic cultures to compare their efficiencies.

m Once the populations of active communities have been characterized and

• their degradation rate in the column is determined, a small scale in situ

investigation could be initiated. For example, at a contaminated site, a

• small pit could be lined with water-tight polyethylene and filled with

contaminated sediments. The soil could be inoculated with the active

| populations and provided with treatments which yield the most effective

_ degradation 1n soil column studies. Initially, the dilution rate here will be

• 0/day, or the soil will be treated in a batch mode. Depending on the in soil

activity, a provision for a circulating pump can be made.

Method for the Analysis of Polynuclear Aromatic Hydrocarbons in Landfill

I Soil : The following method is used by Rhee and Bush (7). Soil (lOg) is

extracted by shaking with three successive aliquotes of dichloromethane. The

| dichloromethane extract is dried over sodium sulfate, evaporated to

_ approximately 1 ml and then applied to silica gel (lg) (Keselgel 60 EM

• Reagents, Krackler Scientific, Albany, NY), and the powder is stirred until

• free flowing. It is then poured onto the top of a 1 cm diameter column of

i
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stUca gel (9g). Hexane (70 ml) Is passed through the column and the effluent

• rejected. The polynuclear aromatic hydrocarbon fraction is then eluted from

the column with 200 ml of hexane/dichloromethane (95:5). The solvent is

I evaporated to 1.0 ml in a Kaduna Danish evaporator for analysis.

Analysis: The standard EPA packed or capillary column gas chromatographic

I analysis with flame 1onizat1on detection may be performed (8,9).

• Alternatively, gas chromatography with mass selective detection may be

employed. This 1s the preferred technique, as it is selective and gives

I positive characterization as well as quantitation. Results to date show,.for

example, the mass spectrum of xhrysene which was extracted from the Hudson

• River Demonstration Landfill soil and is present at 2.5 yg/g (wet weight).

i
i

4.2 Potential for Enzymatic Aromatic Ring-Cleaving

The longer range goal of enzymatic ring-cleaving merits discussion,

because of the practical potential of this concept. The overall objective is

I to obtain a generalized ring-cleaving enzyme applicable to fossil-derived

aromatics. Should this enzyme be identified and isolated, then genetic

| engineering techniques could be opened, leading to innovative and practical

_ bioremediation concepts, such as using immobilized enzymes in packed bed

• bioreactors or in special in situ situations. Please note that the project

• team does not recommend using recombinant microorganisms in the environment,

but rather, overproduced enzymes from the gene pool. Thus, the most current

• aspects of modern biotechnology should be considered. Ferry, J.G. and

Haddock, J. (1987) Polytechnic Institute and State University of Virginia are

| striving to obtain the key enzyme for genetic cleaving or aromatics. A review

_ of their approach is as follows.

• Aromatic compounds tend to be resistant to biological degradation, due to

• a high negative resonance energy which stabilizes the ring. Aerobic pathways

i
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of microbial degradation have been well-studied and have shown that oxygenase

• enzymes incorporate oxygen into the ring prior to ring cleavage(VO).

Degradation of aromatic compounds in the absence of oxygen has also been

I shown(ll). Little is known, however, concerning the biochemistry involved.

The metabolic diversity found in anaerobes suggests that a variety of aromatic

B compounds may be metabolized by anaerobic bacteria.

• Few studies have focused on the pertinent physiology, biochemistry and

genetics of anaerobic aromatic compounds because of the scaricity of organisms

• that have been described in pure culture. Currently, four species of

anaerobic bacteria are known to degrade aromatic compounds in pure culture.

| Preliminary evidence suggests that they all utilize the reductive pathway

proposed by Evans(ll). Pelobacter acidigallici was isolated from marine and

B freshwater sediments that degrades hydroxylated aromatic compounds to acetate

• and C02<12). The remaining three organisms were isolated from the rumen and

include strains of Coprococcus sp. and Streptococcus bovis(131. all of which

B ferment hydroxylated aromatics to methanogenic substrates. The latter

organism has a unique requirement for either hydrogen or formate as

| cosubstrates for aromatic degradation. This organism was chosen by Haddock

_ and Ferry(14) because it grows rapidly and therefore is amenable to

™ biochemical and genetic studies.

• £_._ oxidoreducens has been obtained(15) and Haddock and Ferry(14)

demonstrated its suitability for biochemical studies by mass culturing the .

• organism in 10-L fermentors. Yields of 15-20 grams wet wt. of cells were

achieved.

| Any advanced studies to optimize aromatic degradation will require an

• understanding of the biochemistry and genetics of anaerobic aromatic

™ degradation. Haddock and Ferry are studying E_._ oxidoreducens to discover

• general biochemical principals of aromatic compounds of the class that
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commonly occur as pollutants. A partial pathway for the degradation of 1,3,5

trihydroxybenzoic acid (gallic acid) by E. oxidoreducens has been proposed and

is shown below.

Dihydro- 3-Hydroxy-5-oxo-

Gallate Pyrogallol Phloroglucinol phloroglucinol hexanoate

COOH

HO T OH HO T OH
OH OH

0 COOH

With this pathway in mind Haddock and Ferry(14) identified the following

objectives as amenable to investigation in their laboratory: a) Determine the

enzymatic steps involved in the initial attack on the aromatic ring cleavage

and subsequent degradation, b) Develop purification procedures for one or

more of the enzymes involved, c) Biochemically characterize the purified .

enzymes in terms of pH and temperature optima, kinetic parameters such as Km

and Vmax. d) Reconstitute the pathway with purified enzymes, e) Utilize the

purified enzymes to obtain antibodies for use in immunoassays and to develop

probes for isolation of the genes encoding the enzymes, f) Obtain mutants of

E. oxidoreducens defective at specific points in the degradation pathway as a

tool to define the biochemical pathway and its regulation.
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I ; SECTION 5

g TECHNICAL OVERVIEW OF ANAEROBIC METABOLISM OF AROMATICS

5.1 Background

M A basic investigation into the anaerobic metabolism of aromatics has been

carried out recently, at Virginia Polytechnic Institute and State University,

Blacksburg, Virginia. This basic anaerobic research in aromatics has been the

Doctoral Thesis work of Mr. John Haddock, under the supervision of Dr. J.

Gregory Ferry, Prof, of Anaerobic Microbiology. This research work of Mr.

Haddock on fossil fuel derived aromatics has been sponsored by Houston

Lighting and Power Company (HL&P), Houston, Texas.

A very comprehensive review article entitle, "Anaerobic Metabolism of

Aromatics" has been recently prepared by Mr. Haddock and Dr. Ferry for

publication as a contributed chapter in the reference text entitled,

M Biotechnology Applied to Fossil Fuels. D.L. Wise, Editor, to be published by

1m CRC Press, Inc. A somewhat reduced and further edited version of this

i
i
i
I
i

i
a
i

i
i

important manuscript by Haddock and Ferry is provided, with permission of the

authors, for the reviewers of this proposal.

5.2 Introduction

Aromatic compounds constitute a class of organic molecules that are of

^ major importance in the global storage and cycling of carbon. Petroleum, peat

* and coal deposits, lignin, plant phenolics and proteins contain a large

^fr aromatic fraction. Man's activities have increased the levels of natural and

synthetic aromatic compounds, which can be toxic by design or coincidentally,

fl, released into the environment by exploitation of natural resources and through

widespread application of pesticides or from the processing of fossil fuels

'• and depositing of fossil fuel derived wastes. While microbial degradation or

alteration of aromatic compounds by aerobic microorganisms is well known and
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major degradative pathways have been elucidated (1-3) anoxic degradatlve

pathways are'poorly understood.

The lack of understanding of the anaerobic metabolism of aromatics is

partially the result of difficulties in working with anaerobic metabolism of

aromatic compounds was previously not thought to constitute a major

degradative route in nature. However, as early as 1934 Tarvin and Buswell(4)

demonstrated that a variety of aromatic compounds were degraded under the

strictly anaerobic conditions of methanogenic fermentations. Since the first

demonstration of anaerobic aromatic degradation in pure cultures(S) an

increasing number of bacteria of diverse physiological types have been shown

to degrade a wide variety of aromatic compounds. The organisms fall into

three physiological groups: i) photsynthetic bacteria, ii) anaerobic

respirers, including dissimilatory sulfate and nitrate reducers, and iii)

fermentatives. The latter group includes organisms that grow in pure cultures

and those that require syntrophic partners. On the other hand, there are now

published studies concerning anaerobic degradation of monoaromatic compounds

by mixed as well as pure cultures. Further, there are comprehensive reviews

by Evans(6) Sleat and Robinson(7) and Young(8). Also, Scheline(9), who

reviewed anaerobic metabolism in the gastrointestinal tract from a

pharmacological point of view; these reviews include some information on

reactions involving aromatic compounds. Anaerobic degradation of aromatic

amino acids has also been reviewed by Barker(IO).

5.3 Early Work

Although Tarvin and Buswell(4) demonstrated the anaerobic degradation of

several aromatic compounds to methane and C02 in mixed cultures derived from

sewage sludge, little information was gained on the organisms or the

biochemical pathways involved. The first demonstration of anaerobic aromatic
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degradation by a microorganism in pure culture was reported by Scher and

Proctor(ll). A Rhodopseudomonas sp. was. isolated that could utilize benzoate

as an organic electron donor. Several other strains of Rhodopseudomonas sp.

and Rhodospirillum rubrum also grew anaerobically on benzoate in the presence

of light. Protocatechuate and catechol were also degraded(5).

5.4 Laboratory Culturinq

Anaerobes capable of the oxidization of aromatic compounds in the absence

H of light or exogenous electron acceptors have only recently been isolated.

This is partially attributable to the slow growth rate of these organisms

• because of the limited amount of energy available from incomplete oxidation of

the substrates and to dependence on other organisms to remove fermentation end

M products. Organisms shown to ferment aromatic compounds can be separated into

three major categories for purposes of discussion. One group is able to

9 ferment aromatic compounds in pure culture. Group two consists of organisms

m in sytrophic association with other bacteria and will not grow on aromatic

compounds in pure culture. Organisms of the third group, which grow in pure

• culture, do not metabolize the aromatic ring itself but utilize 0-methyl

groups of methoxylated aromatics. Activity of all three groups may be

| important in the ultimate degradation of a wide range of aromatic compounds to

^ methane and COa. Mixed methanogenic cultures, through widely studies, are

I complex and poorly understood.

i
5.4.1 Pure Cultures

The first organism isolated in pure culture with the capacity to ferment

an aromatic compound was a Clostridium sp. that anaerobically degraded the

nitrogen-containing heterocyclic aromatic compounds nicotinic acid and

nicotinamide(12). The isolate from river mud fermented nicotinic acid to

acetate, propionate, ammonia and C02.
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5.4.2 VPI Work

Haddock and Ferry have recently mass-cultured E. oxidoreducens In 10-L

fermentors on 50 mM gallate plus 50 mM formate, and a preliminary

characterization of FDH and PR in cell extracts has been done. The pH optima

for'FOH and PR were 7.5 and 7.1, respectively, while the temperature optima

I were 45°C and 38°C, respectively. The reported pH and temperature growth

optima for E. oxidoreducens are 7.4 and 39°, respectively(T3). As with many

formate degydrogenases, enzyme activity in cell lextract from E_. oxidoreducens

was extremely sensitive to air but was protected from inactivation by sodium

azide. Protection by azide should facilitate the purification and study of:

this enzyme. Most FDH activity, as assayed by reduction of methyl viologen

(MV), was recovered in the soluble fraction after centrifugation at 105,000 x

g for 1.5 hours in anaerobic phosphate buffer containing 20 percent sucrose.

No significant activity was detected in the membrane fraction. MV-dependent

FDH activity was greater in French pressure cell lysates than in intact cells.

These recent results at VPI suggest that FDH is not membrane-bound and is

probably located in the cytoplasm since intact cell membranes have been shown

to be impermeable to oxidized MV in Escherichia coli(14).

5.5 Anaerobic Lignin Degradation

An organic material closely related to fossil fuels and to aromatic
I materials derived from fossil fuels is lignin. Lignin is a heterogeneous

high-molecular-weight aromatic polymer in which the basic phenylpropane

subunits are randomly linked by intercarbon and ether bonds between aromatic
S

nuclei and side chains(15). Lignin, the second most abundant terrestrially,

produced organic po1ymer(16) is the greatest source of the benzene ring to the

environment(17) . Lignin is resistant to microbial attack and until recently

was not considered to be degraded under anaerobic conditions(18-20) . Vanillic
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acid, a monoaromatic lignin derivative, and an aromatic dimmer with an ether

I linkage were degraded in methanogenic lake sediments, but high-molecular-

weight synthetic lignin was not(21).

m Solubilized lignin fragments, "oligolignols," essentially polyaromatic

j^ hydrocarbons or PAHs, with a molecular weight of approximately 600 were shown

'* to be partially degraded to volatile fatty acids, monoaromatic compounds, "

'• methane and C02 in anaerobic enrichment cu1tures(22). Inhibition of

methanogenesis with BESA resulted in increased conversion of substrate and

I accumulation of intermediate degradation products relative to uninhibited .;

^ cultures. Apparently, interspecies hydrogen transfer(23) of reducing
W
•II equivalents to methanogens is not required for anaerobic deploymerization of

j| lignin oligmers to mono-aromatic subunits.

Removal of methanogenesis as an electron sink for anaerobic aromatic

I degradation appeared to cause a shift from usual degradation pathways. Balba

and Evans(24) showed that the Ca-phenyl compounds phenylpropionate and«'•
cinnamic acid were degraded without a lag to methane and C02 by

^ benzoate-adapted microbial population, while ^-oxidation of phenylacetate was

w blocked since the carbon beta to the carboxyl group was part of the aromatic

ring.I
m 5•6 Conclusions and Status

Despite the fact that aromatic rings have Increased stability from the
i,

negative resonance energy by displacement of the ir electrons in the ring,

numerous microorganisms utilize aromatic compounds as a source of carbon and

energy. In aerobic environments, aromatic compounds are more readily degraded

by the involvement of oxygenase enzymes and with oxygen as the terminal

electron acceptor. However, in anaerobic environments diverse strategies have

• evolved to unlock the potential of armatics to serve as growth substrates.

i
i
i
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Ring reduction, co-metabolism of substrates and interspecies hydrogen transfer

result in the anaerobic metabolism of a wide range of substituted aromatic

compounds. The oxidation level of ring carbons and the presence or absence of

terminal electron acceptors appear to be the major determining factors

governing the mechanism involved in degradation of aromatic compounds in

anoxic habitats. Consequently, there is great metabolic diversity among

anaerobes which is highlighted by the fact that many of the described

organisms are often new species.

The activity of anaerobes is important in carbon cycling in anoxic

habitats and for the removal of toxic compounds released into the

environment. The potential for exploitation of their specialized metabolic

reactions has not been overlooked; however, the lack of basic research

concerning the physiology, biochemistry and genetics of anaerobic aromatic

degradation pathways currently limits their potential usefulness.
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SECTION 6

RECALCITRANT NATURE OF XENOBIOTICS AND POTENTIAL FOR

STIMULATED IN SITU BIODEGRADATION

6.1 Introduction

The feasibility of microbiological decontamination of polluted soils has

| been explored extensively by workers in The Netherlands. Specifically, a

m group has been coordinated by J.F. deKreuk of TNO in Delft of The Netherlands

™ Organization for Applied Scientific Research and the Groningen Biotechnology

• Center. These workers have already carried out an impressive literature

review of bioremediation. It is important to note that this background

• information is available as a "starting point" for the proposed program. An

edited version of the work in The Netherlands follows (part of an acceptedI
i
I
i
i

i
i

manuscript submitted by Dr. deKreuk for publication in the text, Biotreatment

Systems. D.L. Wise, Editor, to be published by CRC Press, Inc.).

6.2 Overview of Xenobiotics

The turnover of xenobiotics in soils (and waters) is mainly dependent on

the degradative activity of microorganisms. Other processes, such as

evaporation and photo-destruction are of minor importance and contribute only

to the disappearance of certain classes of chemicals from the upper layer of

soils (and surface waters). Microorganisms, especially bacteria, yeasts and

fungi, are capable of degrading many kinds of man-made chemical compounds,

• but, despite their enormous versatility, there are numerous cases in which

long-term pollution of soils and waters has been observed.

I
6.3 Biodegradation of Xenobiotics

J The biodegradation of man-made chemical compounds has attracted the
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attention of many microbiologists and environmental scientists, because the

degree of sensitivity to microbial attack greatly determines the fate of

xenobiotics in the environment. The severe environmental persistence that is

shown by several pesticides and other industrial chemicals is caused by the

inability of microorganisms to metabolize these compounds under the prevailing

environmental conditions(l,2,3).

Recent developments, however, point to the attractive possibility that

microorganisms could be used for degradation processes with greater efficiency

and in a broader area than has been the case so far.

6.4 Recalcitrant Compounds

•

Since it has been observed that a number of synthetic chemicals may
.

persist in the environment for years after application, it has become apparent

• that xenobiotics may have molecular structures that are not, or hardly,

recognized by microbial enzymes. Many plastics and other synthetic polymers,

£ chlorinated aliphatic and aromatic hydrocarbons and several pesticides have

m been found to resist microbial degradation. The turnover of such compounds is

9-' negligible under a variety of environmental conditions, whether aerobic or

ft anaerobic, in soil, fresh water and marine systems. Then, recalcitrance is an

inherent characteristic of the xenobiotics themselves(3,4,5).

i
6.5 Aromatic Compounds As Xenobiotics

| Aromatic hydrocarbons and related compounds are a frequent cause of

M environmental pollution. They are widely used in industry and are often

* present in effluents and,solid wastes:

1. Compounds such as benzene, toluene, ethylbenzene and xylenes are'used

as organic solvents in the petrochemical, print and paint industries.
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2. Oil-refinery products contain aromatic hydrocarbons: benzene,

toluene, ethylbenzene, isopropylbenzene, more complex alkylbenzenes,

xylenes, trimethylbenzenes. These are present in combination with-.

I aliphatic hydrocarbons and in some cases with polycyclic aromatic

hydrocarbons, tar-like products and sulphur or nitrogen containing

asphaltic compounds.

1
3. Coal-tar products and wastes from coke-ovens and gas plants may

contain phenols, cresols, ethylphenols, xylenols, and also polycyclic

M aromatic hydrocarbons and several substituted benzenes. l

4. Aromatic compounds are used in chemical synthesis. Phthalate esters

I are used as plasticizers in the production of plastics. Phenols are

precursors of a variety of dyes, Pharmaceuticals, odors, etc.

| The physical properties of a compound may minimize the susceptibility

« , to microorganisms. Crude oil and oil products tend to form insoluble

'* clumps and aggregates, and it has been demonstrated that treatment of

A oil pollution with dispersants increased biodegradation rates(6).

Microorganisms that produce emulsifying factors, as is the case with

• a number of hydrocarbon utilizers, may possibly be used to stimulate

solubilization and biodegradation. The poor turnover of polycyclic

m aromatic hydrocarbons and ferricyanides may also be caused by their

te extreme low solubility in water.

Degradation rates in soils are .dependent on the presence of organisms

I that are able to convert xenobiotic products under the actual

environmental conditions. In contaminated soils, there is often an

i
i
i
i

increase in the number of organisms that degrade particular

pollutants, which results in increased conversion. So, in laboratory

experiments inoculation of soils with bacteria that can degrade the

xenobiotic has been shown to stimulate biodegradation(B). These .
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results were obtained with naturally occurring organisms isolated

from soil samples, with organisms added as activated sludge, and with

genetically altered bacteria. The latter were selected under

conditions that not only allowed mutation and recombination of

genetic material, but also favored the survival of organisms with

increased degradative capabilities.

Genetic engineering of genes involved in the catabolism of

xenobiotics may, therefore, result in organisms capable of completely

degrading compounds previously thought to be inert(9).

6.6 Environmental Factors Affection Biodegradation of Xenobiotics

A number of environmental factors affect the rate of biodegradation:

1. Availability of an electron acceptor such as (molecular) oxygen

2. Levels of degrading microorganisms

3. Water content of the soil

4. Availability of nutrient such as phosphorus and nitrogen

5. Temperature

6. Concentrations of natural organic compounds

7. Presence of toxic compounds

| The absence of oxygen (anaerobiosis) or of another suitable electron

ta acceptor is the main cause of poor biodegradation of organic compounds. In,

fact, major accumulations of organic remains, as found in several natural

• deposits, are generally present at sites where they developed under anaerobic

or oxygen-limited conditions. Biodegradation may also be hindered by a lack

• of other factors that are essential for growth, such as water, phosphorus and

nitrogen.

V Biodegradation of oil in marine waters has, on a small scale, been found

to increase when the oil was seeded with nitrogen and phosphorus containing
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nutrients(6), and the same has been found for oil degradation after

m landfarming. Attempts to stimulate the biodegradation of oil in groundwater

• by injection of nutrients and oxygen have been described(10,6).

A In soils, the availability of organic compounds may be severely decreased

by their absorption to or their embedding within participate or colloidal

• matter. This results in a micro-environment which precludes microbial attack

due to inaccessibility of the substrate, particularly in clay and humus-rich

• soils(5). Absorption, however, may also promote biodegradation when this

m causes the concentration of a compound to fall below the level at which it may

inhibit microbial growth.

• In general, humidification, mixing of the soil and dispersion of the

chemical may stimulate biodegradation rates when poor turnover is caused by

• the inaccessibility of substrates(S).

Inhibition of microorganisms and extracellular enzymes by environmental

m factors may also cause poor decomposition rates. These factors include

m acidity, high salt concentrations, extreme temperatures and the presence of,

.toxic compounds, such as heavy-metal ions.

B Apart from the contaminant, contaminated soils may contain "natural"

organic matter. The latter is known to have both stimulating and inhibiting

| effects on biodegradation.

fc Stimulation is caused by:

™ 1. Supplying an extra carbon source for the development of a population

• of degraders (11,12,13,14);

2. Co-metabolism (or "analogue metabolism") causing the degradation of

• related slowly-degradable compounds(lS);

3. Aiding the induction of relevant enzyme systems (11,16);

|| and inhibition by:

— 1. Competitive inhibition, e.g., by competition for nutrients and growth

• factors(17);
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2. Diauxy leading to the preferential metabolism of easily degradable

compounds(18,ll).

Diauxy, in particular, may play an important role in the unexpected

"persistence" of some xenobiotics.

In microbial decontamination of a particular soil, it is of primary

importance to establish which environmental facts limit biodegradation,

because this enables the choice of an adequate treatment.

6.7 Strategies for Stimulated Biodegradation of Xenobiotics

In order to discuss the application of stimulated biodegradation for the

• clean-up of hazardous wastes and soils that are contaminated with chemicals,

it is necessary to distinguish between current and potential (future)

I strategies. Processes that are currently uses for the biological treatment of

_ chemical and other wastes include:

• 1.. Aerobic or anaerobic digestion in reactors or waste water

• purification plants;

2. Semi-aerobic degradation in lagoons and ponds;

• 3. Aerobic or anaerobic "composting," which is mainly applied for

municipal wastes;

• 4. Landfarming and land application of wastes.

M As to 1.: Aerobic biological treatment is used for the purification of both

• domestic and industrial waste waters. A well-adapted activated sludge is able

• to degrade many compounds such as non-chlorinated solvents, detergents and

quaternary ammonium compounds.

Substances such as chlorinated solvents normally do not degrade(19).

Nondegradable compounds, e.g. heavy metals, which are toxic to microorganisms,

may in higher concentrations inhibit the biodegradation process(20).

Treatment of chemical waste is, therefore, limited to wastes which are soluble
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inhibit biodegradation.

• Anaerobic treatment of waste water is limited to concentrated fermentable

| effluents. Anaerobic dehalogenation is, however, known to occur and may,

therefore, be used as part of a treatment procedure.

•' As to 2.: Treatment of domestic waste in lagoons is applied in ariel regions.

_ As to 3.: Composing is a well-known technique for the treatment of solid

H municipal waste. Decontamination of soil may be carried out in the same way

• (e.g., during temporary storage of excavated soil).

As to 4.: Landfarming operations are promising for the disposal of easily

• degradable wastes. It is often necessary to establish a favorable pH and to

add mineral fertilizers, while frequent tilling may have to be used to

|| increase the availability of oxygen(6,21).

_ AH these techniques rely upon the manipulation of environmental

' conditions in order to stimulate biodegradation, without the,addition of

• defined or selected cultures. Further techniques applicable to solid wastes

and soils may include the following:

• 1. In situ stimulation of biodegradation in soils and underground waters by

alterations of environmental conditions or by application of

| mi c roorgan i sms;

^ 2. Utilization of reactors for the biological detoxification of contaminated

• solid wastes. ;

• As to 1.: Stimulation of the biodegradation capabilities of soils and in

underground waters could possibly involve the injection of oxygen or air to

• obtain aerobic conditions, the injection of microorganisms that are selected

for this purpose, and the administration of water, substrates, growth factors

p and/or an electron acceptor(22). Jamison reported the use of forced aeration

I and nutrient addition to stimulate the in situ biodegradation of gasoline in

groundwater, a process which as been patented(6). ;

-46-i



I
I

As to 2.: The use of bioreactors for the decontamination of solid wastes and

• contaminated soils could be characterized as a biological incineration

process. Mixing and application of air or oxygen can easily be achieved, and

9 if necessary, microorganisms, water and substrates can be added. A process in

•. which total combustion of organics into water and carbon dioxide can be

achieved, with the elimination of substuent halogen, nitrogen and

i
I
i
i
i

sulfur-containing groups would be most advantageous. The energy costs for the

clean-up of solid wastes with a process involving a bioreactor may be

considerably higher than for composting, land disposal or in situ procedures.

However, a reactor process would be easier to control and a high rate of

degradation might be obtainable. Although no experiments with such a reactor

have been reported so far, it is conceivable that the operation could be less

expansive than the current incineration techniques, which are carried out at

high temperature and require large amounts of energy.

| 6.8 Application of Special Microorganisms For The Degradation of Xenobiotics

_ In situations where microbial activity towards polluting chemicals

• occurring in soils is low, it may be beneficial to add microorganisms with the

• required capabilities in the form of activated sludge, mixed cultures or

selected laboratory strains. •

• It has been demonstrated 1n laboratory experiments that the addition of

microorganisms to soils may stimulate the conversion of xenobiotic compounds

i
i
i
i

(23,8,24). Only a few experiments concerning the use of microbial inocula for

biodegradation of oil under field conditions have been reported(b).

However, from the results obtained so far, it can be expected that the

use of laboratory strains for the clean-up of soils contaminated with

recalcitrant pollutants is possible, provided microbial cultures with

sufficient activities can be obtained. Microbial enzymes obtained from
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selected cultures have also been considered for use in procedures such as

pesticide container clean-up and soil-spoil clean-up(25).

Since such laboratory strains with increased degradative capabilities may

• be of great value for clean-up purposes, it is essential to isolate microbial

cultures that are capable of growing on recalcitrant xenobiotic compounds or

I '
of metabolizing hem to harmless products (26,27). , -t

i
i
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SECTION 7

SPECIFIC PROGRAM OUTLINE

7.1 Work Scope

| It is proposed to experimentally investigate, in the laboratory, the

M .potential of a concept for the in situ bioremediation of polycyclic aromatic

™ hydrocarbons (PAH). For example, these PAH's exist in hazardous waste sites

• due to earlier dumping of fossil fuel derived wastes (coal tars) from

manufactured gas ("town gas") plants. Based on recent work with the combined

• thermal (chemical) oxidative pretreatment/anaerobic digestion of fossil fuels,

it is proposed to apply this technological concept to in situ bioremediation

• of fossil fuel derived PAH's. To this end, the following tasks will be

H carried out.

™ Task 1 — Pretreatment of PAH's

B First model PAH's will be selected. Included will be lower polynuclear

aromatics such as naphthalene and anthracene. We will also use selected

• samples of coal tar residues. The pretreatment experiments will be directed

to using aqueous alkali (a slurry of soda ash, i.e., sodium carbonate, will be

V used.) Procedures have been are developed for the pretreatment and this work

• will follow that used by Prof. Wise using fossil fuels. The objective will be

to break down the complex chemical lattice of PAH's to lower molecular weight

• "fragments" (approximately 500 M.W.) i.e., essentially single ring aromatics.

Task2 — Anaerobic Digestion

| Following the work of Task 1, pretreated PAH's will be anaerobically

digested. To this end, cultures of anaerobes, obtained initially from working

• anaerobic sewage sludge digesters, will be used to anaerobically digest the

m pretreated PAH's. The acclimatization of these anaerobes to single ring model

aromatics (for example, benzene carboxylic acid) will also be carried out

• prior to using pretreated PAH's. The objective of this work will be to
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determine the reaction rate kinetics and overall percent conversions of the

pretreated PAH's.

Task 3 — Chemical Analysis

• This is to state that during the course of this work special care will be

given to the appropriate chemical analysis of all materials under

• investigation. While chemical assaying will be carried out throughout this

project, it is identified as a separate task to denote attention to this

I' important aspect of the work.

m Task 4 -- Project Engineering Evaluation

Coupled with the above experimental work will be an engineering

I evaluation of this work as applied to in situ bioremediation. That is,

engineering techniques for thermal (chemical) oxidized pretreatment, such as

• steam invention deep into the waste site, will be considered. Further,

enhancement of anaerobic digestion of a pretreated site will be explored by

• considering augmentation with appropriate microorganisms, nutrients, and

• growth factors. A preliminary engineering cost analysis will be carried out

for this approach to in situ bioremediation.

• Task 5 — Technical Reporting

A comprehensive technical report will be prepared at the conclusion of

| this project. Every attempt will be made to make this report readable to the

wide group of disciplines who will be interest in the results of this project.

In summary the tasks that will be carried out are:

Task 1 — Pretreatment of PAH's

Task 2 — Anaerobic Digestion

Task 3 — Chemical Analysis

Task 4 — Project Engineering Evaluation

Task 5 -- Technical Reporting

A bar chart showing project milestones and project completion times is

given in Figure 7.1. In every result this project is merited.
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Figure 7.1

IN SITU BIOREMEDIATION OF PAH'S

BAR CHART SHOWING PROJECT MILESTONE AND PROJECT COMPLETION TIMES

Months From Inception

TASKS 0 2 4 6 8 10 12 14 16 18 20 22 24

1. Pretreatment of
PAH's xxxxxxxxxxxxxxxxxxxxxxxxxx

2. Anaerobic
Digestion xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

3. Chemical Analysis xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

4. Project Engineering
Evaluation xxxxxxxxxxxxxxxxxxxxxxxxxxxx

5. Technical Reporting A A

-53-



I
I

m

•

I
I

i

SECTION 8

PROJECT MANAGEMENT, RELATED BACKGROUND, AND BUDGET ESTIMATE

8.1 Project Management

This project will be carried out at Northeastern University under the

direction of Donald L, Wise, Ph.D., P.E., Cabot Professor of Chemical•

Engineering. Working with Prof. Wise will be Dr. Frederick C. Blanc,

Professor of Civil Engineering, .and Dr. Scott T. McMillan, Assist. Prof, of

Biochemical Engineering. We will also call upon Dr. Jacquline Piret, Assist.

Prof, of Biology and Or. Thomas R. Gilbert, Assoc. Prof, of Chemistry. All

these professionals have a keen interest in this research topic and are firmly

committed to making this project a success. Graduate students and support

staff complete this project team.

1 8-2 Related Background

Related projects that Dr. Wise Initiated and was responsible for are

| divided into three areas of technology and are summarized as follows:

BYCONVERSION OF AROMATICS DERIVED FROM FOSSIL FUELS
I
• . Peat byconversion to fuel gas: Overall work involved the aqueous

• alkali pretreatment of wet harvested peat followed by methane fermentation.

Initial experimental feasibility studies and preliminary economic projections

• were carried out for Minnesota Gas Company; subsequent development work done

for DoE, Work resulted in several publication. Contact: Dr. Ryszard

| Gajewski, DoE, 301-353-5995 or Dr. Duane Barney, OoE 301-353-3944.

_ . Peat/lignite bioconversion to BTX-type liquid fuel: Under DoE,

• Advanced Energy Projects, work was carried out to produce a BTX-type liquid

• fuel from peat and lignite. The work involved pretreatment followed by a'

novel, suppressed methane fermentation to produce organic acids. The organic

• acids were extracted and converted to liquid fuels by Kolbe electrolysis. A
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I
I number of publications resulted. Contact: Dr: Irving Mender, University of

_ Pittsburgh, 412-624-5281 (Dr. Wender reviewed this work while Director of

i
i
i
i
i
i
i

i
i
i
i

Research, DoE-PETC).

. Lignite and sub-bituminous coal pretreatments: Work was carried out

under sponsorship from both Burlington Norther, Inc. and Electric Power

Research Institute on the pretreatment of lignite and sub-bituminous coal

respectively, with the objective of producing fuels. Contact: A. Dr. Richard

Sandri, 206-469-3854, Burlington Industries, Inc. and B. Dr. Ronald Wolk,

EPRI, 415-855-2000.

. Biorefining of Texas lignite: a major project was carried out,

sponsored by Houston Lighting and Power Company, which included many aspects

of modern biotechnology applied to fossil fuels. Additional specific aspects

of this work are described in this proposal. Contact: Dr. Ernest E. Kern,

HL&P, 713-481-7608.

IN SITU BYCONVERSIONS

Dr. Wise was an early worker in the in situ bioremediation of municipal

solid waste and agricultural residues. Dr. Wise initiated and was responsible

• for the early development work on enhanced fuel gas production from

landfills. Work was sponsored by A. Consolidated Natural Gas Service System,

J Inc, B. Pacific Gas Electric, and C. Southern California Gas Co. He later

extended this work to include "controlled landfilling" of agricultural

• residues. In this area Dr. Wise has traveled to Pakistan and Senegal for the

• United Nations and recently coordinated ten research projects in ten countries

for the U.S. Agency for International Development (A.I.D.), dealing with

enhanced in situ fuel gas production and treatment of combined organic

wastes. Dr. Wise has published numerous technical articles and edited

reference texts in this topical area. Contact: A. Dr. Ralph Hise, V.P.

Research, CNG, 216-421-2731; B. Mr. Max Blanchett, PG&E, 415,781-4211; and C.

Dr. Erwin Asher, U.S. AID, 703-235-3666.
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I
I ENVIRONMENTAL BIOSYSTEMS PROJECTS

A number of closely-related projects which Dr. Wise has been responsible

for are as follows:

. Environmental Diagnostics: Dr. Wise initiated a project with the U.S.

Army Medical R&D Command to develop immunologically-based diagnostic tests

suitable for in-field testing. The concern was the rapid identification of

selected (toxic) biological and chemical agents that an insidious foe might

use. Immunodiagnostic testing was believed to be the most specific and

sensitive manner of detecting such agents in pond water, on leaves, in the

soil, etc. The testing systems developed revealed the tremendous potential

for modern 1mmunod1agnostics, not just in the medical world, but in many

environmental situations. Contact: Dr. David Robinson, Colonel, USAMRDC,

301-663-7661.

. Controlled Release Systems: Dr. Wise initiated and was responsible

for a program for evaluating the potential for long-acting, slowly releasing

herbicides. The use of herbicides was only a model of one biologically active

material that may be slowly released into the environment {nutrients for

microbial growth, enzymes and even whole cells may be so regulated or

"controlled"}. This particular work on herbicides was tested at the U.S.

Dept. of Agriculture and a publication resulted. Dr. Wise has published

numerous articles on controlled release and has edited reference texts in this

area. Contact: Dr. Robert S. Langer, M.I.T., 617-253-3107.

In summary. Dr. Wise is uniquely well-qualified to be responsible for

carrying out this overall project.
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I 8.3 Budget

_ Due to the nature of this project it is best to carry it out In keeping

B with other sponsored research programs at Northeastern University. On this

• basis it is estimated that the following detailed budget will be required to

carry out the work proposed. Please direct any questions to Prof. Donald L.

I Wise. (617-437-2952).
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BUDGET ESTIMATE

IN SITU BIOREMEDIATION OF PAH ' s

I. Total Program Cost

Personnel Academic Year Summer

Professors:
Donald L. Wise, Ph.D. 20% of 3 quarters
Principal Investigator 4 weeks

Fred C. Blanc, Ph.D. 5% of 3 quarters
1 week

Jacqueline M. Piret, Ph.D. 5% of 3 quarters
1 week

Thomas R. Gilbert, Ph.D. 5% of 3 quarters
1 week

Scott T. McMillan, Ph.D. 5% of 3 quarters
1 week

Graduate students (2) 50% of 3 quarters 100%

Co-op students 500 hours @ $10.00 hr

Student assistants (2) 500 hours @ $9.00 hr

Total salaries and wages
Fringe benefits @ 20%

Total salaries, wages & fringe benefits

Supplies
Chemical reagents
Biological reagents
Laboratory glassware, expendable

Computer use (for data reduction/correlation)

Other costs
Printing, copying, telephone

office supplies

Total costs
Indirect costs @ 60%

Total project funding required
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1st
Year

$ 12,984
7,200

2,424
1,235

1,666
855

2,012
1,032

2,014
1,000

25,000

5,000

9.000

71,422
14.284

85,706

2,000
2,000
2.000

6,000

2,500

1,000

95,206
57,124

152,330

2nd
Year

$ 13,763
7,200

2,570
1,310

1,766
905

2,133
1,095

2,135
1,050

26,500

5,000

9.000

74,427
14.885

89,312

2,000
2,000
2.000

6,000

2,500

1.000
"

98,812
59,287

158,099
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II. Less University Participation

Personnel Academic Year

Professors
Donald L. Wise, Ph.D. 20% of 3 quarters
Fred C. Blanc, Ph.D. 5% of 3 quarters
Jacqueline M. Piret, Ph.D. 5% of 3 quarters
Thomas R. Gilbert, Ph.D. 5% of 3 quarters
Scott T. McMillan, Ph.D. 5% of 3 quarters

Student assistants (2) 500 hours @ $9.00 hr

Total salaries and wages
Fringe benefits @ 20%

Total salaries, wages & fringe
benefits

Computer use (for data reduction/
correlation)

Total costs (univ. part.)
Indirect costs @ 60%

Total university participation

(% of total)

III. TOTAL FUNDING REQUESTED

•
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1st 2nd
Year Year

$ 12,984 $ 13,763
2,424 2,570
1,666 1,766
2,012 2,133
2,014 2,135

9,000 9.000

30,100 31,367
6,020 6.273

36,120 37,640

2,500 2.500

38,620 40,140
23.172 24,084

61.792 64,224

41% 41%

i 90.538 1 93r875

-
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