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PREFACE 

ioremediation: Applied Microbial Solutions for Real- World Environmental B Cleanup, as the title implies, describes the environmental applications of 
microorganisms to remediate contaminated soils and waters. Written for both 
academics and practitioners, the book provides detailed knowledge of bio- 
remediation research and real-world applicability of that knowledge. The book 
makes much use of “how to” information, covering how to bioremediate from 
site assessment to project closure. It provides a truly international perspective, 
balancing American (United States) and European (largely United Kingdom) 
coverage and showing the challenges facing bioremediation under differing 
regulatory frameworks and against differing histories of environmental aware- 
ness and public demands for remedation. It provides contemporary examples 
of the application of bioremediation and establishes the needs for future research 
and development efforts. 

Bioremediation, as defined by the U S .  Office of Management and Budget, 
involves techniques using biological processes to treat contaminated soil or 
groundwater. It is a field that combines basic microbiology, advanced biotech- 
nology, and environmental engineering and does so within the context of 
public demands for clean waters and soils, evolving risk-based regulatory frame- 
works that govern performance criteria, and public concerns about microorgan- 
isms-especially the deliberate release of genetically modified microorganisms 
into the environment. Thus, bioremediation still is a developing field, one that 
will be driven by scientific and technological developments, as well as public 
policy developments. 

Although still considered an innovative technique by the U.S. Environmen- 
tal Protection Agency, bioremedation is increasingly being used to treat con- 
taminated soils and waters. As it is an innovative technology, there is great 
interest in research and development as well as actual applications. This volume 
describes both the bioremedation technologies being applied and those being 
developed. Thus, it is relevant to industrial engineers and managers who must 

ix 
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apply technologies today to remove pollutants from contaminated soils and 
waters and to academic researchers whose efforts will develop future bioremedi- 
ation technologies that can be applied for cost-effective cleanup efforts. 

Bioremediation begins by defining the role of bioremediation in solving envi- 
ronmental contamination problems-providmg an overview of the scientific 
underpinnings of bioremediation, as well as the practical considerations for 
applying bioremediation to the real-world problem of environmental contami- 
nation. Here, the biodegradative capacities of microorganisms upon which the 
success of bioremediation rests are highlighted. 

The next chapters cover the more practical challenges of bioremelation, 
from risk-based design criteria, to the legal/regulatory frameworks that are 
the drivers of environmental remediation, to the engineering approaches for 
modeling bioremedation projects. The breadth of scientific and engineering 
principles presented reflects the complexities of applying biotechnological solu- 
tions for environmental problems. Risk assessment and risk reduction are critical 
considerations in establishing the need for remelation and the applicability of 
bioremediation. Awareness of the interactions between the legal, scientific, and 
engineering communities is essential for the successful use of bioremediation. 
We draw attention to the differences in regulatory frameworks between the 
United States and the United Kingdom since the regulatory requirements serve 
as drivers for the technological needs of remediation projects. 

A knowledge of the basic principles of the legal requirements is essential for 
understanding how and when bioremediation can be applied for the restoration 
of contaminated soils and waters. When contaminated sites undergo remedia- 
tion, there is a clear requirement to protect the environment while ensuring 
that risks to human health and the environment are minimized. Modeling 
provides a way of assessing the critical parameters that impact bioremediation 
and predicting the likelihood of successfully meeting established performance 
criteria. Effective design of a bioremediation project necessitates the integration 
of interdisciplinary knowledge developed by microbiologists, geochemists, hy- 
drogeologists, mathematicians, and engineers. 

Once the real-world needs and scientific, legal, and engineering challenges 
for bioremelation have been established, the actual applications of bioremedia- 
tion are explored. Through extensive use of practical examples where bio- 
remelation has been applied, a balanced international perspective on the appli- 
cability ofbioremediation is provided. The varied approaches to bioremediation 
are described: in situ or ex situ methods and ones which may involve biostimu- 
lation, i.e., stimulating microbial activities by optimizing environmental condi- 
tions, eg., by adding nutrients or oxygen to increase the rates ofbiodegradation; 
bioaugmentation, i.e., adding microorganisms to increase the diversity of mi- 
croorganisms capable of biodegradmg the contaminants; or natural monitored 
attenuation, i.e., monitoring the natural biodegradative activities to see that 
removal of the contaminants occurs at rates needed to meet targets set to reduce 
risk to human health and the environment. Perspectives for each approach are 
included, highlighting achievements and lscussing limitations that establish 
the needs for future research and development efforts. The book covers the 
range of environmental contamination problems for which bioremediation can 
be and has been applied-from organic contamination of soil and groundwater 
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with a myriad of compounds ranging from chlorinated solvents to plastics, to 
marine oil spas, to soils contaminated with metals and radionuclides. 

A wide range of examples of successful employment of bioremediation are 
presented. The importance of monitoring is established, and a number of meth- 
ods for monitoring the chemical disappearance of contaminants and the activi- 
ties of microorganisms in bioremediation are described. The monitoring tools 
needed to manage and to design more effective bioremediation technologies are 
explained. Finally, the applications of biotechnology for clean environmental 
products and processes, effectively defining the field of preemptive bioremela- 
tion, are depicted. In this context, biotechnology holds great promise for future 
environmental applications. As highhghted throughout this book, to be success- 
ful, bioremediation must be economically and technically competitive with 
other physical and chemical remediation technologies. Establishing competitive 
costs for environmental managers, efficacy for regulators, and predictability for 
engineers will be key in the ability of bioremediation to become more signifi- 
cant in the highly competitive remelation industry. Bioremediation is still 
very much an evolving technology; there is a need for more research and 
development to identify and overcome the limitations and a real need to estab- 
lish a critical dialogue among scientists, engineers, and environmental managers 
to ensure that discoveries in the laboratory can be successfully applied in the 
field. As the real-world applications of bioremelation continue to expand, so 
will the examples of specific successful approaches and the value of our work. 

RONALD M. ATLAS, Louisville, Kentucky 
JIM C. PHILP, Edinburgh, Scotland 
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ENVIRONMENTAL POLLUTION AND 
RESTORATION: A ROLE FOR 

BIOREMEDIATION 

Jim C. Philp, Selina M. Barnforth, Ian Singleton, and 
Ronald M. Atlas 

BIOREMEDIATION AND ITS PLACE 
IN THE WORLD 
The past century witnessed a vast increase in 
global pollution. Industrial development, pop- 
ulation growth, urbanization, and a disregard 
for the environmental consequences of releas- 
ing chemicals into the environment all contrib- 
uted to the modern pollution situation. A huge 
range of industries, includmg most notably the 
oil and gas industry, contributed to the prob- 
lem (Table 1.1). There was a large increase in 
the diversity of organic compounds that are in- 
dustrially produced and which were carelessly 
released into the environment. Consequently, 
in the natural environment today there are nu- 
merous chemical contaminants, which are 
toxic to biological systems, that have originated 
from both natural (biogenic and geochemical) 
and anthropogenic sources. 

Since the 1970s (post-Rachel Carson’s Silent 
Spring era), there have been a public demand 

Jim C. Phi@, Department ofBiologicd Sciences, Napier Uni- 
versity, Merchiston Campus, 10 Colinton Rd., Edinburgh 
EHlO 50T, Scotland, United Kingdom. Selina Barnforth, 
School of Civil Engineering and Geosciences, University of 
Newcastle-upon-Tyne, and Ian Singleton, School of Biology, 
University of Newcastle-upon-Tyne, Newcastle-upon-Tyne 
NEI 7RU, United Kingdom. Ronald M. Atlas, Graduate 
School, University of Louisville, Louisville, KY 40292. 

for environmental practices that reduce pollu- 
tion and a growing demand for restoration of 
contaminated sites. Protecting human health 
and the environment from industrial pollution 
is a societal mandate today. Given the toxicity 
and environmental concerns associated with 
chemical pollutants, much effort has been di- 
rected towards ways in which diverse contami- 
nants can be removed from ecosystems. These 
techniques vary from simple physical removal 
(e.g., landfill) to more expensive treatments 
such as incineration. Often these treatments do 
not remove the contaminant or may leave be- 
hind a toxic residue which has to be hsposed 
of in other ways. The ability of microbes to 
degrade organic contaminants into harmless 
constituents has been explored as a means to 
biologically treat contaminated environments; 
today, it is the subject ofmany research investi- 
gations and real-world applications-it is the 
basis for the emergent field of bioremediation. 

The process of bioremediation, defined as 
the use of microorganisms to detoxifjr or re- 
move pollutants, which relies upon microbial 
enzymatic activities to transform or degrade the 
offendmg contaminants, is an evolving method 
for the removal and destruction of many envi- 
ronmental pollutants. Bioremediation, espe- 
cially when it can be carried out in situ, is a cost- 
effective means of removing many chemical 

Bioremediation: Applied Microbial Solutions for Real- World Environmental Cleanup 
Edited by Ronald M. Atlas and Jim C. Philp 0 2005 ASM Press, Washington, D.C 
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TABLE 1.1 
uses and capacity for soil contamination" 

Land use and category 
of contamination contamination* 

Categories of major industrial land 

TYPe(4 of 

Category 1: high 
Hazardous waste treatment . . . . . . . . . . . .  0 ,  I 
Fine chemicals . . . . . . . . . . . . . . . . . . . . .  0 
Coal gasification. . . . . . . . . . . . . . . . . . . .  0 ,  I 
Integrated iron and steel . . . . . . . . . . . . . .  0 ,  I 
Oil refining and petrochemical . . . . . . . . .  0, I 
Pesticides.. . . . . . . . . . . . . . . . . . . . . . .  . O  
Scrap yards . . . . . . . . . . . . . . . . . . . . . . . .  0, I 
Pharmaceutical. . . . . . . . . . . . . . . . . . . . .  0 

Category 2: moderate 
Fertilizer production . . . . . . . . . . . . . . . . .  I 
Wood preservatives . . . . . . . . . . . . . . . . .  0 
Electrical equipment . . . . . . . . . . . . . . . . .  0 
Minerals.. . . . . . . . . . . . . . . . . . . . . . . .  I 
Power stations . . . . . . . . . . . . . . . . . . . . .  I 

Tires . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 , 1  
Pulp and paper. . . . . . . . . . . . . . . . . . . .  0 
Tanneries . . . . . . . . . . . . . . . . . . . . . . . .  0 , 1  

. . . . . . . . . . . . . . . . . . . . . .  Shipbuilding 0 ,  I 

Category 3: low 
Animal processing. . . . . . . . . . . . . . . . . .  0 
Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 
Printing.. . . . . . . . . . . . . . . . . . . . . . . .  0 
Airports.. . . . . . . . . . . . . . . . . . . . . . . . .  0 
Railways.. . . . . . . . . . . . . . . . . . . . . . . .  0 
Dry cleaners. . . . . . . . . . . . . . . . . . . . . . .  0 

Adapted from the work ofYoung et al. (146) 
0, organic; I, inorganic. 

pollutants that adversely impact human health 
or environmental quality. It is an acceleration of 
the natural fate of biodegradable pollutants and 
hence a natural or "green" solution to the prob- 
lem of environmental pollutants that causes 
minimal, if any, additional ecological impacts. 
The end products of effective bioremediation, 
such as water and carbon dioxide, are nontoxic 
and can be accommodated without harm to the 
environment and living organisms. 

Although bioremediation has been uthzed 
for decades, this technology is still considered 
an innovative technique by the US. Environ- 
mental Protection Agency (EPA). Whereas bi- 
ological treatments of human and animal wastes 
(sewage treatment and composting) are widely 

employed, bioremehation currently comprises 
only 10 to 15% of all remehation methods 
used for the treatment of contaminated soils 
and groundwaters in the United States; reliance 
on the microbial capacity to biodegrade pollu- 
tants lags behind use of the physical treatments, 
namely, incineration, thermal desorption, and 
solidification. One of the major reasons for the 
reluctance to rely on bioremediation has been 
the difficulty in establishing engineering pa- 
rameters that ensure reliability. However, with 
greater understanding of microbial diversity 
and the development of bioengineering, bio- 
remehation is taking its place as a cost-effective 
technique in integrated environmental restora- 
tion efforts. 

Recognizing the economic and environ- 
mental benefits of bioremediation, the Or- 
ganization for Economic Co-operation and 
Development (OECD) estimated that the 
growth of bioremediation would be from $40 
billion per year in 1990 to over $75 billion at 
the current time (97). Others have also esti- 
mated significant growth in the bioremediation 
market in North America and Europe (Table 
1.2). According to a report from the McIlvaine 
Company (news release, 1998 [http://www. 
mcilvainecompany.com/news]), the popular- 
ity of soil incineration and groundwater pump- 
and-treat techniques is waning while that of 
bioremediation is increasing. The authors esti- 
mated that by 2002 world annual expenditures 

TABLE 1.2 World bioremediation markets 
1994-2000" 

Market 
US. $ (millions) 

1994 1997 2000 

United States 
Europe 

Germany 
The Netherlands 
Scandinavia 
United Kingdom 
Other 

Canada 

160-450 
105-175 
70-100 
10-20 
10-20 
5-1 0 

10-25 
15-35 

225-325 
180-300 
100-150 
15-35 
15-35 

7.5-20 
42.5-60 

30-50 

375-600 
375-600 
250-350 
30-60 
30-60 
15-30 
50-100 
50-100 

a Sourre: Tata Energy Research Institute (ht tp: / /ww. 
cleantechindia.com/eicnew/successstories/oil.htm). 
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TABLE 1.3 Economics of bioremediation" 

Range of cost of remediation 
($US/ton of soil) 

Method 

Incineration.. . . . . . . . . . . . . . . .  400-1,200 
Washing. . . . . . . . . . . . . . . . . . . .  200-300 
Bioremediation . . . . . . . . . . . . . . . .  20-200 

(I Source: Tata Energy Research Institute (http://www. 
cleantechindia.com/eicnew/successstories/oil.htm). 

for soil and groundwater cleanup using bior- 
emediation techniques would increase to $1.1 
billion, up from $870 million in 1997. Asian 
expenditures were expected to grow h-om 
$200 million in 1997 to over $300 &on in 
2002. Yet despite the growth in biological 
treatments, the market share remains relatively 
low-well under 10% of the $25 bdlion site 
remediation market. The largest application of 
bioremediation is for cleanup of landfills and 
hazardous waste dumpsites. In the United 
States, military applications rank second, 
whereas in the Europe-Mica segment and in 
Asia petroleum-contaminated sites are the sec- 
ond largest application. 

Bioremediation tends to be an attractive 
technology because its use to remove pollutants 
involves relatively little capital outlay and be- 
cause it can be inexpensive compared to physical 
methods such as incineration for decontaminat- 
ing the environment (Tables 1.3 and 1.4); as wit- 
nessed in the Exxon Valdez oil spa, in which 
simple washing of oiled rocks with water was 

TABLE 1.4 
techniques" 

Typical costs of land remediation 

Remediation technique Cost ($US/m3) 

Thermal treatment . . . . . . . . . . . . . . . . . .  178-715 

Excavation and disposal . . . . . . . . . . . . . . .  53-134 
Soil washing. . . . . . . . . . . . . . . . . . . . . . .  .26-71 
Engineering capping . . . . . . . . . . . . . . . . . .  26-62 
Encapsulation with geomembranes . . . . . . .  71-107 
Solidification/stabization. . . . . . . . . . . . .  17-178 
In situ chemical oxidation. . . . . . . . . . . . .  71-152 
Bioremediation . . . . . . . . . . . . . . . . . . . . . .  2-268 

(on-site incineration) 

Source: MSI Marketing Research for Industry (92). 

costingover$l million per day, physicalcleanup 
can be extraordinarily expensive, whereas bio- 
remediation of hundreds of miles of shoreline 
was accomplished for less than $1 million. The 
vast and &verse metabolic capacities ofnaturally 
occurring microorganisms (both bacteria and 
fungi-which can be harnessed for degrada- 
tion of pollutants, the potential creation of ge- 
netically engineered bacteria by modern bio- 
technology, and the rapid development of 
bioengineering as a reliable field for application 
to environmental problems-mean that there is 
great promise for future development of bio- 
remediation technologies. 

THE EVOLUTION OF 
BIOREMEDIATION 
Microorganisms, especially bacteria, have bene- 
fited from time, evolving into many types with 
exceedingly &verse metabolic capabilities 
which can be utilized in bioremediation. Bacte- 
ria have existed on the planet for perhaps 3 bil- 
lion years or so. Given their small size, large sur- 
face-to-volume ratio, very high rate of growth 
and &vision, and genome plasticity, bacteria 
evolve quickly. Yet it is only within approxi- 
mately the last century that a vast array of 
synthetic chemicals which appear to have no 
natural counterparts have become common en- 
vironmental pollutants, e.g., pesticides, herbi- 
cides, biocides, detergents, and halogenated sol- 
vents. That the biosphere has not been 
catastrophically polluted by these chemicals is 
testimony to the ability ofthe bacteria to evolve. 
These ideas were formalized by Alexander (4) as 
the principle ofmicrobial infallibility, that is, the 
principle that no natural organic compound is 
totally resistant to biodegradation provided that 
environmental conditions are favorable. Given 
that most synthetic compounds are very similar 
to naturally occurring counterparts, it is not sur- 
prising that they can be biodegraded by micro- 
bial metabolism. Some xenobiotic (man-made) 
compounds have molecular structures that are 
not readily recognized by existing degradative 
enzymes; such compounds resist biodegrada- 
tion or are metabolized incompletely, with the 
result that some xenobiotic compounds accu- 
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mulate in the environment. However, the find- 
ing that some naturally halogenated compounds 
do exist and indeed are microbially produced 
(96) means that there is further potential scope 
for harnessing the abdity of microbes to trans- 
form such xenobiotics. 

THE NEED FOR BIOREMEDIATION 
The major reasons for the control of water and 
soil pollution and the consideration of biore- 
mediation are first and foremost, public health 
concerns; second, environmental conservation; 
and finally, the cost of decontamination. Clean 
water is essential to agriculture and industry, 
and for most countries water is a finite resource 
which has to be kept free ofpollutants. Mainte- 
nance of safe potable water supplies is a major 
health concern around the world. The argu- 
ments for uncontaminated soil are similar; even 
countries with very large areas of land tend to 
have their development concentrated in cer- 
tain places. Having land so contaminated that 
it cannot be developed in those areas is a real 
financial and developmental burden. For many 
of the industrial and industrializing nations, 
space is at a premium. Also, there are docu- 
mented cases in which contamination has 
caused public health problems (e.g., see the dis- 
cussion of Minamata disease below). Contami- 
nated land can also become a contaminated 
water problem if the contamination migrates 
to groundwater. For many countries, ground- 
water is a major source of drinking water. 
When the pollution traverses national bounda- 
ries, the issues become political. All of this 
speaks to the critical need for cost-effective 
technologies, such as bioremehation, to help 
remove environmental contaminants. 

The petroleum industry is a major contribu- 
tor oforganic contamination to the natural envi- 
ronment, releasing hydrocarbon contaminants 
into the environment in a number of ways. Se- 
vere subsurface pollution of soils and water can 
occur via the leakage of underground storage 
tanks and pipelines, spills at production wells 
and distribution terminals, and seepage from 
gasworks sites during coke production. See- 
pages of gasoline &om underground storage 

tanks have caused widespread soil and aquifer 
contamination, threatening the safety ofvarious 
potable water supplies. Polycyclic aromatic hy- 
drocarbons (PAHs), dioxins, and dibenzofurans 
formed during the incomplete combustion of 
organic materials such as coal, diesel, wood, and 
vegetation are major airborne contaminants; 
these complex and sometimes carcinogenic 
compounds ultimately are deposited from the 
air and contaminate terrestrial and aquatic sys- 
tems. Oil spills, such as the 1967 Towey Cunyon 
spill in the English Channel, the 1978 Amoco 
Cudiz oil spill off the coast of Brittany, and the 
1989 Exxon Vuldez oil spill in Prince William 
Sound, Alaska, have the potential to cause major 
marine ecosystem damage. 

The complex and diverse range of petro- 
leum-derived organic compounds released 
from such spillages is of major environmental 
concern. These consist of aliphatic (e.g., al- 
kanes and alkenes) and aromatic (e.g., benzene, 
toluene, ethylbenzene, and xylene [BTEX]) 
hydrocarbons and PAHs. Chemicals synthe- 
sized from petroleum products and other man- 
ufacturing processes such as polychlorinated bi- 
phenyls (PCBs), polychlorinated dioxins, and 
s-triazines are equally as recalcitrant in the nat- 
ural environment as their precursors, if not 
more so, since they are foreign to biological 
systems. These man-made chemicals (xenobi- 
otics) are of particular concern because of their 
environmental persistence and potential toxic- 
ity and carcinogenicity. 

The town gas industry, which utilized the 
coal gasification process for production of mu- 
nicipal gas supplies, is a good example of a pol- 
luting industry. Before the widespread use of 
natural gas, coal gasification was used from 
about the 1850s to the 1970s throughout Eu- 
rope and the United States to produce gas for 
towns and cities. During the entire history of 
its use, there was virtually no concern over 
contaminated land. Disposal of the contami- 
nants was often careless. As a result, it produced 
widespread unchecked environmental con- 
tamination. The contaminants from the town 
gas industry are readily recognizable at many 
sites today; the locations within cities of the 
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plants are well documented, and in many cases 
the buildings where coal gasification was car- 
ried out still exist. There are more than 1,500 
such sites in the United States (60), and the 
United Kingdom has around 1,000 former gas- 
works and associated sites, representing some 
7,000 acres of land and a history of almost two 
centuries of production (93); others are present 
throughout Europe. The residues from coal 
gasification consist of coal tars, which are com- 
posed primarily of PAHs (42). They also con- 
tain phenolic materials, the volatile organics of 
the aromatic hydrocarbons BTEX, and a range 
of toxic heavy metals and cyanide. Tradition- 
ally, these residues were buried on-site or left 
in the bottom of gas holders. Today they re- 
main as environmental contaminants in need 
of site remediation. 

Agricultural industries are also major sources 
of organic contamination to terrestrial and 
aquatic ecosystems. Agricultural practices 
which involve regular applications of pesti- 
cides, such as the phenylamides (e.g., s-tri- 
azines) and organochlorines, to increase crop 
yields result in the introduction into the envi- 
ronment of persistent contaminants that can 
cause health and ecological problems. Fertilizer 
applications also result in major contamination 
of surface water and groundwater from agricul- 
tural runoff. Phosphate runoff can cause signifi- 
cant eutrophication of lakes, and nitrate and 
nitrite seepage into groundwater is a human 
health threat; nitrate and nitrite contamination 
in the agricultural heartland of the United 
States, for example, is toxic to newborns, 
sometimes resulting in casualties. The non- 
point pollution from agricultural runoff can 
cause widespread environmental problems. 

As part of the 1977 Amendments to the 
Clean Water Act, the U.S. EPA developed a 
list of the common industrial pollutants that 
pose an imminent threat to public health and 
the environment. The list contains 114 organic 
compounds and 13 metals out of a total of 129 
pollutants which have become known as the 
priority pollutants. These priority pollutants, 
along with petroleum, have become the main 
focus of emerging remediation technologies. 

The major criteria used in selecting priority 
pollutants are as follows (50). 

1. Human toxicity: 
(a) systemic toxicity (acute and chronic 

(b) carcinogenicity and genotoxicity, 
(c) reproductive and developmental ef- 

(d) neurobehavioral toxicity, and 
(e) local effects (e.g., irritation). 

effects), 

fects, 

2. Likely presence in significant concentra- 
tions on land affected by post- or current indus- 
trial use. 

3. Toxicity in plants and animals. 
4. Potential for bioaccumulation and bio- 

5. Mobility in the environment (e.g., sta- 

6. Environmental persistence. 
7. Potential to explode or ignite. 
8. Potential for damage to buildings. 
Priority pollutants in the environment pose 

a number of hazards (Table 1.5), not only to 

magnification. 

bility, volatilization). 

TABLE 1.5 
affected 

Some effects ofpollution and those 

Effect The affected" 

Cancer . . . . . . . . . . . . . . . . . . .  Humans 

Heart disease. . . . . . . . . . . . . .  Humans 

Teratogenic effects . . . . . . .  

Lung disease . . . . . . . . . . . . . .  .Humans 

Hypertension . . . . . . . . . . .  

Reproductive effects . . . . . . . .  Humans 
Allergy.. . . . . . . . . . . . . . . . .  Humans 

Acute toxicity (immehate) . . . .  Humans, environment 
Chronic toxicity (delayed) . . . .  .Humans, environment 
Neurotoxicity . . . . . . . . . . . . .  .Humans, environment 
Biodiversity loss . . . . . . . . . . . .  Environment 

Eutrophication . . . . . . . . . . . . .  Environment 
Deoxygenation . . . . . . . . . . . .  .Environment 
Explosion . .  .Humans, infrastructure 
Fire . . . . . . . . . . . . . . . . . . . . .  Humans, environment, 

Corrosion . . . . . . . . . . . . . . . .  Infrastructure 
Radiation . . . . . . . . . . . . . . . .  Humans, environment 

Biomagnification . . Humans, environment 

Phytotoxicity . . . . . . . . . . .  
Zootoxicity . . . . . . . . . . . .  

infrastructure 

a Environment, effects on animals, plants, and the ecosphere; 
infrastructure, effects on human-made objects. 
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people (direct human toxicity), but also to flora 
and fiauna (ecotoxicity). With regard to human 
hazards, the risk normally is to a restricted group 
that may be exposed hrectly to the contami- 
nants in sufficient concentrations to do harm. 
Accidents such as at Chernobyl, for example, 
pose an extremely high risk to the localizedpop- 
ulation that may be exposed to high levels of 
contaminants but a substantially lower risk to 
other, distant populations; this is characteristic 
of most pollutants where the significant impacts 
and health risks are highly localized. This focuses 
concern on specific contaminated sites and on 
sources of environmental pollutants that may 
spread contaminants more widely, thereby po- 
tentially impacting additional populations. Ac- 
cordingly, bioremediation is most often used for 
site remediation and is especially useful when it 
can be applied in situ to reduce further environ- 
mental contamination. 

REDUCTION OF TOXICITY 
A major aim ofbioremehation, or any other re- 
mediation technology, must be the reduction of 
toxicity associated with the environmental con- 
taminant, that is, the abatement of environmen- 
tal impact. When the application ofbioremedia- 
tion is considered, one aim must be to minimize 
exposure to hazardous materials, thereby reduc- 
ing toxicity. To study and compare toxic effects, 
there must be quantifiable effects (responses). It 
is necessary to hstinguish between exposure and 
dose. Exposure is the concentration of the 
chemical in the air, water, or soil to which the 
test organism is exposed. Dosage is a more pre- 
cise term, as it incorporates dose and frequency 
and duration of dosing. Increasing the concen- 
tration ofa chemicalin a toxicity test, or increas- 
ing the dose of the toxicant, produces a sigmoi- 
dal curve (Fig. l.l), from which numbers 
relating to toxicity can be calculated. Central to 
considering the impact of chemical contami- 
nants and the need for remediation is the dose- 
response relationship, which takes into account 
the potential exposure to the contaminant and 
the severity of the effect of such exposure. Site 
and risk assessment must account for toxicity 

response C u m d a t i I I  (“h) /- 
1 5 l o  20 30 

Dose (mg kg-’) or 
aqueous concentration (mg 1-l) 

FIGURE 1.1 Cumulative dose-response curve in a 
lethality test. The typical curve is sigmoidal, and several 
important parameters can be derived from it. Probably 
the most widely used is the EC50. 

of contaminants and possible environmental 
spread and human exposure. 

Some of the most commonly encountered 
parameters used to describe toxicity are as fol- 
lows: LCS0, the concentration producing 50% 
mortahty in test organisms; LD50, the dose pro- 
ducing 50% mortality in test organisms; IC50, 
the concentration at which 50% of growth or 
activity is inhibited; ECs0, concentration at 
which 50% of the predicted effect is observed; 
LOEC, the lowest-observable-effect concen- 
tration, i.e., the concentrationatwhich the low- 
est effect is seen; and NOEC, the no-observa- 
ble-effect concentration, i.e., the maximum 
concentration at which no effect is observed. 

Human and Animal Toxicity 
The most convenient measure of human and 
animal toxicity historically has been mortality. 
Mortality tests are usually performed over very 
short periods, typically 96 h, and are thus 
known as acute tests, the endpoints being 
death, immobility, or cessation of growth or 
cellular functions. Acute toxicity normally re- 
fers to lethality as a result of exposure to a high 
concentration of a toxicant for a short period 
(thankfully not the typical concern of environ- 
mental pollution). Measurement of mortality 
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with increasing concentrations of chemicals 
produces robust data that can be used to com- 
pare the toxicity of a wide range of chemicals 
without a need for knowledge of the underly- 
ing mechanisms of toxicity. Such data can also 
be used for risk assessment purposes. Table 1.6 
gives toxicity data taken from the Me& Index 
(28) for a few pollutants to illustrate the range 
of toxic responses possible. 

Although environmental contaminants can 
pose acute health risks, the concerns normally 
associated with contaminated land and water 
are with long-term effects. There are relatively 
few instances, typically ones associated with 
catastrophic events, in which one or more 
deaths occur immediately as a result of envi- 
ronmental pollution. As the science of toxicol- 
ogy has evolved, there has been increasing in- 
terest in sublethal responses associated with 
long-term exposure. With reference to con- 
taminated land, water, and air, these sublethal 
responses are of more relevance. It is highly 
unlikely that humans will be exposed to con- 
centrations of pollutants that will cause imme- 
diate death, although this is a situation fre- 

quently encountered by aquatic organisms. 
The long-term exposure to low levels of pollu- 
tants may have a deleterious effect not observed 
in an acute test, e.g., cancers from exposure 
to benzene or reproductive impairment from 
exposure to estrogen mimetics. This has led 
to the emergence of nonlethal toxicity tests, 
known as chronic tests. The test methodologies 
for chronic tests are highly variable and compli- 
cated; they must, for example, take into ac- 
count the whole life cycle of the test organism. 

Chronic toxicity refers to exposure to a low 
dose over a long period. Chronic toxicity, al- 
though not necessarily incurring death, can re- 
sult in long-term debilitation of some form. 
Attempts have been made to quantift these 
long-term effects. Based on the average life 
span of a human, the correspondmg exposures 
are acute if the exposure is for 1 day, sub- 
chronic if exposure is for 2 weeks to 7 years, 
and chronic if exposure is for more than 7 years 
(137). Bioremediation solutions can be used to 
reduce the impacts of environmental persis- 
tence of contaminants and thus to alleviate 
problems associated with chronic toxicity. 

TABLE 1.6 Some toxic responses to common pollutants" 

Compound Toxicity (LD50 in rats)b Human toxicity and effects 

Benzene 3.8 ml/kg 

PCP 

Phenol 

TCDD 

146 mg/kg 

530 mg/kg 

0.045 mg/kg 

Acute (from ingestion or inhalation): irritation of mucous membranes, 
restlessness, convulsions, excitement, depression. Death may follow 
from respiratory failure. Chronic: bone marrow depression and apla- 
sia, rarely leukemia. Harmful amounts may be absorbed through 
skin. Benzene has been listed as a known carcinogen. 

Ingestion causes increase, then decrease, of respiration, blood pressure, 
urinary output; fever; increased bowel action; motor weakness; col- 
lapse with convulsions and death. Causes lung, liver, and kidney 
damage, contact dermatitis. 

Ingestion of even small amounts may cause nausea, vomiting, circulatory 
collapse, tachypnea, paralysis, convulsions, coma, greenish or smoky- 
colored urine, necrosis of the mouth and gastrointestinal tract, 
ictems, death from respiratory failure, sometimes cardiac arrest. Av- 
erage fatal dose is 15 g. Fatal poisoning may also occur by absorption 
following application to large areas. 

Extremely potent, low-molecular-weight toxin. Toxic effects in ani- 
mals include anorexia, severe weight loss, hepatotoxicity, chloracne, 
teratogenicity, and delayed death. May reasonably be anticipated to 
be a carcinogen. 

From the Merck Index (28). 
Benzene was tested on young rats; the other compounds were tested on adult rats. 
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Most chronic tests rely upon the measurement 
of growth, which is an important indicator of 
the fitness of the individual. Growth alone, 
though, may be an inadequate measure, and a 
number of other measurements normally are 
taken. Reproduction is a sensitive endpoint for 
a chronic toxicity test. The effects may be tem- 
porary or permanent, and they range from de- 
layed sexual maturity to complete loss of repro- 
ductive capability. The effects on the early 
developmental stages in the life cycle of the test 
organisms have also been studied. Morphologi- 
cal, biochemical, cytological, and behavioral 
changes have all been used as indutors  and are 
being developed. 

Standardized toxicological tests typically are 
used to determine the acute and chronic toxici- 
ties of chemicals. Chemicals are extracted and 
used on test organisms. Since it is typically 
unethical to run toxicity tests on humans, var- 
ious surrogates are employed, ranging from 
bacteria to mice and nonhuman primates. To  
measure the toxicity of environmental contam- 
inants and to exclude the possibility that some 
unsuspected toxic or mutagenic residue of pol- 
lutant is present, it is sometimes desirable to 
complement residue analysis with bioassays 
performed using actual environmental samples 
rather than extracts. Often, toxicity tests for 
environmental contaminants are initially run as 
screening tests using the microcrustacean 
Dapknia ,  bivalves (such as oyster larvae), fish 
(such as rainbow trout), and various bacteria, 
among other organisms, as indicators of toxic- 
ity to higher organisms, including humans. 

As a rapid and convenient measure of acute 
toxicity, the reduction of light emission by lu- 
minescent bacteria (Microtox assay) can be 
used. Microtox measures the decrease in respi- 
ration, and subsequent light output, of the lu- 
minescent bacterium Vibrio j scker i  as the toxic 
response. Bacterial bioluminescence is tied &- 
rectly to cell respiration, and any inhibition of 
cellular activity (toxicity) results in a decreased 
rate of respiration and a corresponding decrease 
in the level of luminescence. The more toxic 
the sample, the greater the percent light loss 
from the test suspension of luminescent bacte- 

ria. Bacterial bioluminescence has proved to be 
a convenient measure of cellular metabolism 
and consequently a reliable sensor for measur- 
ing the presence of toxic chemicals in aquatic 
samples. While not approved by the US. EPA 
for compliance toxicity testing, the Microtox 
Acute Test has achieved official “Standards 
Status” in several countries, includmg an 
American Society for Testing and Materials 
standard (D-5660) in the United States; the 
final International Standards Organization draft 
(1 1348-3) entitled “Water Quality-Determi- 
nation of the Inhibitory Effect of Water Sam- 
ples on the Light Emission of Vibriojsckeri (Lu- 
minescent Bacteria) Test” also has been 
approved. Microtox testing can be a rapid, 
cost-effective tool in assessing toxicity of ef- 
fluents, sediments, leachates, soils, sludges, 
groundwater, and surface water. Test data can 
be available within as little as 30 min, and nu- 
merous samples can be easily processed during 
a standard workday. Microtox is most useful 
when the bacterial response correlates well 
with the response of standard test species, 
which may be required in compliance tests, or 
indigenous species within the receiving water 
or water body of concern. Microtox data can 
be analyzed by calculating EC50s based on 
dose-response curves. A published database 
that lists Microtox ECS0s (milligrams per liter) 
for over 1,200 chemicals is available. 

One criticism of the Microtox assay is that 
the organism utilized in this assay is a marine 
organism and as such may not represent toxic- 
ity towards soil microbes. Other microbe- 
based bioluminescence assays using bacteria 
isolated from soil itself have been developed. 
These organisms include Pseudomonas and R k i -  
zobium species (99). While these soil organism- 
based assays may be more relevant, they have 
not been widely used and hence lack compara- 
tive data to be used in standardizing data for 
regulatory purposes. 

Mutagenic and carcinogenic contaminants 
are often assayed by utilizing the Ames test, 
which uses microorganisms as the test organisms 
(83). The Ames test procedure typically uses 
strains of the bacterium Salmonella enterica sero- 
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var Typhimurium for determining chemical 
mutagenicity. The serovar Typhimurium 
strains employed in the Ames test procedure are 
auxotrophs that require the amino acid histidine 
for growth. Several different strains are used, 
each specific for a type of mutation, such as 
frameshift, deletion, and so forth. The reason for 
using several strains is that they differ in their re- 
sponses to different types of chemicals. For ex- 
ample, one strain may have greater permeability 
to large molecules than another and may hence 
be a better organism to use when large mole- 
cules are being tested. Often five strains are used 
in the test protocol. 

In the Ames test, the auxotrophic bacteria 
are exposed to a concentration gradient of the 
chemical being tested on a solid growth me- 
dium that contains only a trace of histidine. 
The amount of histidine in the medium is just 
sufficient to support the auxotrophs long 
enough for the potential mutagenic chemicals 
to act. Normally, the test strain bacteria cannot 
grow sufficiently to form visible colonies be- 
cause of the lack of histidine. Therefore, in the 
absence of a chemical mutagen, no colonies 
develop. If the chemical is a mutagen, many 
mutations will occur in the areas of high chem- 
ical concentration. It is likely that no growth 
will take place in these areas because of the 
occurrence of lethal mutations. At lower 
chemical concentrations along the gradient, 
fewer mutations will occur. Some of the mu- 
tants will be revertants to the prototrophs that 
do not require histidine. Since histidine proto- 
trophs synthesize their own histidme, they 
grow and produce visible bacterial colonies on 
the histidine-deficient medium. The appear- 
ance of these colonies demonstrates that histi- 
dine prototrophs have been produced, and a 
high rate of formation of such mutants suggests 
that the chemical has mutagenic properties. 

The Ames test is also useful to determine if 
a chemical is a potential carcinogen because 
there is a strong correlation between mutage- 
nicity and carcinogenicity. Even though the 
Ames test does not actually establish whether 
a chemical causes cancer, determining whether 
a chemical has mutagenic activity is usefd in 

screening large numbers of chemicals for po- 
tential carcinogenicity. In the Ames procedure, 
the chemical is incubated with a preparation of 
rat liver enzymes to simulate what normally 
occurs in the liver, where many chemicals are 
inadvertently transformed into carcinogens in 
an apparent effort by the body to detoxify the 
chemical. Following this activation step, var- 
ious concentrations of the transformed chemi- 
cal are incubated with the Salmonella auxotroph 
to determine whether it causes mutations and 
is a potential carcinogen. Further testing for 
carcinogenicity is done on the chemicals that 
test positive for mutagenicity. 

These tests are useful in establishing whether 
soils or waters contain contaminants of health 
and/or environmental concern. In many cases, 
governmental bodies set regulatory standards 
for specific chemicals in an effort to control 
long-term effects. The primary concerns in set- 
ting acceptable exposure levels are carcinoge- 
nicity, teratogenicity, and l rec t  toxicity. For 
purposes of considering the applicability of bi- 
oremediation, it is not necessary to hfferentiate 
among carcinogenic, teratogenic, and dn-ect 
toxic effects. All can be considered forms of 
contaminant toxicity that may require reme- 
diation of the contaminated environment. The 
success of bioremediation can be assessed by 
demonstrating a reduction in the toxicities as- 
sociated with environmental samples to levels 
that are considered safe. 

Ecotoxicology 
In considering ecotoxicity, it is important to 
recognize that the actual toxic effects of a 
chemical depend not only on the properties of 
the chemical itself but also upon several factors 
that impact possible exposure. Critical among 
these are bioavailability, which determines the 
concentrations of the chemical to which or- 
ganisms actually are exposed, and biomagnifi- 
cation, which is a process through which 
chemicals can become concentrated at higher 
levels in a food web. 

BIOAVAILABILITY 
If a pollutant is present in soil or water but is 
not available to the biota, then it presents mini- 
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mal risk. Accordingly, the concept of bioavail- 
ability is enshrined in the risk assessment ap- 
proach to contaminated land and water. The 
bioavailability of pollutants in the environment 
is also an important factor affecting bioremel- 
ation and so is an essential area both for under- 
standmg and for further research. There are 
several definitions of bioavailability (79). In its 
simplest form, bioavailability can be defined as 
“the amount of contaminant present that can 
be readily taken up by living organisms, e.g., 
microbial cells” (80). Another definition that 
takes account of this and alludes to the risk 
assessment practice (78) is “a measure of the 
potential of a chemical for entry into ecological 
or human receptors.” Although the impor- 
tance of bioavailability for risk assessment and 
determination of the necessity of environmen- 
tal remediation is unhsputed, a number of fac- 
tors influence bioavailability and quantification 
of bioavailability is extremely complex. 

Solubility in water is one of several factors 
that significantly impacts bioavailabhty. Al- 
though the concentration of pollutant chemi- 
cals is usually rather low in natural water systems, 
it is in this aqueous phase that organisms most 
often contact toxic chemicals, making solubility 
an especially important consideration. Solubil- 
ity of any solute in any solvent is mediated by 
forces of attraction, the main ones being (i) Van 
der Waals forces, (ii) hydrogen bonding, and (iii) 
dipole-dipole interactions. Charged or highly 
polar organic and inorganic molecules, hydro- 
philic molecules, are readily soluble in water. 
Conversely, nonpolar, hydrophobic molecules 
find solution in water a less energetically favora- 
ble state, and they have low water solubility. 
Benzene has moderate water solubility, but the 
addition of the polar hydroxyl group makes 
phenol much more water soluble. 

The size and shape of a molecule are critical 
in determining its overall water solubility. 
Large molecules tend to have lower water solu- 
bility than small molecules because they have 
a higher molar volume. The addtion of halo- 
gens to an organic molecule might be expected 
to increase the water solubility of the new mol- 
ecule since halogens are electronegative (elec- 

tron-withdrawing) species and would thus tend 
to increase the polarity of the molecule. How- 
ever, in the increasingly chlorinated series of 
phenols, this is not the case: in fact, increasing 
chlorination very markedly decreases the solu- 
bility of chlorophenols. This is because the hal- 
ogens increase the molecular volume of or- 
ganic compounds (95, 145). 

Other chemical functional groups affect 
water solubility in rather specific ways. The 
presence of polar functional groups does in- 
deed tend to increase water solubility of mole- 
cules compared to that of unsubstituted hydro- 
carbons: alcohols, amines, ethers, ketones, and 
organic acids are good examples. Even with 
these examples, though, a general rule of in- 
creasing molecule size and decreasing water 
solubility still exists. The short-chain fatty acid 
acetic acid is much more water soluble than a 
long-chain fatty acid the additions to the mol- 
ecule are not more polar functional groups but 
simply more C-H2 groups, making the mole- 
cule larger but less polar. 

The situation is further complicated by 
more specific chemical reactions. The case of 
chlorophenols illustrates this point. Chloro- 
phenols behave as weak acids when dissolved 
in water due to the loss of a proton from the 
hydroxyl group to leave a phenoxide ion. The 
more chlorines that are added to the ring, the 
more electrons are withdrawn from the elec- 
tron-rich phenoxide ion. This lowers the 
phenoxide negative charge and therefore low- 
ers its ability to hold a proton. Thus, the more 
chlorines on the ring, the more easily a proton 
is released and the greater the acidity. The ion- 
ized form is usually several orders of magnitude 
more water soluble than the neutral un-ionized 
form. The relative proportion of each species 
is highly dependent on pH. 

Measuring Bioavailability. Measure- 
ment or estimation of bioavailability is prob- 
lematic, as it is affected by many individual and 
interacting conditions relating to soil and water 
chemistry, pollutant chemistry and partition- 
ing, and biological transformation and concen- 
tration factors (63). The techniques currently 
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being researched can be categorized broadly as 
l r ec t  or indirect and biological or chemical 
(74), although truly direct chemical methods 
are not possible since only organisms can deter- 
mine whether a chemical is bioavailable. 

Direct biological techniques measure the 
actual amount of a chemical taken up by a tar- 
get organism, and this may ultimately be the 
most accurate measure of bioavailability, al- 
though it is by no means routine; e.g., the de- 
termination of chemical levels in earthworms 
is complicated, and determining the concen- 
trations acquired by humans, while possible in 
body fluids, generally is impossible in tissues 
except upon autopsy. The great strength of 
these direct techniques when they can be used, 
however, is that they integrate all the biotic 
and abiotic modifjing factors of chemical bio- 
availability (74). However, for a fledgling bio- 
remediation industry, reliance on direct biolo- 
gical methods may not be practical. 

Fortunately, it is also possible to observe a re- 
sponse to a chemical in an organism without ac- 
tually measuring the concentration ofthe chem- 
ical. A range of responses is possible, such as 
lethality, enzyme induction or inhibition, and 
reproductive effects. These are regarded as indi- 
rect biological methods because the effect in the 
organism may be quantifiable but the chemical 
concentration remains unknown. A promising, 
novel approach is the use ofgenetically modified 
microorganisms that can detect and quantify 
specific pollutants. This type of biosensor is 
based on the highly specific genetic control 
mechanisms used by microorganisms to ensure 
that specific proteins are expressed only when 
they are needed, for example, for the detoxifica- 
tion of a particular toxic substance. Ths control 
is exerted by inducible promoters, consisting of 
a specific DNA sequence upstream of the genes 
to be controlled, and a DNA-binding protein 
that either activates or prevents transcription in 
response to the presence or absence ofthe target 
compound. 

Biosensors ofthis type are easily generated by 
fusing a controllable promoter to a reporter gene 
that generates a detectable signal when the pro- 
moter is activated (102). The most popular re- 

porters are the bacterial lux system and the green 
fluorescent protein, which produce light, be- 
cause light can be easily quantified and, due to 
its rarity in biology, there is no interference from 
the background biochemistry ofthe host organ- 
ism. Such biosensors can be both highly specific 
and responsive to very low concentrations, and 
the presence of the microbial cell membrane 
makes this approach truly a measure ofbioavail- 
ability. There are limitations to developing such 
biosensors for detection of organic pollutants, 
since the required specificity is often lacking. 
With heavy metals, specificity may not be a 
problem. Nevertheless, careful selection of the 
host strain is required for a variety of reasons 
(106). The bigger challenge to make this tech- 
nology applicable to contaminated land is the 
extraction procedure. Making a bioluminescent 
biosensor respond to a soil sample is more diffi- 
cult. Therefore, use of these sensors generally 
relies on extraction procedures, but there is little 
agreement over which extraction procedure 
will accurately reflect bioavailability, although 
methods which use the soil solution seem to 
hold the most promise (128). 

An interesting approach that may overcome 
the extraction-related problem is a direct soil 
contact bioassay using the soil bacterium Nitro- 
somonas europaea (26). This is a novel approach 
that allows solid-phase contact, thereby pro- 
viding information about toxicity of the bioa- 
vailable pools of adsorptive soil pollutants. The 
solid-phase contact assay permits in situ toxicity 
testing of soil. The Nitrosomonas strain used in 
this assay is a recombinant strain that contains 
lux bioluminescent reporter genes. This re- 
combinant strain is mixed with a soil slurry or 
soil extract, after which bioluminescence is 
measured. Tests with linear alkene benzosulfo- 
nates show that the solid-phase contact assay 
allows direct interaction of the test microorga- 
nisms with bioavailable pools of the toxicants 
in soil and thus provides a very sensitive 
method for evaluating the in situ toxicity and 
assessing the risks of soil contaminants. 

Chemical methods can also be employed to 
assess bioavailability. Indirect chemical meth- 
ods usually involve the extraction of a fraction 
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of the chemical (metals or organics) from a soil, 
the extractability being equated to bioavailabil- 
ity and defined by the chemical itself, the na- 
ture of the extractant(s), and the experimental 
conditions applied. The origins of this ap- 
proach are in sequential extraction procedures 
(125), which attempt to quantify the hfferen- 
tiation of toxicants into those weakly bound 
and those strongly bound to the soil matrix. 
These tests often assume that the weakly bound 
toxicants are those that are more bioavailable, 
although evidence for this is incomplete. A re- 
cent advance in this technique is sequential ac- 
celerated solvent extraction (123), which re- 
duces sample preparation time and maintains 
relatively constant extraction conditions. An- 
other technique under development is selective 
supercritical fluid extraction (21). 

Because bioavailability to humans often is 
the critical issue, a number of methods center 
around the human gastrointestinal tract and 
give an indication of likely uptake of inorganic 
contaminants from the digestive system (the 
physiologically based extraction test [PBET]) 
(109). To mimic human conditions, these 
methods incorporate gastric juices and enzymes 
with mixing at 37OC and use soil residence 
times similar to those found for children after 
ingestion of food. Analysis of all solutions pro- 
duced in the PBETs is completed by analytical 
chemistry techniques under matrix-matched 
condtions. These techniques have been vali- 
dated in vivo for arsenic and lead by PBET and 
for lead by SBET and have been used by the 
U.S. EPA to assay toxicity due to bioavailable 
heavy metals (29). 

A reproducible soil extraction technique for 
estimating soil-associated organic contaminant 
bioavailability has been created by using cyclic 
oligosaccharides (42, 105). The a-, P-, and 
y-cyclodextrins are cyclic oligosaccharides 
formed by 6,7, or 8 a-linked glucose units, re- 
spectively (121). They have a hydrophilic shell 
and are highly water soluble but also have a hy- 
drophobic cavity within which hydrophobic 
organic compounds can form inclusion com- 
plexes (1 4). Hydroxypropyl-P-cyclodextrin 
(HPCD) has higher water solubility than other 

cyclodextrins, and HPCD has been shown to 
increase the solubility ofnaphthalene and phen- 
anthrene by 20- and 90-fold, respectively, in the 
presence of 50 g of HPCD literp1 (10). The 
technique may be limited to compounds with a 
shape and size that are compatible with the 
HPCD cavity (42). However sophisticated such 
extraction techniques become, any such chemi- 
cally based extraction technique is ultimately 
limited by the lack of an organism, i.e., by the 
lack of the real detector of true bioavailability. 
There is no universal chemical test for bioavail- 
ability since organisms themselves are the real 
detectors; to complicate matters even further, 
bioavailability is species specific (104). 

Pollutant Partitioning and Bioavail- 
ability. In addtion to solubility, bioavail- 
ability depends upon the locahzed distribution 
of the chemical within the environmental ma- 
trix. As soon as a chemical is introduced to the 
environment it becomes a pollutant, but the 
fate of that pollutant depends to a large degree 
on its chemistry, which determines how it 
will partition to various “compartments,” or 
phases, of the environment. Partitioning is a 
general phenomenon that describes the ten- 
dency of a pollutant to exist between phases at 
equilibrium. The compartments of the envi- 
ronment of relevance to partitioning are air, 
water, soil and sediment, and biota. The con- 
cept of pollutant partitioning is important to 
risk-based strategies for the assessment of con- 
taminated land and water. Once a pollutant is 
released into soil, there are a number ofpossible 
fates: soil sorption, leaching (to surface water 
or groundwater), volatilization to the atmo- 
sphere, plant root uptake and translocation, up- 
take to plant foliage, and uptake and accumula- 
tion in, or excretion from, animals. Very often 
a contaminant spill on land becomes a water 
pollution issue. As many countries are heavily 
reliant on aquifers as a source of potable water, 
the fate of pollutants becomes a health and 
safety issue, with ramifications for the tech- 
nique of choice for cleanup. 

Partitioning of chemical pollutants is gov- 
erned by fundamental properties of chemicals 
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and environmental factors associated with con- 
taminated soils and waters. The term fugacity 
literally means the tendency to flee and refers to 
a molecule’s driving force to escape from the 
compartment it currently exists in. With 
knowledge ofall of a chemical’s partition coeffi- 
cients, it is possible to predict its relative concen- 
trations in air, water, and soil at equilibrium. 
The gradient offugacity between two compart- 
ments (e.g., soil and soil pore water) determines 
the potential for the chemical to move from one 
compartment to the other. Fugacity therefore 
has units of pressure, but this can be related to 
the chemical concentration through modeling, 
and thus the distribution through various com- 
partments can be predicted. 

Vapor pressure is the partial pressure of a 
chemical in a gas phase that is in equilibrium 
with the pure liquid or solid phase of the chem- 
ical. Vapor pressure is greatly influenced by 
temperature, and figures are usually quoted at 
a constant temperature (usually 20 or 25°C). 
If the volume of the containing vessel is also 
known, the vapor pressure can be used to cal- 
culate the concentration of the chemical in the 
headspace of the vessel from the ideal gas law: 

where P is vapor pressure (in atmospheres), V 
is volume, n is the number of moles of the 
chemical, R is the gas constant, and T is the 
absolute temperature. 

Clearly, vapor pressure is the driving force 
for volatilization and transfer of the polluting 
chemical from soil or water into the atmo- 
sphere. Vapor pressures of organic compounds 
are often compared to mercury vapor pressure 
(atmospheric pressure is 760 mm Hg). Thus, 
the vapor pressure of benzene is 87.2 mm Hg 
at 25°C. Volatilization potential, however, can 
be misleading in the absence of information 
on the water solubility of the compound. A 
compound with a low vapor pressure may still 
have a strong tendency to escape if the water 
solubility is low. For example, 2,4,6-trichloro- 
phenol has a much lower vapor pressure than 
3-chlorophenol, yet its tendency to escape to 

air is greater. This can be explained when the 
water solubilities are compared: the much 
lower value for 2,4,6-trichlorophenol results in 
its having a Henry’s constant about 1 order of 
magnitude higher than that of 3-chlorophenol, 
even though its vapor pressure is much lower. 
Indeed, for the purpose of studying partition 
phenomena, Henry’s law constant is more val- 
uable than vapor pressure. Henry’s law con- 
stant is the ratio of the equilibrium concentra- 
tion of a compound in air and its equilibrium 
concentration in water. It can therefore be re- 
garded as the partition coefficient between air 
and water and is the best indicator of the ten- 
dency of a chemical to volatilize from water. 
Henry’s law constant can be written as 

P H = -  
n 
3 

where H is Henry’s law constant (in atmo- 
spheres per cubic meter per mole), P is vapor 
pressure (in atmospheres), and S is water solu- 
bility (in moles per cubic meter). 

Another critical factor impacting partition- 
ing and bioavailability is the hydrophobicity of 
the chemical. Polarity and water solubility do 
not give &rect measures of the hydrophobicity 
of a compound. A hydrophobic compound 
should preferentially dssolve in a lipophilic 
phase, and this is the basis for the octanol-water 
partition coefficient, KO,, which is the ratio of 
the concentration of a chemical, at equilib- 
rium, when dissolved in octanol and in water, 
when both phases are saturated with each 
other. The KO, is a useful measure that relates 
to the bioavailability and biodegradability of 
compounds (Table 1.7). 

Measurement of KO, was devised by the 
pharmaceutical industry to study partitioning 
of drugs as it roughly equates to the partitioning 
between water and body fat. It has proven to 
be very useful in predicting how chemicals will 
partition in the environment (57). Large mole- 
cules with low polarity have a high KO, and 
are more likely to partition to solids in the envi- 
ronment. Small, polar molecules dssolve in 
water rather than octanol, have a low KO,, and 
are much less likely to partition to solids in the 
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TABLE 1.7 
and t l I2  influencing the fate and behavior of organic 
pollutants in soilsd 

Suggested values oflog KO,, log Hc, 

Fate or behavior Classification 

Adsorption potential 
log KO, 52.5 . . . . . . . . . . . . . . . . . . . .  Low 
log KO, >2.5 and 54.0 . . . . . . . . . . . .  Moderate 
log KO, >4.0 . . . . . . . . . . . . . . . . . . . .  High 

Volatilization 
log H, 5-3 and log 

(HJK,,,, ) 2-8 . . . . . . . . . . . . . . . . .  LOW 
log H, >-3 and log 

(Hc/Ko,,,) 5-8 . . . . . . . . . . . . . . . . .  .Moderate 
log H, 5-3 and log 

log H, 2-3 and log 
(HJKo,,,) >-8 . . . . . . . . . . . . . . . . .  Moderate 

(Hc/Kow) >-8. . . . . . . . . . . . . . . . .  High 

Degradation 
t1,2 510 days . . . . . . . . . . . . . . . . . . .  Nonpersistent 

t l fz  >50 days . . . . . . . . . . . . . . . . . . .  Persistent 

>10 days and 550 days . . . . . . . . .  Moderately 
persistent 

Leaching 
log KO, 24.0 or 

t1/2 >50 days and log 

550 days 
and log K,, >2.5 and 54.0. . . . . . . .  Low 

tIf2 550 days and log KO, 52.5 . . . . . . .  Possible 
tlfz 250 days and log KO, <2.5. . . . . . .  High 

>2.5 and 54.0 . . . . . . . . . . . . .  Possible 

a t1,2, half-life. 

environment, so they are more likely to remain 
in an aqueous phase. 

concentration of pollutant in water- 
saturated octanol (milligrams per liter) 
concentration of pollutant in octanol- KO, = 

saturated water (milligrams per liter) 

The range of values for KO, is very high, and 
tabulated values are more often expressed as 
log KO,. As a molecule becomes larger through 
increasing chlorination, the water solubility 
decreases and the log KO, increases. ' 

Although typically the organic matter con- 
tent of soil is in the range of 0.1 to 5%, this is 
where organic pollutants sorb, and not to the 
soil as a whole. The soil adsorption coefficient, 

KO,, takes account of this. For a liquid organic 
pollutant 

mass of pollutant sorbed to the soil 
organic matter (milligrams per gram) 

mass of pollutant in the aqueous 
phase (milligrams per milliliter) 

KO, = 

Alternatively, KO, (in cubic meters per gram) = 
s/ CA, (48), where s is the mass of solute sorbed 
per unit ofdry mass ofsoil (in milligrams perrml- 
ligram) and C,, is the equilibrium concentra- 
tion in the aqueous phase (in grams per cubic 
meter). The range of values for KO, is very large, 
and therefore the use oflog KO, is preferred. The 
soil partition coefficient is greater the more hy- 
drophobic the pollutant. However, it has been 
measured for far fewer chemicals than KO,; a list 
ofmeasured KO,values is given by Watts (137). It 
might be expected to be amore realistic measure 
than KO,, but as data are relatively rare for KO, a 
series of correlation equations that relate KO, to 
KO, has been developed. If the mass fraction of 
organic carbon in the soil is known, KO, can be 
estimated by 

KO, = 6.3 x 10 - 7 f o c  x KO, 

wheref, is the soil organic fraction. As a first 
approximate, the KO,, or the log KO,, can be 
taken as a measure of the potential of a pollu- 
tant to sorb. 

KO, and log KO, have become increasingly 
used as prehctors of the behavior of pollutants 
in the environment and have been correlated 
with toxicity. The most common mode of ac- 
tion regarhng toxicity of industrial pollutants 
is probably narcosis. Nonpolar narcosis results 
from the perturbation of cellular membranes 
(41) as a result of the entry of hydrophobic 
(lipid-soluble) molecules into the phospholipid 
bilayer of the membrane. Narcosis has been 
shown to be a nonspecific physiological effect 
which is independent of chemical structure, 
and log KO, is highly correlated with nonpolar 
narcosis toxicity (39). Phenols have greater 
toxicity than is predicted by nonpolar narcosis 
(40). They act by polar narcosis, which proba- 
bly results from the possession of a strong hy- 
drogen-bonding group that makes the com- 



1. ENVIRONMENTAL. POLLUTION AND RESTORATION 15 

pound more polar. Nevertheless, there is still 
a strong correlation between toxicity of these 
compounds and log Kow Pentachlorophenol 
(PCP) has yet greater toxicity as a result of a 
further mechanism: its acidity makes it a weak 
acid respiratory uncoupler (WAR.U). WARUs 
possess an acid-dissociable moiety, for exam- 
ple, a hydroxyl group; a bulky hydrophobic 
moiety, such as an aromatic ring; and multiple 
electronegative groups, such as halogens (124). 
During weak acid uncoupling, ATP synthesis 
is inhibited, with no effect on the respiratory 
chain (114); i.e., the tight coupling between 
electron transport and oxidative phosphoryla- 
tion is abolished, allowing respiration to pro- 
ceed without control by phosphorylation. 

In soils, the organic fraction of soil (humus) 

is largely responsible for the sorption of hydro- 
phobic organic compounds. This has signifi- 
cant consequences for risk assessment, as parti- 
tioning into the soil organic phase decreases 
exposure to some receptors. Many of the PAHs 
are sorbed to organic matter. The degree of 
retention is directly correlated with the log KO, 
of the compound and thus to its hydropho- 
bicity. As the number of rings increases, the 
log KO, increases: the persistence of PAHs in 
soil increases with their molecular weight. All 
except naphthalene have a log KO, of >4 and 
are highly sorbed. One possible mechanism is 
partitioning into the organic matter (32),  rather 
than simple adsorption. Once bound into the 
physical matrix in this way, these compounds 
are difficult to remove (Fig. 1.2), and the sorp- 

Micelles 

Mineralization 

CO,+ H,O 

Humi fication \ 

1 

FIGURE 1.2 Fate of hydrophobic pollutants in soil, and the use of surfactants to try to improve desorption 
and bioavailability. With time, the pollutant becomes increasingly bound to the organic fraction of soil and is 
consequently more difficult to desorb; thus, it becomes less bioavailable and more difficult to biodegrade. Surfac- 
tants, including biosurfactants, may improve desorption and solubilization. There is strong evidence to suggest 
that biodegradation of such pollutants occurs in the aqueous phase. 
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tion process seems to become more severe with 
aging (65), a process with ill-understood mech- 
anisms (33). Binding to humus may be irrever- 
sible (72). Such humification can be beneficial 
to prevent partitioning into water and uptake 
by living organisms, thereby detoxifylng hy- 
drophobic pollutants and dead-end metabo- 
lites, such as halocatechols. 

BIOMAGNIFICATION 
Biomagnification begins with bioaccumula- 
tion, which is the uptake of a chemical from 
the environment by a living organism that is 
able to concentrate that chemical. Bioaccumu- 
lation involves the uptake of the pollutant from 
the surrounding contaminated environment in 
low concentrations, either by active uptake 
(common for hydrophilic compounds) or by 
passive lffusion (common for hydrophobic 
compounds), and accumulation within the or- 
ganism to much higher levels. Bioaccumula- 
tion occurs with many toxic pollutants, includ- 
ing metals, and the accumulation factors can 
be very high indeed, from very low levels of 
contamination. Bioaccumulation factors in 
hundreds of thousands have been recorded for 
animals and plants with organic and metallic 
pollutants. 

Biornagnification involves progressive am- 
plification through a food chain; whereas bi- 
oaccumulation is independent of trophic level, 
in biomagnification the concentration of the 
chemical increases as one moves up the food 
chain (84). Biomagnification is usually associ- 

ated with hydrophobic organic compounds, 
such as organochlorine pesticides. Toxicants 
taken up by a living organism can either be 
metabolized to a more soluble form and ex- 
creted or be stored in tissues not directly in- 
volved in metabolism, e.g., hair and fat depos- 
its. Biomagnification takes place when a 
predator consumes an organism containing a 
bioaccumulated toxicant. As the toxicant passes 
up the food chain, it has the potential to am- 
plify at each trophic level. As a result of bio- 
magnification, the ecotoxicological impacts of 
chemical pollutants often occur at the top levels 
of a food web. Occasionally, humans are at the 
top of the food chain: this is what was seen at 
Minamata, where mercury as methylmercury 
had passed up the food chain to the local peo- 
ple. Organochlorine pesticides are biomagni- 
fied within food chains, and the concentration 
factors in the top predators can be as much as 
10' from water (122). 

While polar, water-soluble hydrophilic 
chemicals are more readily available to organ- 
isms than nonpolar, hydrophobic chemicals, 
the latter are also lipophilic and hence more 
likely to be biomagnified. The potential for bi- 
omagnification can be estimated in a readdy 
performed laboratory test that measures the 
partitioning between octanol and water. Gen- 
erally, small, more polar molecules with low 
Kod have low tendencies to partition into fat 
deposits. Note that many of the hydrocarbon 
pollutants discussed can be described as nonpo- 
lar. As the PAHs increase in number of rings, 

TABLE 1.8 Increasing ring number and molecular weight of the PAHs 
decreases water solubility and increases hydrophobicity and half-life in soil, 
thereby increasing persistence 

PAH Water solubility 
No. of rings (mdliter) log Kow h / z  (days)" 

~ 

Naphthalene 2 32 3.37 48 
Anthracene 3 0.059 4.54 110 
Chrysene 4 0.0033 5.86 230 
Pyrene 4 0.13 5.18 200 
Benzo[u]pyrene 5 0.0038 6.04 230 
B enzo [ghi] perylene 6 0.00026 7.10 280 

a t1/2, half-life. 
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TABLE 1.9 Distribution between phases of some representative chemicals" 

% Compound in phase6 

PCP Phenanthrene Tetrachloroethane DDT HCB' 
Phase 

~~~~ ~~ 

Air 5.8 76.2 99.9 0.4 7.5 
Water 0.6 0.4 4.0 x 10-2 5.0 x 10-2 2.0 x 10-3 
Soil 81.0 20.2 2.0 x 10-2 86.7 80.0 
Sediment 11.9 3.0 3.0 x 10-3 12.7 11.7 
Aquatic-biota 2.0 x 10-3 4.0 x 10-4 4.0 x 10-7 2.0 x 10-3 2.0 x 10-3 
Vegetation 0.6 0.1 1.0 x 10-4 0.6 0.6 

a Adapted from the work of Connell et al. (36). 

' HCB, hexachlorobiphenyl. 
Percentage distribution of the chemicals in all phases. 

they become less water soluble and more hy- 
drophobic and their log KO, increases (Table 
1.8). The higher the log KO,, the greater the 
potential for biomagnification. 

Table 1.9 shows how some important pollu- 
tants partition between the various environ- 
mental media that they contaminate. Of the 
group, phenanthrene and tetrachloroethane are 
relatively volatile (high Henry's law constant) 
and partition significantly into the air. Note 
that PCP, dichlorodiphenyltrichloroethane 
(DDT), and hexachlorobiphenyl all show 
about 80% partitioning to soil, which has a 
large influence on their bioavailability. 

DEOXYGENATION 
Whereas toxicity is a pollution effect with 
major implications for human health, deoxy- 
genation is much more an ecotoxicological ef- 
fect. Deoxygenation of water has serious con- 
sequences for the biota of surface water and 
contaminated soils. Groundwater and soil pore 
water deoxygenation slows natural attenuation 
of contamination to negligible levels. The 
problem of water deoxygenation stems funda- 
mentally from the limited aqueous solubility of 
oxygen. Moreover, the solubility of oxygen in 
water is greatly influenced by temperature 
(Table 1.10). Even at saturation, figures of 
around 10 mg liter-' are very low compared 
to the amount of oxygen available in air. 

The organic chemicals present in domestic 
and industrial wastes are acted upon by bacteria 
attempting to biodegrade them oxidatively. 

When eutrophication occurs, the decomposi- 
tion of the excessive concentrations of nu- 
trients results in the metabolic consumption of 
the available oxygen. Therefore, a primary ef- 
fect of discharge of pollution to a water body 
is depletion of oxygen. Similarly, in soils with 
limited porosity and hydraulic conductivity, 
oxygen depletion may be the principal limiting 
factor for natural attenuation. The situation can 
be illustrated by the Streeter-Phelps model de- 
veloped in the 1920s (Fig. 1.3). Many variables 
have an influence on the dissolved oxygen 
(DO) concentration of water along a stretch 
of a river, e.g., varying temperatures, depths, 
photosynthetic activity, diurnal effects, and sa- 
linity effects. To properly model all of these 
effects and their interactions is an exceedngly 
difficult task and is also site specific. The simple 
model presented ignores such variables and is 
only at very best a first approximation to reality, 
but it serves to illustrate the two competing 
forces of oxygen depletion, caused by the 
waste, and reaeration (restoration of oxygen) 

TABLE 1.10 Solubilitv of oxygen in water" 

Chloride concn in water (mg/liter) 

0 5,000 15,000 10,000 
Temp(oC) 

0 14.62 13.73 12.89 12.10 
10 11.29 10.66 10.06 9.49 
20 9.09 8.62 8.17 7.75 
30 7.56 7.19 6.85 6.51 

"Adapted from the work of Thomann and Mueller (126). 
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FIGURE 1.3 The oxygen sag curve showing decrease in oxygen concentration due to biodegradation of a pollutant in a waterway. As soon as 
a pollutant enters a river, it starts to deoxygenate water as a result of the biological oxygen demand it possesses. The two competing phenomena 
at play are the deoxygenation and the reaeration across the air-water interface. At some critical point downstream, the DO level reaches a minimum, 
after which the rate of reaeration exceeds the rate of deoxygenation, the DO starts to rise again, and the river recovers. 
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across the air-water interface. The model as- 
sumes a continuous &scharge of waste at a 
given point on the river. It is also assumed that 
the water and wastes are uniformly mixed at 
any given cross-section. Finally, it is assumed 
that there is no dspersion of wastes in the &- 
rection of flow, i.e., that plug flow conditions 
prevail. 

When an organic effluent enters the river, 
the competing forces of oxygen consumption 
(deoxygenation) and atmospheric reaeration 
quickly become apparent. In these early stages, 
the oxygen demand will often exceed the re- 
aeration rate and the DO concentration wdl fill 
downstream of the outfall, creating an oxygen 
deficit. The rate of oxygen dffusion across the 
air-water interface is directly proportional to 
the oxygen deficit, so that if the rate of con- 
sumption lowers the oxygen concentration, 
the oxygen mass transfer rate will increase in 
the direction of air to water. Water with a mea- 
sured DO concentration of 7 mg liter-' and 
a saturation concentration of 9 mg liter-* has 
an oxygen deficit of 2 mg liter-'. If this water 
receives organic effluent and the DO concen- 
tration is lowered to 5 mg liter-' (a dangerous 
level for many aquatic life forms), the oxygen 
deficit will be 4 mg liter-'. Now oxygen will 
diffuse into the water twice as quickly. 

At some point downstream, the rates of ox- 
ygen consumption and reaeration become 
equal and the oxygen concentration stops de- 
clining. This is the critical point. At the critical 
point, the oxygen deficit (0) is maximal and 
the DO concentration is minimal. Beyond this 
point, reaeration predominates and the DO 
concentration rises to approach saturation. 
Therefore, the river can be said to be recover- 
ing beyond the critical point. 

The long tail characteristic of the recovery 
phase results from the oxygen mass transfer rate 
being directly proportional to the oxygen defi- 
cit. As the river recovers, the DO concentra- 
tion increases; therefore, the oxygen deficit de- 
creases and the rate of reaeration lowers. A 
more mathematical treatment of this situation 
is given by Masters (85). Note that if the or- 
ganic effluent is strong, it is possible that the 

DO concentration can be reduced to zero, and 
an anaerobic zone is formed. This is easily rec- 
ognized on a river by the foul smell, a mixture 
of anaerobic gases with the predominant smell 
being that of hydrogen sulfide. If the discharge 
environment is marine, the anaerobic con&- 
tions established soon mean that the most im- 
portant electron acceptor is sulfate, as seawater 
contains some 2.7 g ofsulfate kg-I (118). This 
can lead to gross pollution by hydrogen sulfide, 
which not only is an extremely noxious and 
corrosive gas, but also is highly toxic to hu- 
mans, flora, and fauna. 

ENVIRONMENTAL POLLUTANTS 
AND THEIR BIODEGRADABILITY 
The broadest classification of environmental 
pollutants is into two categories: organic and 
inorganic. Quantitatively, the organic pollu- 
tants of most concern are the hydrocarbons in 
their various forms. The most common are pe- 
troleum hydrocarbons (mixtures of n-alkanes; 
other aliphatics; mono-, di-, and polyaromatic 
compounds; heterocyclic aromatics; and other 
minor constituents), chlorinated solvents (e.g., 
trichloroethylene), surfactants, biocides (e.g., 
chlorinated phenols), and a host of other com- 
pounds specific to particular industries, e.g., ni- 
troaromatics from munitions. A comprehen- 
sive encyclopedia (64) provides information on 
toxicity, carcinogenicity, and fate of the &ver- 
sity of environmental pollutants. Fortunately, 
many of these pollutants are biodegradable by 
microorganisms in soils and waters (5, 136). 

The biodegradability of environmental pol- 
lutants, and hence the degree of persistence of 
contaminants in natural environments, is influ- 
enced by various factors, most important of 
which are the chemical structure of the con- 
taminant, the presence of a viable microbial 
population able to degrade the contaminant(s), 
and environmental conditions suitable for mi- 
crobial biodegradative activities. Persistent 
contaminants are especially problematic if they 
are lipophilic, since they can be biomagnified 
as they move through the food web. Addition- 
ally, some pollutants can be metabolized to 
more toxic or carcinogenic compounds. PAHs, 
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for example, are oxilzed by mammalian en- 
zymes (the P450 monooxygenase enzymes) to 
epoxides, which can subsequently form cova- 
lent adducts with DNA, resulting in mutations 
which may cause tumors. For bioremediation 
in soil after application of sewage sludge, these 
factors also greatly influence the bioavailability 
of such compounds in soils, the most important 
prelctive factors being adsorption, volatiliza- 
tion, degradation, and leaching, which greatly 
influence biodegradability (139). 

Crude Oil and Fuel Distillates 
Over 2 billion tons of petroleum are produced 
annually worldwide. The production process, 
refining, storage, and distribution are all point 
sources of pollution of soil and water. Acciden- 
tal spills at sea that result from tanker accidents 
are dramatic and make high-pro6le news sto- 
ries, but quantitatively such spillages represent 
less than 10% of the total volume of petroleum 
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hydrocarbon discharges into the environment. 
The low-level routine releases represent about 
90% of the volume of hydrocarbon discharges, 
e.g., surface runoff and industrial efluents. In 
the marine environment, it is estimated that 
about 2 million tons of oil enter the seas annu- 
ally. Only about 18% of this arises from refiner- 
ies, offshore operations, and tanker activities 
(91). Crude oil contains a bewildering array of 
hydrocarbons, of the types mentioned above; 
a few representatives are shown in Fig. 1.4. 
Environmental contamination with petroleum 
introduces this myriad of hydrocarbons, caus- 
ing a variety of problems (Box 1.1). 

Hydrocarbons are diverse molecules that are 
extremely abundant in nature. However, the 
ability of plants and animals to degrade hydro- 
carbons is limited. It is within the bacteria, the 
filamentous fungi, and yeasts that hydrocarbon 
biodegradation is most common. Several rea- 
sons for the paucity of hydrocarbon biodegra- 
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FIGURE 1.4 Chemical studies of various representative hydrocarbons found in crude oil. 
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BOX 1.1 
Russian Oil Contamination 

Currently, Russia is the world’s second-largest crude 
oil producer, and the probability is that it still has large 
reserves undiscovered. It also has huge gas reserves. 
There are about 60,000 minor leaks from Russian 
pipelines every year. Russia has more than 1.5 million 
km of gas and oil pipelines, many of them dating 
from Soviet times and in poor condition. In eastern 
Siberia alone, the Security Council of the Russian 
Federation estimates that 3 to 10 million tons ofcrude 
oil leak each year. Arctic ecosystems have very little 
self-purification capacity, so oil pollution remains for 
long periods. Russia has 700 major accidents and 
spills (defined as those involving 25,000 barrels of oil 
or more) every year. There were a recorded 103 
large-scale failures at oil and gas pipelines in the Rus- 
sian Federation in 1991 to 1993, many of them in 
fragde Arctic and sub-Arctic areas. 

Oil pipelines in areas like the Tyumen region and 
Khanty-Mansi autonomous &strict leak significant 
volumes of oil. There have been records of serious 
health problems from oil pollution in the more con- 
taminated areas. Oil spills in Siberian rivers near the 
city of Nizhnevarovsk, for instance, have polluted 
drinking water and have been correlated with in- 
creased incidences of certain cancers. 

The most severe problems, however, are in 
Chechnya, where an estimated 30 million barrels of 
oil have seeped into the ground from the region’s 
black market oil industry. Since the collapse of the 
Soviet Union, thieves have tapped into the pipelines 
and have been stealing large quantities of oil from 
reserves at refineries. An estimated 15,000 “mini- 

refineries” have been built. These mini-refineries use 
only SO% ofthe oil (commercial refineries use 90%), 
with the rest dumped into the ground, contaminating 
water supplies, rivers, and fish. The Terek, Argun, 
and Sunzha river waters have at times been contami- 
nated to levels 100 and 1,000 times above normal. 

Much of the problem arises from the climate and 
geography of Russia, however. The severe cold of 
Siberian winters lasts for more than half of the year. 
Steel gets so cold that pipes can crack, and summer 
thaw means that pipelines can move on the ground. 
Without mechanisms to compensate, welds can 
break. Much of Siberia is swamp during summer, and 
this makes for the most challenging environment on 
earth in which to build an oil industry. 

The good news is that it is estimated that about 
one-quarter of the world’s registered engineers are 
Russian, and Russia has an enormously capable scien- 
tific infrastructure. Russia has an emerging bio- 
remediation industry, and the development of oil and 
gas wealth has recently seen large investments, do- 
mestic and foreign, into the Russian oil fields. 

The oil spill at Usinsk in the Komi Republic in 
1994 was the largest pipeline spill on record. It is 
estimated that 130,000 tons of oil was spilled in this 
incident, which is more than three times the size of 
the Exxon Vuldez spill. In addition, oil spills on land 
are much more dificult to deal with, as the relative 
ease of containment which can be achieved on water 
is not possible on land. The oil spread across 170 acres 
of streams and fragile bogs and marshland, creating a 
major environmental disaster in need ofmajor reme- 
diation. 

dation in the Eukmya can be identified. Many 
hydrocarbons are virtually insoluble in water, 
and thus their bioavailability is limited. Hydro- 
carbons are generally chemically inert but are 
subject to oxygen addtions by various en- 
zymes. Once oxidized, the alcohols and/or 
acids that are formed can undergo further me- 
tabolism and enter the central metabolic path- 
ways. 

In the United States, about 40% of the un- 
derground storage tanks have leaked and some 
30,000 new releases are registered each year. 
About half of these facilities are used to store pe- 
troleum products. The U.S. EPA estimates that 

there are over 200,000 leaking underground 
storage tank sites in the United States. Much of 
the contamination is gasoline, which contains 
high concentrations of relatively soluble low- 
molecular-weight alkanes. Because these al- 
kanes act as solvents to the lipid membranes of 
bacteria, gasoline is relatively toxic to microor- 
ganisms (1 15). Some of the contamination also 
comes from leahng diesel and jet fuel tanks. 
Diesel fuel is comprised largely of simple un- 
branched n-alkanes, with only around 4% poly- 
aromatic compounds (58). The intermediate- 
chain-length alkanes present in diesel and jet 
fuel are highly biodegradable. The normal al- 
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kanes, or n-alkanes, have the general formula 
CnH2n+2, and they are the most biodegradable 
of the petroleum hydrocarbons. 

Oxygenases, which catalyze the introduc- 
tion of oxygen, are often the key enzymes in- 
volved in the initial attack on hydrocarbons. Di- 
oxygenases catalyze the addition of both atoms 
of oxygen from molecular oxygen into the hy- 
drocarbon substrate. Monooxygenases incor- 
porate only one atom of molecular oxygen into 
the hydrocarbon substrate; the other atom of 
oxygen is reduced to water. Since these enzymes 
function as part oxygenase and part oxidase, they 
are also known as mixed-function oxidases. 

The initial step in the oxidation of alkanes is 
via an alkane oxygenase-catalyzed reaction, 
which is carried out by either a P450 monooxy- 
genase or a multiprotein monooxygenase (20). 
At least some alkane oxygenases are nonheme 
&-iron proteins. In the alkane monooxygenase 
reaction, the alkane is oxidized to an alcohol and 
then hydrolyzed to an aldehyde. This is subse- 
quently converted via an oxidation reaction to 
fatty acids before entering the P-oxidation and 
tricarboxylic acid cycles. The monooxygenase 
system that catalyzes the reaction that many bac- 
teria use to transform an alkane to an alcohol 
consists of three components: a membrane- 
bound monooxygenase, a soluble rubredoxin, 
and a rubredoxin reductase. 

The alkane-oxidizing enzymes are encoded 
by both chromosomal and plasmid-borne 
genes, with the well-characterized OCT 
plasmid of Pseudomonas putida Gpol, for exam- 
ple, encoding all the enzymes necessary for the 
degradation of n-alkanes to fatty acids (132). 
There are 10 genes involved in synthesizing the 
enzymes necessary for alkane oxidation; these 
can be found in two regions on the OCT 
plasmid, at the alkBFGH?JKL operon and the 
ulkST operon (131). The alkB, ulkF and alkG, 
and alkT genes code for the production of the 
alkane hydroxylase, rubredoxins, and ru- 
bredoxin reductase, respectively. In turn, alk] 
encodes alcohol dehydrogenase, alkH encodes 
aldehyde dehydrogenase, and alkKencodes ace- 
tyl coenzyme A production. It is thought that 
ulkL may be involved primarily in alkane up- 

take, while alkS regulates the expression of the 
alkBFGHJKL operon. A model for alkane me- 
tabolism in Pseudornonas oleovoruns proposed by 
van Beilen et al. (132) is illustrated in Fig. 1.5. 

The aromatic hydrocarbons have a structure 
based on the benzene ring, C6H6. The benzene 
ring is ubiquitous in nature as a component of 
lignin and humus. It is found in the aromatic 
amino acids phenylalanine, tyrosine, and tryp- 
tophan. It is also present in fuel spills along with 
BTEX compounds (Fig. 1.6). BTEX com- 
pounds are a major concern as a result of fuel 
spas, and the term BTEX appears continu- 
ously in the bioremediation research and busi- 
ness literature. 
All of the BTEX compounds are of concern 

as environmental pollutants. Benzene itself is 
an EPA category A carcinogen (human carcin- 
ogen, causing leukemia). The others all have 
severe acute effects ofexposure. They are com- 
monly found in gasoline and are highly volatile. 
Even so, they do adsorb to clay particles, allow- 
ing them to persist in soils. They also can leach 
into groundwater because their solubility is rel- 
atively high. 

Due to leakages of underground storage 
tanks and pipelines, spills during transportation 
and from production sites, and seepage from 
surface contaminated sites such as gasworks, 
BTEX compounds have become major con- 
taminants of the subsurface. Efforts have fo- 
cused upon removing these contaminants be- 
fore they enter aquifers and cause pollution of 
drinking water supplies. As there is very little 
oxygen present in the subsurface, it is impor- 
tant that knowledge of microbial metabolism 
of pollutants without oxygen is gained so that 
such abilities could be harnessed for bioremedi- 
ation. Evidence now supports that anaerobic 
environments are host to a diverse array of mi- 
croorganisms capable of metabolizing organic 
contaminants without the presence of molecu- 
lar oxygen (25, 34, 35, 88, 107, 108, 147), in- 
cludmg BTEX compounds (13, 19, 73). 

The fused-ring PAHs have received much 
attention, both as pollutants and for their po- 
tential for biodegradation. Because of their 
widespread hstribution, PAHs have been pol- 
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lutants of great concern for many years. The 
simplest of the PAHs is naphthalene, and in- 
creasing the number of rings in the molecule 
decreases the aqueous solubility (Fig. 1.7), 
which has major implications for bioavailability 
and biodegradability. The group of compounds 
includes 16 priority pollutants, many of which 
are suspected carcinogens. Besides being pres- 
ent in petroleum, they are very common con- 
stituents of coal tars and are produced during 
high-temperature industrial processes such as 
oil refining and coke production in combined 
iron and steel plants. 

Dioxygenases are involved at several stages 
in the pathways for catabolism of aromatic hy- 

m-Xvlene n-Xvlene drocarbons. Dioxygenases involved in the ini- 
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CH3 
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tial attack on aromatic hydrocarbons bring 
about ring hydroxylation. These ring-hydrox- 
ylating “xygenases7 e.g.7 dioxygen- 
ase, require reduced Cofactors-NADH in cat- 
abolic pathways in addition to oxygen. They 

le6 Structures Of the BTEX Of 

compounds. The carbon atoms of the benzene mole- 
cule are numbered as an aid to the explanation of the 
nomenclature of aromatic compounds. For example, 
o-xylene is 1,2-&methyl benzene. 
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Naphthalene Phenanthrene Benzo[a]anthracene 

Pyrene Benzo[a]pyrene 

FIGURE 1.7 Structures of some representative 
PAHs. 

hhydroxylate aromatic substrates to produce 
ciw&ols. This is typical of the initial step in 
bacterial oxidation of aromatic hydrocarbons. 
Subsequently, other dioxygenases are involved 
in ring fission. These ring cleavage enzymes 
have no cofactor requirements and cleave the 
aromatic ring of hydroxylated aromatic sub- 

strates; for example, bacterial catechol 1,241- 
oxygenase cleaves the hhydroxylated benzene 
ring to produce a cis,cis-muconic acid. 

PAHs are ofmajor concern as environmental 
contaminants, although less so in groundwater 
than in soil. This is because of their limited solu- 
bilities and relatively low concentrations in gas- 
oline, which is a major source of groundwater 
contamination. The bacterial metabolism of 
naphthalene provides an example of the metab- 
olism involved in the biodegradation of PAHs. 
The principal mechanism for the aerobic bacte- 
rial metabolism of naphthalene is via the oxi- 
dative action of the naphthalene dioxygenase 
enzyme, which forms the intermediate naph- 
thalene hhydrodiols (30, 53, 89); these dihy- 
drodiols are then dehydrogenated via the ac- 
tion of a suite of naphthalene dehydrogenase 
enzymes to form salicylic acid (Fig. 1.8). The 
conversion of naphthalene to salicylic acid 
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constitutes the upper pathway of naphthalene 
metabolism. Salicylic acid can then be further 
metabolized via catechols, resulting in the end 
products carbon dioxide and water; this consti- 
tutes the lower pathway of naphthalene metab- 
olism. 

In most cases, the genes that encode naph- 
thalene transformation are found on plasmids, 
the best stuhed of which is the NAH 7 plasmid 
of P. putidu PpG7. This plasmid carries two 
operons: the nuh operon, which encodes the 
initial stages of the metabolism of naphthalene 
(naphthalene to salicylic acid), and the sul op- 
eron, which encodes the transformation of 
salicyclic acid to catechols. The nahR gene 
produces a regulatory protein (a 36-kDa 
polypeptide) which is dependent on the pres- 
ence of salicylate, and this protein induces the 
transcription of the nah and sul operons. 

Fuel oxygenates are not petroleum hydro- 
carbons, but they are added to gasoline to pro- 
mote more complete burning of the fuel by 
increasing the oxygen content. The most com- 
monly used chemical in this sense is methyl 
tevtiury-butyl ether (MTBE) (Fig. 1.9). Its use 
as a fuel oxygenate means that it is a chemical 
produced in a very high volume. MTBE is rel- 
atively soluble and volatile and appears to be 
relatively resistant to biodegradation (1 11). It 
therefore has the potential to be a widespread 
contaminant of groundwater, as it is highly 
mobile. It is, however, considered to be non- 
toxic at levels of exposure likely to be experi- 
enced (45). 

Heterocyclic aromatics occur naturally in 
crude oil, and the aromatic organosulfur com- 
pounds (benzothiophene, dibenzothiophene) 
(Fig. 1.4) are of concern as contributors to the 

CH3 I 
I 

CH,-0-C-CH, 

Methyl tert-butyl ether 
FIGURE 1.9 Structure OfthefueloxygenateMTBE. 

sulfur content of fuels. Biological desulfuriza- 
tion systems offer alternatives to hydrotreat- 
ment for the production of low-sulfur fuels 
(86). 

Haloalkenes and Haloalkanes 
The most important haloalkenes are the chlori- 
nated ethenes. Chlorinated ethenes and ethanes 
are common dry-cleaning agents. Halogena- 
tion of organic molecules generally makes 
them more resistant to aerobic biodegradation. 
Their oxidation state is raised and therefore 
electrophilic attack is energetically less favora- 
ble. Indeed, this is true for xenobiotic com- 
pounds carrying other substituents that confer 
electrophilicity on the molecule, e.g., nitro, 
azo, sulfo, and carbonyl groups. Thermodyn- 
amically, nucleophilic attack under reducing 
con&tions is more likely (72). Increasing the 
degree of chlorination generally decreases the 
rate of biodegradation, i.e., the greater the de- 
gree of halogenation, the more resistant the 
molecule becomes. Increasing chlorination also 
leads to a marked drop in water solubility and 
corresponding increase in hydrophobicity, 
which have influence on biodegradability. The 
toxicity of the compound also adversely affects 
biodegradation; the interaction between toxic- 
ity and biodegradation is not well understood, 
but they are clearly linked and competing pro- 
cesses: at low concentrations a compound may 
be biodegradable, but biodegradation is ar- 
rested at higher concentrations by toxicity. If 
the concentration is very low for biodegrada- 
tion, then this may not be enough to support 
microbial growth and reproduction, the con- 
cept of threshold first described by Jannasch 
(66) and subsequently elaborated upon in detail 
by Alexander (5). 

Disinfection of drinkmg water by chlorina- 
tion has had a long, successful pedigree. Several 
decades ago it was realized, however, that chlo- 
rination of water formed trace amounts of tri- 
halomethanes, such as chloroform. Some of 
these compounds are suspected carcinogens, 
and strict limits are set for allowable concentra- 
tions in drinking water. Sulfate-reducing bac- 
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teria transform tetrachloroethene to trichloro- 
ethene (TCE) and cis-1 ,Zdichloroethene by 
anaerobic dehalogenation (1 1). The fully 
chlorinated but unsaturated tetrachloroethene 
(perchloroethene [PCE]) is subject to stepwise 
dechlorination to the toxic product vinyl chlo- 
ride and eventually ethene (90). PCE degrada- 
tion has been demonstrated in a methanogenic 
bacterial consortium growing on acetate (52, 
134). 

The haloalkene that causes the most con- 
cern is TCE (Fig. 1 .lo). It is widely distributed 
in soil and groundwater as a pollutant. Not only 
is it relatively resistant to biodegradation, but 
its aqueous solubility is only of the order of 1 
mg liter-’. Anaerobic TCE degradation oc- 
curs by reductive dechlorination (Fig. 1.11). In 
the commonly observed TCE transformation 
pathway, TCE is sequentially reduced to dichl- 
oroethene, vinyl chloride, and ethene. Exten- 
sive aerobic degradation ofTCE by a methane- 
utilizing microbial consortium has been dem- 
onstrated (51,76). The low specificity ofmeth- 
ane monooxygenase allows the conversion of 
TCE to TCE epoxide, which subsequently 
spontaneously hydrolyzes to polar products 
(formic, glyoxylic, and dichloroacetic acids) 
utilizable by microorganisms. 

Haloaromatics 
For the same reasons as the haloaliphatics, the 
haloaromatic compounds are generally less bio- 
degradable, certainly under aerobic conditions, 
than the nonhalogenated counterparts. Thus, 
they are more persistent in the environment. 
Moreover, there is great variety in the haloaro- 
matics. Halogenated aromatic compounds are 
widely lstributed in the environment as a re- 
sult of their widespread use as herbicides, insec- 
ticides, fungicides, solvents, fire retardants, 

TCE 
FIGURE 1.10 Structure of TCE. 

pharmaceuticals, and lubricants, Chlorinated 
compounds are used more frequently than 
fluorinated or brominated compounds. Several 
of these chemicals cause considerable environ- 
mental pollution and human health problems 
due to their persistence and toxicity. Anaerobic 
degradation of chlorophenols and chloroben- 
zoates is usually performed by complex metha- 
nogenic or sulfidogenic microbial consortia 
and in the presence of additional carbon 
sources. 

Phenol was the first antiseptic, but chloro- 
phenols possess far higher antimicrobial activity 
and acidity than phenol. Chlorinated phenols 
were subsequently developed as biocidal 
agents, especially di- and trichlorophenol and, 
above all, PCP. The fully substituted PCP (Fig. 
1.12) is very recalcitrant, has limited aqueous 
solubility (except in alkali solution, where it 
forms a soluble so lum salt), and is persistent 
in the environment. It has long been used as a 
wood preservative and is a biocide of impres- 
sive effectiveness, being fungicidal, bacteri- 
cidal, algicidal, insecticidal, molluscicidal, and 
herbicidal (100). Again, polychlorination is 
more really dealt with by reductive dechlori- 
nation, although aerobic biodegradation is pos- 
sible (112). 

Other, less substituted chlorophenols have 
found uses in a variety of industries. They are 
used as intermediates in pesticide synthesis, as 
dyestuffs, and in the pharmaceutical industry. 
Many pesticide molecules are halogenated aro- 
matics, with highly variable levels of biode- 
gradability. Examples are DDT, 2,4-dichloro- 
phenoxyacetic acid (2,4-D), and 2,4,5- 
trichlorophenoxyacetic acid (2,4,5-T) (Fig. 
1.13), in which relatively small structural 
changes result in differing biodegradability. 
2,4-D, for example, is biodegraded within 
days; 2,4,5-T differs only by one additional 
chlorine substitution in the metu position, yet 
this compound persists for many months. The 
additional substitution interferes with the hy- 
droxylation and cleavage of the aromatic ring. 

The haloaromatic groups are also found as 
part of other biocidal compounds, such as 
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cally to methane and COz. Fungi transform 
PCP via pathways dfferent from those of aOc1 bacteria; e.g., in soil subject to bioremediation 
by a white rot fungus, methylation products 
including pentachloroanisole were produced 

Biodegradation of the herbicide 2,4-D oc- 
curs via a modfied ortho cleavage pathway. 

lar to that for other chlorinated aromatics, such 
as 3-chlorobenzoate (3CBA) (101). In this 

cl)@ 

/ c1 / c1 

c1 c1 (130). 

Pentachlorophenol 2,4,6-trichlorophenoI 

FIGURE 1.12 
rophenols: PCP and trichorophenol. 

Structures of two examples of chlo- This biodegradation pathway for 2,4-D is simi- 

the triazole fungicides (Fig. 1.14). The insolu- 
bility and hydrophobicity of some chloroaro- 
matics make them useful industrial solvents. 
The chlorobenzenes exist as a group of 12 
compounds. Historically, the chlorobenzenes 
were used in the synthesis of DDT, but now 
the most important use is in the synthesis 
of aniline dyes and a variety of pesticides. 
Biodegradation of numerous halogenated aro- 
matic compounds under both aerobic and 
anaerobic condtions (55, 56, 94, 117) has 
been reported. Halobenzoates are used as sub- 
strates by various bacteria under aerobic con- 
ditions. Chlorophenols, particularly PCP, are 
used as preservatives for wood and canvas, as 
mentioned above. Other chlorophenols are 
used in the synthesis of pesticides, resins, dyes, 
and pharmaceuticals. Aerobically, PCP is con- 
verted by a bacterial monooxygenase to tetra- 
chlorohydroquinone through the oxidative 
elimination of the chlorine para to the pheno- 
lic hydroxyl. Anaerobically, PCP is reduc- 
tively dechlorinated stepwise to phenol. 
Phenol can be metabolized further anaerobi- 

pathway, chlorinated aromatic compounds are 
degraded via a chloro-substituted catechol, 
which is ortho cleaved by a chlorocatechol 1,2- 
hoxygenase. The enzymes involved in the 
minerahation of chlorocatechols have wider 
substrate specificities than the ordinary ortho 
cleavage pathway enzymes, which is why it 
is called a modified ortho cleavage pathway 
(133). The genes for the modified ortho cleav- 
age pathways are generally located on catabolic 
plasmids; their organization into operon struc- 
tures differs substantially from that of the chro- 
mosomally encoded genes of the normal ortho 
cleavage pathway. Plasmid pJP4, which codes 
for the biodegradation of chlorinated haloaro- 
matics, is an 80-kb IncPl broad-host-range 
conjugative plasmid encoding most of the deg- 
radation pathway for 2,4-D, 2-methyl-4-chlo- 
rophenoxyacetic acid, and 3CBA and for resis- 
tance to mercuric chloride and phenylmercuric 
acetate (101). 3,5-Dichlorocatechol is oxidized 
via a series of steps to 2-chloromaleyl acetate 
by enzymes encoded by the tfdCDEF operon 
of pJP4. The chloromaleyl acetate is then ca- 

OCH,COOH OCH&OOH 
I I 

c1 Jqcl 
t 1  1.1 

DDT 2,4-D 2,4,5-T 
1,1,l-trichloro-2,2-bis(-p-chlorophenyl) (2,4-dichlorophenoxy) (2,4,5-trichlorophenoxy) 

ethane acetic acid acetic acid 
FIGURE 1.13 Structures of some chloroaromatic biocides which vary greatly in their biodegradability. 
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FIGURE 1.14 Structure ofa triazole fungicide. Tri- 
azole fungicides exhibit their antifungal activity by in- 
hibiting fungal ergosterol biosynthesis and are econom- 
ically important agrochemicals since they have been 
widely used on crops such as wheat, barley, and orchard 
fruits. 

tabolized by chromosomally encoded enzymes. 
Interestingly, microbial transformation of some 
organic contaminants such as the industrial sol- 
vent tetrachloroethylene (PCE) does not occur 
in oxygenated environments (69), with more 
rapid transformation of this contaminant under 
anaerobic conditions than aerobic conditions. 
Removal of chlorine from aromatics gener- 
ally occurs much more readily in anaerobic 
environments (via reductive dechlorination), 
which is an important consideration when bi- 
oremediation operations for heavily chlori- 
nated compounds are being designed. 

PCBs 
PCBs are mixtures of biphenyls with 1 to 10 
chlorine atoms per molecule. This is a large 
family of compounds. They consist of two 
covalently linked, but not fused, benzene 
rings, with various degrees of chlorination of 
the carbon atoms. The family is large because 
of the many substitution possibilities, which 
number 210. The PCBs are oily fluids, and 

they have found widespread use as both insu- 
lators and coolants of transformers due to 
their low electrical conductivity and high 
boiling point. They have also been used as 
plasticizers. 

PCBs, with their attendant chlorination 
(Fig. 1.15), are persistent, toxic, and carcino- 
genic (1 10). They are remarkably lstributed 
in the environment, and they are able to 
biomagnify through food chains. Whereas 
most of the enumerated uses of PCBs would 
not seem to be conducive to widespread envi- 
ronmental contamination, PCB residues have 
in fact been detected in a large percentage 
of random environmental samples, and they 
accumulate in higher-trophic-level animals. 
Concentrations of PCBs over 1 ppm have 
been detected in one-third of the sampled 
U.S. population with no known occupational 
exposure. In some freshwater habitats, older 
individual predatory fish, such as trout and 
salmon, accumulate 20 to 30 ppm of PCBs, 
and predatory and fish-eating birds were 
found to contain, on occasion, several 
hundred parts per million of PCBs. 

Although relatively resistant to biodegrada- 
tion, a number of microorganisms that trans- 
form PCBs have been isolated. Degradation 
of PCBs typically is by cometabolism and is 
enhanced by the addition of less chlorinated 
analogs such as dichlorobiphenyl. Extensive 
degradation of some PCB congeners has been 
found in soils and aquatic waters and se l -  
ments. The specific congeners are differen- 
tially degraded, and various PCB products, 
according to their composition, exhibit differ- 
ent degrees of susceptibility to biodegradative 

Basic unit of the PCB 's 

FIGURE 1.15 

2,2',5,5 '-tetrachlorobiphenyl 3,3 ',5,5 '-tetrachlorobiphenyl 

Structure of PCBs. The basic unit is shown to explain the nomenclature of PCBs. 
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transformations. Many PCBs (25) are trans- 
formed without the presence of molecular 
oxygen under one or more redox environ- 
ments (nitrate, manganese, iron, and sulfate 
reducing conditions). Anaerobic PCB dechlo- 
rination is responsible for the conversion of 
highly chlorinated PCBs to lightly chlorinated 
ovtho-enriched congeners. The products from 
this anaerobic process are readily degradable 
by a wide range of aerobic bacteria. The 
widespread anaerobic dechlorination of PCBs 
results in reduction of the potential risk due 
to the dioxin-like toxicity and carcinogenicity 
of PCB exposure. 

Nitroaromatics 
Nitroaromatic compounds are released into the 
biosphere almost exclusively from anthropo- 
genic sources. Some compounds are produced 
by incomplete combustion offossil fuels; others 
are used as synthetic intermedates, dyes, pesti- 
cides, and explosives. The most familiar of the 
nitroaromatics is trinitrotoluene (TNT) (Fig. 
1.16), the universal high explosive. Nitro 
groups are also electron withdrawing, making 
them less susceptible to electrophilic attack. 
TNT may be found in gram-per-kdogram 
quantities in many contaminated soils (120) 
and is known to exert toxicological effects on 
a wide range of terrestrial and aquatic organ- 
isms, to be mutagenic, and to be a possible 
human carcinogen. Nitroaromatic biodegrada- 

NO* 
FIGURE 1.16 Structure of TNT. Many military 
testing grounds are contaminated with TNT. Human 
exposure leads to a range of clinical conditions: anemia 
and abnormal liver, spleen enlargement, other harmful 
effects on the immune system, and skin irritation. 
There is evidence that T N T  adversely affects male fer- 
tility, and T N T  is listed as a possible human carcinogen. 

tion is at best slow and is best under reducing 
conditions (1 19). 

Nitroaromatics are biodegraded under aero- 
bic and anaerobic conditions (1 19). The anaer- 
obic bacteria Desuvovibrio spp. can reduce ni- 
troaromatic compounds, includmg 2,4,6-TNT 
to 2,4,6-triaminotoluene. Several strains of 
Clostridium spp. can catalyze a similar re- 
duction, producing low-molecular-weight 
aliphatic acids. The fungus Phanerochaete 
chvysosporium mineralizes 2,4-dinitrotoluene 
and 2,4,6-TNT and shows promise as the basis 
for bioremediation strategies. A number of ni- 
troaromatic compounds can serve as growth 
substrates for aerobic bacteria. Some bacteria 
can reduce the aromatic ring of dinitro and 
trinitro compounds with the elimination of ni- 
trite. Monooxygenases can add a single oxygen 
atom and eliminate the nitro group from ni- 
trophenols. Dioxygenases can insert two hy- 
droxyl groups into the aromatic ring and pre- 
cipitate the spontaneous elimination of the 
nitro group from a variety of nitroaromatic 
compounds. Reduction of the nitro group to 
the corresponding hydroxylamine is the initial 
reaction in the metabolism of nitrobenzene, 4- 
nitrotoluene, and 4-nitrobenzoate. These reac- 
tions have potential applications for the bio- 
degradation of environmental contaminants. 

Dioxins 
Dioxins are among the most toxic chemicals 
known. Dioxin is a general term that describes 
a group of hundreds of chemicals that are 
highly persistent in the environment and also 
bioaccumulate rather efficiently. As knowledge 
stands, the most toxic compound is 2,3,7,8- 
tetrachlorodibenzo-p-&oxin, or TCDD (Fig. 
1.17). The toxicities of other dioxins and 
chemicals like PCBs that act like dioxins are 
measured in relation to that of TCDD. TCDD 
is a category A carcinogen, meaning that it is 
a known human carcinogen. The major source 
of dioxin in the environment is incinerators 
that burn halogenated wastes. Dioxins are pro- 
duced in paper mills that use chlorine bleaching 
in their process and are made during produc- 
tion of polyvinyl chloride. They are not used 
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FIGURE 1.17 Structure of TCDD, one of the most 
toxic compounds known. In January 2001, its status 
as a suspected human carcinogen was changed to that 
of a known human carcinogen, based on sufficient evi- 
dence from a combination of epidemiological and 
mechanistic studies that indicated a causal relationship 
between exposure to TCDD and human cancer. 

as industrial chemicals but are the inadvertent 
by-product of other industrial processes during 
the synthesis of chlorophenols and some chlor- 
inated herbicides. 

Since 1977, it has been recognized that &- 
oxins are the major chlorinated toxic com- 
pounds in fly ash, which has been used in Eu- 
rope in the construction of roads, dams, and 
bridges. The polychlorinated dibenzo-p-&ox- 
ins (PCDDs) belong to the most hazardous en- 
vironmental pollutants, principally because of 
their molecular planarity and ability to bind to 
biological receptors (1 5). Aerobic cometabol- 
ism or transformation of PCDDs has focused 
mainly on congeners with four or fewer chlo- 
rine atoms (1,3). The highly chlorinated forms 
are already highly oxidized. Therefore, oxida- 
tive, electrophilic attack is unhkely. These 
forms are more likely to be susceptible to nu- 
cleophilic attack, particularly reductive dechlo- 
rination. However, &oxins are neither toxic 
nor inhibitory to microorganisms and have no 
observable effect on soil respiration (23) or mi- 
crobial activity and diversity (7). 

Adriaens et al. (2) presented the first evi- 
dence for the reductive dechlorination of 
PCDDs and dibenzofurans by anaerobic mi- 
crobial activity. They calculated half-lives of 1 
to 4.1 years from laboratory microcosm experi- 
ments. However, real half-lives are much (per- 
haps orders of magnitude) longer as residual 
concentrations may never be biologically avail- 
able. During reductive dechlorination of aged 
TCDD, the activity of a natural microbial con- 
sortium shifted from predominantly methano- 

genic to predominantly nonmethanogenic. 
The first phase of active TCDD dechlorination 
took place during active methanogenesis (15). 
Despite decreasing methanogenesis, dechlori- 
nation continued until the end of the experi- 
ment. Evidence for a dichotomous dechlorina- 
tion pathway for highly chlorinated PCDD 
congeners by a microbial consortium was pre- 
sented (Fig. 1.18): 

1. a mixed pevi-lateral dechlorination path- 
way for non-2,3,7,8-substituted congeners, 
and 

2. a peri-dechlorination pathway for 2,3,7, 
8-substituted hepta- through penta- CDD 
isomers. 

It was only in 1992 that the properties of a 
bacterium capable of mineralizing dibenzo-p- 
dioxin (DD) were reported (Fig. 1.19) (142). 
Chlorinated dioxins present considerably 
greater challenges for the reasons already out- 
lined (mainly lower bioavailability and lack of 
sites for electrophilic attack). Until 1996, no 
aerobic enrichment cultures capable of utiliz- 
ing chlorinated dibenzofurans and dibenzodi- 
oxins had been obtained. This changed when 
it was shown that Sphingomonas strain R W l  
converted 1-chloro-DD (1-CDD) and 2- 
CDD to 3-chlorocatechol and 4-chlorocate- 
chol, respectively, and catechol (Fig. 1.20) 
(140). Now both aerobic and anaerobic mech- 
anisms of lox in  biodegradation are known 

The &oxygenation of monochlorinated 
DDs occurs on both the halogen-substituted 
aromatic nucleus and the nonsubstituted nu- 
cleus (54, 57). The accumulation of 3-chloro- 
catechol and 4,5-dichlorocatechol (from 2, 
3-dichloro-DD) presents a significant problem 
for further biodegradation: 3-chlorocatechol is 
a potent inhibitor of meta-cleaving enzymes of 
catechol (16). 4,5-Dichlorocatechol is a strong 
inhibitor of chlorocatechol 1,2-dioxygenase. 
These compounds are therefore critical recalci- 
trant intermediates in the aerobic mineraliza- 
tion of hchloro- and possibly also trichloro- 
and higher congeners. 

(70). 
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FIGURE 1.18 Branched pathway of PCDD microbial dechlorination. Dechlo- 
rination caused by activity of nonmethanogenic, non-spore-forming microbes 
(broad arrows) and intermediates found in trace concentrations (14) (braces) are 
inmcated. 
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FIGURE 1.19 Metabolic pathway for the aerobic biodegradation of DD (142). 

The genetics of dioxin biodegradation has 
been characterized (6,71) (Fig. 1.21). Genefdxl 
encodes a ferredoxin containing a [2Fe-2S] 
cluster of the putidaredoxin type, i.e., a ferre- 
doxin which is related to ferredoxins typically 
acting as electron donors of monooxygenases. 
Gene vedA2 encodes a ferredoxin reductase with 
a high degree of homology to putidaredoxin re- 
ductase and to reductases acting with class IIB 

oxygenases. Genes dxnAl and dxnA2 encode 
the terminal oxygenase. The a subunit shows 
homologies to those of the class IIB enzymes. 
Genes encoding enzymes catalyzing the second 
(extradiol cleavage oftrihydroxybiphenyl or tri- 
hydroxybiphenyl ether) and the third (hydroly- 
sis of the trihydroxybiphenyl ring cleavage 
product) catabolic reactions have also been lo- 
calized and are usually on separated DNA frag- 
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3-Chlorocatechol 
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1 t o t  
OH 
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1 -Chlorodibenzo-p-dioxin Hooc3 HOOC 
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FIGURE 1.20 
(140). A and B, sites of attack by the initial dioxygenase. 

Metabolic pathway for the aerobic biodegradation of 1-CDD 
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FIGURE 1.21 Gene organization for dioxin metabolism in Sphingomonus sp. strain RW1. Six fragments of the 
RW1 genome which are probably involved in dibenzofuran and dioxin degradation are shown. Genes coding 
for the initial dioxin dioxygenase (boxed) are indicated. 

ments. Besides the gene for trihydroxybiphenyl 
dioxygenase, there are three genes encoding 
isofunctional extradiol dioxygenases. The gene 
sequences of ed02 and edo3 are most similar to 
those coding for ring cleavage enzymes with 
high activity against bicyclic substrates. Isoen- 
zymes also seem to be present for the following 
hydrolase. Only one of the genes encoding such 
a hydrolase (hopdul) is clustered with other 
genes ofthe upper pathway (those encoding the 
terminal oxygenase). An analysis of the respec- 
tive environments showed an association with 
sequences of adltional pathways or parts of 
pathways, the function ofwhich in DD and &- 
benzofuran degradation remains to be clarified. 

ABSS 
The alkylbenzyl sulfonate (ABS) compounds 
are included because they are widely used as 
anionic detergents and therefore have great 
potential for environmental contamination, 
purely through large-scale industrial and do- 

mestic usage (Fig. 1.22). Early “hard” deter- 
gents contained branched ABSs as the surfac- 
tants. In these early detergents, the alkyl 
portion of the ABSs had multiple methyl 
branching, which negatively influences bio- 

S0,Na 

Nonlinear alkylbenzylsulfonate 

CH,-CH, € CH, 3, CH,-CH, 0 S 0 3 N a  

Linear alkylbenzylsulfonate 

FIGURE 1.22 Chemical structures of ABSs. The 
potential of these chemicals as surfactants can be seen 
from the possession ofboth charged hydrophilic groups 
and long-chain lipophilic groups. 
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degradation due to inhibition of P-oxidation. 
In contrast, linear ABSs are biodegradable in 
wastewater treatment plants. Nonlinear ABS is 
easier to manufacture and has slightly superior 
detergent properties, but the methyl branching 
of the alkyl chain interferes with biodegrada- 
tion, since the tertiary carbon atoms block the 
normal P-oxidation sequence. ABS was specif- 
ically redesigned because its first form was resis- 
tant to biodegradation, and the industry switch 
to linear ABSs removed at a stroke the un- 
sightly foaming and scum formation seen in 
receiving water bodies. Most importantly, the 
newly designed ABS is more easily biode- 
graded. 

Plastics and Polymers 
About 50 million metric tons of plastics are 
produced per year in the United States, much 
of which is for disposable goods and packaging 
material that wind up as environmental wastes 
and pollutants. Disposable goods and packaging 
material, about one-third of the total plastic 
production, have the largest environmental 
impact. More than 90% of the plastic material 
in municipal garbage consists of polyethylene, 
polyvinyl chloride, and polystyrene, in roughly 
equal proportions. Resistance to biodegrada- 
tion ofthe polymers seems to be associated here 
with excessive molecular size. Biodegradation 
of long-chain C30 and higher n-alkanes de- 
clines with increasing molecular weight, and 
n-alkanes in excess of a molecular weight of 
550 to 600 become refractory to biodegrada- 
tion. If the molecular size of polyethylene is 
reduced to a molecular weight under 500, by 
pyrolysis, for example, the fragments are sus- 

ceptible to biodegradation. Biodegradable 
polymers can be synthesized to replace or aug- 
ment various plastics which have been accu- 
mulating in the environment because of resis- 
tance to microbial attack. 

OPS 
Organophosphates (OPs) were first used as 
nerve gas agents before being developed as pes- 
ticides. In their acute effects, they are anticho- 
linesterases that block at neural connections be- 
tween nerve and muscle and between synapses 
in the autonomic nervous system. They are in 
the first priority group of pesticides to be re- 
viewedunder the U.S. Food Quality Protection 
Act of 1996. Approximately 30 million kg of 
OPs is applied to approximately 60 million acres 
of U.S. agricultural crops annually. The path- 
ways of exposure to humans are through direct 
contact by agricultural workers, airborne OPs in 
the atmosphere, residuals on crops, and runoff 
into groundwater. Human intake occurs 
through inhalation, absorption through the 
slun, and ingestion. The acute toxicity of com- 
pounds such as parathion (Fig. 1.23) is very high. 

OPs have been used as pesticides and chemi- 
cal warfare agents during the last 60 years. Sites 
contaminated with OPs are of concern when 
there is a high risk of contact with humans. 
OPs decompose in the environment over time 
to form relatively nontoxic compounds due to 
the action of light, water, and soilborne micro- 
organisms. Bacteria that can biodegrade various 
organophosphorus pesticides, includmg dialkyl 
phosphates, dialkyl phosphorothioates, dialkyl 
phosphorodithioates, alkyl arylphosphonates, 
alkyl arylphosphonothioates, and alkyl alkyl- 
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FIGURE 1.23 
have had very widespread usage as pesticides. 

Chemical structures of some common OPs. OPs are extremely toxic to humans, and some 
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phosphonates, have been isolated (37). Agro- 
bacterium radiobacter, for example, can hydrolyze 
a wide range of OP insecticides (62). A gene 
encoding a protein involved in OP hydrolysis 
cloned from this bacterium had a high level of 
homology to other OP-hydrolyzing enzymes. 
Phosphotriesterases catalyze the hydrolytic de- 
toxification of phosphotriester pesticides and 
chemical warfare nerve agents with various ef- 
ficiencies (87). The proposed catabolic path- 
way for the breakdown of a typical phos- 
photriester, dimethyl paraoxon, to phosphate 
involves three hydrolytic steps. Phosphotriest- 
erases catalyze the hydrolysis of paraoxon to 
dimethyl phosphate. Phosphodiesterases cata- 
lyze the hydrolysis of dimethyl phosphate 
to methyl phosphate. Phosphomonoesterases 
such as alkaline phosphatase catalyze the hy- 
drolysis of methyl phosphate to phosphate. 

Heavy Metals 
Metals and their derivatives are a small group 
of elements. Only about 30 metals are used by 
industry, so their dversity is much less than 
that of the organics. Nevertheless, some metals 
are extracted in very large volumes, and several 
are highly significant environmental pollutants 
and toxicants. They vary in their toxicological 
effects. They also vary enormously in their bio- 
availability, depending on indvidual chemistry 
and pH, and in soils factors such as cation-ex- 
change capacity greatly influence their mobility 
and availability. Various heavy metals other 
than mercury, including tin, cobalt, chro- 
mium, nickel, cadrmum, and thallium, are used 
in metal alloys or as catalysts. Their mining, 
smelting, and ultimate disposal cause heavy- 
metal pollution problems. All these metals are 
substantially toxic to plants, animals, and many 
microorganisms. Radionuclides as environ- 
mental pollutants originate from atmospheric 
testing of thermonuclear weapons, uranium 
mining and processing, disposal of nuclear 
wastes, and the routine operation of nuclear 
power plants and accidents at such installations. 

Nickel, zinc, copper, and boron are phyto- 
toxic metals. Cadmium, lead, mercury, arsenic, 
beryllium, and copper are zootoxic. Arsenic is 

a metalloid, and its primary usage has been in 
agriculture, in formulation of herbicides, espe- 
cially for the control of weeds in cotton fields. 
Sodium arsenite has been used as an insecticidal 
ingredent of sheep-dips. In industry, arsenic 
has found use in glass manufacture and a new 
role is in the semiconductor industry. Copper, 
which is released in significant amounts via 
smelting, is a category A carcinogen and has 
many acute effects on human health. In several 
countries, it is a major blight in drinking water. 
Cadmium is a superior plating metal. Cd(OH)2 
serves as the anode in nickel cadmium batteries, 
and other applications are found in the plastic 
and pigment industries. However, Cd is a 
highly toxic metal, which is bioaccumulated 
and is excreted with a half-life of20 to 30 years. 
It causes a range of health effects from hyper- 
tension to cancer. 

There is no better illustration of the hazards 
of environmental contamination than that pro- 
vided by mercury, It is an important industrial 
element and has been used (is in use) in a wide 
variety of industries and products including 
miniature batteries, mercury vapor lamps, in- 
dustrial catalysts, fungicides, and insecticides. 
Mercury is a serious threat to human health 
because of the way it acts on the central ner- 
vous system (CNS). The effects of mercury on 
the CNS include neurological damage, irrita- 
bility, paralysis, blindness, insanity, chromo- 
some damage, and birth defects (81). Methyl- 
mercury and other alkyl mercury species are 
lipid soluble and can penetrate the blood-brain 
barrier, attacking the CNS. Mercury species 
can spread throughout the entire body, bioac- 
cumulating in lipids and organs such as the 
liver. 

The risk of toxic chemicals catastrophically 
contaminating food was realized in the 1950s 
as a result of mercury poisoning. The city 
where it occurred is now a synonym for this 
type of risk: Minamata disease, which is dis- 
cussed in detail by Ellis (46). At Minamata in 
Japan, discharge of inorganic mercury-bearing 
waste from a factory kdled more than 100 peo- 
ple directly and ruined the lives of thousands 
of others. The factory discharged its waste to 
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Minamata Bay, which is a settling basin, not 
a flushing open coast. As a result, the many 
contaminants in the waste accumulated in the 
sediments rather than being diluted and dis- 
persed. The inorganic mercury wastes, once 
incorporated into the anaerobic sediment of 
the bay, may have been methylated by micro- 
organisms and may have added to the methyl- 
mercury contamination, though the contribu- 
tion of biological methylation versus drect 
methylmercury discharge was not quantified, 
and the contribution from microbial methyla- 
tion probably was minor in this incident. The 
environmental methylation of mercury can be 
attributed to the system responsible for the an- 
aerobic generation of methane. Methylcoba- 
lamine (methyl-vitamin BIZ) is able to transfer 
its methyl group to Hg2+ ions, yielding re- 
duced vitamin BIZ. The process may be enzy- 
matically mediated, but it also proceeds sponta- 
neously. Under environmental conhtions, the 
predominant product is monomethylmercury 
(HgtCH3). Thus, the release of mercury into 

the sediments of Minamata Bay started a novel 
chain of chemical change, biological uptake, 
and biomagnification that resulted in the con- 
centration of methyl mercury in the flesh of 
shellfish and finfish. At the top of the food 
chain were the subsistence fishermen of the 
area (Fig. 1.24); much of their food was con- 
taminated and, through biomagnification, a 
large number of people were exposed to suffi- 
cient toxin to poison them. 

The heavy metals are the most perplexing 
inorganic pollutants for bioremediation. The 
heavy metals are those with a density of greater 
than 5 g ~ m - ~ ,  of which there are about 40. 
Metals arise as pollutants from many industries, 
particularly ore extraction and manufacturing. 
For example, metals often have roles in cataly- 
sis. Metals can be conveniently subdivided into 
those with biological functions (e.g., copper, 
zinc, and cobalt) and those which are purely 
toxins (e.g., lead, mercury, and arsenic). Mi- 
crobes cannot destroy metals. However, many 
can take them up and transform them to less 
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FIGURE 1.24 Flow of mercury through the ecosystem at Minamata (46). 
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hazardous oxidation states. Microorganisms are 
capable of transferring methyl groups onto var- 
ious heavy metals and some metalloids, such 
as selenium and arsenic. Methylation processes 
result in altered toxicity and biomagnification 
of these elements. Arsenate can be methylated 
to mono-, di-, and trimethylarsines by some 
filamentous fungi, such as Scopulariopsis brevi- 
caulis. The methyl group is donated here by 
either S-adenosylmethionine or methyl-cobal- 
amine. The products are volatile and highly 
toxic compounds. A promising area is phyto- 
remediation, the use ofplants which can bioac- 
cumulate heavy metals and thus move them 
out of contaminated environments. It is outside 
the scope of this chapter to discuss phyto- 
remediation in more detail, but it 
that a combined approach, i.e., the 

I-\ 

is possible 
use of mi- 

6 
1 
COOH 

crobes to treat organics and the use of plants 
to remove metals, may be feasible. The poten- 
tial of enhancing the activity of organic pollu- 
tant-transforming bacteria within plants (endo- 
phytic bacteria) is also being considered (12). 

BIOCHEMICAL AND MOLECULAR 
ASPECTS OF BIOREMEDIATION 
Given the limited reactivity of hydrocarbons 
and their chlorinated analogs, complex bio- 
chemical pathways are required for their bio- 
degradation. This involves the synthesis of 
multiple enzymes and their ability to act in 
concert in the correct sequence to bring about 
conversion of the hydrocarbon to a central me- 
tabolite (Fig. 1.25). A common control strategy 
for the bacterium is to group the genes coding 
for the enzymes in operons. The operons can 
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FIGURE 1.25 Bacterial metabolism ofhydrocarbons to central metabolites. The remarkable economy ofbacte- 
ria is illustrated a vast number of hydrocarbons are converted to just two key intermediates, catechol and protoca- 
techuate. From this point, ring fission occurs, and by a relatively few short steps the ring fission products are 
converted to central metabolites. TCA, tricarboxylic acid; CoA, coenzyme A. 
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be situated on the main chromosome, but 
commonly they are found on plasmids. Many 
such catabolic plasmids are self-transmissible 
via conjugation and can be transferred through 
soil bacterial populations, leading to spread of 
catabolic capabilities and evolution of new 
ones. Furthermore, many clusters of catabolic 
genes are located on transposons. Thus, novel 
catabolic capabilities can arise by the rearrange- 
ment of DNA sequences which is inherent in 
the activities of transposons. 

Naturally occurring hydrocarbons exist in 
vast quantities, which has aided the evolution 
of biodegradation processes found in microor- 
ganisms. Hydrocarbons are also produced con- 
stantly by animals and plants and by microbial 
action. Benzene is commonly associated with 
petroleum. Lignin, the structural material of 
plants, and humus, the organic fraction of soils, 
also both contain the benzene ring, and to- 
gether the quantity of these materials is vast. 
Pioneering work on the biochemistry of hy- 
drocarbon biodegradation was being done in 
the 1960s. The first catabolic plasmids were dis- 
covered in the 1970s. It was soon realized that 
such catabolic plasmids were common in na- 
ture (141) and that the genus Pseudomoms was 
metabolically diverse in this respect. The scene 
was set for a large expansion in biodegradation 
research, and it became clear that not only was 
hydrocarbon biodegradation common in many 
bacteria, but also catabolic plasmids were wide- 
spread in many genera, both gram negative and 
gram positive. Knowledge of metabolic dwer- 
sity was enhanced with the realization that 
complete reductive dechlorination by obligate 
anaerobes was possible. Anaerobic dissimila- 
tion of low-molecular-weight aromatics, such 
as benzene and toluene, follows a strategy simi- 
lar to that of aerobic systems (61). 

Natural environments contain mixed com- 
munities of microorganisms, and the impor- 
tance of cometabolism of recalcitrant com- 
pounds is now known. In cometabolism, an 
organism growing on a particular substrate is 
able to gratuitously oxidize another substrate 
but is not able to assimilate it. However, the 
oxidation products of the second substrate are 

available for assimilation by other members of 
the community (9). As an important example, 
TCE, which is a common pollutant of ground- 
water, can be gratuitously transformed. Provi- 
sion of either methane or toluene as a cosubs- 
trate can be used for the bioremediation of 
TCE-contaminated groundwater. 

One approach for providing the enzymatic 
capability to degrade diverse pollutants is to use 
genetic engineering to create microorganisms 
with the capacity to degrade a wide range 
of hydrocarbons. A hydrocarbon-degrading 
pseudomonad engineered by A. M. Chakra- 
barty was the first organism that the Supreme 
Court of the United States, in a landmark deci- 
sion, ruled could be patented. However, con- 
siderable controversy surrounds the release of 
such genetically engineered microorganisms 
into the environment, and field testing of these 
organisms must be delayed until the issues of 
safety, containment, and potential for ecologi- 
cal damage are resolved. Given the current reg- 
ulatory framework for the deliberate release of 
specifically genetically engineered microorga- 
nisms, it is unlikely that any genetically engi- 
neered microorganism would gain the neces- 
sary regulatory approval in time to be of much 
use in treating the oil spill for which it was 
created. 

FACTORS AFFECTING 
BIOREMEDIATION 
Bioavailability is extremely important to bio- 
degradation of organic pollutants. It is fre- 
quently observed that the rate of removal of 
compounds from soils is very low even though 
the compounds are biodegradable. However, 
the substrates in these instances may not be in 
a form that is readily available to the microor- 
ganisms. Biodegradation of hydrophobic pol- 
lutants may take place only in the aqueous 
phase; for example, naphthalene (143) is uti- 
lized by pure cultures of bacteria only in the 
dissolved state. Bouchez et al. (24) similarly 
showed that phenanthrene biodegradation oc- 
curs only in the aqueous phase. The many ob- 
servations of linear growth of bacteria and 
yeasts on slightly soluble substrates may be ex- 
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plained by the need for the substrates to be in 
the aqueous phase. In the case of the PAHs, it 
has been shown that linear growth is due to 
mass transfer limitation from the solid phase to 
the liquid phase (135). 

The three main classes of hydrocarbons (ali- 
phatic, alicyclic, and aromatic hydrocarbons) 
vary in their biodegradability according to size 
and solubility. It is believed that only molecules 
of hydrocarbons that are dissolved in the aque- 
ous phase are available for intracellular metabo- 
lism (115). The rate at which a particular or- 
ganic compound dissolves in water is critical 
to its biodegradability, as this governs the rate 
of transfer to the organism. The rate of transfer 
is determined by the equilibrium and actual 
concentration in the bulk phase and the aque- 
ous phase. This is central to the concept ofbio- 
availability as it relates to biodegradation. As a 
complicating issue in relation to bioavailability, 
there is also evidence that indicates the ability 
of microbes to access pollutants that are sorbed 
to surfaces and that microbial pollutant trans- 
formation rates observed in some cases cannot 
be explained by mass transfer processes or in- 
stantaneous desorption from surfaces alone 
(98). The application of surfactants to release 
hydrophobic pollutants, with the objective of 
increasing their bioavailability and biodegrad- 
ability, has had mixed results (65,77, 113, 127, 
148, 149), and the effect with PAHs is not 
clear. 

The transfer ofknowledge from the research 
laboratory to field-scale bioremechation is not 
a simple matter. There are a host of factors in 
the field which are not difficult to control in 
the laboratory that have to be addressed. Bio- 
remediation is a complex process, whose quan- 
titative and qualitative aspects depend on the 
nature and amount of the pollutant present, the 
ambient and seasonal environmental condi- 
tions, and the composition of the indigenous 
microbial community. For bioremediation of 
waters, control of the environment may be rel- 
atively straightforward. The soil environment, 
however, is a different proposition. Decontam- 
ination of soils is especially complex due to the 
heterogeneous structure of soils, with mixed 

gaseous, solid, and liquid phases and associated 
interfaces. 

It is an objective of the engineering profes- 
sionals to ensure success by optimizing the 
physical and chemical factors that are important 
to the growth of the microorganisms. Many 
contaminated sites are characterized by poor 
nutrient concentrations (i.e., low levels of ni- 
trogen and phosphorus), elevated or low tem- 
peratures, and a diverse range of cocontami- 
nants, such as heavy metals, which can 
influence the process of bioremediation by in- 
hibiting the growth of the pollutant-degradmg 
microorganisms and therefore the efficacy of 
pollutant transformation and potential for bio- 
remediation. Indeed, bioremediation treat- 
ments are often designed to overcome these 
limitations which may contribute to environ- 
mental persistence. Of particular importance 
are pH, redox potential, supply of oxygen, 
moisture, temperature, inorganic nutrients, 
cation-exchange capacity, pollutant bioavail- 
ability, and soil porosity. 

Often the most important factor limiting 
rates of biodegradation in the environment is 
the availability of molecular oxygen. The initial 
enzymes of aerobic attack on hydrocarbons are 
oxygenases, which have an absolute require- 
ment for molecular oxygen. Delivering air or 
oxygen to contaminated soils can be difficult 
for a number of reasons: the soil porosity may 
not be favorable, and therefore mass transfer 
from the gas phase to the aqueous phase will 
be limited. Also, the relatively low solubility 
of oxygen in water is a primary limiting factor. 
Most contaminated soils contain large popula- 
tions of the appropriate microorganisms but 
can remain contaminated for decades or longer 
as a result of conltions that do not favor rapid 
biodegradation of complex pollutants. 

Although anaerobic microorganisms have 
the potential to metabolize organic contami- 
nants and do so in many field situations, oxygen 
is often an integral part in the oxidation of 
many organic pollutants, including hydrocar- 
bons, as molecular oxygen is required to oxi- 
dize the carbon moiety (43). Fungal transfor- 
mation of organic pollutants is also driven by 
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oxygen since fungi are, in the main, aerobic 
organisms. It is important to understand 
whether the pollutant present will be trans- 
formed more rapidly under aerobic or anae- 
robic conditions and whether the cost of 
supplying oxygen to subsurface environ- 
ments to remedate pollutants is met by an 
acceptable increase in transformation. DDT 
is a prime example of important decision 
making regarding oxygen availability. DDT 
is converted to DDE [l,l-dichloro-2,2-bis 
(p-chlorophenyl)ethylene] under anaerobic 
condtions. DDE is recalcitrant and has known 
toxic effects. However, under aerobic condi- 
tions, DDD [l ,l-dichloro-2,2-bis~-chloro- 
phenyl)ethane], which is more readily broken 
down than DDE (68), is produced from DDT. 
Often a two-stage process is useful in com- 
pletely transforming some pollutants; for ex- 
ample, better degradation of polychlorinated 
organic pollutants can be achieved by using a 
combination of anaerobic and aerobic treat- 
ments (17, 47, 49). 

It is essential that contaminated sites be at 
the optimum temperature for bioremediation 
to progress successfully, since excessively high 
or low temperatures sometimes inhibit micro- 
bial metabolism. In addition, the solubility and 
bioavailability of a contaminant will increase 
as temperature increases, and oxygen solubility 
will be reduced, which will leave less oxygen 
available for microbial metabolism (82). Until 
recently, most research has focused upon the 
biodegradation of organic compounds at meso- 
philic temperatures; however, evidence sug- 
gests that the indigenous microbial communi- 
ties of a contaminated site will adapt to the in 
situ temperature, such as those in Arctic and 
Antarctic soils. For example, a selection of Rho- 
dococcus species that were isolated from an Ant- 
arctic soil were able to successfully degrade a 
number of n-alkanes at -2°C but were se- 
verely inhibited at a higher temperature (18). 
In addition, the PAHs naphthalene and phen- 
anthrene were successfully degraded from 
crude oil in seawater at temperatures as low as 
0°C (116). 

The importance of isolating microorganisms 

able to metabolize organic contaminants at low 
temperatures was highlighted by Whyte and 
colleagues (138). These researchers discovered 
that the psychrotrophic Rhodococcus sp. strain 
Q15, which was isolated from a sediment in 
the Bay of Quinte, Ontario, Canada, was able 
to degrade a suite of alkanes from desel oil in 
a temperature range of 0 to 30°C (138). As 
most contaminated sites will not be at the opti- 
mum temperature for bioremedation during 
every season of the year, these researchers sug- 
gest that this organism, along with other psy- 
chrophilic and psychrotrophic hydrocarbon- 
degrading microorganisms, may be of particu- 
lar interest for the bioaugmentation of contam- 
inated sites. In comparison to the psychrophiles 
and psychrotrophs, peroxidase enzymes pro- 
duced by the ligninolytic fungi have an opti- 
mum activity between 50 and 75°C. This was 
demonstrated by Lau and colleagues (75), who 
found that 290% of a suite of PAHs was de- 
graded during composting in spent-mushroom 
compost. 

Previous work, for example, from the 
Exxon Valdez oil spill in 1989, which applied 
fertilizers to oil-contaminated beaches to accel- 
erate the degradation of contaminating oil 
(103), has shown nutrient availability to be 
most commonly the limiting factor in bio- 
remediation. In uncontaminated nonagricul- 
tural sites such as soils, mineral nutrients, in- 
cluding nitrogen, phosphate, and potassium 
(N, P, K), are very rarely limiting. However, 
when an environment is contaminated with 
organic compounds, the C:N ratio can increase 
dramatically and can become the rate-limiting 
factor in bioremediation (8, 27). 

These nutrients can be supplied to the mi- 
croorganisms by supplementing the contami- 
nated material (soil or water) with a mineral 
fertilizer, for example, ammonium phosphate, 
or a mixture of other salts such as a combina- 
tion of ammonium sulfate and calcium phos- 
phate. In addition, organic material such as fish 
bones and manure can provide a source of nu- 
trients. However, it is important to apply the 
correct balance and concentration of nutrients 
to the contaminated material, as the wrong 
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ratio of carbon to nitrogen can result in little 
or no enhancement of microbial growth (8). 
This was shown in a creosote-contaminated 
soil, in which optimal biodegradation occurred 
at a C:N ratio of 25:l relative to a C:N ratio 
of 5:1 (8). 

Fungi may benefit from the addition of a 
readily degradable carbon source such as mo- 
lasses, since many nonligninolytic fungi are un- 
able to drectly metabolize organic contami- 
nants as their sole source of carbon but can 
cometabolize them when mineralizing other 
substrates (31). Another factor to consider 
when promoting fungal rather than bacterially 
mediated bioremedation is that ligninolytic 
enzyme synthesis can be inhibited in a high- 
level nutrient system (22). 

It is therefore clear that before a contami- 
nated site is supplemented with additional nu- 
trients, a thorough site investigation should be 
conducted, not only to assess the nutrient levels 
on the site, but also to consider the nature of 
the pollutant and the intended method(s) of 
treatment. Excess nutrient loading of a con- 
taminated site might initially result in an in- 
crease in microbial biomass and contaminant 
transformation rates, but long-term effects may 
be the inhibition of functionally important mi- 
croorganisms, such as the ligninolytic fungi ca- 
pable of transforming high-molecular-weight 
compounds. 

Given the advances in molecular biology 
and the widespread availability of techniques 
for manipulating DNA, an evolution of bio- 
remediation research is the construction of 
bacteria specifically designed for the treatment 
of specific wastes (129). A variety of strategies 
can be followed. Modfication of the structure 
and regulation of catabolic operons and the 
copy number of plasmids can be used to in- 
crease expression with a view to making bior- 
emediation occur more quickly. New genes 
are continuously being discovered, and they 
can be used to make new constructs, resulting 
in production of degradative pathways for new 
synthetic compounds. Biodegradation capaci- 
ties not present at a particular site can be intro- 
duced. It is possible to make plasmids contain- 
ing several operons, and they can be used to 
enhance the dversity of biodegradation. 

The nature of some contamination means 
that despite having biodegradation capabilities, 
the natural populations may find the environ- 
ment rather toxic. Heavy-metal resistance (Fig. 
1.26) mechanisms often have a genetic basis 
(144), and the toxicity of solvents can be over- 
come by cis-truns isomerase (67) or efflux pump 
mechanisms (44). The transfer ofgenes for such 
mechanisms may be used to overcome toxicity 
of sites. The whole arena of genetic modifica- 
tion and release to the environment is, of 

FIGURE 1.26 Replica plates of 25 strains of copper-resistant bactena. From right to left, the plates contain 
increasing concentrations of copper nitrate (0.0001, 1.0, and 5.0 mM). As the concentration increases, some 
more sensitive strains are inhibited. Colonies resistant to these high levels of copper were green-blue in the 
presence of copper but cream colored in the absence of copper. 
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course, subject to strict control, as mentioned 
above. 

CONCLUDING REMARKS 
Overall, bioremediation is still very much an 
evolving technology. Whereas significant re- 
search in biodegradation processes has been in 
progress since the 1960s, its practical applica- 
tion to the bioremediation of contaminated 
soils on a large scale was only starting to be 
realized in the late 1980s. In 1990, as a tech- 
nique for practical soil remediation it was of 
little significance. However, bioremediation in 
the field grew enormously in the early 1990s 
so that by 1995 it accounted for 15% of all 
site remediations (38). There are now many 
examples of success in the field, but a severe 
limitation is the need for costly site demonstra- 
tions as the technology remains worryingly in- 
consistent from one situation to another. There 
is clearly a need for more research and develop- 
ment to identify and overcome the limitations 
in specific circumstances. 
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SUSPICIONS TO SOLUTIONS: 
CHARACTERIZING CONTAMINATED 

LAND 

Lewis R. Barlow and Jim C. Philp 

DEFINING CONTAMINATED LAND 
The public’s perception of contaminated land 
has a tendency to be shaped by catastrophic 
accidents, such as the infamous Love Canal in 
the United States, where the dumping of toxic 
wastes into a waterway endangered the health 
of residents of an estate subsequently developed 
on the area, or the Lekkerkerk incident in The 
Netherlands, in which 800 residents were 
evacuated from homes that had been built on 
a former refuse tip near Rotterdam (45). High- 
profile incidents such as these have led to rad- 
cal solutions-typically evacuation of residents 
and the excavation of contaminated material, 
its dsposal to a landfill, and backfilling of the 
void thus created with a suitably clean replace- 
ment material. However, contaminated land is 
a problem of such highly variable significance 
that if this same conservative approach were to 
be applied to the huge number of contami- 
nated sites now recognized, the cost of reme- 
diation would be unsupportable, not to men- 
tion technically infeasible. A successful 

Lewis R. Barlow, Carl Bro Group, Spectrum House, Edin- 
burgh EH7 4GB, Scotland, United Kingdom. Jim C. Philp, 
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chiston Campus, 10 Colinton Road, Edinburgh EHlO 5DT, 
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approach to bioremedation involves site char- 
acterization that takes into account careful con- 
sideration of appropriate microorganisms, their 
survivability, and their response to various con- 
taminants. Reliable information on the pres- 
ence, type, and extent of contamination at a 
site is therefore vitally important. 

Legislative Drivers 
The investigation of a potentially contaminated 
site is usually triggered by one of two events. 
Either the site is subjected to scrutiny though 
a statutory nuisance (regulatory) regimen, or 
the site is selected for redevelopment and that 
redevelopment must conform to local area 
planning requirements. The former may be 
said to be a reactive approach and the latter 
proactive. In either case, the overall goal of the 
investigation is likely to be the same, i.e., the 
characterization of the contamination status of 
a site to an acceptable level of confidence in as 
efficient a manner as possible. 

The multicultural, multigovernmental na- 
ture of the problem makes it difficult to assess 
the global scale of contaminated land; however, 
several countries have made attempts to quan- 
tify the number of sites in their territories. Even 
a consistent definition of contaminated land has 
evaded international consensus. Depending on 
definition, the number of sites for one nation 
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can be variable, and international comparisons 
throw up some interesting anomalies. 

Within the European Union (EU), there are 
three distinct groups of states with different at- 
titudes towards contaminated land (8). 

1. The “concerned” states, all with particu- 
lar problems and all having contaminated land 
policy, all ofwhich, except one, have tradition- 
ally had policy goals of multifunctionahty. 

2. The “less concerned” states, which have 
environmental concerns, but where the per- 
ceived high cost of protection and remedation 
is seen as an important consideration. All of the 
states in this group have pursued the policy of 
suitability for use. 

3. The “unconcerned group,” with rela- 
tively weak environmental protection and who 
await EU guidance. All have a policy goal of 
suitability for use for waste sites. 

The rigorous stance taken toward environ- 
mental contamination by The Netherlands has 
produced some staggering statistics: a likely 
number of contaminated sites of 110,000 and 
a likely number of suspect sites of 600,000. The 
corresponding figures for Germany are 50,000 
and 200,000 (52). This highlights the need for 
international consensus on definition, as it is 
unlikely that The Netherlands would have so 
many more sites than Germany. 

Given that the United Kingdom was the 
cradle of the industrial revolution, for such a 
small nation it has a large number of contami- 
nated sites. In the United Kingdom, a provision 
was made in the Environmental Protection Act 
1990 for regulations requiring local authorities 
to compile registers of potentially contami- 
nated land within their boundaries. However, 
surveyors and property developers were alerted 
to the possibility that this was likely to have a 
serious negative influence on land and property 
prices. The backlash against registers at the time 
was such that the government abandoned the 
idea in March 1993 (53). However, the con- 
cept of registers reappeared in the Environment 
Act (1995), which retrospectively inserted the 
United Kingdom legislation on contaminated 
land into the 1990 Environmental Protection 
Act. This legislation imposes upon local au- 

thorities the duty to identifjr contaminated land 
within their areas. Having done so, the regula- 
tors are expected to encourage the landowners 
and polluters to carry out remedial work on a 
voluntary basis. Failure to cooperate will result 
in the serving of a Remelation Notice to the 
Appropriate Person, with the property being 
registered and running the risk of blight. It has 
been estimated that there are about 150,000 
dmsed or underuthzed sites, but many of 
these are unlikely to be contaminated (53). An 
estimate of United Kingdom contaminated 
land suggests that between 100,000 and 
220,000 ha of land is contaminated, represent- 
ing between 0.4 and 0.8% of the total land area 

While Superfund sites in the United States 
are easily identifiable (52), since the U.S. Envi- 
ronmental Protection Agency (EPA) and oth- 
ers maintain several lists of sites, there is no 
comprehensive register as such. To some ex- 
tent, the reason is the same as in the United 
Kingdom: fear of reduction in land value due 
to contamination blight. The likely number of 
suspect sites is 35,000, and the likely number 
of contaminated sites is 1,200. However, the 
total number of listed and unlisted sites in 31 
large cities in the United States is over 500,000 

(43). 

(51). 

Risk Assessment 
Our current understanlng of the magnitude 
of contaminated land problems makes it inap- 
propriate to utdize the standards and guidelines 
for dealing with the problem that were drawn 
up 2 decades ago at national levels in many 
countries, such as the United Kingdom and 
The Netherlands. The magnitude of the prob- 
lem, the cost of remediation, and scientific 
questions about the real threat posed by con- 
taminated land to human health have driven 
the development of risk-based environmental 
assessment criteria for soils and groundwater. 
There has been a move from a mandatory re- 
quirement that the land be suitable for multi- 
functional uses towards a “fitness-for-use” 
standard, that is, towards the philosophy that 
the level of remediation required at a site 
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should be based on the envisaged end use of 
the land. By this risk-based approach, land to be 
used for housing developments with domestic 
gardens would have to be remediated to a 
higher standard than land designated for use 
as a retail park. In this example, the potential 
exposure to residual contaminants in a garden 
would be greater than that at a retail park 
(where the ground surface is typically paved 
over), hence the requirement for the cleanup 
standards to be more stringent. Precisely how 
stringent these standards need to be may be 
quantified though a process of risk assessment. 

PRINCIPLES OF RISK ASSESSMENT 
Risk assessment with respect to contaminated 
land serves two main purposes. First, it can be 
used to measure the degree of significance of 
contamination at a site. Second, the level of 
cleanup req-uired in order to make a site suita- 
ble for its intended use may also be determined. 

Several terms used in the field of contami- 
nated land risk assessment require working 
definitions. Toxicity is the potential of a mate- 
rial to produce injury in biological systems. A 
hazard is the nature of the adverse effect posed 
by the toxic material. Risk is a combination of 
the hazardous properties of a material with the 
likelihood of it coming into contact with sensi- 
tive receptors under specific circumstances. 
This type of assessment also considers potential 
pathways by which hazards may reach recep- 
tors. Risk, then, is a statistical entity. 

When the basic principles of risk assessment 
are applied to a potentially contaminated site in 
the United Kingdom, a site may be statutorily 
“contaminated land” only if the local authority 
can establish the presence of a significant pollu- 
tant linkage, which must include a hazard, a 
pathway, and a receptor (48). A critical point 
about this United Kingdom legal definition of 
contaminated land is that if no pathway can be 
found to link a hazard to a receptor, then the 
site cannot constitute contaminated land (9). 
In the above example of domestic gardens, the 
receptors (sometimes referred to as targets) 
could be infants who may inadvertently ingest 
soil in gardens. Most risks to human health and 

the environment can be described in terms of 
single or multiple source-pathway-receptor 
scenarios. 

This type ofpollutant linkage analysis allows 
remediation strategies to be designed in a more 
realistic and cost-effective manner. The result 
for most sites is likely to be a less conservative 
remedial strategy than one based purely on 
multifunctionality, i.e., restoring a site to 
greenfield conditions. 

There are four key steps in the process of 
assessing the risks associated with pollutant 
linkages. These are hazard (source) identifica- 
tion, exposure assessment, toxicity assessment, 
and risk characterization. 

Hazavd Identijication. This is the stage at 
which the chemicals present on a site are antici- 
pated, along with their characteristics, e.g., 
their concentrations, water solubility, and tox- 
icity. Due to the likelihood of many tens or 
even hundreds of potential contaminants being 
present at a site, the hazard identification stage 
usually focuses on known contaminants of 
concern. 

Exposure Assessment. Exposure assessment 
is the estimation of pollutant dosages for recep- 
tors, based upon the use of the site and the 
conhtions therein. There are multiple facets 
to these calculations. Among the factors to be 
considered are exposure duration and fre- 
quency, mean body weight, and future popula- 
tion growth or decline. 

Toxici ty  Assessment. This is the acquisition 
of toxicity data, such as dose-response data, and 
its evaluation for each contaminant for both 
carcinogens and noncarcinogens. 

R i s k  Chavactetixation. This is an assign- 
ment of the level of risk to each pollutant link- 
age. For many contaminated sites, the best that 
can be reasonably expected at an initial desk- 
based stage is a qualitative risk estimate, such 
as insignificant, low, medium, or high. The 
amount of data required for quantitative risk 
characterization may be beyond all but the 
most rigorously characterized sites. 
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Problem formulation 

-b I 

The U.S. EPA has adopted detailed meth- 
odologies for achieving this process (59). The 
overall procedure is summarized in Fig. 2.1. 
Recently published guidelines by the United 
Kingdom Department of the Environment, 
Food and Rural Affairs (DEFRA) for environ- 
mental risk assessment and management take a 
slightly different approach (17) but with similar 
outcomes in mind. The DEFRA process has 
five stages. 

1. Hazard identification. 
2. Identification of consequences. 
3. Estimation of the magnitude of conse- 

quences, including spatial and temporal scale, 
and time to onset of consequences. 

3 4- 

6 exposure ecological effects 2 

I 
I 

v v - 

Risk characterization 

(Risk assessor/ 

Interested parties 
Dialogue) 

Risk management and 
communicating results 
to interested parties 

4. Estimation of the probability of the con- 
sequences: probability of the hazard occurring, 
of the receptors being exposed to the hazard, 
and of harm resulting from exposure. 

5. Evaluation of the significance of the risk. 
Risk assessment then can be seen to be a 

decision-making tool. The objective of risk 
management is to break the hazard-pathway- 
receptor linkage. When taken alongside other 
considerations such as cost and technical feasi- 
bility, the outcome is remedial technology se- 
lection and implementation, which completes 
the chain of contaminated land management. 

Risk assessment strategies across the EU are 
dealt with in detail by Ferguson and Kasamas 

4 I 

I Ecological Risk Assessment 

Communicating results 

t 

FIGURE 2.1 
lines [59]). 

Framework for environmental risk assessment (after U.S. EPA guide- 



2. CHARACTERIZING CONTAMINATED LAND 53 

(23). A further British reference on risk assess- 
ment for contaminated land is the work of 
Cairney (5). Late in 1999, the United Kingdom 
Environment Agency published its own meth- 
odologies (36). 

With the principles of risk assessment thus 
understood, the methods by which these prin- 
ciples can be applied to assessment of contami- 
nated land may now be considered. There are 
three broad categories of assessment technique 
of increasing complexity: 

. General statements 

. Qualitative assessment 

. Quantitative assessment 

General Statements. General state- 
ments concerning risk usually are suitable for 
use only at an early stage of site assessment and 
are based on desk study information rather than 
actual physical data. They usually comprise 
simple statements such as the nature of contam- 
inants expected to be present given the histori- 
cal use of the site. The type and location of 
sensitive receptors and resources that may be 
sensitive to the site as well as the general signifi- 
cance of the identified hazards to these targets 
may be considered. General statements usually 
highlight the need for further investigation into 
potential hazards, pathways, and receptors. 

Qualitative Risk Assessment. When 
applied to potentially contaminated sites, the 
purpose of a qualitative risk assessment is to 
express the significance or degree of real risk 
(as opposed to perceived risk) by use of a sys- 
tematic and structured approach. Qualitative 
assessment is applicable to both desk study and 
intrusive investigations and is based on a sys- 
tematic assessment of site-specific critical fac- 
tors using professional judgment and expertise 
in addition to guidelines and standards. The 
causal chain of hazard-pathway-target is again 
the basis for qualitative risk assessment. 

The degree of risk is dependent on both the 
nature of the impact on the receptor and the 

probability of this impact occurring. The un- 
derlying principle of site remehation is to 
eliminate or modifj one or more of the above 
factors so that the risk is reduced to meet site- 
specific requirements. Formulation of the re- 
medial objectives and strategy will essentially 
identift- whether the source and/or pathway 
should be the focus of remedial objectives or 
whether protection of the receptor is a more 
viable option. 

The risk assessment must be based on a dy- 
namic assessment of the site for not just the 
existing, measured conditions but also foresee- 
able changes in any of the critical factors. For 
example, gas generation, groundwater level 
fluctuations, flooding, removal of surface pave- 
ment, or development could radically change 
conditions from those at the time of investiga- 
tion. The long-term leaching potential for soil 
contaminants and gas generation from organic 
materials are two common causes for remedial 
work in advance of development even where 
existing water quality and soil gas concentra- 
tions do not necessarily pose a risk until devel- 
opment has taken place. 

Quantitative Risk Assessment. As op- 
posed to qualitative risk evaluation, the aim of 
a quantified risk assessment is to assign values 
for the existing and future deleterious effects 
associated with exposure. These values can be 
compared with acceptable health risks, which 
tend to vary from country to country. 

Quantitative risk assessment requires high- 
quality data or a predetermined factor of safety 
and is often applied where a site is suspected 
to pose excessive human health risks. Risk as- 
sessments of this kind can be worked back- 
wards by using an acceptable health risk as a 
starting point. The risk assessment procedure 
is then inverted until acceptable soil cleanup 
levels are obtained. 

One of the reasons that quantified risk as- 
sessments are so data-intensive is that not only 
direct pathways need to be considered. Indirect 
contact can occur when contaminants are 
transported through soil, groundwater, surface 
water, uptake or adsorption by plants, dusts, or 
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aerosols. Current understanding of the com- 
plex interactions between chemicals in the sub- 
surface is poor. Also, most contaminated 
ground has previously been used for industrial 
or chemical works, and the presence of made 
ground and foundations usually causes a large 
degree of uncertainty in the various fate, atten- 
uation, and transport processes that affect the 
movement of contaminants (58). 

Quantitative risk assessment is a site-specific 
process, and the results and decisions drawn 
from a risk assessment are often dictated by the 
end use of a site. Many possible receptors exist, 
although in the majority of cases currently in 
the United Kingdom the primary dnver for 
local authorities has tended to be the protection 
of human health. 

The risk to human health posed by contami- 
nants on a site is dependent on the concentra- 
tion of the contaminant and the means of expo- 
sure, e.g., skin contact, inhalation, or ingestion. 
Essentially, the exposure from a certain con- 
taminant can be quantified from the following 
equation or permutations of it (21): 

(soil intake rate) (exposure time) 
(resorption rate) (contaminant 

Exposure = 
concentration) 
body weight 

where exposure or absorbed dose is the daily 
mass of contaminant absorbed per day, divided 
by the body weight of the receptor (in milli- 
grams per lulogram of body weight per day); 
soil intake rate is the daily amount of soil a 
receptor is exposed to (in grams); exposure 
time is the number of days of exposure to the 
Contaminant; resorption rate is the toxicoki- 
netics-based empirical value quantifying the 
daily transfer of contaminants from the intake 
medium into the systemic circulation; contam- 
inant concentration is the concentration of 
contaminant in the uptake medium (in milli- 
grams per gram of soil); and body weight is the 
mass of receptor (in kilograms). 

An understandmg of the fate and transport 
of contaminants is crucial if a meaningful risk 
assessment is to be obtained. This analysis can 
be very complicated, since the number and 

types of processes affecting contaminants dur- 
ing transport are governed by both inherent 
contaminant characteristics and environmental 
conditions. Understanding of these complex 
dynamic processes requires the best approxi- 
mation of the environmental chemistry of con- 
taminants (e.g., biodegradability and hydro- 
phobicity) and the environment at the site 
(e.g., geology and geochemistry). 

SITE CHARACTERIZATION 
A successful approach to bioremehation in- 
volves site characterization that takes into ac- 
count careful consideration of appropriate mi- 
croorganisms, their survivability, and their 
response to various contaminants. Reliable in- 
formation on the presence, type, and extent 
of contamination at a site is therefore vitally 
important . 

Since 2001, site investigation best practice 
in the United Kingdom has been set out by BS 
10175: Investigation of Potentially Contaminated 
Sites (4). In the United States, similar guidance 
is given in the EPA document Guidance for 
Scoping the Remedial Design (56). This section 
should establish the reasons that good site in- 
vestigation practice is necessary for environ- 
mental impact determination leading to selec- 
tion of appropriate remediation strategies, 
especially where bioremediation is to be con- 
sidered. 

The following steps form the backbone of 
good contaminated land site investigation 
practice . 

Identgy Information Gaps. A desk study 
should be undertaken to decide if enough in- 
formation exists to carry out a satisfactory risk 
assessment to a required degree of confidence. 
If not, the objectives of a further investigation 
need to be defined. 

Site Sajety. The potentially hazardous na- 
ture of the site will require consideration from 
the outset in order to identie any safety mea- 
sures needed to protect personnel or the envi- 
ronment. 
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Nature ofthe Investigdtion. Once the objec- 
tives of a further investigation have been estab- 
lished, a decision on the nature of the investiga- 
tion necessary to obtain suitable data must be 
made. 

Sampling Locations and Depths. The loca- 
tions and depths at which samples are to be 
collected and the number of locations required 
must be considered. 

Chemical Analyses. The specification of 
what analyses should be carried out on the sam- 
ples obtained during the investigation will be 
determined through research on the history of 
the site and consideration of the conditions en- 
countered on-site. 

Sampling Methods. The methods by which 
samples are to be obtained, preserved, and 
transported to the chemical testing laboratory 
require consideration. 

The information obtained should allow the 
selection ofremedial options and determination 
of whether bioremediation is feasible for the 
problems identified, what form this may take, 
and whether further pilot studies are necessary 
to facilitate this remedial method. The steps to 
reaching this crucial stage are outlined here. 

Conceptual Site Modeling 
The purpose of desk-based research (the desk 
study) is to establish baseline contamination 
conditions at a site and identify the need for 
any further work. It should be both thorough 
and conservative. A basic question is asked: 
“DO we have sufficient information about this 
site to adequately characterize its contamina- 
tion status?” 

Desk studies may vary in investigative 
depth, depending on site-specific require- 
ments, although the items discussed here are 
considered to be the minimum requirements 
for a competent contamination desk study. Key 
information sought at the desk study stage in- 
cludes: 

. the history of the site, including previous 
owners, occupiers, and uses; 

a site visit, during which any visual evidence 
of potential contamination, site conditions, 
and nearby features are recorded; 
local geology and hydrogeology, including 
the presence and quality of groundwater and 
surface waters; 
the above- and below-ground layout of the 
site and its historical development; 
any history of mining, including shafts and 
worked seams; 
nearby waste disposal tips, abandoned pits, 
and quarries; 
information on previous investigations at 
the site; 
processes used on the site, including their 
locations, raw materials, products, waste, 
and methods of disposal; and 
nearby sensitive receptors, e.g., water 
courses, houses, parks, and areas of ecologi- 
cal sensitivity. 

Once the relevant data sources have been 
searched, the information should be reviewed 
and evaluated to identify potential environ- 
mental issues and any areas of concern. 

An interpretative desk study, i.e., one that 
not only provides factual data but also involves 
professional interpretation, will normally in- 
clude a conceptual site model. This is a key 
component of the overall risk assessment pro- 
cess and is used as a holistic tool to consider 
potential sources of impact, potential migration 
pathways along which identified contaminants 
could migrate, and potential receptors which 
may become exposed. The presence of all three 
is known as a pollutant linkage. 

In order for a site to constitute contaminated 
land in the United Kingdom, a pollutant link- 
age of significance between the contamination 
source and a sensitive receptor via an appropri- 
ate environmental pathway must be identified. 
The degree of significance of a pollutant link- 
age depends on a number of factors, including 
the hazardous nature of the source, the type of 
pathway, and the sensitivity of the target. 

The conceptual site model is used as the 
framework on which to gauge the levels of risk 
associated with a site. Gaps in the model can be 
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identified and may form the basis for further in- 
vestigation by intrusive means. For example, a 
potential pollutant linkage in a conceptual site 
model may be the contamination of groundwa- 
ter from a lealung underground storage tank. 
Desk study research may have identified the 
presence of the underground tank, although 
whether the tank is actually lealung may be un- 
known. The significance of this possibility must 
be considered in the conceptual model, to the 
point where the professional must decide 

whether there exists sufficient information to 
characterize the site conditions or whether in- 
trusive site investigation work is required. This 
could take the form ofgroundwater monitoring 
to detect the potential presence of leaked fluid 
from the tank, or trial pitting to investigate the 
tank itself. Many investigative options are possi- 
ble, the design ofwhich should be based on the 
suspicions raised from the desk study process. 
Box 2.1 shows a general illustrative example of 
a conceptual model. 

BOX 2.1 
Leaking Underground Fuel Storage Tank Model 

The following conceptual model @ox Figure 2.1.1) 
and source-pathway-receptor matrix (Box Table 
2.1.1) are from the Institute ofpetroleum (29). In the 
analysis of a leaking underground fuel storage tank (an 
exceedingly common occurrence), there are many 
pathways by which the pollutants can reach receptors, 
and naturally there are several possible receptors. 

In the conceptual model, all possible combinations 
should be identified, but the matrix can be used to 

Direct contact 

delineate which are the critical pathways and recep- 
tors and which ones pose insignificant risk. 

The example is a great simplification. Each case will 
be site specific with respect to geology, hydrogeology, 
geography (human population density is critical), and 
other factors. As a result, the source-pathway-receptor 
matrix can become complex. Once complete, the ma- 
trix saves time and effort since a number of insignifi- 
cant risks can be identified and ignored. 

Public area 

I ,  ‘7’ mnntaminated cnil 

Underground J leaks C 

t 

4 
+ Contaminated soil -+ 

Fuel on moundwater surface 

I Fuel dissolved in groundwater I 
BOX FIGURE 2.1.1 
Institute of Petroleum guidelines [29]). 

Risk assessment for a gas station with a leaking underground storage tank (after 
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BOX TABLE 2.1.1 

Primary Secondary 
source source mechanism 

Source-pathway-receptor for leaking underground storage tank” 

Transport Exposure Receptor medium Hazardb Pathway 

Fuel tank None 

None 

None 

None 

Contaminated 
soils 

Contaminated 
soils 

Contaminated 
soils 

Contaminated 
soils 

Contaminated 
soils 

Contaminated 
soils 

Free product on 
water table 

Fuel pump None 

None 

Dizziness, CNS 
depression, po- 
tential carcino- 
genicity 
Vegetative 
dieback, leaf 
function 
damage 
Derogation of 
groundwater 
quality 

Derogation of 
surface water 
quality 

Dizziness, CNS 
depression 

Skin irritation, 
contact 
dermatitis 
when 
extreme 
Flammability 

Flammability 

CNS depression, 
asphyxiation 

Derogation of 
surface water 
quality 

Derogation of 
soil quality 
Derogation of 
soil quality 

Various, poten- 
tial carcino- 
genicity 

Vapor, through 
air 

Vapor, through 
unsaturated 
zone 

Product loss 
and vertical 
migration to 
water table 
Product loss and 
dissolution in 
groundwater 

Vapor, through 
unsaturated 
zone 
Contact with 
contami- 
nated soil 

Vapor, through 
unsaturated 
zone 
Vapor, through 
unsaturated 
zone 
Vapor, through 
unsaturated 
zone 
Bulk fluid, 
through un- 
saturated 
zone 
Evaporation to 
overlying soils 
Spillage and 
percolation 
through 
cracked 
pavement 
Vapor, through 
air 

Vapor inhalation 

Vapor absorption 

Groundwater 
dissolution 

Base flow and 
discharge to 
adjacent 
surface water 
body 
Vapor inhalation 

Dernal contact 
at surface 

Vapor buildup in 
basement 

Vapor buildup in 
basement 

Vapor buildup in 
basement 

Free product 
flow to 
adjacent river 

Vapor phase 

Leaching 

Air 

Air 

Water 

Water 

Air 

soil 

Air 

Air 

Air 

Water 

Soil va- 
por 
Soil 

Inhalation Air 

Humans 

Vegetation 
adjacent 
trees 

Groundwater 
aquifer 

Adjacent river 

Human 
(recreation) 

Human 
(recreation) 

Humans 
(residential) 

Property 

Humans 
(residential) 

Adjacent river 

Soil 

Soil 

Humans 
(customers) 

(Continued) 
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BOX TABLE 1 Continued 

Transport Exposure Pathway Receptor source source mechanism medium 
Primary Secondary Hazardb 

Operational None Vegetative 
spills dieback 

None Various, poten- 
tial carcino- 
genicity 

tial, carcino- 
genicity 

None Various, poten- 

Contaminated Dizziness, CNS 
soils depression 

Vapor, through Vapor absorption Soil 
unsaturated gases 
zone 
Vapor, through Consumption of Vegetable 
unsaturated contaminated produce 
zone produce 
Vapor, through Inhalation Air 
air 

Vapor, through Vapor inhalation h r  
unsaturated 
zone 

Home-grown 
produce 

Humans 
(residential) 

Humans 
(customers) 

Humans 
(customers) 

a Based on reference 29. ' CNS, central nervous system 

Investigative Techniques 
If a desk study has identified a significant possi- 
bility of a pollutant linkage at a site but there 
is insufficient information to accurately charac- 
terize the risk associated with this linkage, fur- 
ther site investigation may be required. 

The planning phase of a site investigation 
involves designing a program of works in a 
phased manner to acquire the key information 
needed to understand the site and refine the 
conceptual model. The focus of an investiga- 
tion is usually the potential contamination 
source but will always depend on any knowl- 
edge gaps identified in the desk study. In 
either case, the three media that are usually 
the subject of a contaminated land investiga- 
tion, either directly or indirectly, are soil, 
water, and gas. 

If bioremediation is identified as a potential 
remedial option at the desk study stage, other 
pertinent characteristics may be of relevance at 
this point. However, the selection of bio- 
remediation as a viable remedial option usually 
occurs once more quantitative data are avail- 
able, i.e., after at least the first phase ofintrusive 
investigation. 

In determining which me&a are to be 
sampled and to which analyses they are to 
be subjected, it is important to consider the 

context within which these samples will be 
assessed. A plethora of environmental stan- 
dards and guidelines exist for soils, waters, and 
gases, which can vary widely from country to 
country. Fundamentally, samples will be 
tested for determinants that are suspected to 
be of environmental significance, whether 
that may be to humans, crops, buildmgs, or 
other potential receptors. 

There exist a number of techniques that aid 
the contamination status of a site to be deter- 
mined. These techniques fall into two broad 
categories: intrusive or nonintrusive. 

Nonintrusive techniques have the general 
advantage of offering large amounts of data 
within a short timescale without causing signif- 
icant disturbance. These data often require sig- 
nificant interpretation and analysis but may 
prove useful in the early stages of a phased in- 
vestigation and often enable areas of a site that 
may require further investigation at a later stage 
to be highlighted. 

Conductivity surveys involve the use of a 
varying electromagnetic field to induce a cur- 
rent, which creates a secondary field, the 
strength of which is proportional to ground 
conductivity. Conductivity surveys allow rapid 
reconnaissance and can be used to interpret 
variations in groundwater quality and the pres- 
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ence of buried metallic objects. They can be 
affected by local “noise,” for example, buried 
and overhead cables, pipes, or fences. Their 
reported use in contaminated land and water 
assessment has been extremely limited. A 
ground electromagnetic conductivity meter 
was used to investigate incidences of nitrate 
contamination of well water at dairies (19). 

Electrical resistivity surveys measure appar- 
ent resistivities along a linear array of elec- 
trodes to produce an image-contoured two- 
dimensional cross-section. Electrical resistivity 
of soils depends on various factors, including 
soil type, water content, saturation, and pore 
fluid properties (67). Electrical resistivity sur- 
veys are relatively easy to carry out and pro- 
vide a good resolution of resistive layers, and 
evidence has suggested that they are well 
suited to measurement and delineation of sub- 
surface contamination (66). Residual petro- 
leum on soil particle surfaces results in a per- 
manent increase in soil resistivity (11). Naudet 
et al. (38) have suggested that both redox 
(indcative of biodegradation) and electrical 
resistivity tomography (indcative of mineral- 
ization) maps can be used to optimize the 
positioning of pumping wells for remediation. 
However, surveys are difficult or impossible 
to use on paved areas. 

Ground-penetrating radar (GPR) can be 
used to detect buried tanks or near surface tar- 
gets such as plastic pipes, metallic objects, 
voids, and mines through measurement of re- 
flected microwave frequency radiation pulsed 
into the subsurface with an antenna. Equip- 
ment is drawn over the ground surface on a 
grid pattern. This technique requires expert 
processing and interpretation to properly char- 
acterize made ground and can suffer signal in- 
terference through reinforced concrete and 
from adjacent foundations. 

GPR has been used predominantly for envi- 
ronments with low electrical conductivity, 
such as freshwater aquifers or dry sandy soils 
(47). At radar frequencies, it is possible to dis- 
tinguish between a water-saturated medium 
and a non-aqueous-phase liquid (NAPL)-satu- 
rated medium (6). However, light non-aque- 

ous-phase liquid (LNAPL)- and dense non- 
aqueous-phase liquid (DNAPL)-saturated 
me&a have very similar electromagnetic prop- 
erties, and the type of contaminant can be bet- 
ter distinguished by acoustic properties. The 
amplitude of the reflection from water can dis- 
criminate the contaminated zone from the 
noncontaminated area in the case of LNAPL 
floating on the water table (41), and informa- 
tion on the thickness of the hydrocarbon layer 
can be gained. 

GPR has been used during actual remedia- 
tion projects. A four-dimensional monitoring 
GPR survey was used to outline the LNAPL 
plume in the subsurface of an impacted gas 
station in Brazil (10). Low reflectivity corre- 
sponded to hydrocarbon in the vapor phase 
in the vadose zone. Pumping of groundwater 
reduced the plume in the vadose zone. A 
steady restoration of reflectivity suggested a 
decrease of LNAPL saturation along the GPR 
survey. Osterreicher-Cunha et al. (42), how- 
ever, reported inconclusive results in the use 
of GPR during a bioventing project. If the 
difficulties can be resolved, GPR would be 
an excellent candidate technique for monitor- 
ing in situ bioremediation due to the difficul- 
ties in obtaining representative samples. The 
uses of GPR in particular (33), and electrical 
and electromagnetic methods more generally 
(46), in environmental applications have been 
reviewed. 

Magnetic profiling involves the measure- 
ment of the earth’s total magnetic field inten- 
sity using one or more sensors and is a rapid 
reconnaissance method for ferrous targets. 
This technique can also be affected by cultural 
“noise” and temporal variations in the mag- 
netic field. 

Seismic refraction is the measurement of 
compression and/or shear waves which have 
been critically refracted along an acoustic 
boundary and radiated back to the surface. The 
seismic signal is detected by use of an array 
of geophones. The techniques can be used for 
estimation of the thickness and depth of lithol- 
ogical units with different densities or for estab- 
lishing the depth of groundwater table or verti- 



60 BARLOWANDPHILP 

cal boundaries, such as edges of old backfilled 
quarries. Data production is slow and requires 
careful use in a culturally noisy environment, 
for example, with moving traffic or operating 
drilling rigs. The technique has been applied 
to determination of the depth and geometry of 
a landfill lower boundary (34); this is a difficult 
task, as field methods generally lack the neces- 
sary depth resolution. Although results demon- 
strated that tomographic refraction may be an 
efficient and cost-effective means of studying 
the very shallow subsurface (<20-m depth), 
complementary geological and other geophysi- 
cal data were still required. 

Infrared photography can highlight dis- 
tressed vegetation resulting from contaminated 
ground or landfill gases and can be carried out 
by using remotely controlled model aircraft. 
Results from these surveys need to be inter- 
preted with great care, as camera angle can be 
affected by pitch and roll of the aircraft and by 
the appearance of shadows. 

Intrusive site investigation involves the &s- 
turbance of the ground to some extent in order 
to obtain samples for quantitative analysis or 
simply to enable below-ground strata to be 
viewed. The most commonly used intrusive 
techniques are trial pits, boreholes, and probing 
techniques. These and several other techniques 
are described below. 

Trial pits and trenches are usually formed 
by a back-acting excavator, although they can 
also be hand dug. A suitably wide bucket which 
allows a good view of the excavation but mini- 
mizes the amount of material excavated should 
be chosen. Trial pitting facilitates the detailed 
examination of ground conditions and is a 
rapid and inexpensive investigative technique. 
However, the investigation depth is limited by 
the size of the machine, generally approxi- 
mately 4.5 m, and the method is not suitable 
for sampling below water. 

Cable percussion boreholes are most com- 
monly used to sample soils and groundwater 
at depth and to monitor gas levels in the 
ground. They enable the installation of per- 
manent monitoring wells and have less poten- 
tial for adverse effects on health and safety 

and the above-ground environment than trial 
pits. Undisturbed samples can be collected, 
and integrated sampling for contamination, 
geotechnical sampling, and gadwater sam- 
pling may be undertaken. Boreholes are more 
costly and time-consuming than trial pits and 
hand augering, and there exists the potential 
for contaminating underlying aquifers and 
groundwater flow between strata within an 
aquifer unless the boreholes are properly 
cased. 

Driven-tube or “window” samplers consist 
of a hollow metal tube, usually containing a 
plastic sleeve, which is driven into the ground 
with a hydraulic or pneumatic hammer. Undis- 
turbed samples of the complete soil profile can 
be recovered from depths down to approxi- 
mately 10 m in optimal ground conditions. 
There is poor sample recovery in noncohesive 
granular material, and obstructions such as 
bricks are difficult to penetrate. 

Hand augering is a very basic technique 
with many designs available for different soil 
types, conditions, and sampling requirements. 
It allows the examination of soil profiles and 
collection of samples at preset depths, although 
only limited depths can be achieved if obstruc- 
tions are present and its ease of use is very de- 
pendent on soil type. 

Hollow-stem auger boreholes use a contin- 
uous-flight auger with a hollow central shaft. 
The technique forms a fully cased hole, avoid- 
ing potential problems of cross-contamination 
arising with cable percussion techniques, and 
can be used for installation ofwater and ground 
gas monitoring wells. It is less suited for deeper 
boreholes than cable percussion unless large 
rigs are used. 

Cone penetration techniques can be used in 
conjunction with down-hole monitoring 
equipment to provide on-site screening, for 
example, a remote laser-induced fluorescence 
meter for organic compounds. There is a high 
mobilization cost for the most powerful equip- 
ment, and recovery is poor in noncohesive 
granular material. 

Spike holes can be made with a small- 
diameter bar that is driven to form a hole 
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and then removed to allow gas or vapor mon- 
itoring. It is an inexpensive and quick investi- 
gative technique that allows assessment of im- 
mediate hazards. The effectiveness of this 
technique is heavily dependent on ground 
conditions, and the method has a limited 
depth of penetration (approximately 1 m). 
Greater detail on intrusive investigation tech- 
niques is given by Patata and MastroliUi de 
Angelis (44). 

Prior to the undertakmg of any fieldwork, 
the potential risks to the health and safety of 
all persons who may be affected by the investi- 
gation and the possible impacts of the investiga- 
tion on the surrounding environment must be 
considered. Where risks are identified, appro- 
priate precautions must be taken to minimize 
the risks. 

Exposure to a hazard should be controlled, 
where possible, through the use of measures 
other than personal protective clothing or 
equipment. A health and safety plan describes 
the precautions that should be followed by site 
personnel in order to minimize their exposure 
to potential hazards. Where insufficient infor- 
mation is available to assess a risk, it should 
be assumed that control and monitoring are 
necessary. 

Soil Characterization 
Characterization of the soil media at a site re- 
quires sampling and usually chemical analysis 
(Fig. 2.2). The more sensitive the receptors or 
the greater the hazard, the greater the degree 
of confidence in the outcome of the risk assess- 

FIGURE 2.2 An example of investigation design, considering historical features. 
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ment and the subsequent risk management that 
is required. In such cases, a greater number of 
sampling locations and samples will be needed. 
Other factors, such as accurate delineation of 
an area of contamination, also necessitate more 
intensive sampling. 

Targeted sampling involves sampling at lo- 
cations selected on the basis of the conceptual 
model and that are known, or suspected to be, 
sources or areas of contamination. Potential 
point sources of contamination may include 
past or present storage tanks (above and below 
ground), below-ground fuel supply pipe work, 
drains, backfilled pits and waste disposal areas, 
or handling areas where spds of hazardous ma- 
terials could have occurred. 

Nontargeted sampling is usually carried out 
by using a regular pattern of sample locations. 
The reliability of interpolation between sample 
locations depends on variations in soil charac- 
teristics. For example, in well-stratified sedi- 
ments, vertical variations in concentration will 
normally be much greater than horizontal 

variations, so that interpolation horizontally 
will be much more reliable than vertical inter- 
polation. 

If there are any regular topographical pat- 
terns on the site, for example, dtches at regular 
intervals or systematic undulations of the ter- 
rain, the sampling pattern should not coincide 
with the topography in a way that could intro- 
duce a bias or systematic error in the samples. 
This can be avoided by careful selection of the 
base or starting point of the sampling grid and, 
where necessary, by careful selection of the grid 
spacing. 

The sampling depths should take into ac- 
count the nature of the proposed development. 
For example, services and strip foundations are 
typically installed to a depth of approximately 
1 m, but main sewers can be installed at much 
greater depths. The samples should be collected 
to represent a specific depth or narrow band 
of strata (Fig. 2.3). 

Samples of natural strata, if uncontaminated, 
can indicate the local, background chemical 

FIGURE 2.3 Scheduling of soil samples prior to laboratory analysis. The labeling procedure, often overlooked, 
should be viewed as an essential part of the overall procedure and should be given requisite attention to detail. 
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conditions and can be of assistance when the 
extent of contamination migration and/or the 
degree of remediation that is appropriate is 
being determined. Soils taken from beneath 
made ground can be subsoils and can differ in 
composition from the topsoils that would be 
naturally associated with them. 

The spacing between sampling locations 
should be determined accordmg to the con- 
ceptual model, the stage of the investigation, 
and the requirements of the risk assessment. 
The sampling density should depend upon the 
confidence and robustness required of deci- 
sions that wdl be based on the information ob- 
tained. Thus, the area and depth of interest will 
be related to the contaminants present, the 
pathways and the receptors, and the smallest 
area that might be of concern. 

A higher-density sampling grid can also be 
necessary when a high level of confidence is re- 
quired for the outcome of a risk assessment. 
Lower-density sample locations may be accept- 
able on large sites, subject to the chosen spacing 
providing adequate data and being consistent 
with the objectives of the investigation. 

Soil samples have to be labeled so that 
identification is clear and unambiguous. The 
containers should show the sampling date, 
site and project identification, identification 
number, sampling depth, and processing fol- 
lowing sampling, if necessary. Adhtional in- 
formation, such as particulars about a sample 
location, conditions, or difficulty with sample 
acquisition, should be recorded in a field 
notebook. 

The actual sampling tool, of course, must be 
clean, and between samplings must be cleaned 
scrupulously with appropriate solvents, which 
range from water to acids to polar organic sol- 
vents that cause no further pollution. The sam- 
pling tool must have a diameter of around 
twice the maximum particle diameter to be 
sampled. Thus, if the material to be sampled 
contains very coarse material such as bricks, 
then a laboratory spatula is a ridiculous sam- 
pling tool. Equally, drilling techniques that ac- 
quire only small samples wdl generate unrepre- 
sentative samples. Obtaining unrepresentative 

samples is one of the two biggest flaws encoun- 
tered in sampling programs. If the material to 
be sampled contains stones of 1 kg, then the 
collection of 1 kg of a soil sample is clearly 
unrepresentative. It can be envisioned that, on 
occasion, samples of more than 50 kg would 
be required. The other major flaw in sampling 
programs is cross-contamination, which calls 
for proper cleaning to eliminate it. Detailed 
advice on soil sampling is given by the U.S. 
EPA (57). 

The care taken to obtain representative sam- 
ples in the field will be nullified if the sample is 
improperly subsampled in the laboratory (28). 
Gerlach et al. (26) compared five methods for 
splitting soil samples in the laboratory and 
showed that grab sampling is a poor method 
for subsampling particulate samples in terms of 
overall accuracy levels. The riffle splitter pro- 
duced the smallest overall inaccuracy levels. 
Such is the significance of laboratory subsam- 
pling that the U.S. EPA has issued guidance on 
it (25). The problem stems from the inherent 
heterogeneity of soil. 

Water Characterization 
The emergence of contaminant hydrogeology 
as a subdiscipline within hydrogeology has 
been accompanied by the ability to measure 
concentrations at the level of parts per billion 
and below. Exacting low-level detection limits 
immediately posed demands and questions as to 
a correspondmg ability to eliminate extraneous 
influences. 

Diffuse source contamination of groundwa- 
ter can be the result of a number of diffuse 
inputs from within a site but can also result 
from off-site sources. When there is no clearly 
defined source, groundwater monitoring wells 
should be installed on a nontargeted basis. The 
monitoring wells should be used to determine 
the hrection of groundwater flow and the 
water quality upon entering and leaving the 
site. On a small site, this will probably require 
at least four monitoring locations. Wells should 
be located on the site so that they can be trian- 
gulated. Wells in a line will not provide ade- 
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quate information to establish the direction of 
groundwater flow (36). 

Monitoring well locations should be deter- 
mined on the basis of the information available 
and the need for further information about the 
source and the migration of contaminants. The 
monitoring wells should therefore be located on 
a targeted basis. Subsequent monitoring wells 
can then be located on the basis of the informa- 
tion from the initial installations and therefore 
again should be installed on a targeted basis. 

Wherever practicable, a groundwater moni- 
toring well should be installed directly below 
the potential source. However, such installa- 
tions can allow contaminants to migrate verti- 
cally. An alternative position is to install the 
monitoring well at the outer down-gradient 
edge of the potential source. 

Where a contamination source is known or 
suspected, a groundwater monitoring well 
should be installed up-gradient of the source 
and a minimum of two should be installed 
down-grachent of the source. These monitor- 
ing wells can also be used to determine the 
direction of groundwater flow and the quality 
of the groundwater flowing onto the site. Fur- 
ther monitoring wells should be considered, 
dependmg upon the objectives and phase of 
the investigation, for example, at progressive 
distances down the hydraulic gradent from the 
source of contamination. 

In the designing of a groundwater monitor- 
ing program, consideration should be given to 
the nature of the likely contaminants. If con- 
taminants which were not anticipated are en- 
countered, this may lead to a supplementary 
investigation to allow the installation of specific 
monitoring wells to address the contamination 
encountered. Groundwater monitoring will 
include addressing contaminants in solution 
such as metals and organic compounds (for ex- 
ample, phenols) and also the possibility of hy- 
drophobic materials (for example, NAPLs) that 
may be present as free product. 

Where volatile NAPLs are likely to be pres- 
ent, information on the potential location of 
contamination and migration plume can be ob- 
tained by carrying out soil gas monitoring. This 

information can be used to determine the loca- 
tion of monitoring wells. If NAPLs are present, 
consideration should be given to the effects of 
solubility, sorption, degradation, metabolites, 
and potential for migration. 

Where liquids that are less dense than water 
(LNAPLs) are present, at least one borehole 
should be screened over a depth range that 
spans the level of the water table so that they 
can be more easily detected and the thickness 
of the LNAPL layer can be measured. DNAPLs 
will move to the base of the hydrological unit 
and can collect on, or be deflected by, lenses 
of low-permeability material. 

Investigations for DNAPLs are difficult and 
require monitoring of wells that fully penetrate 
the aquifer and are screened at the base and 
at points where low-permeability material is 
present. Separate wells formed to dfferent 
depths can be necessary at monitoring locations 
due to the difficulty of forming adequate seals 
in nested wells. 

Where a monitoring well installation passes 
through low-permeability strata, routes allow- 
ing dispersal of contamination into underlying 
groundwater can be created. In such situa- 
tions, a larger-diameter hole should be formed 
down to the low-permeability strata and an 
impermeable plug of bentonite-cement grout, 
with a minimum thickness of 1.0 m, should 
be inserted. Contamination can adversely af- 
fect the plug, and if necessary, suitable alterna- 
tive material should be selected. This may 
necessitate some preliminary trials to confirm 
that the selected material is effective. The 
plug should be allowed to set before the 
borehole is continued by forming a smaller- 
lameter hole. In this way, a seal to prevent 
the downward migration of contamination 
can be created. 

When all monitoring work has been com- 
pleted and there is no further need for the 
monitoring wells, they should be sealed by 
grouting with suitable material, ensuring that 
the grouting is effective above and below the 
water table. 

Despite the complexity of NAPL behavior 
in the subsurface and the importance of me- 
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hum heterogeneity and the interactions be- 
tween the various fluids, it is surprising to 
find that relatively few specialized NAPL site 
characterization techniques have been devel- 
oped and thoroughly tested. The majority of 
routine site investigations continue to rely 
on standard techniques such as drdling, and 
monitoring and sampling of fluid levels in 
conventional piezometers. Guidelines on 
groundwater sampling are given by Yeskis 
and Zavala (65). 

Other techniques that have been applied 
include soil gas surveys, coring, and geophysi- 
cal techniques. Despite these efforts, signifi- 
cant additional work is required to develop 
and refine specialized techniques for deter- 
mining the location and saturation of NAPLs 
in the subsurface. Modeling NAPL flow and 
remediation requires dependable field data for 
calibration and validation and as model inputs. 
Some of the more commonly used techniques 
applicable to this discussion are considered 
below. 

Drilling and the subsequent installation of 
monitoring wells are the most common site 
investigation techniques at NAPL-contami- 
natedsites (1,62). These methods deliver direct 
information on the presence or absence of con- 
taminants and allow broad delineation of the 
lateral, and sometimes the vertical, extent of 
contamination. 

Gas Characterization 
Soil gas samples are similar to water samples in 
that they can be representative of a large zone. 
Nevertheless, the sampling strategy differs from 
that used for waters because of the greater abil- 
ity of soil gases to migrate in all directions 
within the ground (16). 

Where there is the possibility of soil gas 
contamination (for example, on or adjacent 
to areas of landfill, alluvial ground, solvent 
or fuel storage, mining, buried dock sediment, 
and/or peat), it is necessary to determine the 
composition and migration potential of the 
soil gas. Degradation of organic matter can 
give rise to both methane and carbon dioxide 
and to a variety of trace gases, depending on 

the ground con&tions and the nature of the 
material. 

Volatile organic compounds (VOCs) can 
have associated vapors, the concentrations of 
which can vary in the soil gas above different 
parts of a plume but which can be used to in&- 
cate the location of the plume. When data from 
driven-tube sampler holes, cable percussion 
boreholes, and monitoring wells are inter- 
preted, the strata penetrated should be taken 
into account, as smearing during the formation 
of the borehole for the installation can reduce 
the porosity of the ground and affect gas migra- 
tion. 

The detection and determination of gases 
can be done with instruments (either portable 
or laboratory based) or colorimetric gas detec- 
tion tubes. Samples of soil gas can also be col- 
lected for analysis at a permanent laboratory. 
Portable instruments are used on-site for both 
landfill gases and VOCs. These may be nonspe- 
cific, e.g., flame ionization detectors or photoi- 
onization detectors (PIDs), or may be for the 
specific measurement of gases, such as meth- 
ane, oxygen, and carbon dioxide. 

Measurements of soil gas atmosphere in 
spike holes are subject to significant variation, 
depending upon the porosity of the ground and 
the weather conditions. Consequently, the re- 
sults of the measurements from spiking should 
be interpreted with caution. A negative result 
does not necessarily mean the absence of a 
problem, as gas or volatiles could be present at 
a greater depth. 

Concentrations can also build up when 
ground gases are confined, for example, in wet 
ground conditions when the soil pores become 
blocked at the ground surface. Installation of 
deeper monitoring points using boreholes is 
preferable. 

Investigations for vapors associated with 
VOCs are usually part of a screening process, 
for example, to identify the location of a con- 
taminant plume. The screening process is usu- 
ally carried out using driven spikes or driven 
probes in conjunction with portable instru- 
ments. Screening may also be carried out in 
boreholes and driven boreholes during forma- 
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tion. Sample collection devices such as acti- 
vated carbon tubes may be used to enable labo- 
ratory identification and analysis. 

Screening for VOCs is usually carried out 
by using nonspecific instruments such as PIDs. 
PIDs can be fitted with lamps of different ener- 
gies to vary the response to hfferent groups of 
compounds. The greater the energy of the 
lamp, the greater the range of solvents causing 
a response. It can be necessary to obtain samples 
of the soil gas by adsorption onto a suitable 
mehum or by using a gas syringe or sampling 
bag in order that laboratory analysis can be car- 
ried out to determine the composition and the 
contaminants present. 

Monitoring of the soil gas profile during the 
formation of boreholes can provide useful in- 
formation on the vertical hstribution of VOC 
vapors and concentrations. Monitoring during 
installation can also give important safety infor- 
mation. Screening for vapors from VOCs tends 
to be limited by the depth to which the 
probeholes can penetrate, but the depth should 
be at least 1 m. When screening to establish the 
location of a migration plume is done, testing 
should be carried out at a consistent height 
above the water table to enable quantitative 
comparison of the results. 

Sampling of VOCs for laboratory analysis 
has to be carefully designed to minimize losses 
through the two most common mechanisms, 
volatilization and biodegradation. The U.S. 
Army Corps of Engineers has prepared guid- 
ance for its staff to use sample collection and 
handling procedures that minimize VOC losses 
from solid samples (55). 

QUANTIFYING THE PROBLEM 
When a site investigation has been completed, 
a lag phase usually occurs while the samples 
obtained GTom the investigation are analyzed 
by the chemical testing laboratory. Average 
turnaround times of around 10 days are com- 
mon in the United Kingdom, although premi- 
ums can be paid for more rapid reporting times. 
It is seldom heard offor a chemical testing labo- 
ratory to provide comment on the significance 
of the results of its tests. Rather, it is usually 

the responsibility of the site assessor (usually a 
specialist consultant) to gauge the real meaning 
of the contaminant concentrations reported by 
the laboratory. The simplest manner in which 
to carry out this type of assessment is to com- 
pare the results obtained with a set of robust, 
suitably recognized safety standards. 

Given that the perception of contaminated 
land has changed over the last 20 years to a rec- 
ognition of it as a widespread infrastructural 
problem of highly variable seriousness, it is not 
surprising that standards for cleanup have also 
evolved. It is this switch from rare-catastrophic 
to common-variable significance that has neces- 
sitated a move towards risk-based assessment. 

Generic Screening Guidelines 
In The Netherlands, the potential conse- 
quences of contaminated land have historically 
been taken rather more seriously, for a number 
of good reasons. It is a small, densely populated 
country with some large multinational compa- 
nies. Agriculture is highly intensive, and of 
course the land is low-lying, and soil contami- 
nation can quickly become a serious threat to 
water resources. A much larger range of con- 
taminant guideline concentrations is available, 
reflecting the demanding approach to cleanup 
that has been adopted there. The ALARA 
principle (as low as reasonably achievable) and 
the use of the best available techniques to con- 
trol soil pollution have been employed. The 
underlying premise of the Soil Protection Act 
of 1987 is that soil pollution is not allowed 
(22). Given that it is impossible to prevent soil 
pollution completely, the Act tolerates emis- 
sions as long as they do not endanger soil multi- 
functionahty . 

Dissatisfaction with such approaches has led 
to the realization that cleanup standards have 
to be founded on risk-based assessment, and 
the fitness-for-use approach is central to risk 
assessment concepts (20). 

The situation in the United States is more 
complex. The U.S. EPA Soil Screening Guid- 
ance is a tool to help standardize soil remediation 
at sites on the National Priority List. The out- 
come is soil screening levels (SSLs) for contami- 

Next Page 
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nants in soil that may be used for guidance pur- 
poses. SSLs are not national cleanup standards. 

At sites where contaminant concentrations 
fall below SSLs, no further action is warranted 
under the Comprehensive Environmental Re- 
sponse, Compensation and Liability Act. Gen- 
erally, where contaminant concentrations ex- 
ceed the SSLs, further investigation, but not 
necessarily cleanup, is warranted (58). This re- 
sembles the “trigger-action” approach, and 
SSLs are risk-based concentrations derived 
from risk assessment procedures. However, the 
U.S. EPA lists generic SSLs for 110 chemicals, 
using default values that are conservative and 
likely to be protective for the majority of site 
conditions. Note that generic SSLs are not nec- 
essarily protective of all known human expo- 
sure pathways, reasonable land uses, or ecologi- 
cal threats. 

The U.S. soil screening process is a seven- 
stage process. 

1. Develop a conceptual site model based 
on historical records and available background. 

2. Compare the soil component ofthe con- 
ceptual site model to the soil screening sce- 
nario. 

3. Define data collection needs for soils to 
determine which site areas exceed SSLs. 

4. Sample and analyze soil at the site. 
5.  Derive site-specific SSLs if needed. 
6. Compare site soil contaminant concen- 

7. Decide how to address areas identified 
trations to calculate SSLs. 

for further study. 

Essentially, SSLs are risk-based concentra- 
tions derived from equations combining expo- 
sure assumptions with EPA toxicity data. 

In the United Kingdom, the Interdepart- 
mental Committee on the Redevelopment of 
Contaminated Land (ICRCL) guidelines (30, 
31) provided advice on only a limited range of 
contaminants. The guidelines, however, em- 
body the concept of soil trigger, or threshold, 
and action concentrations for decision-making 
purposes. The trigger level indicates that some 
further investigation is required, and the action 
level means that remechal treatment is needed 

for the proposed end use of the land. These 
guidelines inadvertently became adopted as 
cleanup criteria and were formally withdrawn 
by DEFRA in 2003. 

Due to the previous lack of coherent guid- 
ance and some dubiety over the scientific basis 
to the ICRCL soil guidance values, the United 
Kingdom Department of the Environment 
(now the Department of Environment, Trans- 
port and the Regions), with others, developed 
a framework for contaminated land risk assess- 
ment that included the derivation of new soil 
guideline values (SGVs) (17). These SGVs have 
been derived by using the Contaminated Land 
Exposure Assessment (CLEA) model, which 
calculates human exposure via 10 different ex- 
posure pathways (12-15). These guideline val- 
ues are aimed to be used as a screening tool for 
establishing whether further action on a site is 
necessary. When guideline values are ex- 
ceeded, the intention is that either a further 
phase of risk assessment or remedial action is 
triggered. 

Site-Specific Risk Assessment-Focus 
on the CLEA Model 
The source-pathway-receptor concept forms 
the backbone of the CLEA model, which is a 
generic model for determining potential expo- 
sures via pathways that may lead to direct risks 
to human health from specific site uses. 

Although the CLEA model was initially de- 
veloped for deriving SGVs for acceptable 
human health risks, further development has 
enabled specific risk assessments to be carried 
out. Importantly, it does not attempt to model 
the possible impact of contaminated soil on 
groundwater or surface water quality or on 
buried service and construction materials or 
temporary risks to site workers during redevel- 
opment or other construction works. 

The United Kingdom Environmental Pro- 
tection Act 1990 defines contaminated land as 
follows (18): 

any land which appears to the local authority in 
whose area it is situated to be in such a condition, 
by reason of substances in, on, or under the land, 
that significant harm is being caused or there is a 

Previous Page 
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significant possibility of such harm being caused; or 
pollution of controlled waters is being, or is likely 
to be, caused. 

The guideline values derived from the 
CLEA model are being produced to help de- 
termine whether land is contaminated accord- 
ing to the above definition. 

Table 2.1 lists the exposure pathways that 
can be considered in the CLEA model. The 
significance of each pathway depends on the 
contaminant of interest; for example, indoor 
inhalation of soil vapor is the predominant 
pathway for a contaminant such as benzene. 

Particular to the CLEA model is the inclu- 
sion of time-dependent effects such as biodeg- 
radation and natural attenuation. This is more 
realistic than assuming that, for example, in 10 
years' time the concentration of a benzene spil- 
lage at the soil surface will not have altered. A 
significant proportion of the benzene d have 
volatilized or migrated from the soil surface; 
therefore, an exposure scenario in 10 years will 
be ddferent from the current situation. 

Removal processes included in the model 
are photolysis, chemical reaction, volatiliza- 
tion, biodegradation, runoff, erosion, leaching, 
and crop off-take. Biodegradation is particu- 

TABLE 2.1 
CLEA model 

Exposure pathways included in the 

Exposure pathway 

Outdoor ingestion of soil 
Indoor ingestion of soil 
Consumption of home-grown vegetables 
Ingestion of soil attached to vegetables 
Skin contact with outdoor soil 
Skin contact with indoor dust 
Outdoor inhalation of fugitive dust 
Indoor inhalation of fugitive dust 
Outdoor inhalation of soil vapor 
Indoor inhalation of soil vapor 
Ingestion of drinking water from mains supply" 
Skin contact with mains water during showering and 

bathing, etc.a 
Inhalation of vapor during showering and bathing and 

from ambient vapors otherwise derived from mains 
water" 

"Not computed when an estimate of AD1 from background 
(nonsoil) sources is available. 

larly important in determining risks from or- 
ganic contaminants, but the rate of biodegrada- 
tion is highly site specific and depends on the 
types and growth rates of microbial popula- 
tions, which in turn are influenced by factors 
such as moisture content, temperature, pH, 
nutrient availability, and toxicity. 

Environmental models developed for or- 
ganics that are particularly susceptible to bio- 
degradation usually represent chemical and bi- 
ological degradation as a single first-order 
process with a rate constant specified by the 
user. While most environmental models do not 
include this often highly significant process, the 
CLEA model does include this degradation 
scenario. 

If the initial contaminant concentration at 
time zero is Co and first-order decay is assumed, 
then the concentration at time t is C,, where 

c == c (-kO 

and the average concentration Ci over the time 
interval (AVi = ti - t i - 1  is given by: 

0 e  

This time-dependent function allows the risks 
to human health posed by a contaminated site 
to be calculated after a specified lag period be- 
tween site investigation and first end-user ac- 
cess, which could be several years. 

The CLEA model also enables the user to 
assess the health risks posed by background 
contamination in addition to those posed by 
the actual site. If this information is known 
by the user, it can be entered into the model, 
where it is subsequently extrapolated to create 
appropriate childhood intakes adjusted for 
lower dietary intakes and body weights. 

The CLEA model can compute rough esti- 
mates of background exposure based on con- 
taminant concentration in mains water supply 
if no other background concentration data 
are available. Intake via the following routes 
can then be calculated, bearing in mind that 
they will provide rough estimates of back- 
ground exposure and are not necessarily as 
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applicable for lipophilic or highly volatile sub- 
stances: 

- ingestion of drinlung water from mains 

- skin contact with mains water during show- 
ering and bathing, and 

. inhalation of vapor during showering and 
bathing and from ambient concentrations 
otherwise derived from mains water (e.g., 
cooking, washing machines, dishwashers). 

supply 

Exposure Scenarios and Risks to 
Human Health 
As yet, no comprehensive model that takes into 
account all receptors of potential concern on 
contaminated sites is available. Instead, there 
are partial models to quantifi the risks posed 
to groundwater, surface water, ecosystems, and 
human health. 

By takmg the approach that a site should 
be suitable for its intended use, a number of 
scenarios have been defined to encompass the 
different activity patterns that may occur on 
a site. Studies of how people spend their time 
have been made by academic and commercial 
organizations around the world, although the 
results are not usually in the form required for 
developing exposure scenarios. Information in 
government publications and market research 
studies have been used for deriving exposure 
scenarios in the CLEA model, but many sim- 
plift.ing assumptions have had to be made. 

Research into how people spend their time 
is usually carried out by completion of either 
questionnaires or diaries. Some surveys con- 
centrate on time spent on specific activities, 
such as watching television; others give a broad 
picture of the way in which time is used. Social 
Trends (39) defines four broad categories of 
time use: work and travel, essential activities, 
sleep, and free time, with particular emphasis 
on the amount of time available for leisure ac- 
tivities. This information, which is published 
annually, gives a rough estimate of how and 
where people spend their time. 

The risk characterization process summa- 
rizes and integrates the exposure assessment 

and toxicity assessment into a quantitative and 
qualitative expression of risk. Health risks are 
quantified in terms of carcinogenic and non- 
carcinogenic effects. Uncertainties and limita- 
tions in risk estimates are also identified in 
the risk characterization process. Once the 
risks posed by a site are quantified (forward 
calculation), the process may be reversed 
(back calculation) to obtain acceptable soil 
cleanup levels. 

Carcinogenic effects are characterized by es- 
timating enhanced probabilities that an in&- 
vidual will develop cancer over a lifetime of 
exposure, based on projected intakes from a 
given scenario and the dose-response informa- 
tion summarized in the toxicity assessment. 
Noncarcinogenic effects are characterized by 
comparing calculated intakes of substances, 
based on specific exposure scenarios, to refer- 
ence doses and reference concentrations. 

Noncarcinogenic risks are usually classified 
in t e r n  of hazard indexes or hazard quotients 
(HQ). An HQ for a chemical is found after 
both exposure and toxicity information has 
been combined in the following way. Expo- 
sure information is used to calculate the average 
daily intake (ADI) of the contaminant in milli- 
grams per kilogram per day. This is found by 
considering factors such as body weight, skin 
area, and exposure characteristics. The AD1 is 
then compared with the tolerable daily intake 
(TDI), which is found through toxicological 
studies. 

Clearly, if the AD1 is higher than the TDI, 
then a risk is present, as the concentration of 
the contaminant is such that it will cause harm 
to human health. Division of the AD1 by the 
TDI gives the HQ. If the HQ is very close to 
unity, it may be demonstrated that the contam- 
inant still poses no risk, as the assumptions in- 
herent in the human health risk assessment al- 
ways tend to err on the conservative side. 

The theoretical tolerable excess lifetime 
cancer risk typically used in the context of ge- 
notoxic carcinogens on contaminated sites 
ranges hom lop6  (e.g., Denmark) to lop4 
(The Netherlands) per substance, with the ma- 
jority of countries preferring lop5. In the 
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United Kingdom, theoretical lifetime risks of 
around to l o w 4  are generally considered 
acceptable for the general public, bearing in 
mind that the real risk is unlikely to be higher 
and may well be very much lower. However, 
derivation of TDIs by dividing maximum tol- 
erable risk by slope factor is not generally fa- 
vored in the United Kingdom (22). 

Public concern about exposure to potential 
carcinogens and, in particular, the belief that 
there is no safe level of exposure have been 
part of the motivation for improving risk char- 
acterization. The numerical excess risk criteria 
(e.g., or for tolerable levels of car- 
cinogenic contaminants mentioned above are 
frequently misunderstood. It is not valid to 
conclude from a target concentration of con- 
tamination based on a l op6  risk criterion that 
550 excess deaths from cancer will occur in the 
population. Equally, on the basis that one in 
four people in Britain l e  from cancer-a 
background rate of 250,000 in 1 million-it 
would be unwise to claim that those exposed 
to a concentration have a lifetime risk 
of cancer mortality of 250,001 in 1 milhon 
(21). Further work on the communication and 
understanding of risks associated with contami- 
nated land was commissioned by the Scotland 
and Northern Ireland Forum for Environmen- 
tal Research in 2000 (50). 

Dealing with Uncertainty 
In the past, there has been a tendency to calcu- 
late the plausible health risks posed by the 
worst-case exposure scenario associated with a 
contaminated site. This approach has led to 
some overly conservative soil cleanup values, 
and in recent years there has been a reaction 
against this type of risk assessment, typical of 
the 1980s. 

Keenan et al. (32) drew attention to a U.S. 
EPA example of the theoretical cancer risk 
from dioxin exposure for a child living close 
to a hypothetical municipal waste incinerator. 
They comment that: 

At first review, the analysis seemed reasonable until 
one noted that the child ate about one teaspoonll 
of dirt each day, that his house was downwind of 

the stack, that he ate fish from a pond near the 
incinerator, his fish consumption was at the 95th 
percentile level, he drank contaminated water from 
the pond, he ate food grown primarily from the 
family garden, and he drank milk from a cow that 
had grazed on forage on the farm. 

The above example, highlighted by 
DEFRA in 2002 (12), is clearly unhelpful in 
deriving realistic risks posed by contaminated 
ground, but the problem is compounded when 
conservative assumptions are present through- 
out a risk assessment procedure. For example, 
if human health risk depended only on the 
product of three independent factors, each of 
which was chosen at the 90th percentile level, 
the product would represent a 99.9th percen- 
tile risk. It should, however, be noted that 
TDIs are often derived from studies to deter- 
mine safe levels of contaminant in food, not 
soil. Hence, chemicals tested for this scenario 
are likely to be more bioavailable; i.e., soil 
guidelines based on these TDIs are likely to be 
conservative (24). 

US. EPA exposure assessment guidelines 
have endorsed the use of simulation distribu- 
tions, such as those produced by Monte Carlo 
models (Fig. 2.4), since 1992 in order to pro- 
duce more realistic estimates of exposure. 
CLEA follows this route and is therefore a sto- 
chastic model. As opposed to calculating single 
risk values or exposure durations, CLEA uses 
probability density functions to reflect the vari- 
ability and/or uncertainties associated with ex- 
posure parameters. Through each pass of the 
Monte Carlo simulation, a single point value 
is randomly picked from a given probability 
density function to produce a single estimate 
of intake or risk. 

In 1997, the U.S. EPA announced its policy 
to accept probablistic risk assessment (PRA). 
The primary advantage of PRA within the 
Superfund program is that it gives a quantita- 
tive description of variability in risk. These two 
components make a more complete risk char- 
acterization than is possible in the point esti- 
mate approach (7). PRA lffers from the point 
estimate approach in that, instead of a single 
figure being chosen for each exposure factor, 
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I 
Specify uncertain and variable 

parameters 

Draw parameter value from specified 
distributions 

Input simulated values to model 

Compute the Average Daily Intake 
(ADI) 

1 
n<N 

L 

1 Frequency distribution of Average Daily Intake 

I f  

Compare the 95" percentile value of 
the AD1 to the Tolerable Daily Intake 

(TDI) to find risk 

FIGURE 2.4 Procedure of Monte Carlo analysis (after the work of Ferguson and Denner [24]). 

e.g., a mean weight for a person of 70 kg, a 
range of plausible values is chosen. The output 
of PRA is a range or distribution of risks expe- 
rienced by the various members of the popula- 
tion of concern. 

REMEDIAL PLANNING 
The outcome of the investigative and risk as- 
sessment processes should be a report that is 
readily understandable by the client, the other 
members of the professional team, and the ap- 
propriate regulatory authorities. A high stan- 
dard of presentation is therefore important, and 
the report should describe the various stages of 
the work undertaken, together with the find- 
ings obtained and any assumptions that may 
have been made. 

Within the constraints of the site and the 
available information, the report should indi- 
cate the location of those parts of the site af- 
fected by contamination and identify the na- 
ture of these contaminants. Potential pathways 
and targets should be described, and the report 
should clearly define the options available to 
the client. The availability of contaminants, 
relative to actual or possible receptors, should 
be considered. 

The decision to remediate is based on a 

knowledge of the nature and scale of the 
problems at a site; risks to the public, water 
bodies, and other sensitive receptors; demands 
of the local regulators; legal imperatives; aims 
of the site owner; and the economics of the 
situation. Once the goals and constraints of 
remediation have been identified and ration- 
ally evaluated, potential remedial options, in- 
cluding bioremediation, can be put forward. 
In general, the following evaluation process 
allows sound technical decisions on the feasi- 
bility of a particular bioremediation option 
to be made. 

Economics of Remedial Technologies 
Despite its undeniable promise, bioremedia- 
tion still remains an innovative technology, not 
an established one, according to the U.S. EPA. 
Not technical success alone, but also economic 
competitiveness, will determine whether bio- 
remediation can stay the course. There are two 
main considerations here. First of all, the mar- 
ket size for remedial technologies has to be es- 
tablished, and then the economics of bio- 
remediation compared to that of other relevant 
technologies needs to be shown to be competi- 
tive. 

It is notoriously difficult to quantify the size 
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of markets for biotechnology products and re- 
medial technologies. For environmental bio- 
technology as a whole, as a new industry, the 
figures that have to be collected are fragmented 
and very difficult to gather. Despite these l f f i -  
culties, rough estimates ofthe global market for 
biotechnology products have been calculated 
(54). The Organization for Economic Cooper- 
ation and Development (40) has estimated that 
the annual market for environmental biotech- 
nology products is currently U.S. $56 to $120 
billion. In context, the annual market for all 
industrial enzymes (e.g., detergent enzymes 
and baking and beverage enzymes) is of the 
order offL1.5 billion. In diagnostics (e.g., DNA 
polymerase, alkaline phosphatase, and glucose 
oxidase), the total figure is $0.15 to 0.2 billion. 
Contaminated soil remediation alone has been 
estimated to have an annual market of $10 to 
$25 billion. The total cost to the United States 
for all site cleanup has been estimated at be- 
tween $250 billion and $1 trillion (49), the 
higher figure being for complete restoration of 
sites. 

In 1998, Frost and Sullivan determined the 
European market for contaminated site reme- 
diation services to be worth U.S.$1.02 billion. 
Landfilling still tends to dominate the market, 
which has had the effect of restraining new 
technology development. The European mar- 
ket is expected to rise to $1.62 bilhon by 2005 

as a result of market developments such as a 
concerted effort to reuse brownfield sites. 
Table 2.2 shows how the percentage of reve- 
nues by service has been distributed in Europe 
and how the future appears. The biological 
treatment sector looks due for steady growth 
in Europe, as some problems with acceptance 
are overcome. 

Now that some figures for a market for bio- 
remelation have been established, the next as- 
pect is to determine how it can compete with 
other technologies on a cost basis. Bioremedia- 
tion, as yet an innovative technology, does not 
have the economy of scale of established tech- 
nologies which have been used in many full- 
scale projects. A detailed analysis of United 
Kingdom costs is given in Table 2.3. 

Current figures show that prices for bio- 
remedation services are falling. One Scottish 
bioremediation contractor, Environmental 
Reclamation Services, Ltd. Glasgow, quoted 
(2004) ex situ bioremediation costs for, e.g., 
5,000 m3 in windrows of 5,000-mg kg-' 
diesel range organics, with a target of 1,000 
mg kg-', of about A12 per m3 (about $20). 
At the time of writing, variation tended to 
be A10 to L30 per m3. Compared to land- 
filling, in the United Kingdom ex situ bio- 
remediation has therefore become cost-effec- 
tive: legislative changes brought about by the 

TABLE 2.2 Total contaminated site remediation service market within Europe 

% of revenues obtained by: 

Containment Other Physical/chemical Thermal 
treatment treatment 

Yr 
Bioremediation 

1995 17.3 53.0 16.2 8.2 5.3 
1996 17.8 52.6 16.2 8.1 5.3 
1997 18.3 53.1 15.2 8.1 5.3 
1998 18.3 53.6 14.8 8.1 5.2 
1999 19.7 53.2 14.0 8.0 5.1 
2000 18.6 54.4 13.8 8.0 5.2 
2001 18.1 55.1 13.6 8.0 5.2 
2002 18.1 54.9 13.8 7.9 5.3 
2003 18.2 54.6 13.8 7.9 5.5 
2004 18.6 54.1 13.9 7.8 5.6 
2005" 19.0 53.5 14.1 7.7 5.7 

Predicted values. 
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TABLE 2.3 1997 costs of remedial technologies in the United Kingdom" 

Remediation method Cost range/ton 

Excavatiodoff-site dispos al... ........................................... $1 1-80 (A7-50) 
Soil washing ............... $80-400 g50-250) 

In situ stabilization/solidification .................................... $100-190 cC;60-010) 

$25-75 g15-45) 
................................................................. $16-160 gl0-100) 

Bioventing ....................................................................... $24-130 (L15-80) 
Thermal treatment ........................................................... $65-1,100 g40-700) 
Incineration ..................................................................... $8O-1,900 cC;5O-1,200) 

Solvent extraction ....... $48-960 (A30-600) 
Cement/pozzolan solidification $32-275 (A20-170) 

Kilt-based vitrification $48-800 Gc;30-500) 

a Taken &om reference 64. 

EU Landfill Directive in mid-2004 have made 
the dumping of contaminated soil in landfill 
sites excessively expensive. 

The U.S. EPA (61) has published a compen- 
dium of costs for six common remediation 
technologies: bioremediation, thermal desorp- 
tion, soil vapor extraction (SVE), on-site incin- 
eration, groundwater pump-and-treat systems, 
and permeable reactive barriers. The informa- 
tion was gathered from approximately 150 
projects, and an analysis was made to determine 
correlation between unit costs and quantity of 
soil or groundwater treated: this would indicate 
whether any of the technologies demonstrated 
economies of scale. 

A correlation between unit cost and quan- 
tity treated was evident for four of the technol- 

ogies-bioventing, thermal desorption, SVE, 
and pump-and-treat systems-and economies 
of scale were observed with all four, i.e., the 
unit cost decreased as larger quantities were 
treated. Of the four, bioventing showed the 
best correlation. 

For other bioremedial technologies, how- 
ever, no such quantitative correlation was ob- 
served. It was acknowledged that the unit costs 
for bioremediation are affected by factors in- 
cluding soil type and aquifer chemistry, site hy- 
drogeology, type and quantity of amendments 
used, and type and extent of contamination. 

Table 2.4 gives some comparative costs for 
remedation services in the United Kingdom 
and the United States. Since this table was 
compiled, the situation regardmg landfilling of 

TABLE 2.4 
Kmgdom and the United States" 

Comparative costs of remediation techniques in the United 

Cost/ton ($) in: 
Remediation approach 

United Kingdom United States 

Bioremediation 9-286 26-65 
Landfill 12-89 98-163 
Incineration 89-2,150 163-523 

"Based on the data of Wood (64) and Levin and Gealt (35). 
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contaminated soil has changed dramatically in 
the United Kingdom. In mid-July 2004, the 
implementation of the Landfill Directive classi- 
fied soil contamination as nonhazardous 
(<10,000 mg of toxic material kg-', <1,000 
mg of carcinogenic material kg-l) or hazard- 
ous (>10,000 and 1,000 mg kg-', respec- 
tively). The cost of landfilling nonhazardous 
soil has gone to $21 per ton plus a landfill tax of 
$27 per ton (total, A27.00 per ton, or roughly 
$48.50). The cost for hazardous soil is L 4 5  
($80) per ton plus a landfill tax ofA15 ($27) per 
ton, makmg a total of A60, or roughly $107. 
However, another result of the implementa- 
tion of the Landfill Directive is that the number 
of landfill sites in the United Kingdom that can 
accept contaminated soil has been greatly re- 
duced, which has significantly increased the 
transportation costs. In some areas of the 
United Kingdom, it is not unlikely that con- 
taminated soil would have to be transported 
200 d e s  to a suitable landfill site, and the cost 
for transportation alone might amount to an- 
other $72 per ton. This has opened up much 
greater prospects for bioremediation since the 
transport cost is immediately removed from the 
economics. 

Risk-Based Remedial Design 
The outcomes of the risk assessment exercise 
feed into the next step in the contaminated land 
management process, which is selection of the 
remedial technology appropriate to nullifying 
the risks. It should be remembered that land 
remediation should be designed to break the 
pollutant linkage between source and receptor. 
In reality, several factors are likely to interplay 
in the eventual choice of technologies. In the 
United Kingdom, the four main factors that 
influence decision-making are as follows: 

1. remedial objectives and treatment targets 
(for the purpose stated above); 

2. environmental merit, e.g., incineration 
destroys contaminants but also destroys the soil; 

3. cost-effectiveness; and 
4. local factors, e.g., public opinion and 

local waste license regulations. 

There now exist a large variety of treatment 
technologies, either established or innovative. 
It is beyond the scope of this book to look at 
all of these in detail. Therefore, a brief descrip- 
tion of technologies classed as physical, chemi- 
cal, thermal, or solidification is given. Landfill 
is not discussed, since it is not a remedial tech- 
nology. Although in many countries it remains 
the cheapest option, it is merely a disposal op- 
tion, as the anaerobic environment of the land- 
fill is not conducive to biodegradation of many 
common contaminants. 

Bioremediation has to compete successfully 
with these technologies, so for a screening 
exercise choices of which ones to compare 
it with have to be made. To narrow the field 
down, use has been made of U.S. EPA data 
on remeha1 technologies (60). The most fre- 
quently used established technologies in the 
United States are incineration (thermal), ther- 
mal desorption (thermal), solidification/stabi- 
lization (physical), and SVE (physical) and, 
for groundwater, pump-and-treat technolo- 
gies. SVE and thermal desorption are interest- 
ing cases, as they were until recently classed 
as innovative technologies, but they have 
crossed the barrier to implementation and 
are now established. The EPA has defined 
innovative technologies as those whose use 
is limited by lack of data on cost and perfor- 
mance. They have only limited full-scale ap- 
plication, and in situ and ex situ bioremedla- 
tion thus remains classed as innovative. 

Bioremediation techniques together (for 
the fiscal year 1997) had been used in 11% 
of all Superfund remedial actions. For com- 
parison, SVE had been used in 28%. For 
remedlal treatment trains, in which two or 
more techniques are used in sequence, bio- 
remedlation was used in 6 of 17. Contami- 
nated sites treated by bioremediation have 
mostly been BTEX (benzene, toluene, ethyl- 
benzene, and xylene) containing. Tables 2.5 
and 2.6 compare the applications of different 
techniques with respect to contaminant types, 
soil types, cost, and remediation times, and 
they contain data compiled from the work 
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TABLE 2.5 Comparative data on established remedial treatment8 

Compound 
or parameter 

Thermal Solidification/stabilization 
Incineration desorption SVE Cement Vitrification 

Organic 
Volatile 
Semivolatile 
Halogenated 
Nonhalogenated 
PAH 
PCB 
Dioxins/furans 
Pesticide/ herbicide 

Inorganic 
Heavy metals 
Nonmetals 
Cyanides 

Soil types 
Corrosives 
Explosives 
Fuels 

Gasoline 
Diesel 
Jet fuel 
Kerosene 

Codton (8) 
Duration (mo) 

X 
X 

All 

X 
X 
X 

X 

All 
X 

80-1,920 641,120 
1-13 

X 
X 
X 
X 

X 
X 

All but peats 
X 
X 

X 
X 
X 
X 

32-272 

X 
X 
X 
X 

X 
X 
X 

All but peats Porous 
X 
X 

48-8 12 16-144 
5-10 

Data compiled from the work of Armishaw et al. (2), Martin and Bardos (37), the EPA (60), and Wood (64). X indicates that the 
method is not appropriate for use for the given substance. 

of Armishaw et al. (2), Martin and Bardos 
(37), the U.S. EPA (60), and Wood (64). 

FIELD TESTS 
To establish the feasibdity of a particular re- 
medial technology, small-scale or laboratory 
experiments should be undertaken under 
carefully controlled conditions using actual 
mema, e.g., soil and groundwater collected 
from the site and actual contaminants of con- 
cern. An example is a tray test, commonly 
used to evaluate the remedd effectiveness 
of thermal desorption. Contaminated soil is 
sampled, weighed, and placed in ovens at 
various temperatures for various periods, and 
the soil is retested after being heated to assess 
the likely effectiveness of heating at driving 
off organic compounds. 

A further stage is to conduct pre-pilot-scale 

tests, which would be conducted in the field 
at very small scale, usually involving just one 
well, in the case of an in situ method. These 
tests provide simple yes-or-no answers, for ex- 
ample, to the question of whether this particu- 
lar technology is applicable under these cir- 
cumstances. If the answer is yes, the tests 
provide design parameters needed to create a 
pilot-scale test. 

Before any bioremediation technology is 
undertaken, it is prudent to at least do a field 
pilot-scale test of the proposed method. This 
is highly recommended for any in situ or on- 
site technique, be it bioremediation, soil wash- 
ing, or SVE. 

A pilot test allows techniques, equipment, 
processes, and materials to be tested under field 
conditions but at a small scale. Invariably, the 
findmgs lead to some modification or adjust- 
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TABLE 2.6 

Compound 

Comparative data for bioremediation techniques" 

Ex situ In situ 

or parameter Slurry 
bioreactor 

Biopile/windrow Landfarm 
Pump 
treat Bioventing 

Organic 
Volatile 
Semivolatile 
Halogenated 
Nonhalogenated 
PAH 
PCB 
Dioxins/furans 
Pesticide/herbicide 

Inorganic 
Heavy metals 
Nonmetals 
Cyanides 

Soil types 
Corrosives 
Explosives 
Fuels 

Gasoline 
Diesel 
Jet fuel 
Kerosene 

C o d t o n  ($) 
Duration (mo) 

X 

X 
X 
X 

All but peats 
X 

80-130 
Variable 

X 
X 
X 

X 
X 
X 

Porous 

8-110 
3-30 

X 
X 

X X 
X X 
X 

Porous Porous 
X 

X X 

X 
X 
X 

X 
X 
X 

Porous 
X 
X 

16-160 8-260 24-290 
1-24 3-48 12 

'Data compiled from the work of Armishaw et 2. (2), Martin and Bardos (37), the EPA (60). and Wood (64). X indicates that the 
method is not appropriate for use for the given substance. 

ment in the final design of the remediation. 
Sometimes the pilot test results are such that the 
approach may be abandoned altogether. The 
rationale for a pilot test is simple: it provides 
insurance against failure at a larger scale. On 
smaller sites, the prepilot and pilot trials may 
be combined or the prepilot trial may be scaled 
up and the pilot trial dispensed with. On larger, 
more complex sites, both may be required. 

Site investigation and characterization pro- 
vide information that allows the professional 
to determine environmental impacts, proceed 
with risk analysis, determine liabilities, assess 
options, and plan remediation. 

If bioremediation is deemed to be a suitable 
remedial technology at a site under investiga- 
tion, a choice ofwhich technology is most suit- 
able has to be made. Even this step in the pro- 

cess can be complex; a simplistic summary is 
given in the form of a decision tree (Fig. 2.5). 

Technology Briefs 
The major competing, nonbiological technol- 
ogies must be summarized in a form that can 
be compared to the bioremediation tech- 
niques. This has been done in the form of tech- 
nology briefs below. Each of these gives the 
salient features of the technology under discus- 
sion and also some of the advantages and disad- 
vantages of each. This is how the bioremela- 
tion technologies are described in chapter 5 but 
in greater detail. 

Physical Treatment Systems. Physical treat- 
ment systems separate contaminants rather than 
destroy them. The principal techniques are 



2. CHARACTERIZING CONTAMINATED LAND W 77 

Corrective action required 

Time available > 1 year 

Contamination 
- extensive 
- low-moderate concentration 
- at depth 

w 
In-situ bioremediation v=G 

Biodegradation 
taking place 

naturally 

Natural attenuation 

Monitoring program 

Biodegradation 
severely limited 

by 0, N, P 

bioremediation 
e.g. Bioventing 
Pump and treat 

Time available < 1 year 

Contamination 
- localized hot spots 
- moderate-high concentration 
- shallow 

w 
I Ex-situ bioremediation I 

Space at a premium Space available 

e.g. Biopiling/ 1 Bioreactor 
-combination 
techniques 

Composting/ 
Landfarming 

-tilling 
-fertilization 
leachate collection 

FIGURE 2.5 A simplified bioremediation decision tree. Whereas the early decisions based on time available 
tend to be clear-cut, later decisions on which individual biotechnology approach to use become more involved, 
and consequently the decision tree becomes more complex. 

SVE, washing (water, surfactants), steam strip- 
ping, solid separation, and electroreme&ation. 
They can be considered to be preliminary 
treatments and thus are useful in remediation 
trains. 

Chemical Treatment Systems. Chemical 
treatment systems either destroy contaminants 
or convert them to different, less toxic forms. 
They consist of oxidation (e.g., chlorine, hy- 
pochlorite, ozone), reduction, solvent extrac- 
tion, neutralization, and precipitation. Chemi- 
cal treatments have not achieved large 
popularity. Adltion of solvents and oxidizing 
agents may add to the toxic burden of the 
system. 

Thermal Treatment Systems. Thermal treat- 
ment systems heat the soils up to around 
2,500"C. As such, they do destroy organic con- 
taminants. Incineration can be performed in 
situ or ex situ. Although energy intensive, they 

are rapid, and most contaminants are destroyed 
completely, with some exceptions. 

Solidij5cation Treatment Systems. Solidifica- 
tion treatment systems use specific binders to 
convert contaminated soils, sludges, and waters 
into a solid to greatly reduce mobility and tox- 
icity. Inorganic binder processes, e.g., cement 
encapsulation and vitrification, have greater 
potential for contaminated land treatment than 
organic binder systems: the organic polymers 
are too expensive. 

SVE. SVE removes volatile and semivo- 
latile contaminants from the unsaturated zone 
by applying a vacuum connected to a series of 
wells (Box 2.2). The contaminant groups most 
suited to SVE are VOCs and the more volatile 
fuels: it can be applied to volatile compounds 
with a Henry's law constant of >0.01 or a 
vapor pressure of >0.5 mm. SVE will not re- 
move hydrophobic materials such as polychlo- 
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I 
BOX 2.2 

Technology Brief-WE 

Vacuum pumps or blowers induce a pressure gra- 
dient in the subsurface, resulting in an airflow field 
about an extraction well (27). These systems can 
be combined with groundwater pumping wells to 
remediate soil previously beneath the water table. 

Gas-phase contaminants are removed via advec- 
tive aidow entering the extraction wells. Volati- 
ization is induced. High-vapor-pressure contami- 
nants are removed first, and the soil progressively 
becomes enriched in less volatile compounds. 

Advantages 
Few moving parts; low operating costs; rapid instal- 
lation; rapid results; no excavation; no disruption; 
ability to remediate under buildings; no toxic re- 
agents; enhanced bioremediation if airflow is con- 
trolled. 

Limitations 
Contaminants with low vapor pressures have poor 
removal efficiencies; other techniques may be re- 
quired (treatment train); there are constraints in 
soils with low air permeability; contaminants are 
not treated (toxicity unaltered). 

rinated biphenyls (PCBs) or dioxins, which 
form firmly bound soil residues. An important 
limitation is the inabihty to treat soils of low 
porosity. It is therefore unsuited to the satu- 
rated zone. 

Incineration. Incineration is the high-tem- 
perature thermal oxidation of contaminants to 
destruction. Incinerators come as a variety of 
technologies, including rotary kiln, fluidzed 
bed, and infrared (37) (Box 2.3). The two most 
common incinerators used for contaminated 
soil are rotary kiln and fixed hearth, and the 
fluidized bed. Rotary kiln and fixed hearth are 
twin-chamber processes. The primary chamber 
volatilizes the organic components of the soil, 
and some of them oxidize to form carbon diox- 
ide and water vapor. In the second chamber, 
high-temperature oxidation is used to attempt 
to completely convert the organics to carbon 
&oxide and water. 

I 
BOX 2.3 

Technology Brief-Incineration 

A typical incinerator system consists ofseveral com- 
ponents: waste storage, preparation, and feeding; 
combustion chamber(s); air pollution control; resi- 
due and ash handling; and process monitoring. 

Rotary kilns are the most common incinerators 
for waste materials (27). The rotary kiln is a cylin- 
drical, refractory-lined reactor set at a slight angle 
(rake). As the kiln rotates, the waste moves through 
the reactor and is mixed by tumbling (63). 

Advantages 
Reported removal efficiencies of beyond 99%; de- 
toxification; heat recycling. 

Limitations 
Very high initial capital investment; requirement of 
highly trained operatives; much greater complexity 
than other treatment technologies; emission of haz- 
ardous gases; de novo synthesis of dioxins and fu- 
rans; adverse public perception; destruction of soil. 

Fluidized Bed Incinerators. Fluidned bed 
incinerators, by contrast, are single-chamber 
systems containing fluidizing sand and a 
headspace above the bed. Fluidization with 
pressurized air creates high turbulence and en- 
hances volatilization and combustion of the or- 
ganics in contaminated soil, to form carbon 
dioxide and water. 

Most of the reported limitations of soil in- 
cineration are operational problems. For exam- 
ple, there are specific feed size and material 
handling requirements that can impact on ap- 
plicability or cost at specific sites. Volatile met- 
als can exit the incinerator with the flue gases, 
entailing additional gas treatment facilities that 
add to the cost. Sodmm and potassium form 
ashes that are aggressive to the brick lining. 
Above all, incineration is a costly, high-energy 
operation with poor public perception. It also 
destroys the soil. 

Thermal Desotption. Thermal desorption is 
a high-temperature treatment that releases pol- 
lutants from soil to the gas phase (Box 2.4). The 
temperatures and residence times used in ther- 
mal desorption systems volatilize selected con 



2. CHARACTERIZING CONTAMINATED LAND 79 . 
BOX 2.4 

Technology Brief-Thermal 
Desorption 

Thermal desorption is a lower-temperature thermal 
treatment (up to 600°C) which involves two pro- 
cesses: transfer of contaminants from the soil into 
the vapor phase (volatilization) and off-gas treat- 
ment, e.g., higher-temperature treatment to de- 
stroy (up to 1,400"C). 

Advantages 
Can be used for very small-scale projects; flexibility 
in operations (e.g., variable temperature, use of 
catalysts); organic material of soil may not be de- 
stroyed. 

Limitations 
Clay soils can greatly increase treatment cost; emis- 
sions; volatile metals cause operational problems. 

taminants but do not oxidize or destroy them, 
as happens in incineration. Low-temperature 
thermal desorption can remove petroleum hy- 
drocarbons from all soil types. An important 
feature of thermal desorption is that the treated 
soil is not destroyed; it will even support bio- 
logical activity. 

Perhaps the major operational problem en- 
countered in thermal desorption treatment of 
contaminated soil involves particulates. All 
thermal desorption systems require treatment 
of the off-gas to remove particulates and or- 
ganic contaminants. Dust and organic matter 
in the soil affect the efficiency of capture and 
treatment of off-gas. 

Solidijcution. Unlike other remedial tech- 
nologies, the objective of in situ solidification is 
to immobilize the contaminants within the con- 
taminated matrix, rather than to remove them 
(Box 2.5). Immobilization is achieved with a 
binder such as Portland cement. In situ tech- 
niques use auger-caisson systems and injector 
heads to apply the solidification agents to soils. 

As with all in situ techniques, sampling is 
problematic. In some situations, a large volume 
increase is inevitable, and this impacts greatly 

. 
BOX 2.5 

Technology Brief-Solidification 
Cement- and pozzolan-based solidification can be 
done both in situ and ex situ. In situ solidification 
can be performed by using an auger system that 
d r i l l s  into the soil, combined with blades that mix. 
Solidification agents can be injected into the mixing 
zone. Ex situ treatments can be done in dedicated 
facilities using equipment borrowed from cement 
mixing. Soil and solidification agents can be added 
directly to a rotating drum. 

In vitrification, soils are heated to melt them and 
produce a glass-like product. The high temperature 
results in the combustion of organic contaminants, 
and noncombustible contaminants are immobilized 
in the glassy matrix. 

Advantages 
Inorganics are permanently immobilized, especially 
with vitrification; vitrified material has long-term 
durability. 

Limitations 
Relatively high cost; vitrification is an energy-inten- 
sive process; soil structure is completely destroyed, 
especially during vitrification; organic contaminants 
are not well fixed by inorganic binders; cement soli- 
dification results in large volume increase, which in- 
creases the cost of subsequent landfilling. 

on the applicability of solidification. Also, if 
the contaminants go to great depth, this limits 
applicability. Water contact and freeze-thaw 
add uncertainties to the integrity of long-term 
immobilization. The main target pollutants are 
metals, especially radionuclides, in the case of 
ex situ vitrification. 

Case Studies 
To help understand the applicability of risk as- 
sessment, site characterization, and remedia- 
tion selection, we wdl discuss a few real-world 
case studies. These examples highlight the 
complexities of dealing with contaminated 
land and bringing science and practice together 
under critical public scrutiny. 

The following case study example (Box2.6) 
was chosen because it covers elements of most 
sections of this chapter: types and source of 
pollutants, cleanup standards, risk assessment, 
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BOX 2.6 
The Millennium Dome Remediation Project 

The former gas works at the Greenwich Peninsula, 
London, United Kingdom, was one of the largest gas 
works in Europe and was chosen as the site for the Mil- 
lenniumDome. Thesite hadalso had aplant manufac- 
turing sulfuric acid and ammonium sulfate fertilizer. 
There was a separate tar works that produced a range 
of organic chemicals, including benzene. 

The extensive soil contamination required atten- 
tion in two ways. There is a statutory obligation to 
protect groundwater, and the site had to be made fit 
for use, in keeping with United Kingdom policy. 

Site Investigation 
The objectives were to investigate the underlying 
geology and determine the chemical nature and con- 
centrations of contaminants. Around 2,000 explora- 
tory excavations were made, and 6,000 soil and water 
samples were taken for chemical analyses. 

The contaminants were: 

coal tars, polyaromatic hydrocarbons (PAHs), 

cyanides, heavy metals 
sulfur compounds, ammonia 
mostly restricted to the top 3 to 4 m, above 

phenols, benzene, and other VOCs 

clay deposits. 

Corresponding with the area of the future Millen- 
nium Dome was a site of more than 4 ha highly 
contaminated with VOCs, affecting both soil and 
perched water. Extensive clay deposits prevented 
groundwater contamination at the most polluted part 
of the site, namely, the tar production and distillation 
area. There were also widespread underground ob- 
structions and tanks. 

Risk Assessment 
Extensive use was made of Geographic Information 
Systems in the risk assessment. There was no formal 
risk assessment process in the United Kingdom at the 
time, although ICRCL guidelines existed for gas 
works-contaminated soils. A semiquantitative risk as- 
sessment model was developed. This involved the 
preparation of a series of matrices for each hazard 
source, pathway, and potential receptor. A qualitative 
level of risk was assigned, leading to the identification 
of the most critical pollutant linkages. The identified 
risks were: 

existing and future effects on the adjacent 
river and the underlying Thames Gravels; 
the Millennium Dome visitors and sta$ espe- 
cially with regard to exposure to VOCs. 

Risk Management: Remedial Strategy 
Remedial strategy was developed as a two-phase pro- 
cess: 

1. statutory remediation to nullify the most sig- 
nificant long-term sources of pollution, partic- 
ularly to controlled waters; and 

2. development remediation, dependmg on re- 
sidual contamination after statutory remedia- 
tion, with particular regard to fitness for use 
of the site. 

The statutory remediation was complex, reflecting 
the nature of the site. Several techniques were in- 
volved. 

1. SVE of 4.3 ha to remove VOCs such as ben- 
zene, using a dual-phase groundwater-SVE 
system. 

250,000 m3. 
2. Selective landfilling of untreatable waste: 

3. Screening of excavated material: 150,000 m3. 
4. Filling of excavated voids: 145,000 m3. 
5 .  Crushed concrete: 80,000 m3. 
6. Treatment of contaminated groundwater 

using pH adjustment, flocculation, rapid sand 
filtration, air stripping, biological treatment, 
and settlement: 50,000 m3. 

7. Soil washing to reduce volume for disposal: 
30,000 m3. 

8. Removal of underground tanks: >150. 
Project duration: 14 months. 
Cost: $32 K20) million. 

SVE. Benzene was the principal contaminant of 
concern for SVE due to its mobility and carcinoge- 
nicity. It was observed that the vacuum system, as 
it created a large ingress of air through the shallow 
ground mass, stimulated biodegradation of VOCs. 
The SVE reduced the VOCs by 110 tons, including 
12 tons of benzene. It was calculated that 90% of 
the removal resulted from incidental bioremedlation 
due to the induced airflow into the unsaturated 
zone. 
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technology selection, and implementation. It 
was also a high-profile project, under great 
scrutiny as it was obvious that the end use of 
the remehated site was going to attract global 
attention. Another principle of soil remeda- 
tion is evident: no one treatment is suitable for 
a large and complex site where the contami- 
nants are patchy and diverse. Note that al- 
though bioremediation was not chosen as a pri- 
mary remehal treatment, a significant 
proportion of the treatment ended up being 
biological. A more complete account of the 
project is given by Barry (3) .  

The second case study (Box 2.7) was se- 
lected because bioremediation was the pri- 
mary remediation option selected rather than 
landfill-a comparative rarity in the United 
Kingdom. This illustrates the utility of careful 
risk assessment in remedial design. Had the 
design been based solely on treatment targets, 
then bioremediation may not have been con- 
sidered, and the large financial savings would 
never have been realized. Risk assessment also 
showed that there was no need to treat all 
of the material, and this added considerably 
to the economics of the project. 

BOX 2.7 
Bioremediation of Coal Tar-Contaminated Soil 

A former coal mine head in the United Kingdom 
included a coke works that had operated between 
1900 and the early 1960s. Former coke works are 
often highly contaminated with coal tars and other 
such waste products. These chemicals are potentially 
harmful to people using the site in the future as well 
as groundwater resources and, in this case, a nearby 
wetland nature reserve. 

Site Investigation 
RJB Mining, the largest coal mining company in 
the United Kingdom, commissioned a site investi- 
gation to assess the nature and extent of the contam- 
ination. Ths showed that levels of coal tars and 
heavy metals at the site exceeded recommended 
government guideline values. An initial estimate 
suggested that 80,000 m3 of soil and rubble needed 
to be treated. 

The initial remedial options considered by RJB 
Mining were disposal to an off-site landfill at an 
estimated cost of $9.0 milhon (A5.6 million), and 
encapsulation in an on-site landfill at an estimated 
cost of $1.9 million (A1.2 million). Not only was 
disposal to a landfill prohibitively expensive, but 
transportation of the contaminated soil off-site 
would have had a major operational impact. Vehicle 
movements to and from the site were restricted 
(due to planning conditions), so transportation of 
the contaminated soil off-site would have resulted 
in a decrease in coal output. On-site encapsulation 
of the whole 80,000 m3 was the preferable option 
but would have resulted in long-term liabilities to 

the company because of the waste management 
license conditions. The company would have been 
required to place $640,000 (A400,OOO) in trust to 
cover any long-term monitoring and further reme- 
dial works necessary. 

Risk Assessment 
At this time, RJB Mining engaged environmental 
consultants to assess the level ofcleanup required using 
the Environment Agency’s risk-based approach (36). 
The approach showed that the majority ofthe material 
could be buried on-site without requiring treatment 
or encapsulation. Risk-based cleanup target levels 
were derived for PAHs, heavy metals, phenols, and 
ammonia. Reduction ofthe high levels ofPAHs in the 
soil was the primaiy objective of the bioremediation 
process. 

By using this approach, after consultation with the 
Environment Agency and the Local Planning Au- 
thority, it was agreed that future users of the site 
would not be exposed to harmful contamination and 
that the only potential risk requiring mitigation was 
the underlying groundwater. RJB Mining then 
agreed on remediation targets with the Environment 
Agency that ensured that the site presented no risk 
to users and visitors and minimized the risk to 
groundwater. 

Risk Management: Remedial Technology 
Selection 
On this basis, 63,900 m3 of soil and rubble was 
used as backfill, and only 16,100 m3 of soil from 

BOX 2.7 continues 
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BOX 2.7 
Bioremediation of Coal Tar-Contaminated Soil (continued) 

the site of the former coke works required treatment 
before being incorporated into backfill. As a result, 
RJB Mining engaged a specialist bioremediation 
company to undertake the treatment of the 16,100 
m3 of soil. 

Bioremediation was used to treat 14,800 m3 of 
this soil that was contaminated with biodegradable 
chemicals. The remaining 1,300 m3 of soil was sent 
to an off-site landfill because of high levels of heavy- 
metal contamination. The treatment technology to 
be employed was windrows, an ex situ bioremedia- 
tion technique. 

Implementation 
Treatment times vaned, but each windrow of 500 to 
600 m3 of contaminated soil needed a maximum time 
of 12 weeks for PAH levels to reach the cleanup 
target (the average time was 6 to 7 weeks). The bio- 
remediation project took a total of 30 weeks, starting 
in April 1999. 

Summary 
A summary of the initial options and the decisions 
with the relevant costs is shown in Box Table 2.7.1. 

BOX TABLE 2.7.1 Summary of risk-based remediation at RJB Mining 

Remediation method Amt of 
soil (m3) 

Unit cost Total cost 
($ m-3) ($ [millions]) 

Initial options 
Disposal to landfill 80,000 
On-site encapsulation 80,000 

11.2 9.0 
1.6 2.54" 

Options after risk-based 
assessment 
Disposal to landfill 16,100 + 1,300 112 + 112' 1.8 
Bioremediation 14,800b 32d + 16' 0.85 

a Includes $0.64 million additional cost for insurance. ' Soil contaminated with biodegradable chemicals. 
'Soil contaminated with heavy metals removed to landfill. 

Direct cost of treating the soil by hioremediation. 
Indirect costs including moving soil and preparing the treatment site. 

With regard to economics, using bioremedia- 
tion according to a risk-based approach to 
clean up the contaminated soil allowed RJB 
Mining to save around $8 million (A5 mil- 
lion) compared with disposal to an off-site 
landfill. The unit cost of biorememation was 
less than half that for landfill, making it the 
preferred economic option for the soil requir- 
ing treatment. 

CONCLUDING REMARKS 
The design and implementation of an appro- 
priate contamination investigation are essential 
in gaining a satisfactory understanding of both 

contamination issues and their possible solu- 
tions. The data produced should be reliable, 
reproducible, and representative of actual site 
conhtions, both at the site and in the chemical 
testing laboratory. 

The principal objectives of a contamination 
investigation are to determine the nature of 
contaminants present on the site and their 
likely behavior, spatial mstribution, and volu- 
metric extent. However, no investigation can 
guarantee to find all contaminants that may 
exist within a site or to precisely quantifi their 
presence. The refined objective then becomes 
the assessment, within an agreed (and reasona- 
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ble) degree of certainty, of the likelihood of 
any contamination being present and the sig- 
nificance of the risks that may be associated 
with these contaminants. It is risk assessment 
that is hence at the heart of any contaminated 
land investigation. 

The late Colin Ferguson, a pioneer in con- 
taminated land assessment in the United King- 
dom in the late 20th century, had four funda- 
mental rules of risk assessment. These were: 

1. Question all of your results. 
2. State all of your uncertainties. 
3. You have to make a decision. 
4. You must be able to sleep at night. 

The ethical (not to mention legal) ramifica- 
tions of incorrect Contaminated land risk assess- 
ments can be highly significant, and specialist 
advice should be sought where any doubt exists 
in such areas. 
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LEGAL AND REGULATORY 
FRAMEWORKS FOR BIOREMEDIATION 

Barry Hartman, Mark Mustian, and Colin Cunningham 

INTRODUCTION 
Bioremediation is but one of many environ- 
mental cleanup technologies that is subject to 
governmental regulatory oversight. As with 
more conventional treatments, regulatory 
scrutiny of bioremediation generally will not 
be based upon the fact that bioremediation is 
being utilized, regardless ofwhether it involves 
biostimulation, bioaugmentation, or moni- 
tored natural attenuation. Instead, the scrutiny 
will be based upon the application of the tech- 
nology to a specific problem, i.e., the nature 
and extent of environmental contamination 
and the necessary end point that must be 
reached so as to reduce risk and thus ensure 
protection of human health and environmental 
quality. In other words, the regulatory require- 
ments are generally independent of the type of 
technology being proposed for a cleanup activ- 
ity; instead, the regulatory requirements will 
be set to ensure that a specific end result is 
achieved. 

Bary Hartman and Mark Mustian, Kirkpatrick, Lockhart, Ni- 
cholson, Graham LLP, 1800 Massachusetts Avenue, N.W., 
Washington, DC 20036-1800. Colin Cunningham, Contami- 
nated Land Assessment and Remediation Research Centre, 
The University of Edinburgh, Edinburgh, Scotland, United 
Kingdom. 

It is not possible within the framework of 
this document to identif/ and evaluate all regu- 
lations and requirements that will impact any 
particular bioremediation activity. Instead, 
each specific application must be evaluated 
within the context of national and local laws 
and regulations that would apply to the specific 
situation. We have chosen to highlight the reg- 
ulatory frameworks of the United States and 
the United Kingdom, as they represent the 
sorts of regulatory considerations that drive re- 
mediation efforts. The regulatory framework 
for bioremediation in the United States is ad- 
vanced and governed by several key laws that 
establish the oversight mechanisms and param- 
eters within which bioremediation must oper- 
ate. The United Kingdom regulatory frame- 
work is developing in concert with that of the 
European Union, which is placing increased 
emphasis on environmental quality and the 
need for remediation of contaminated sites. In- 
deed, it is the regulatory requirement for 
cleanup of environmentally contaminated sites 
that is the ultimate driver for remediation ef- 
forts, and it is the standards established by the 
regulatory frameworks that establish the per- 
formance parameters that must be met by a 
bioremediation project. 

Actually carrying out a bioremediation 
project requires a detailed evaluation of the 
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regulatory requirements at the beginning of a 
project, by persons with the necessary experi- 
ence and training to ensure that the regulatory 
requirements are being met. Suffice it to say 
that the requirements for remediation of con- 
taminated sites are highly dependent upon the 
specific remediation activity being undertaken. 
The coverage in this chapter should make the 
researcher, potential practitioner, site manager, 
and others aware of the various national and 
local programs and regulations that could im- 
pact a particular remediation project. Although 
it will not provide the reader all information 
necessary to successfully implement a bior- 
emediation project, it wdl point toward the 
regulatory fiamework that must be considered. 
Beyond that, for pilot and real-world applica- 
tions of bioremediation, it is strongly recom- 
mended that appropriate technical and legal re- 
sources be uthzed to ensure that a successful, 
legally compliant result is achieved. 

THE U.S. ENVIRONMENTAL 
REGULATORY PROCESS 
Within the United States, almost any activity 
that has the potential to impact the natural en- 
vironment or human health will likely require 
regulatory oversight and approval. This section 
will explain the basic principles of the Ameri- 
can legal and regulatory system as it applies to 
bioremediation activities. The United States 
has developed overall regulatory programs 
which are aimed at different issues and prob- 
lems. These programs address specific media 
(air, water, solid waste) and set up certain stan- 
dard guidelines, regulations, and protocols. 
The purpose of this chapter is to look at bio- 
remediation processes and technologies in the 
context of these regulatory programs. How- 
ever, because of the size and diversity of the 
country, there is no standard protocol or pro- 
cedure in place that will be applicable to any 
location and/or activity. Instead, it is necessary 
to understand the rules that are in place for the 
specific activity and specific place where you 
will be worhng. 

Typically, both federal and state oversight of 
environmental programs is in place everywhere 

within the United States. In many places, this 
oversight extends to the local government 
level. There are, however, various programs in 
place which are applicable regardless of loca- 
tion and which are relatively consistent regard- 
less of location. In general, these are the federal 
environmental laws that have been passed over 
the past 30 to 40 years. However, even the 
federal environmental laws are often imple- 
mented and regulated by state agencies, as the 
federal government has granted primacy to the 
state. In adltion to federal laws implemented 
by the states, many states have their own laws 
and regulations, which cover the same regula- 
tory area and which are oftentimes more strin- 
gent than federal law. 

In most cases, any project that affects or im- 
pacts one or more environmental medium (air, 
water, or soil) will require regulatory approval. 
This approval can take various forms. In some 
cases, such as activities under the Clean Water 
Act (CWA), the approval would be in the form 
of a permit. In other cases, such as a cleanup 
under the Comprehensive Environmental Re- 
sponse, Compensation and Recovery Act 
(CERCLA) (42 U.S.C. SS9601 et seq. [2000]), 
approval would consist of a “record of deci- 
sion” that identifies the treatment procedure to 
be carried out at the site. Regardless ofthe form 
of approval, it is necessary to obtain the proper 
approval prior to commencement of the 
project. 

Many environmental laws include a re- 
quirement for an operating permit, which may 
be separate from the initial approval necessary 
for the selection of a technology, and construc- 
tion of process systems. Operating permits im- 
pose conditions and emission or discharge limi- 
tations upon the operation of the system and 
require periolc monitoring and renewal of the 
permit. The limitations in an operating permit 
impose significant obligations on the permit- 
tee, and violations can result in both monetary 
penalties and potential civil and criminal liabil- 
ity. For example, negligent violations of an 
NPDES permit issued under 33 U.S.C. $1342 
can result in penalties of up to $32,500 per day 
of violation and/or imprisonment for up to 1 
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year. See 33 U.S.C. %1319(c) and reference 9. 
Below, we identify some of the major areas of 
regulations, briefly explain the background on 
the laws and regulations in each area, and dis- 
cuss how they tie into bioremediation activi- 
ties. This chapter is intended to provide the 
reader a general overview and is not intended 
to provide substantive advice on the law or 
regulation being discussed. 

CERCLA 
CERCLA is the federal law that is most likely 
to interact with a bioremediation project. 
CERCLA is commonly known as Superfund, 
and it funds and regulates cleanup of hazardous 
waste sites throughout the United States. 
CERCLA, enacted in 1980, set up a trust 
funded by taxes on the chemical and petroleum 
industries and provided federal authority to re- 
spond to releases or threatened releases of haz- 
ardous substances that may endanger public 
health or the environment. The law authorized 
response action for both short-term removals, 
where releases or threatened releases required 
prompt response, and long-term remedial re- 
sponse actions that permanently and signifi- 
cantly reduce the dangers associated with re- 
leases of hazardous substances. CERCLA and 
the regulations enacted to implement CER- 
CLA are extremely complex and involve many 
issues that are beyond the scope of this chapter. 
This chapter will provide a general walk- 
through of the steps that are taken during the 
course of a hazardous-site cleanup. 

PA AND SI 
The initial step in a cleanup is the preliminary 
assessment (PA) and site inspection (SI). The 
PA and SI are used by the Federal Environ- 
mental Protection Agency (EPA) to evaluate 
the potential for a release of hazardous sub- 
stances from a site. The PA is a limited-scope 
investigation performed to dutinguish between 
sites that pose little or no threat to human 
health and the environment and sites that may 
pose a threat and require further investigation. 
If the PA inhcates that further investigation is 
required, an SI is performed. 

The SI identifies sites that enter into the Na- 
tional Priorities List (NPL) site listing process 
and provides the data needed for hazard rank- 
ing system (HRS) scoring. During the SI, envi- 
ronmental and waste samples are collected to 
determine what hazardous substances are pres- 
ent. A determination of whether these sub- 
stances are being released to the environment 
and whether these substances have reached 
nearby populations is also made. 

HRS 
The HRS is the mechanism used to place waste 
sites on the NPL. It uses the information from 
the PA and the SI to assess the relative potential 
of sites to pose a threat to human health or the 
environment. Information collected during the 
PA and SI is used to calculate an HRS score. 

The HRS assigns numerical values to factors 
based upon the risk in three different cate- 
gories: 

. likelihood that a site has released or has the 
potential to release hazardous substances 
into the environment, 

. characteristics of the waste (e.g., toxicity 
and waste quantity), and 

. people or sensitive environments (targets) 
affected by the release. 

Four pathways can be scored under the 
HRS: 

. groundwater migration (drinking water), 
surface water migration (drinking water, 
human food chain, sensitive environments), - soil exposure (resident population, nearby 
population, sensitive environments), and 
air migration (population, sensitive envi- 
ronments). 

Scores are calculated for the pathways and 
combined to determine the overall site score. 
Sites with a score of 28.5 or greater are eligible 
for listing on the NPL. 

NPL 
Section 105(a) (8)(B) of CERCLA requires that 
the criteria provided by the HRS be used to 
prepare a list of national priorities among the 
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known releases or threatened releases of haz- 
ardous substances, pollutants, or contaminants. 
The identification of a site for the NPL is in- 
tended to guide the EPA in: 

determining which sites warrant further in- 
vestigation to assess the nature and extent of 
the human health and environmental risks 
associated with a site, 
identifying what CERCLA-financed reme- 
&al actions may be appropriate, 
notifying the public of sites the EPA be- 
lieves warrant further investigation, and 
serving notice to potentially responsible 
parties that the EPA may initiate CERCLA- 
financed remedial action. 

RI/FS 
For sites on the NPL, a remedal investigation/ 
feasibility study (RI/FS) is performed. The RI/ 
FS is used to: 

characterize site conditions, 
determine the nature of the waste, 
assess risk to human health and the environ- 
ment, and 
conduct treatability testing to evaluate the 
potential performance and cost of the treat- 
ment technologies being considered. 

It is during the RI/FS phase of a CERCLA 
cleanup that bioremediation technologies 
would be evaluated, tested, and proposed. In 
order for bioremediation to be accepted in a 
CERCLA cleanup, the process must be able 
to reduce soil, groundwater, or surface water 
contaminant concentrations to below health- 
based levels. These levels are determined on 
the basis of the parameter of concern, the in- 
tended use of the water (drinkmg water, dis- 
charge to surface water, etc.), and other site- 
specific factors. The cleanup goals should meet 
chemical-specific “applicable or relevant and 
appropriate requirements” from other regula- 
tions, such as the Safe Drinking Water Act 
(SDWA) or the CWA. 

ROD 
The Record of Decision (ROD) is a public 
document that explains which cleanup alterna- 

tives will be used to clean up a Superfund site. 
The ROD is developed on the basis of the 
results from the RI/FS. 

REMEDIAL DESIGN AND REMEDIAL 
ACTION 
Remedial design is the phase in which the 
specifications and technologies are designed. 
The remedial action follows the design phase 
and involves the actual construction or imple- 
mentation of the design. 

CONSTRUCTION COMPLETIONS 
The construction completion list is used to 
communicate the successful completion of 
cleanup activities. Sites qualify for the list 
when: 

. any necessary physical construction is com- 
plete, whether or not final cleanup levels or 
other requirements have been achieved; or 
the EPA has determined that the response 
action should be limited to measures that 
do not involve construction; or . the site qualifies for deletion from the NPL. 

POSTCONSTRUCTION COMPLETION 
Postconstruction completion activities provide 
for the long-term protection of human health 
and the environment and also involve optimiz- 
ing remedies to reduce cost and/or increase ef- 
fectiveness. 

CWA 
Historically, the United States has utilized a 
command-and-control strategy for addressing 
environmental risks. This strategy utilizes the 
top-down application of performance stan- 
dards and permits to deal with specific environ- 
mental contaminants. A good example of this 
type of approach can be found in the passage 
of the CWA. Water protection efforts up until 
the early 1970s all centered on protection of 
stream uses and attainment of specific water 
quality standards within water bodies. The set- 
ting of goals and implementation procedures 
was to be determined on a state-by-state basis. 
This approach failed for a variety of reasons. 
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In 1971, the Senate Public Works Committee 
issued a report that spelled out the various 
problems with the nation’s water pollution 
control program up to that point. The prob- 
lems identified by the committee included: 

an almost total lack of enforcement under 
the 1948 Water Pollution Control Act 
abatement procedures; 
weaknesses in the permit program estab- 
lished under the Refuse Act in that it applied 
only to industrial polluters, authority was 
dvided between two federal agencies, and 
procedures for issuing permits were slow 
and cumbersome; 
a lack of fundng for construction projects; 
lack of research on treatment technologies; 
and 
the slow progress of states in establishing 
standards and setting up enforcement pro- 
grams. 

As a result of the weaknesses identified by 
this Senate Committee inquiry, the national 
approach to water pollution changed with the 
enactment of the 1972 Amendments to the 
Federal Water Pollution Control Act 
(FWPCA) (Federal Water Pollution Control 
Act Amendments of 1972, Public Law 92-500, 
86 Stat. 816 cohfied as amended at 33 U.S.C. 
$$ 1251 to 1387 [2000]), commonly referred 
to as the CWA. The 1972 CWA contained 
numerous new provisions. The most important 
items were the new discharge permit require- 
ments and the implementation of discharge 
limitations based upon the application of the 
best treatment technology available at the time, 
independent of the dischargers’ impact upon 
the receiving stream. The purpose of the new 
technology-based regulatory approach was to 
quickly force the installation of the best water 
pollution control technology in the shortest 
time. In order to implement the regulatory 
program, it was necessary to create a permitting 
program. The CWA required the EPA to issue 
permits for all “point source” discharges into 
the nation’s waters, upon the condition that 

the discharge met the requirements of the ap- 
plicable sections of the CWA (33 U.S.C. $ 
1342[a] [l] [(2000]). Each state was specifically 
granted the authority to administer its own 
permit program as long as that program com- 
plied with all applicable sections of the CWA 
(33 U.S.C. $ 1342[b] [2000]). 

SDWA 
The SDWA is not drectly related to bio- 
remediation activities. It is unlikely that a bio- 
remediation project would be driven drectly 
by either the SDWA or the CWA. However, 
the standards and criteria derived from these 
statutes are often used to develop cleanup goals 
for bioremedation projects. In particular, 
cleanup standards for CERCLA projects will 
utilize either the drinking water maximum 
contaminant level criteria from the SDWA for 
determining cleanup standards for groundwa- 
ter or the human health and aquatic life criteria 
developed in accordance with Section 303 of 
the CWA for determining cleanup standards 
for surface water dscharges. 

Brownfields Program 
The Brownfields Program is an example of a 
new regulatory initiative that moves away from 
the command-and-control approach histori- 
cally taken with environmental regulations. It 
is an attempt to create a public-private partner- 
ship to encourage reuse of properties that may 
potentially be contaminated with hazardous 
substances. The Brownfields Law (Small Busi- 
ness Liability Relief and Brownfields Revitali- 
zation Act, Public Law 107-118 [2002]), which 
is an amendment to CERCLA, was passed to 
provide mechanisms for funding and regulating 
cleanup of sites that may be less contaminated 
than those historically regulated under CER- 
CLA. The intent is to encourage cleanup and 
reuse of old industrial and commercial sites 
which otherwise might never be redeveloped 
and to discourage the development of green- 
field sites. The new law contains various provi- 
sions designed to reach that goal, including: 
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. funding for brownfield assessment and 

. definition of brownfield sites; - identification of entities eligible for funding, 
includmg states, tribes, local governments, 
land clearance authorities, regional councils, 
redevelopment agencies, and other quasi- 
government entities; - establishment of a program to provide train- 
ing research and technical assistance to facil- 
itate assessment and cleanup; 

. provision of liability protection to adjacent 
property owners and bona fide purchasers 
of property; 

provision of funding for state response pro- 
grams; and - requirement of deferral of NPL listing if 
state or other party is cleaning up a site 
under a state program or if the state is pursu- 
ing a cleanup agreement. 

Brownfield redevelopment regulation is rel- 
atively new at the federal level. However, it 
may develop into an area which could poten- 
tially make extensive use of bioremediation 
technology. 

The law is intended to cover sites that, while 
contaminated by hazardous substances, are of 
relatively low risk. Furthermore, the program 
is intended to cover sites for which there is 
no viable responsible party and which will be 
assessed, investigated, or cleaned up by a person 
who is not liable for cleaning up the site. Be- 
cause of the reduced up-front liability and 
greater flexibility for the schedules and cleanup 
standards, it is expected that this statute will 
encourage more innovative, cost-effective re- 
mediation strategies, which will likely include 
bioremediation strategies. 

cleanups; 

. protection of innocent landowners; 

waste within the United States. When enacted, 
the goals of RCRA were as follows: 

to protect human health and the environ- 
ment from the hazards posed by waste dis- 

. to conserve energy and natural resources 
through waste recycling and recovery; 

. to reduce or eliminate, as expeditiously as 
possible, the amount of waste generated, in- 
cluding hazardous waste; and 

. to ensure that wastes are managed in a man- 
ner that is protective of human health and 
the environment. 

RCRA has been significantly amended sev- 
eral times in order to handle evolving waste 
management needs. Currently, RCRA con- 
sists of 10 different subtitles (Subtitles A to J). 
The seven remaining subtitles outline general 
provisions; authorities of the administrator; du- 
ties of the Secretary of Commerce; federal re- 
sponsibilities; miscellaneous provisions; re- 
search, development, demonstration, and 
information; and standards for mehcal-waste 
trackmg. The three major subtitles contain the 
framework for the three major regulatory pro- 
grams that comprise RCRA. The three major 
programs are hazardous waste management 
(Subtitle C), solid waste management (Subtitle 
D), and underground storage tank regulation 
(Subtitle I). These programs are discussed in 
more detail below. 

posal; 

RCRA SUBTITLE C-HAZARDOUS 
WASTE MANAGEMENT 
Subtitle C of RCRA is intended to ensure that 
hazardous waste is managed safely. The federal 
government created what has been termed a 
“cradle-to-grave” system which tracks and reg- 
ulates hazardous waste. Since the law was first 

RCRA passed, the EPA has developed a comprehen- 
The Resource Conservation and Recovery sive regulatory framework for identifiing, gen- 
Act (RCRA) (42 U.S.C. ss6901 et seq. erating, transporting, storing, and disposing of 
[2000]), enacted in 1976, implemented a com- hazardous wastes. 
prehensive program to regulate the treatment, The Subtitle C regulations were developed 
storage, and disposal of solid and hazardous to be prevention oriented, in other words, to 
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prevent the release ofhazardous wastes and con- 
stituents through a comprehensive and conserv- 
ative set of management requirements. These 
management regulations, while arguably ap- 
propriate for tracking and regulating the ongo- 
ing generation of hazardous materials, are not 
intended to regulate the cleanup and remedia- 
tion of previous releases of hazardous materials. 
These types of activities require a response-ori- 
ented program, such as that developed under 
CERCLA. However, many remediation activi- 
ties do not fall under the CERCLA program. 
Historically, an RCRA permit was required be- 
fore hazardous waste, including hazardous re- 
mediation wastes, could be treated, stored, or 
disposed of at a site. Obtaining a RCRA treat- 
ment, storage, or disposal permit is a lengthy, 
complex, and expensive procedure. Further- 
more, many ofthe requirements associated with 
such a permit are not appropriate for a short- 
term remediation project. 

As a result, the EPA has developed, within 
RCRA, a cleanup program. This program is in- 
tended for facilites which need an RCRA per- 
mit only to treat, store, or dispose ofremediation 
wastes (remedation-only facilities). The Haz- 
ardous Remediation Waste Management Reg- 
ulations were published in final form on 30 No- 
vember 1998 (9a). The remediation waste 
management regulations created a new type of 
RCRA permit, the Remedal Action Plan 
(RAP) permit. A RAP is the mechanism under 
which on-site bioremediation ofhazardous ma- 
terials wouldbe approved andpermitted. Under 
40 CFR s271.110, persons wishing to obtain a 
permit for remediation would be required to 
submit an application which provides: 

Sec. 270.110 (3)-A description of the processes 
you will use to treat, store, or dispose of this waste 
including technologies, handling systems, design 
and operating parameters you will use to treat haz- 
ardous remediation wastes before disposing of them 
according to the LDR standards of part 268 of this 
chapter, as applicable. 

In order to perform an in situ remedation, 
it would be necessary to treat the soils to come 
into compliance with the Land Disposal Re- 
strictions identified in 40 CFR s268.49. 

Clearly, RCRA and CERCLA are key reg- 
ulatory programs that impact the development 
of bioremediation (Box 3.1). 

RCRA SUBTITLE D-SOLID WASTE 
PROGRAM 
Subtitle D of RCRA covers solid wastes not 
covered under Subtitle C. RCRA defines solid 
waste as: 

- garbage; 
. refuse; 

sludges from waste treatment plants, water 
supply treatment plants, or pollution control 
facilities; 
nonhazardous industrial wastes; and - other discarded materials, including solid, 
semisolid, liquid, or contained gaseous ma- 
terials resulting from industrial, commercial, 
mining, agricultural, and community activi- 
ties. 

Solid wastes are regulated predominately by 
state and local governments. The major regula- 
tion under Subtitle D addresses how disposal 
facilities should be designed and operated. 

In general, the provisions ofsubtitle D, with 
one exception, are not of concern in the bio- 
technology field. The exception is for bioreac- 
tor landfills. A bioreactor landfill utilizes en- 
hanced microbial processes to transform and 
degrade organic wastes in municipal waste 
landfills. The EPA is currently collecting infor- 
mation on the advantages and disadvantages of 
bioreactor landfills to identify specific bioreac- 
tor standards and recommend operating pa- 
rameters. This could likely lead to new or 
modified regulations under Subtitle D. 

RCRA SUBTITLE I- 
UNDERGROUND STORAGE TANK 
REGULATION 
Possibly the largest source of widespread 
groundwater contamination in the United 
States is leaking underground storage tanks. 
There are approximately 700,000 federally reg- 
ulated underground storage tanks in use that 
store petroleum or hazardous substances. The 
vast majority ofthese tanks are used to store pe- 
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troleum products at retail establishments. The 
threat of groundwater contamination from 
these tanks, many ofwhich were constructed of 
bare, unprotected steel, prompted Congress to 
pass a law which required the EPA to develop a 
comprehensive regulatory program for under- 
ground storage tanks holding petroleum or reg- 

ulated hazardous substances. This law was en- 
acted as part of RCRA. The underground 
storage tank provisions were incorporated as 
Subtitle I to RCRA. 

The rePlatoV Program set UP by the EP* 
the 

- design standards for new tanks; 

BOX 3.1 
RCRA, CERCLA, and Bioremediation 

Many environmental regulations, including RCRA 
and CERCLA, have driven the development of bio- 
remediation activities; these have been discussed by 
Timian and Connolly (17), who point to both the 
incentives and the disincentives provided by RCRA 
and CERCLA. They point out that since the passage 
of RCRA and CERCLA, industry has had an enor- 
mous incentive to properly treat and dispose of its 
hazardous wastes, but that even though RCRA and 
CERCLA require treatment of hazardous wastes and 
the cleanup of contaminated sites, these statutes also 
have standards which discourage the use of bior- 
ememation. For example, they highlight that RCRA 
and CERCLA both require the use ofthe “best dem- 
onstrated available technology” for treatment and 
cleanup, which creates artificially high standards 
whlch cannot be reached with biological technolo- 
gies. Nevertheless, the rapid growth ofthe bioremed- 
iation industry has been fueled by these regulations 
which have driven up the costs of traditional disposal 
methods. 

In order to comply with RCRA and CERCLA 
regulations, a number of government organizations 
have implemented remediation programs, many of 
which employ bioremediation. For example, the 
US.  Department of Energy (DOE) Savannah River 
Site (SRS) past disposal practices have resulted in soil 
and groundwater contamination. The U.S. EPA, 
South Carolina Department of Health and Environ- 
mental Control, and DOE are addressing these re- 
leases under an RCRA permit and CERCLA 120 
Federal Facility Agreement. On 21 December 1989, 
SRS was included on the NPL. The inclusion created 
a need to integrate the established RFI program with 
CERCLA requirements to provide for a focused en- 
vironmental program. In accordance with Section 
120 of CERCLA 42 U.S.C. Section 9620, U.S. 
DOE has negotiated a Federal Facilities Agreement 

(FFA) with the U.S. EPA and the South Carolina 
Department of Health and Environmental Control, 
to coordinate remedial activities at SRS into one 
comprehensive strategy which fulfills these dual regu- 
latory requirements. As illustrated in Box Fig. 3.1.1, 
many different approaches, including the use ofbior- 
emediation, are being carried out to meet the RCRA 
and CERCLA regulatory requirements. 

The Jet Propulsion Laboratory (JPL) in Pasadena, 
Calif., is another federal site where activities have 
resulted in environmental contamination that must 
be remediated in accordance with CERCLA. The 
JPL site is organized into several operational units to 
deal with mfferent conditions and risk. Operable 
Unit 2 (OU-2) covers all soil located beneath the 
JPL facility and above the groundwater table (also 
known as vadose zone soil). OU-1 includes all on- 
facility groundwater, and OU-3 includes all off-facil- 
ity groundwater. The R O D  included the identifica- 
tion of hazardous chemicals detected in the ground- 
water at the JPL facility; these included perchlorate 
and volatile organic compounds (VOCs) such as car- 
bon tetrachloride, Freon 113, trichloroethene, and 
mchloroethene. The full-scale groundwater remedy 
for OU-3 (off-facility) groundwater may involve 
pumping groundwater from a network ofwells above 
ground and into a treatment system. The primary 
method of treatment under consideration for the 
VOCs in groundwater is granular activated carbon. 
This process is already being used at municipal and 
private wells. The methods under consideration for 
treating perchlorate at off-facility wells include three 
types of ion exchange. Several options are being con- 
sidered for OU-1 (on-facility) groundwater. The 
remedy may involve pumping groundwater from a 
network of wells above ground and into a treatment 
system, or it could involve treatment of the ground- 
water in place. Above-ground treatment options in- 

BOX 3.1 continues 
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Future decision Approved Processing 

BOX 3.1 
RCRA, CERCLA, and Bioremediation (continued) 

Disposition 

volume process volume 

RCRA/ 
23,461 8 m3 CERCLA 740 m3 ~ 2214 ,* 24,201 8 m3 to LLW, 720 Effluent Treatment 

V Facility (LLW) (wastewater heatment) 
LLW Groundwater 

"E 1642,F&H 

f wastewater 
Treatment) 

LLW Groundwater 0 m3 15,897,818111~ -2190 m aoundwatm % ,2202 
(F&H seepage basin) V 5 TreatmentUmts test site for dsposal - 

Y 

- CERCM Hazardous 780,279 In3 CERCLA 0 In3 nar 
soil. ash coal fines 

m I 

R C M  "fi 
Hazardous sods 119,460 m3 CERCLA 0 m3 g 701 In-Situ Treatment 

2195 
(BioRem) (Biorcme&ahon) 5 * 

-€ 
707 In-Situ Treatment 

RCRA/ 
2197 

V d (Bioremekatlod 
Hazardous 103,636,876m3 CEfiCLA Om3 
groundwater 
(BioRem) . + l r S P w w )  g. 

# 

BOX FIGURE 3.1.1 Some remedial technologies at the U.S. DOE SRS. It is noteworthy that the bioremedi- 
ition options at this site are predominantly in situ. Although limited in number compared to the total remedial 
:ethnologies being considered, the bioremediation options are to treat huge volumes. 

clude ion exchange or b i o l o g d  treatment. The bio- by microbes. The National Aeronautics and Space 
logical treatment method uses microorganisms to Administration (NASA) has completed seve- 
breakdown the perchlorate into chloride and oxygen. ral pilot tests to confirm that the above treatment 
Another option is treatment of the groundwater in technologies will work at the JPL site. NASA is 
place through nutrient and electron donor addition currently working on testing enhanced bioremedia- 
to promote the breakdown ofperchlorate and VOCs tion in groundwater at the NASA JPL. 

. upgrade requirements for existing tanks; release reporting requirements; and - notification of the instdation of new tanks . release response and corrective action plans. 
to the state or local agency or department 
designated to receive such notice; - installation of new controls and operation 
and maintenance requirements; . installation of leak detection systems; 

In the event of a release of petroleum or 
hazardous substances from an underground 
tank, the owner and/or operator of the tank 
must take the necessary steps to correct the 
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problem. The following steps are required in 
the event of a release: 

24-h notification of release, 
initial abatement measures, 
initial site characterization, 
free product removal, 
soil and groundwater investigation, and 
preparation of a corrective action plan and 
implementation of the approved plan. 

In certain circumstances, the use of bio- 
remediation technology could be appropriate 
as the selected corrective action. This would 
have be evaluated in light of the site-specific 
conditions in place. 

OPA and National Contingency Plan 
(NCP). The Oil Pollution Act of 1990 
(OPA) (33 U.S.C. ss2701 et seq. [2000]) 
amended the FWPCA to provide enhanced 
ability to prevent and respond to catastrophic 
oil spills. This statute was passed in response to 
the 1989 Exxon Valdez spill, which spurred 
both legislation aimed at preventing future 
spills and research into ways to remediate spills. 
One of the side effects of the Exxon Vuldez 
accident is that it allowed the U.S. EPA and 
researchers from other organizations to per- 
form a large-scale test of in situ bioremediation 
of oil. In that case, the addition of fertilizer was 
shown to significantly increase the rate of oil 
biodegradation (1). 

The OPA contained provisions that ex- 
panded the federal government’s ability to re- 
spond to large-scale oil spills and created a trust 
fund to finance response efforts. The OPA also 
modified the NCP (40 CFR $300 [2003]). 
Subpart J of the NCP (40 CFR $s300.900 to 
300.920) contains the provisions for use of dis- 
persants and other chemicals in response to a 
spill. The list of compounds which are consid- 
ered for possible use include “dispersants, sur- 
face washing agents, surface collecting agents, 
bioremehation agents, or miscellaneous oil 
spill control agents.” In order for products, in- 
cluding bioremediation agents, to be utilized 

in a spill response, the products must be autho- 
rized and included on the NCP Product 
Schedule. For products to become authorized 
and included on the list, the manufacturer must 
submit an application to the EPA in accordance 
with 40 CFR $300.920. 

CAA 
The Clean Air Act (CAA) (42 U.S.C. s$7401 
et seq. [2000]) is the comprehensive federal law 
that regulates air emissions from area, station- 
ary, and mobile sources. The Act has various 
aspects that have been significantly molfied 
since it was first promulgated in 1970, with the 
most significant changes occurring as a result of 
the 1990 amendments to the CAA. A detailed 
description of the CAA and its requirements is 
beyond the scope of this chapter. There are 
certain aspects of the Act which could impact 
bioremediation activities and which should be 
highlighted. 

The current version of the CAA is com- 
posed of 11 titles: 

Title I, Attainment and Maintenance ofNa- 
tional Ambient Air Quality Standards; 

Title 11, Mobile Sources; 
Title 111, Hazardous Air Pollutants; 
Title IV, Acid Deposition Control; 
Title V, Permits; 
Title VI, Stratospheric Ozone Protection; 
Title VII, Enforcement; 
Title VIII, Miscellaneous; 
Title IX, Clean Air Research; 
Title X, Disadvantaged Business Concerns; 

Title XI, Clean Air Employment Transition 
and 

Assistance 

Bioremediation activities under the CAA 
can be either a source of emissions or a treat- 
ment technology utilized to control emissions 
from an emissions source. 

TSCA 
The Toxics Substances Control Act (TSCA) 
(15 U.S.C. s$2601 et seq. [2000]) is the only 
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federal law that impacts bioremediation activi- 
ties independently from the proposed use of the 
bioremekation activity. TSCA was enacted by 
Congress in 1976 in order to create a system 
to track industrial chemicals used in or im- 
ported into the United States. Chemicals that 
potentially pose an unreasonable environmen- 
tal or human health risk may be banned from 
manufacturing or importation. Once-common 
chemicals that are currently banned under 
TSCA include asbestos compounds and poly- 
chlorinated biphenyl oils. 

In 1984, the U.S. EPAissued aproposedpol- 
icy statement that defined “new chemical sub- 
stances” under TSCA to include living organ- 
isms and microorganisms (9b). This policy 
statement was officially adopted in 1986. Over 
the next 11 years, the EPA went through a rule- 
making process to formally implement the poli- 
cies and issued the final rule regarding approval 
of microorganisms in 1997 (9c). Under the Mi- 
crobial Products of Biotechnology Rule, the 
EPA has set up a screening program for “new” 
microorganisms used commercially for such 
purposes as production of industrial enzymes 
and other specialty chemicals, agricultural prac- 
tices (e.g., biofertilizers), and breakdown of 
chemical pollutants in the environment. New 
microorganisms are those microorganisms 
formed by combining genetic material from or- 
ganisms in different genera (intergeneric). Mi- 
croorganisms that are not intergeneric would 
not be considered new andwould not be subject 
to TSA requirements. 

Persons intending to use intergeneric mi- 
croorganisms for commercial purposes in the 
United States must submit a Microbial Com- 
mercial Activity Notice (MCAN) to the EPA 
at least 90 days before such use. Within that 
90-day period, the EPA is to review the sub- 
mission in order to determine whether the mi- 
croorganism presents an unreasonable risk to 
human health or the environment. Upon ap- 
proval, or upon expiration of the MCAN re- 
view period, the submitter may begin manu- 
facture or import of the microorganism. 
Expiration of the review period without ap- 

proval does not constitute approval or certifica- 
tion of the new microorganism and does not 
mean that the EPA may not take regulatory 
action against the microorganism in the future. 

The rule also addresses intergeneric micro- 
organisms used in research and development 
for commercial purposes. It creates a mecha- 
nism for reporting on testing of new microor- 
ganisms in the environment called a TSCA Ex- 
perimental Release Application (TERA). A 
TERA would be submitted to the EPA at least 
60 days prior to initiation of such field trials. 

The rule contains certain exeniptions, in- 
cluding those for research and development ac- 
tivities and test marketing and general exemp- 
tions for certain specific microorganisms. 

State Regulations 
It is not possible to identifj all the state regula- 
tions that could potentially impact a bioremedi- 
ation project. The fact that a federal environ- 
mental program is in place does not limit the 
ability of a state to impose additional and more 
restrictive requirements. As an example, under 
the CWA, it is specifically stated that “Except 
as expressly provided in this chapter, nothing in 
this chapter shall (1) preclude or deny the right 
of any State or political subdivision thereof or 
interstate agency to adopt or enforce (A) any 
standard or limitation respecting discharges 
of pollutants, or (B) any requirement respec- 
ting control or abatement of pollution . . .” 
(33 U.S.C. 1370 [2000]). The onlylimitation is 
that the state requirements can be no less strin- 
gent that those enacted in the CWA. 

In addition to retaining the right to impose 
additional or more stringent regulations in 
those areas where the federal government has 
enacted legislation, the states are free to impose 
regulation in other environmental areas. Most 
states have a variety of environmental regula- 
tions that either predate the federal regulation 
in that area or were enacted in order to address 
a problem or concern unique to the citizens of 
that state. These regulations may or may not 
impact a proposed bioremediation activity, but 
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each project must be evaluated to ensure that 
it complies with all state regulations, in addi- 
tion to the federal regulations. 

Regulatory and Liability Concerns 
Associated with Bioremediation 
Activities 
The use of bioremelation treatment technol- 
ogies in place of more conventional physical 
or chemical treatment technologies raises sig- 
nificant regulatory and compliance issues, de- 
pending upon the application selected. There 
are also significant risk and liability issues asso- 
ciated with use of this technology that might 
not be present with the use of more conven- 
tional technologies. It is important to be aware 
of this during the evaluation phase of any 
project. 

Most environmental regulations have com- 
pliance standards. For example, discharges to 
the waters of the United States are required to 
comply with effluent limitations based upon 
either water quality or technology-based stan- 
dards. Remediation activities under CERCLA 
will be based upon either compliance with 
standards, such as the maximum contaminant 
levels, or compliance with some risk standard 
based upon harm. If the project or system is 
not able to meet the limitation or standard, the 
facility will either be in violation or, in the case 
of a remediation, will not be approved as a 
remediation mechanism. 

Because of the compliance requirements, a 
treatment is typically chosen to ensure, with a 
high degree of confidence, that the technology 
will meet the necessary limit or standard. Selec- 
tion of a process that cannot provide that de- 
gree of confidence may increase the costs and 
liability to the company. That is why many 
companies typically select the option that pro- 
vides the highest degree of certainty and the 
lowest degree of future risk, even if the initial 
costs may be hgher. 

As an example, suppose a facility has an area 
of contaminated soil. The company could 
choose to excavate the soil and send it to an ap- 
proved landfill. As an alternative, the company 
could attempt an in situ remediation. Excava- 

tion and disposal would remove all material 
from the site and essentially guarantee no future 
liability issues. The results from a bioremedia- 
tion project are not as clear-cut. There are a vari- 
ety of potential outcomes. The treatment may 
not work, and the material would still be on-site. 
The treatment might work but might not re- 
duce pollutant levels enough to end liability, or 
the biological degradation products might 
create a secondary source of liability. If the 
main goal ofthe project is to ensure an end to all 
future liability for that contamination, a com- 
pany might select excavation and disposal even 
if the up-front costs are significantly less for 
bioremediation. 

In many cases, the decision to implement a 
bioremediation project will be more of a cor- 
porate decision than a technical or legal deci- 
sion. The affected party will have to make a 
determination among its possible options, 
based upon the best available information re- 
garding expected effectiveness, cost and bene- 
fits, regulatory framework, and politics and 
public opinion, whether to implement a con- 
ventional treatment-remediation technology 
or a more innovative technology, such as bio- 
remediation. 

REGULATORY DRIVERS AND 
BARRIERS TO IMPLEMENTATION 
OF BIORFMEDIATION IN THE 
UNITED KINGDOM 
In this section, we review the regulatory frame- 
work in the United Kingdom for assessment 
and remediation of contamination and controls 
on such activity. An exhaustive review of the 
entire legal hamework is not presented; rather, 
an overview of key elements and their impact 
on the implementation of innovative treatment 
technologies such as bioremediation is given. 
The full extent of the number of sites affected 
by contamination throughout the United 
Kingdom is difficult to estimate. An indicative 
figure of as many as 100,000 sites has been 
given for England and Wales, with between 5 
and 20% of those having an impact on human 
health or the wider environment (6). 
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The United Kingdom regulatory frame- 
work is complex, being driven by European 
Commission Directives. These are transposed 
into legislation either as primary legislation as 
an Act of Parliament or through secondary 
legislation as regulations. Although dfferences 
in implementation exist between Scotland, 
England, Wales, and Northern Ireland, 
there is generally uniformity and coordination 
throughout the United Kingdom. The key 
agencies involved are the Scottish Environ- 
mental Protection Agency (SEPA), the Envi- 
ronmental Agency (EA) in England and Wales, 
and the Environment and Heritage Service 
(EHS) in Northern Ireland. These agencies co- 
operate at the regional and local scale with local 
authorities and district councils. 

Legislation may be considered to be a 
driver for the treatment of contaminated land 
and, as more sustainable solutions are increas- 
ingly sought, as a driver for the use of “inno- 
vative” treatment technologies such as bio- 
remediation. A typical example of this that 
is often presented is the perceived move away 
from excavation and disposal of contaminated 
soils to landfill (otherwise known as “dig and 
dump”) towards on-site or off-site treatment. 
However, in a recent survey of remedation 
undertaken between 1996 and 1999 in Eng- 
land and Wales, bioremedation was used at 
less than 3% of sites compared to 76% for 
excavation and disposal to landfill (15). Con- 
versely, the licensing and control of remedia- 
tion activity may be considered to be a barrier 
to more widespread implementation of inno- 
vative technologies. 

During the 1990s, the demand for housing 
and recognition of the need to preserve the 
countryside and protect greenfield sites from 
development became a significant driver of the 
remediation market. Recent United Kingdom 
government policy aims to achieve the build- 
ing of 60% of all new housing in England on 
previously developed (brownfield) land or 
reuse of existing buildings (5). Planning Policy 
Guidance Note 3 (12) highlights the fact that 
the 60% target is a national one and regions 

with significant amounts of brownfield land 
should aspire to higher rates of reuse. 

The government-established Urban Task 
Force examined the broader issues of urban re- 
generation, including redevelopment of 
brownfield sites, and recommended a target of 
bringing all contaminated land back into reuse 
by 2030 (4). The same group also recom- 
mended simplification of the permit system for 
undertaking remedation. An increased aware- 
ness of potential environmental liabilities may 
also have contributed to site owners being 
proactive with respect to remediation, but it 
is likely that the economics of matching the 
increasing demand for housing on brownfield 
sites has been uppermost. 

In the United Kingdom, bioremediation is 
still considered an innovative technology, and 
a lack of confidence from stakeholders and site 
owners has been viewed as a barrier to more 
widespread implementation. Nevertheless, de- 
spite the dominance of dig-and-dump, recent 
predictions have estimated that the bioremedi- 
ation market in the United Kingdom will grow 
by 36% from A36 million (U.S. $66 million) 
to A49 million ($89 million) per annum and 
will be one of the most rapidly growing reme- 
diation technologies during the period 2002 to 
2006 (1 1). 

Part IIA-Contaminated Land 
Regimen 
In practice, contaminated land is most often 
handled under planning in the context of re- 
development ofbrownfield sites. However, the 
key legislation for dealing with historically 
contaminated sites is Section 57 of the Envi- 
ronment Act 1995, which inserted new ele- 
ments to Part IIA of the Environmental Protec- 
tion Act 1990. Implemented in 2000, and 
generally known as Part IIA, the regimen re- 
quires a risk-based approach to the assessment 
and remedation of contaminated sites based on 
their current use. Part IIA is implemented 
through regulations and statutory guidance 
where the “polluter pays” principle applies. 
The polluter-pays principle is also being en- 
shrined in the forthcoming Environmental Lia- 
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bility Directive from the European Commis- 
sion, anticipated to come into force in member 
states in 2007. 

Part IIA also adopts a suitable-for-use ap- 
proach, requiring that risks be dealt with on an 
inhvidual-site basis, and therefore no uniform 
standards define what is or is not classed as con- 
taminated land or what constitutes acceptable 
levels of contamination. One of the key provi- 
sions of Part IIA is a statutory definition of con- 
taminated land: 

any land which appears to the local authority in 
whose area it is situated to be in such a condition, 
by reason of substances in, on or under the land 
that: 
. significant harm is being caused or there is a signif- 

icant possibility of such harm being caused; or . pollution of controlled waters is being, or is likely 
to be, caused. 

Controlled waters remain those defined in 
Secton 30A of the Control of Pollution Act 
1974. These include territorial and coastal 
waters, rivers, lochs, lakes, ponds, and ground- 
water. 

Another key provision of Part IIA was the 
requirement for local authorities to develop 
and implement an inspection strategy to iden- 
tify contaminated land in their areas. As a result 
of this investigation, the authorities then have 
a requirement to ensure that remediation takes 
place. This is undertaken as a minimum to the 
effect that the site no longer meets the statutory 
definition of contaminated land. An enforce- 
ment notice (remehation notice) can be served 
if required, although voluntary remediation is 
encouraged. Under certain circumstances, the 
management of “special sites” requires consul- 
tation with and/or transfer to control of the 
key regulator SEPA, EA, or EHS. Sites desig- 
nated as special cover a variety of sensitive situ- 
ations, including those where pollution of con- 
trolled waters is occurring, nuclear and military 
sites, and land contaminated with waste acid 
tars. 

From the definition of contaminated land 
under the Part IIA regimen, land that is con- 

taminated may not meet the statutory defini- 
tion. Before a site can be classified as contami- 
nated land, the presence of a significant pollu- 
tant linkage must be demonstrated. Such a 
linkage must show that the contamination or 
source can migrate via a pathway and reach a 
receptor. Unless the source-pathway-receptor 
linkage is made, the land should not be identi- 
fied as contaminated land. Receptors include 
humans; certain ecological systems (or living 
organisms forming part of such systems) that 
are protected, e.g., nature reserves; and also 
property, including crops, timber, produce, 
livestock, and buildings. 

Historically, in the United Kingdom, a se- 
ries of trigger values produced in 1983 and later 
revised in 1987 (10) gave threshold and action 
values for 18 organic and inorganic contami- 
nants in soils, depending on the planned use of 
the site. The ethos was that threshold and ac- 
tion levels represented acceptable and unac- 
ceptable risks, respectively. However, action 
values were not produced for the majority of 
metals, and threshold values often became syn- 
onymous with remedial targets. 

The ICRCL Guidance Note 59/83 was for- 
mally withdrawn in 2002, and the Department 
for Environment, Food and Rural Affairs 
(DEFRA), EA, and SEPA have an ongoing 
program of work to develop a scientific frame- 
work for assessing risks to human health from 
contaminated sites under United Kingdom 
conditions. The framework is based on toxico- 
logical criteria establishing unacceptable levels 
of human intake for a contaminant derived 
from soil and an estimation of the human expo- 
sure to soil contamination through various 
routes based on generic land use. 

The first Contaminated Land Exposure As- 
sessment (CLEA) model was published in 
2002. CLEA is used to derive soil guideline 
values (SGVs) for the typical land reuse sce- 
narios of residential uses (with and without 
vegetable growing), allotments, and commer- 
cial or industrial uses for a number of contami- 
nants. Like the former Interdepartmental 
Committee on the Redevelopment of Con- 
taminated Land levels, the SGVs are not reme- 
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dial targets but intervention values to inhcate 
when soil concentrations above certain levels 
may present an unacceptable risk to the health 
of site users and that further investigation and/ 
or remediation is required. 

Note that SGVs will never be available for 
all potential contaminants and that they are ge- 
neric guidelines. As such, they do not replace 
the development of site-specific risk assess- 
ments incorporating a conceptual model or 
models identifying sources, pathways, and re- 
ceptors as discussed in chapter 2. CLEA or an- 
other risk-based methodology such as risk- 
based corrective action would then be used to 
undertake such assessments. The full CLEA 
package includes Contaminated Land Reports 
7 to 10, which give information on the devel- 
opment of SGVs and other technical aspects of 
the CLEA model. At the time of writing, these 
are available only from the EA website (http:// 
www.environment-agency.g0V.uk/) . 

As an instrument to deal with historically 
contaminated sites meeting the strict criteria for 
the classification of contaminated land, Part IIA 
represents a pragmatic approach to tackling the 
legacy of environmental pollution in the 
United Kingdom. Part IIA and its regulations 
and statutory guidance are intended to comple- 
ment other legislation and the methods of site- 
specific risk-based assessment used voluntarily. 
An issue of concern for those undertakmg re- 
mediation of sites as a voluntary action or as 
part of redevelopment covered by the planning 
system is to ensure that a site which may not 
have been designated as contaminated land 
under Part IIA cannot become so at a later date. 
This is possible where a change of use occurs 
or a new pathway is created. 

Planning 
The planning system in the United Kingdom 
controls (re)development and land use. As 
such, it is the main mechanism controlling 
reuse of brownfield sites. Whereas the Part IIA 
regimen applies to current land use, almost all 
future uses (including sites identified under Part 
IIA as contaminated land) will be considered 
under the planning system. Although separate 

guidance is issued in Scotland, England, Wales, 
and Northern Ireland, the system may be con- 
sidered relatively uniform in the main. At the 
time of writing, new technical advice, “Devel- 
opment on Land Affected by Contamination,’’ 
is being prepared to replace Planning Policy 
Guidance Note 23 (“Planning and Pollution 
Control” [1994]) and will apply to England. 
Similar updates have already taken place in 
Scotland, Wales, and Northern Ireland to take 
into account the implementation of Part IIA. 

Contamination, be it actual or potential, is a 
material consideration in the planning process, 
and developers are responsible for investigating 
whether the proposed development, including 
its occupants, will be affected by contamination 
or cause contamination to affect neighboring 
properties or receptors such as water bodies. 
Local authorities may have identified the land 
being developed as contaminated land while 
investigating their area. Otherwise, it is incum- 
bent on the developer to seek advice whether 
there is a reason to suspect contamination by 
virtue of former industrial use. The planning 
section of the local authority is unlikely to re- 
quest intrusive site investigations or a detailed 
desk study unless there are grounds to suspect 
contamination. In keeping with the diverse na- 
ture of contamination scenarios, sites are as- 
sessed on a case-by-case basis. 

Where contamination is identified, the de- 
veloper will be required to come up with a 
remediation plan to remove the unacceptable 
risk. Essentially, these are the same risks as 
given under Part IIA, with a key difference 
being that the scope of the control is not lim- 
ited to “significant” risk or harm. Ultimately, 
the goal of the remediation plan is the removal 
of unacceptable risk. One important aspect of 
the planning process is that it is highly prag- 
matic and does not try to predict site usage 
beyond the proposed use and impose stricter 
remedial targets based on a presupposed recep- 
tor or pathway in the future. 

The planning system in the United King- 
dom therefore has a key role in ensuring that 
developments are given approval only if due 
regard has been given to the environmental 
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and, especially, human health risks arising from 
the change in land use and appropriate remehal 
measures have been or will be undertaken. By 
virtue of the numbers of brownfield sites 
undergoing redevelopment and therefore 
being considered under the planning system, 
one may expect there to be an impact on the 
adoption of innovative technologies. How- 
ever, the planning system, while not presenting 
any barriers, does not in itself represent a driver 
in the same way as Part IIA. Whether this has 
any impact on the application is debatable, but 
the likelihood is that it does not. Bioremedia- 
tion is not a technology that is lacking in bene- 
fits and unduly burdened by limitations. 

As with so many considerations in contami- 
nated land assessment and remediation, site- 
specific considerations, especially the nature of 
contamination as well as economic considera- 
tions, will often dictate the potential applicabil- 
ity of one technique over another. For contam- 
ination by petroleum hydrocarbons, where 
bioremehation would be expected to feature 
as a viable treatment option, for example, at a 
former petrol station, the key competitor for 
bioremediation in the United Kingdom has 
long been excavation and hsposal to landfill. 

The Landfill Directive 
For practitioners and stakeholders involved in 
the remediation of contaminated land and for 
the waste management industry in general, the 
Landfill Directive (99/31/EC) will have a pro- 
found impact. The 20 Articles and 3 Annexes 
apply to all countries of the European Union 
and were transposed into United Kingdom law 
in 2001. Key elements of the Landfill Directive 
are as follows. 

- All landfill sites are classified into one of 
three categories: “hazardous,” “non-haz- 
ardous,” and “inert.” 

0 Higher engineering and management stan- 
dards will be applied. 
Wastes must be treated prior to landfilling. - Cohsposal of hazardous and nonhazardous 
wastes is banned. 

- Disposal of liquid wastes, certain hazardous 
and clinical wastes, and tires is banned. 

. The amount of biodegradable waste going 
to landfill will be progressively reduced. 

Producers of waste must code materials on 
the basis of the European Waste Catalogue 
(EWC 2002), which is subject to periodic re- 
view and amendment by the European Com- 
mission. Contaminated soils are included in the 
EWC under code 17 for “Construction and 
Demolition Wastes”: 

17 05 03*-soil and stones containing dan- 

17 05 04-soil and stones other than those 
gerous substances 

mentioned in 17 05 03 

The first, marked with an asterisk, is termed 
a “mirror entry.” These are considered hazard- 
ous waste only if dangerous substances are pres- 
ent above threshold concentrations. Certain 
classifications are “absolute entries,” and these 
are considered to be hazardous waste regardless 
of any threshold concentrations (7). Classifica- 
tion of soils and other materials from contami- 
nated sites will require “basic characterization” 
testing to determine their properties. Soils are 
assessed against hazardous properties H1 to 
H14 taken from the Hazardous Waste Direc- 
tive (91/689/EC). These include harmful, 
toxic, carcinogenic, and ecotoxic properties. 
Total concentrations of contaminants consist- 
ing of worst-case compounds are compared 
against thresholds for the various risk phrases, 
e.g., harmful if swallowed. On the basis of this 
initial assessment, soils can be classified as non- 
hazardous (including inert) or hazardous for the 
purposes of disposal to landfill and will in most 
cases require treatment prior to hsposal. 

Treatment applies to all wastes with few ex- 
ceptions and is defined in Article 2 as “the 
physical, thermal, chemical or biological pro- 
cesses, including sorting, that change the char- 
acteristics of the waste in order to reduce its 
volume or hazardous nature, or facilitate its 
handling or enhance recovery.” Exceptions in- 
clude inert waste where treatment is not tech- 
nically feasible or other wastes where the quan- 
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tity or hazards to human health or the 
environment would not be reduced by treat- 
ment. Waste acceptance criteria, which include 
a variety of leaching limits and limits on levels 
of total organic carbon, must then be met. 
Testing requirements vary accordmg to landfill 
type and at the time of writing have been pub- 
lished for inert and hazardous wastes. A third 
category known as stable nonreactive hazard- 
ous wastes applies where nonhazardous landfills 
have specially constructed cells able to receive 
this type of waste. Note that dilution of con- 
taminated soil with uncontaminated material 
solely to meet waste acceptance criteria is pre- 
cluded by Article 5(4) of the Landfill Directive. 

From even so brief an overview, it is appar- 
ent that the Landfill Directive will have pro- 
found implications for the contaminated land 
industry in the United Kingdom and through- 
out the European Union. Contaminated sites 
undergoing redevelopment in the United 
Kingdom and Europe are often small, for ex- 
ample, the former petrol station being devel- 
oped for housing. The limitations of time and 
space on-site and availability of relatively low- 
cost disposal to widely available licensed landfill 
sites have historically made this the most favor- 
able option. The requirement for treatment of 
most wastes, including contaminated soils, 
prior to hsposal coupled with increasing land- 
fill fees and haulage costs will undoubtedly 
drive the market for both in situ and ex situ 
treatments, includmg bioremediation. 

More detailed site investigations are likely 
to be employed, ensuring a greater understand- 
ing of the extent and degree of contamination 
on-site to allow as full a range of remediation 
options as possible to be considered. The most 
favorable outcome will be to treat and reuse 
soils on-site where possible and avoid hsposal 
even where treated soils meet inert-waste crite- 
ria. Although it is difficult to predict how the 
contaminated land community will respond to 
the impact of the directive, what is certain is 
that unless alternative technologies such as bi- 
oremedlation become more widely accepted 
and commercially viable, brownfield regenera- 
tion activity may be suppressed. 

The WFD 
The Water Framework Directive F F D )  
(2000/60/EC) is a wide-ranging instrument 
that integrates the management of water in 
terms of sustainable use, protection, and im- 
provement as well as reducing the effects of 
droughts and flooding. The WFD adopts the 
river basin as the unit for management includ- 
ing rivers, lakes, estuaries, coastal waters, and 
groundwater. 

The largest impact on the use of bioremedi- 
ation from the WFD will be with respect to 
groundwater. The WFD builds on the earlier 
80/68/EEC Directive on protection of 
groundwater against pollution caused by cer- 
tain dangerous substances. This aimed to pre- 
vent direct dlscharge of high-priority pollutants 
(list I) and to control the discharge of other 
pollutants (list 11). Article 22(2) of the WFD 
sets out to repeal the earlier 80/68/EEC Direc- 
tive in 2013. Altogether, seven directives will 
be repealed by the WFD, representing a signifi- 
cant rationalization of water legislation by the 
European Community. 

Rather than producing lists of acceptable 
concentrations for a wide range of pollutants, 
there is a move towards a presumption that 
groundwater should not be polluted at all. A 
combination of preventing discharges to 
groundwater and monitoring to detect changes 
in chemical status is being applied. There is 
also a requirement to enhance and restore the 
chemical status of aquifers and to reverse any 
“significant and upward trend” in concentra- 
tions of pollutants in groundwater. Quantita- 
tive status is also considered, i.e., groundwater 
levels and the balance between any abstraction 
and recharge. There are only two classes of 
groundwater status, either good or poor. 

There is a long timescale for implementa- 
tion of the WFD, and improvements in envi- 
ronmental objectives in terms of achievement 
of good groundwater quantitative and chemi- 
cal status are not expected until 2015. Where 
priority substances are present in contaminated 
soils, there will be an adltional demand on 
any remediation strategy to achieve zero con- 
centration in groundwater. The WFD is likely 
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to be a driver for remediation overall, especially 
to meet the groundwater requirements. Long- 
term bioremediation processes such as en- 
hanced monitored natural attenuation of 
groundwater are likely to be among the only 
cost-effective solutions to achieve gradual im- 
provements in groundwater quality at many 
sites. 

PPC 
The Pollution Prevention and Control (PPC) 
regimen implements the 96/61/EC Directive 
on Integrated Pollution Prevention and Con- 
trol (IPPC). The regimen is aimed at reducing 
the environmental impact of industrial activi- 
ties by a system ofpermitting, controlling emis- 
sions to air, land, and water (including dis- 
charge to sewers). The regulators (SEPA, EA, 
and EHS) control processes where a greater po- 
tential to cause pollution exists; otherwise, 
local authorities manage the system. 

Underlying principles for the environmen- 
tal assessment of industrial sites include the use 
of best available techniques to prevent pollu- 
tion, conservation of energy, minimization of 
waste, and limitation of environmental impact 
of accidents (3). Of most relevance to the (bio)- 
remedation industry is the strict approach to 
monitoring and controhng any potential dete- 
rioration in the environmental quahty of the 
site. 

Operators are required to undertake a base- 
line assessment and produce a site report as part 
of a permit application. The framework for the 
site report follows the source-pathway-recep- 
tor model discussed for the Part IIA regimen. 
This raises the potential for identification of 
contaminated land under the Part IIA regimen 
and may well have been carried out as part of 
the planning process. If, during operation, 
there is a breach of the conditions of the PPC 
permit resulting in pollution, the regulator can 
issue an enforcement notice to remedy the situ- 
ation. When an operator ceases the permitted 
work, the operator must apply to the regulator 
to surrender the permit. This application must 
include a site report that identifies any changes 
from the original. The regulator must be satis- 

fied that no deterioration has taken place, that 
the site has been returned to a “satisfactory 
state,” and that appropriate steps have been 
taken to avoid any pollution risk. Unlike the 
suitable-for-use approach described for the Part 
IIA regimen, “restoration under IPPC is not 
constrained by the future use of the land” (3), 
in keeping with the preventive nature of the 
regime. 

The scale of the PPC regimen is new, and 
the scale ofits impact as a driver for bioremedi- 
ation is hfficult to predict. However, it may 
be assumed that along with other legislative 
drivers requiring remediation of sites and the 
profound implications of the Landfill Direc- 
tive, increased opportunities to apply bio- 
remehation are likely. The use of in situ tech- 
niques may be favored where avoiding disrup- 
tion to site infrastructure is paramount. 

Control of Remediation Activities 
It cannot be assumed that remediation can 
bring only a positive outcome and both in situ 
and ex situ remedial treatments may result in 
a negative environmental impact. Almost all 
site remediation activities in the United King- 
dom are subject to control by the environmen- 
tal regulators (SEPA, EA, and EHS) with re- 
spect to waste management, water and air 
pollution, and health and safety. The current 
controls were introduced with Part IIA of the 
Environmental Protection Act 1990 with the 
key regulations included in the Waste Manage- 
ment Licensing Regulations 1994. A waste 
management license is required for (bio)- 
remediation, as it is considered a waste treat- 
ment activity. Site licenses apply to the actual 
location, whereas mobile plant licenses apply 
to the process, not the site, and allow a plant 
to be moved from one location to another. 
Each new location requires a site-specific 
working plan ensuring that environmental risk 
can be controlled. Control of remedial activity 
has in the past few years been the subject of 
debate and lobbying by industry bodies such 
as the Environmental Industries Commission 
to increase the flexibility of licensing. The 
timescale required to obtain the necessary 
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license may be viewed as being out of step with 
commercial expectations from developers 
working under tight deadlines during 
brownfield redevelopment projects. 

In their report The Remediation Permit- To- 
wards a Single Regeneration License, the Reme- 
diation Permit Working Group of the Urban 
Task Force concluded that the current system 
imposes unjustified costs and discourages re- 
development of brownfield sites, as well as fail- 
ing to provide sufficient incentive to alternative 
technologies. The group recommended a series 
of improved guidelines and regulatory proce- 
dures offering more exemptions to streamline 
the timescales and costs of licensing and moni- 
toring remelation activity. At the time of 
writing, DEFRA is considering responses from 
a recent consultation. Undoubtedly, the con- 
trol of (bio)remediation activity has been rec- 
ognized by government, regulators, and the re- 
mediation industry as being less than optimal. 
There is still much work to be done in the 
United Kingdom to implement recommenda- 
tions from review and consultations and pro- 
vide a system of control that can operate in 
partnership with the legislative drivers. 

Regulatory Oversight of 
Environmental Releases of Genetically 
Modified Microorganisms 
The Organization for Economic Cooperation 
and Development (OECD) has had an active 
role in developing guidance for the safe use 
of recombinant DNA technology, identifjring 
scientific principles and criteria for the safe use 
of genetically modified organisms (GMOs) in 
industry, agriculture, and the environment (13, 
14, 16). The OECD focused on the develop- 
ment of a rational and flexible approach to the 
evaluation of safety that could be used through- 
out the world. A landmark report by the 
OECD entitled Recombinant DNA Safety Con- 
siderations, now known as the “Blue Book,” set 
out the first international scientific principles 
and criteria for the safe handling of GMOs out- 
side of contained laboratory conditions (13). 
Its criteria and principles have been adopted 
throughout Europe for good large-scale indus- 

trial practices. The OECD continues to issue 
guidance for the safe use of recombinant DNA 
technology. 

With regard to deliberate environmental re- 
leases, such as those that would be used for 
bioremediation applications, the OECD held 
that it is important to evaluate recombinant 
DNA organisms for potential risk, prior to 
applications in the environment. However, 
because the OECD was unable to develop 
general international guidelines governing de- 
liberate releases of genetically molfied micro- 
organisms into the environment, it recom- 
mended that independent reviews of potential 
risks be conducted on a case-by-case basis prior 
to any field application. The report defined 
case-by-case evaluation as a review of the pro- 
posed application against assessment criteria 
which were relevant to the particular proposal, 
e.g., the properties of the organism proposed 
for release and its probable environmental fate. 
The report held that development of organisms 
for environmental applications should be con- 
ducted in a stepwise fashion, moving, where 
appropriate, from the laboratory to the growth 
chamber, to limited field testing, and finally to 
large-scale field testing. 

In 1992, the OECD issued a follow-up re- 
port that dealt specifically with the safety of 
small-scale field tests with GMOs (14). This 
report laid out a set of principles, called good 
development principles, for designing safe ex- 
periments at the stage of basic or initial field 
research. These good development principles 
set out the characteristics of microorganisms to 
be considered to include dispersal, survival, and 
multiplication; interactions with other species 
and/or biological systems; potential for gene 
transfer; and the mode of action, persistence, 
and degradation of any newly acquired toxic 
compound. They also set out characteristics of 
the research site to include important ecolo- 
gical and/or environmental considerations 
relative to safety in the specific geographical 
location, climatic conditions, size, and an ap- 
propriate geographical location in relation to 
proximity to specific biota that could be af- 
fected. 
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The OECD reports have guided the regula- 
tory frameworks employed throughout Eu- 
rope. The European Union adopted specific 
legislation governing the deliberate release of 
genetically engineered microorganisms into 
the environment that requires case-by-case 
evaluation (Europa, 24 July 2001 Press Release; 
http://europa.eu.int/rapid). The main legisla- 
tion which authorizes experimental releases of 
GMOs in the European Community is Direc- 
tive 90/220/EEC. European Directive 90/ 
220/EEC, which governs the release and mar- 
keting of GMOs in the European Union, rec- 
ognizes two broad categories of release of 
GMOs into the environment: part B, releases 
for small-scale research trials; and part C, re- 
leases for commercial purposes (2). An updated 
Directive 2001/18/EC on the deliberate re- 
lease of GMOs was adopted by the European 
Parliament and the Council of Ministers in 
2001 and entered into force in 2002. Directive 
90/220/EEC put in place a step-by-step ap- 
proval process on a case-by-case assessment of 
the risks to human health, animal health, and 
the environment before any GMO or product 
consisting of or containing GMOs can be re- 
leased into the environment (8). 

The United Kingdom has also adopted 
parallel regulations that involve public consul- 
tations as part of the implementation strategy. 
In Great Britain, Directive 90/220 has been 
implemented by Part VI of the Environmental 
Protection Act 1990 and the Genetically 
Modified Organisms (Deliberate Release) 
Regulations 1992, as amended in 1995 and 
1997, and in Northern Ireland there is sepa- 
rate but equivalent legislation. The release or 
marketing of GMOs cannot take place with- 
out the explicit consent of the regulatory 
authorities (2). In the United Kingdom, 
DEFRA and the devolved administrations are 
responsible for implementing the Directive 
in England, Scotland, Wales, and Northern 
Ireland. In the United Kingdom, the Advisory 
Committee on Releases to the Environment 
(ACRE [http://www.defra.gov.uk/environ- 
ment/acre/]) is an independent advisory com- 
mittee composed of lealng scientists that 

functions to give statutory advice to ministers 
and local administrations on the risks to 
human health and the environment from the 
release and marketing of GMOs. The entire 
regulatory process is underpinned by a de- 
tailed environmental risk assessment, prepared 
by the applicant, which examines and evalu- 
ates any possible harmful consequences of re- 
leasing a particular GMO (2). Government 
scientists in the Joint Regulatory Authority 
based at DEFRA review this assessment and 
seek the advice of an expert committee. In 
assessing applications, every possible precau- 
tion is taken to ensure that human health 
and the environment are protected. Only if 
the risks are considered to be very low will 
the release be allowed to proceed. To gain 
approval for a research trial, the application 
has to include information on the nature of 
the GMO, how it has been modified, the 
precise nature of the research program pro- 
posed, where it will be released, and how 
the release will be monitored. The applicant 
must also supply information necessary for 
evaluating foreseeable risks, whether they are 
immediate or delayed, from the release of the 
GMO. The application dossier is reviewed 
by scientists in the Joint Regulatory Authority 
and is forwarded to experts in other govern- 
ment departments, devolved administrations, 
and statutory conservation bodies. All applica- 
tions are scrutinized by ACRE, an indepen- 
dent scientific committee whose members in- 
clude lealng academic scientists. 

CONCLUDING REMARKS 
The regulatory framework in the United 
States, United Kingdom, and elsewhere is 
complex and evolving with interactions be- 
tween different regulations and regimes. When 
contaminated sites undergo remediation, there 
is a clear requirement to protect the environ- 
ment while ensuring that risks to human health 
and the environment are minimized. Permit- 
ting, licensing, and regulation have a crucial 
role in controlling the remelation process. 
Often this leads to the selection of traditional 
remediation methods, such as removal of con- 
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tarninated soil to landfills. However, a balance 
is required to ensure that brownfield land is 
developed preferentially over virgin greenfield 
sites in as sustainable a manner as possible. It is 
likely that some confhct between a desire for 
redevelopment of brownfield sites and protec- 
tion of the environment during remelation 
activities will always exist or be perceived to 
exist by those subject to control. Opportunities 
for bioremediation in its widest context, in- 
cluding constructed wetlands, may find in- 
creasing application in dealing with surface 
runoff from roads and new developments as 
sustainable urban drainage requirements and 
growing awareness of lffuse pollution come 
to the fore. 

Overall, the redevelopment of brownfield 
sites may prove to be the biggest driver of 
remediation and therefore bioremelation ac- 
tivity. In the United Kingdom, the Landfill 
Directive will have widespread implications 
for the remediation industry with the require- 
ment for treatment before disposal. Bio- 
remediation of soils or waters, whether in 
situ or ex situ, is clearly not applicable to 
every site or for all contaminants. However, 
if this is to be the end of “ l g  and dump,” 
at least for the bulk of contaminated soils, 
the permitting of bioremelation processes 
must be flexible enough to ensure broader 
application where it can offer benefits in terms 
of sustainability and cost-effectiveness. The 
use of biotechnology can help implement reg- 
ulatory goals. To do so, it must meet the 
requirements of the regulatory framework and 
the oversight at the national, state, and,local 
levels. Despite the complexities of the regula- 
tory frameworks, a knowledge of the basic 
principles of the legal requirements is essential 
for understanding how and when bioremedia- 
tion can be applied for the restoration of 
contaminated soils and waters. 

REFERENCES 
1. Bragg, J. R., R. C. Prince, E. J. Harner, and 

R. M. Atlas. 1994. Effectiveness of bioremedia- 
tion for the Exxon Valdez oil spill. Nature 368: 

2. Department for Environment, Food and 
413-418. 

Rural Affairs. 2001. Genetically modified organ- 
isms: the regulatory process. http://www.defra. 
gov.uk/environment/gm/. 

3. Department for Environment, Food and 
Rural Affairs. 2004. Integrated Pollution Prevention 
and Control-A Practical Guide, 3rd ed. The Sta- 
tionery Office Ltd., London, United Kingdom. 

4. Department of Environment, Transport and 
Regions. 1999. Towards an Urban Renaissance. 
The Stationery Office Ltd., London, United 
Kingdom. 

5. Department of Environment, Transport and 
Regions. 2000. Our Towns and Cities: The Future 
Delivering on Urban Renaissance. The Stationery Of- 
fice Ltd., London, United Kingdom. 

6. Environment Agency. 2000. The State ofthe En- 
vironment ofEngland G Wales: The Land. The Sta- 
tionery Office Ltd., London, United Kingdom. 

7. Environment Agency. 2003. Intevpretation ofthe 
Definition and Class$cation o f  Hazardous Waste 
Technical Guidance W M 2 .  Environment Agency, 
London, United Kingdom. http://www.environ 
ment-agency.gov.uk/business. 

8. European Council. 2001. Directive 90/220/ 
EEC, Directive 2001/18/Ec of the European Par- 
liament and of the Council of 12 March 2001 
on the deliberate release into the environment of 
genetically modified organisms and repealing. 08 
J .  Eur. Communities. http://europa.eu.int/eur-lex. 

9. Federal Register. 2004. Civil monetary penalty 
inflation adjustment rule. Federal regulation 7121. 
Fed. Regist. 69. 

9a. Federal Register. 1998. Hazardous remediation 
waste management requirements (HWIR-media). 
Fed. Regist. 63: 65874-65947. 

9b. Federal Register. 1984. Proposed policy regard- 
ing certain microbial products. Fed. Regist. 49: 
50886. 

9c. Federal Register. 1997. Microbial products of 
biotechnology: final regulation under the Toxic 
Substances Control Act, final rule. Fed. Regist. 62: 
1710. 

10. Interdepartmental Committee on the Re- 
development of contaminated Land. 1987. 
Guidance on the Assessment and Redevelopment of 
Contaminated Land. ICRCL 59/83, 2nd ed. De- 
partment of the Environment, London, United 
Kingdom. 

11. MSI. 2002. Data Report: Contaminated Land Treat- 
ment: UK. MSI Marketing Research for Industry 
Ltd., Chester, United Kingdom. 

12. Office of the Deputy Prime Minister. 2000. 
The Government’s Response to the Environment, 
Transport and Regional Affairs: Seventeenth Re- 
port-Housing PPG3. Cm 4667. Office of the 
Deputy Prime Minister, London, United 
Kingdom. 



3. LEGAL A N D  REGULATORY FRAMEWORKS W 107 

13. Organization for Economic Development 
and Cooperation. 1986. Recombinant DNA 
Safety Considerations. Organization for Economic 
Development and Cooperation, Pans, France. 
http://www.oecd.org. 

14. Organization for Economic Development 
and Cooperation. 1992. Safety Considerationsfor 
Biotechnology. Organization for Economic Devel- 
opment and Cooperation, Pans, France. http:// 
www.oecd.org. 

15. Rivett, M. O., J. Petts, B. Butler, and I. Mar- 
tin. 2002. Remediation of contaminated land and 

groundwater: experience in England and Wales. 
J .  Envivon. Manag. 65:251-268. 

16. Teso, B. 1992. International harmonization of 
safety principles for biotechnology. In Proceedings 
.f the 2nd International Symposium on The Biosafety 
Results .f Field Tests .f Genetically Modijkd Plants 
and Micvoovganisms, 11 to 14 May, Goslar, Ger- 
many. 

17. Timian, S. J., and M. Connolly. 1996. The 
regulation and development of bioremediation. 
Risk Health Safety Environ. 7:279-290. http:// 
www.piercelaw.edu. 



MODELING BIOREMEDIATION OF 
CONTAMINATED GROUNDWATER 

Henning Prommer and D. Andrew Barry 

INTRODUCTION 
Over the last two decades, mathematical mod- 
eling has become an important tool to assist in 
analyzing and understanding complex environ- 
mental systems. Wherever a multitude of pro- 
cesses, of either a physical, chemical, or bio- 
logical nature, interact with each other, 
mathematical modeling provides a rational 
framework to formulate and integrate knowl- 
edge that has been otherwise derived from (i) 
theoretical work, (ii) fundamental (e.g., labora- 
tory) investigations, and (iii) site-specific ex- 
perimental work. In the case of subsurface 
systems, data acquisition is typically very 
expensive, especially in the field, so data sets 
are usually sparse. Thus, validation of complex 
models can be difficult. At the same time, it is 
the lack of spatially and temporally dense infor- 
mation and the need to fill the gaps between 
measured data that provide an important driv- 
ing force for integrated modeling. 

Henning Prommev, Department of Earth Sciences, Faculty of 
Geosciences, University of Utrecht, P.O. Box 80021, 3508 
TA Utrecht, The Netherlands, and CSIRO Land and Water, 
Private Bag No. 5, Wembley WA 6913, Australia. D. Andrew 
Barry, Contaminated Land Assessment and Remediation Re- 
search Centre, Institute for Infrastructure and Environment, 
School of Civil Engineering and Electronics, University of 
Edinburgh, Edinburgh EH9 3JL, Scotland, United Kingdom. 

In situ processes mahng use of bioremedia- 
tion are prime candidates for an integrated 
modeling approach. Whether microbial activ- 
ity is responsible for direct breakdown of or- 
ganic contaminants (such as dissolved petro- 
leum products) or whether it is employed more 
indirectly to alter geochemical conditions (such 
that metal precipitation, for example, occurs), 
it is evident that predictions of the combined 
biogeochemical-hydrodynamic system be- 
come very difficult if isolated aspects of the 
total problem are considered separately. The 
purpose of this chapter is to show how such 
processes can be dealt within a single compre- 
hensive yet realistic framework. 

We have previously reviewed modeling of 
the fate of oxidizable organic contaminants in 
groundwater (9) and the physical and reactive 
processes during biodegradation of hydrocar- 
bons in groundwater (50). Here, we provide 
an introduction and overview of the mathe- 
matical/mechanistic descriptions of the impor- 
tant processes governing bioremediation, con- 
sidering the critical factors of microbial 
processes (growth and decay of bacteria) and 
physical processes (advection and dispersion) as 
they relate to the applicability of bioremedia- 
tion to the removal of organic pollutants from 
contaminated groundwater. 

Bioremediation: Applied Microbial Solutions for Real- World Environmental Cleanup 
Edited by Ronald M. Atlas andJim C. Philp 0 2005 ASM Press, Washington, D.C 
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ROLE OF MODELING 
BIOREMEDIATION PROCESSES 
Both passive and enhanced (active) in situ 
bioremediations are cost-effective contami- 
nant cleanup methods compared to other 
methods such as landfill disposal or incinera- 
tion (see Table 1.3). However, traditional 
methods are still, in many cases, the preferred 
remediation option despite the apparent eco- 
nomic benefits of bioremediation (29). Cer- 
tainly, one important reason for this is the 
lack of reliable a priori predictions concerning 
the feasibility, duration, and cost of bioremed- 
iation. Site managers dealing with soil or aqui- 
fer contamination are faced with such ques- 
tions as: 

To what extent will environmentally im- 
portant receptors down gradient of the 
source zone be impacted by a contaminant? 
What are the expected average and maxi- 
mum concentration levels? 
What are the timescales for cleanup to 
below given limits for dfferent remediation 
schemes? 
What is the optimal design (in a multiobjec- 
tive environment) of a particular (active/ 
passive) remediation scheme? 
What is the sensitivity of, say, the duration 
of the remediation process to changes in 
physical or biogeochemical conditions? 
What is the probability of failure of the pro- 
posed remediation scheme? 

The role of modeling in a remelation in- 
vestigation is more than that of gaining an in- 
creased quantitative understanlng of the bio- 
logical system. The process of developing a 
clearly formulated conceptual model at the be- 
ginning of the modeling process (or its ongoing 
revision) often leads ultimately to a more rigor- 
ous scientific understanding for model devel- 
opers and users. An additional and important 
benefit of modeling is, of course, its predictive 
capability. However, such predictions do bear, 
to a variable degree, uncertainty that originates 
from the following: 

. incomplete hydrogeological and hydrogeo- 
chemical site characterization, 

. incomplete process understanding, and 
parameter ambiguity due to spatial and/or 
temporal scaling issues. 

Predictive modeling must therefore be 
viewed with appropriate caution. Given that 
the modeling framework is sufficiently com- 
prehensive, issues such as parameter uncer- 
tainty can be implemented into the frame- 
work and directly quantified. The approach 
also contributes to the broader question of 
probabilistic risk assessment, which often 
guides engineering design of remediation 
schemes. 

In general, modeling provides the best 
means to incorporate observed data into a sys- 
tematic site investigation or, where data are 
lacking, to investigate quickly a suite of sce- 
narios that assist in gaining a better understand- 
ing of factors dominating the duration and ef- 
fectiveness of site cleanup. Below, an overview 
of some of the mathematical descriptions and 
modeling approaches involved in the simula- 
tion of bioremediation problems is provided. 
For the sake of clarity, we will focus initially 
on the quantitative description of biochemical 
processes (as a function of time) in batch-type 
systems. The following discussion of batch- 
type modeling uses simple examples to discuss 
some of the common concepts needed to 
model microbially mediated biodegradation 
reactions (9). This discussion ofbiotic processes 
will be succeeded by an introduction to some 
of the fundamentals of modeling physical trans- 
port before we move on to biogeochemical 
transport, in which these biotic and physical 
processes are combined. 

MODELING BIOTIC REACTIVE 
PROCESSES 
In order to be able to design active bioremed- 
iation systems and to understand passive bio- 
remediation (natural attenuation), mechanistic 
descriptions that quantie microbial activity 
are needed. Since both the rate of microbial 
growth and the rate of contaminant utilization 
are highly dependent on the amount of bio- 
mass available to catalyze the reactions (38), 
such models must have the capability to pre- 
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dict both transient and spatial variations in 
biomass. To model the production of biomass 
and the related consumption and production 
of other chemicals, the key steps are (i) to 
determine the stoichiometry of the biodegra- 
dation reactions and, in order to describe the 
temporal variations, (ii) to formulate the rate 
expressions for the reaction kmetics. Below, 
we describe modeling of biodegradation 
under oxidizing conditions. (Note: for sim- 
plicity we do not describe here biodegrada- 
tion reactions in which the contaminants act 
as electron acceptors.) 

Biodegradation Reactions for 
Oxidizable Organic contaminants 
The electron flow in microbially mediated 
redox reactions that mineralize, e.g., petroleum 
hydrocarbons might be simplified into two 
(sub)steps. In the first step, which is the oxida- 
tion of an organic substrate, electrons are trans- 
ferred to electron carriers such as NADH (14, 
53). For example, the complete mineralization 
of toluene coupled to the reduction of NAD+ 
can be written as 

C7H8+36 NAD++21 H2O 
/ I  \ 
(1) +36 NADH + 36 H+ + 7 H2CO3 

In this step, electrons are gained, which can 
now be further transferred (14) to extracellular 
electron acceptors (for example, oxygen or ni- 
trate) or, alternatively, used for the formation 
of additional biomass. The electron transfer to 
extracellular electron acceptors is referred to 
as respiration and involves the (re)oxidation of 
NADH. The appropriate reactions for the 
major electron accepting processes are listed in 
Table 4.1. In the second step, the free energy 

TABLE 4.1 Electron-accepting processes 

gained in these reactions can then be stored as 
ATP and, together with NADH, reinvested to 
generate new biomass. If a simplified chemical 
composition for biomass (C5H702N) is as- 
sumed, the reaction, which diverts the electron 
flow towards the generation of new biomass, 
is described by (53): 

10 NADHf5 H2CO3+NH4+ 

+ 9 H+ +free energy 

+C5H702N + 10 NAD' 
(2) 

f 1 3  H20 

The efficiency of the microorganisms deter- 
mines the fraction of electrons (gained in the 
oxidation step described by equation 1) that 
is dwerted either to biomass generation ac- 
cording to equation 2 or towards the elec- 
tron-accepting step accordmg to the reactions 
listed in Table 4.1. The lower the efficiency 
of the bacteria, the lower the fraction of 
organic carbon that is incorporated into bio- 
mass and the higher the fraction that is con- 
verted to carbon dioxide. Efficiencies can vary 
over a wide range, depending on both organic 
substrates and electron acceptors, as well as 
the ambient conditions, such as temperature. 
For the reactions which yield the most en- 
ergy, i.e., oxygen and nitrate reduction, effi- 
ciencies can be as high as 50 to 70%. On 
the other hand, they can be as low as 5%, 
as found for C 0 2  fixation (53). Edwards et 
al. (22), for example, used 14C-labeled sub- 
strate to investigate the degradation of toluene 
and xylene under sulfate-reducing conditions 
and found that only 10% of the organic car- 
bon was converted to cell material, while the 

Electron-accepting reaction 

Oz + 2 NADH + 2 H+ + 2 HzO + 2 NAD+ +free energy 
2 NO3- + 5 NADH + 7 H+ + N2 + 6 H20 + 5 NAD+ + free energy 
SO,+- + 4 NADH + 5 H+ + HS- + 4 H20 + 4 NAD+ + free energy 
FeOOH + NADH + 3 H+ + Fez+ + 2 H20 + NAD+ + free energy 
MnOz + 2 NADH + 4 H+ + Mn2+ + 2 H2O + 2 NAD+ + free energy 
C02(g) + 8 H+ + 8 NADH + CH,(g) + 2 H20 + 8 NAD+ + free energy 
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rest was used as an energy source and con- 
verted to carbon dioxide. In adltion to an 
experimentally based determination of micro- 
bial efficiency, it might also be determined 
from thermodynamic considerations by the 
method proposed by Van Briesen and Ritt- 
mann (59). On the basis of a known or 
estimated efficiency, the redox reactions can 
then be balanced. For example, in the above- 
mentioned case (toluene mineralization under 
aerobic condtions) an efficiency estimate of 
60% leads to the following reaction, in which 
40% of the organic carbon (C7H8) is con- 
verted to inorganic carbon (HC03-) and 60% 
is converted to biomass (C5H702N): 

C7H8 + 0.84 NH4+ + 4.8 O2 

+0.48 H20 + 2.8 HC03- (3) 

+ 0.84 C5H702N + 3.64 H+ 

For the oxidation/mineralization of toluene 
under sulfate-reducing conditions, assuming a 
lower (10%) efficiency, balancing leads to 

C7Hs + 0.14 NH4++ 4.15 S042- 

+ 2.58 H,O + 1.86 H+ 

+ 6.30 HCO3- (4) 

+0.14 C5H702N+4.15 H2S 

Under the same assumptions, but for a cllfferent 
reducible, organic compound (benzene), one 
obtains 

C6H6 + 0.12 NH4+ + 3.45 so42- 
+ 2.64 H20 + 1.38 H+ 

+ 5.4 HC03-+ 0.12 C5H702N 
(5) 

+3.45 H2S 

whereas the same exercise for ethylbenzene 
and xylene(s) leads to 

CsHlo + 0.16 NH4' 

+ 2.52 H 2 0  + 2.34 Ht 

+ 7.2 HC03-+0.16 CSH702N 

+4.85 H2S 

Reactions 3 to 6 and their stoichiometry reflect 
the conditions for microbial growth. If cell 
growth is neglected, the stoichiometry of the 
mineralization reaction simplifies, for example, 
from reaction 4 to 

C7H8 + 4.5 S 0 4 2 -  + 3 H20 
(7) 

+ 2  H++ 7 HC0,-+4.5 H2S 

In this reaction, there is obviously more sulfate 
consumed than in reaction 4, which considers 
microbial growth (4.5 versus 4.15 mol of sul- 
fate per mol of toluene degraded). This appar- 
ent hscrepancy can be accounted for by noting 
the concentrations and valence of the redox- 
sensitive reactants before and after the reaction. 
For the complete mineralization of toluene, 
electron balance requires (50) 

yC7H8ovC7H8+ yS04-2°vS042- 

- -YHco~- O % C O ~ -  (8) 

+ y H 2  SovH2S 

where Y C 7 H 8 ,  Y s o 4 2 - ,  Y H c o 3 - ,  and Y H 2 s  are the 
stoichiometric factors of toluene, sulfate, bicar- 
bonate, and hydrogen sulfide, respectively, and 
OVC,H~,  ovSo42- ,  ovHCo3- ,  and 0vH2s are the ap- 
propriate valences of these species. Maintaining 
mass balance for sulfur and carbon requires that 
Yso42- = Y H2S and Y H c o 3 -  = 7, respectively. 
Consideration of microbial growth mandates 
that ammonium and bacteria are included in the 
electron balance: 

(9) 
+ YC5H702N ovyC5H702N 

' Y H 2 S  OVHzS 

where Y N H 4 +  and Yc5H7p2N are the stoichio- 
metric factors for ammonium and bacteria, re- 
spectively, and OVNH4 + and O V ~ ~ ~ , ~ ~ ~  are the 
correspondmg valences (50). However, nitro- 
gen balance requires that 

Y N H 4 +  = Y C 5 H 7 0 2 N  (10) 
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At the same time, bacteria and ammonium 
have the same valence, in which case it turns 
out that the respective terms are equivalent. 
Thus, the difference in sulfate consumption be- 
tween the case described by reaction 4 and the 
corresponding case described by reaction 7 can 
be calculated from (50): 

ction is assumed to be instantaneous. This 
means that the reaction is limited only 
through the availability of either the electron 
acceptor or the contaminant (electron donor). 
The reaction is assumed to proceed at an 
infinite rate until either of these is depleted. 
A widely used biodegradation model that in- 
corporates this approach for aerobic (only) 
biodegradation of hydrocarbons is BI- 
OPLUME (13, 51), and an analytical solution 
for this problem was provided by Ham et al. 
(30). Note that in this approach, bacterial _ _  
concentrations are not modeled explicitly. 
This assumption is, however, not necessarily 
suitable for simulating slowly degrading hy- 
drocarbon contaminants. An improved de- 
scription of the reaction kinetics, using a dual- 
substrate Monod kinetics formulation, was 
proposed previously (52). In this description, 
the biomass concentration is assumed to re- 

As we will see, the electron acceptor “saving” 
that occurs during this step might subsequently 
be consumed during microbial decay. The re- 
action for the decay of bacteria (under sulfate- 
reducing conditions) and the correspondmg 
consumption of electron acceptors is described 
by (50): 

C5H702N + 3 H20 + 2.5 S042- 

-5 HCO,-+2.5 HS- (12) 

+ 1.5 H+ + NH4+ 

It follows from the stoichiometry ofthe reaction 
that the decay of 1 mol of bacteria (C5H702N) 
requires 2.5 mol of sulfate. Consequently, the 
decay of the 0.14 mol ofbacteria produced dur- 
ing growth (see reaction 4) consumes 0.14 X 
2.5 = 0.35 mol of sulfate. This amount equals 
the difference in sulfate consumption between 
reactions 4 and 7. Accordingly, where microbial 
concentrations become steady state or quasi- 
steady state, i.e., where microbial growth occurs 
at the same rate as bacterial decay, the stoichi- 
ometry from reaction 7 applies. Dependmg, for 
example, on whether the assumption ofa quasi- 
steady-state microbial concentration is a suffi- 
ciently good approximation for a given prob- 
lem, kinetic reaction models of different com- 
plexities can be built on the basis of the above 
stoichiometric relationships. 

Rate expressions for the mineralization re- 
actions typically used in reactive transport 
models for biodegradation are based on three 
conceptual reaction models. In the first and 
simplest model (13), the biodegradation rea- 

main constant with time (although it can vary 
spatially) throughout the subsurface (ix., 
model domain). The modeling approach de- 
scribed by Lu et al. (39) also incorporates this 
assumption but provides a framework that 
allows the simulation of multiple electron- 
accepting processes. In many cases, however, 
it is obvious that the dynamics of biomass 
growth will play an important role in biodeg- 
radation. Hence, in the most realistic descrip- 
tion of the bioremediation process, the con- 
taminant degradation kinetics are typically 
described by using Monod kinetics, and the 
biomass concentration is allowed to change 
as a function of space and time as the biomass 
grows and decays. 

Microbial Growth and Decay 
In the macroscopic mathematical descriptions 
ofmicrobial growth dynamics aimed at govern- 
ing laboratory- or field-scale processes, many of 
the complex interdependencies that are known 
at the microscopic scale are commonly ne- 
glected and described by empirical formulations 
based on the classical works of Michaelis and 
Menten (41) and Monod (42). The expression 
describing a specific bacterial growth rate, v,,, 
observed in many batch experiments is: 
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Tr 

where C,, is the concentration of the organic 
substrate, v,,, is an asymptotic maximum spe- 
cific uptake rate, and Korg is the half-satura- 
tion constant, the substrate concentration at 
which the actual uptake rate equals vmZ/2. 
Based on equation 13, the total uptake rate 
vm considers the dependency of the change 
of microbial mass on the actual 
concentration X itself: 

vln =urnax X 
Korg  + Corg  

microbial 

(14) 

An addtional (potential) growth limitation by 
electron acceptor availability might be incor- 
porated into equation 14, leading to 

where C,, is the electron acceptor concentra- 
tion and K,, is the appropriate half-saturation 
constant (3,4). The complete mass balance 
equation for the microbial mass, X, describing 
the change of microbial concentration as a 
function of time, also needs to include micro- 
bial decay: 

with 

axgrowth - Corg  C e a  x 
v max y x  -- 

at Korg  + Corg Ka +',a 

(17) 
and 

where Vdec is a decay rate constant and Y, is a 
stoichiometric factor. During growth (v, > 0), 
both organic substrate and electron acceptors 
are consumed at rates that are proportional to v,. 

Thus, for a known reaction stoichiometry, the 
actual rates can be easily determined. For exam- 
ple, in the previously discussed case of toluene 
degradation under sulfate-reducing conditions 
(equation 4), the complete mineralization of 1 
mol of toluene consumes 4.15 mol of sulfate 
(during growth) and yields 0.14 mol of sulfate- 
reducing bacteria (SRB), thus: 

= 0 . 1 4 ~ ~  axgrowth 

a t  

and 

where Csulf is the concentration of sulfate. 
As shown in Fig. 4.1, for given initial concen- 
trations (at time t = 0 [see Table 4.2]), we 
can now compute the temporal development 
of toluene and sulfate and of the microbial 
mass in a closed batch-type system (case la) .  
This can be done, for example, with the 
geochemical model PHREEQC-2 (45) by 
using its capability to compute arbitrary user- 
defined lunetic reactions. Notable in the 
upper plot is the lag period of several days 
before the degradation affects the aqueous 
concentrations of toluene and sulfate. Its 
length depends largely on the initial bacterial 
concentration and on v,,,,, the maximum up- 
take rate (values given in Tables 4.2 and 4.3). 
The removal of the initial toluene mass (0.1 
mmol) is reached after 14 days, at a time 
when approximately 0.415 mmol of sulfate 
is depleted. The microbial (net) growth then 
stops immedately (v, = 0) and the microbial 
mass is subsequently changing at the rate given 
by equation 18, thereby consuming the re- 
maining 0.035 mmol of sulfate, as discussed 
previously (Fig. 4.1, case la). By comparison, 
Fig. 4.1 shows also the temporal development 
of the sulfate concentration if the effects of 
the dfferent valence states of bacteria (com- 
pared to the end product C 0 2 )  and the related 
geochemical changes are not considered (Fig. 
4.1, case lb). In the latter case, all sulfate is 
consumed during bacterial growth and none 
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FIGURE 4.1 Simulation of toluene mineralization by SRB in a closed batch system. 

TABLE 4.2 
simulations 

Aqueous 
component 

Initial concentrations of aqueous components and minerals in the batch-type biodegradation 

Initial concn (mol/liter) 

Case 1 Case 2 Case 3 Case 4 Case 5 

Benzene 
Toluene 
Ethylbenzene 
Xylene 
O(0) 
N' 
S(6) 
(34) 
Ca 
Na 
c1 
Aerobes 
Denitrifien 
SRB 
Calcite 
Fe(OH)da) 
Siderite 

b - 

1.0 x 10-4 
- 
- 

- 

1.0 x 10-4 
4.5 x 10-4 
- 

4.0 x 10-4 
3.0 x 10-4 
1.0 x 10-4 
2.5 x 10-4 

1.0 x 10-4 
5.0 x 10-3 

- 

- 

- 

3.0 x 10-4 

6.2s x 10-4 
5.0 x 10-4 
8.0 x 10-4 

- 
- 

- 

- 
3.0 x 10-4 
- 

- 

- 

1.0 x 10-4 
1.0 x 10-3 
- 

1.0 x 10-8 
- 

- 
- 

1.0 x lo-* 
_. 

1.0 x 10-8 
1.0 x 10-8 
1.0 x 10-8 

- 

2.0 x 10-4 

- 

6.2s x 10-4 
5.0 x 10-4 

1.12 x 10-3 
3.32 x 10-3 
1.00 x 10-3 
6.17 x 10-3 

- 

1.0 x 10-3 
4.0 x 10-3 

0 

Total nitrogen, except for cases 3 and 5, where it is defined as nitrate/N (5) ' -, not considered in simulation. 
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TABLE 4.3 Parameters used in the batch-type biodegradation modeling (cases 1 to 5) 

Value for: 

Case 1 Case 2 Case 3 Case 4 Case 5 
Aqueous component 

- 

1.0 x 10-5 

1.0 x 10-5 
1.0 x 10-5 
1.0 x 10-5 
1.0 x 10-5 

- 

- 

- 

0.1 

5.0 
0.5 
1 .o 
0.1 

- 

- 

- 

- 

1.0 x 10-5 

1.0 x 10-5 
- 

- 
2.0 x 10-6 
- 

1.0 x 10-5 
- 
- 

5.0 X 10-6 

- 

10.0 
5.0 
- 
- 
0.1 
- 
- 
- 

- 

- 

1.0 x 10-5 
- 
- 

- 

1.0 x 10-5 
- 

- 

- 

1.0 x 10-4 
2.5 x 10-5 
1.0 x 10-5 
2.5 X lop6 
- 

- 

5.0 
- 

- 

0.1 
- 

- 

- 

* -. not considered in simulation 

is consumed during bacterial decay. Note that 
the differences between the two cases become 
more pronounced with increasing bacterial 
efficiency (here lo%), as shown for example 
by Barry et al. (9) for simulations involving 
dissolved organic carbon, CH20, and oxygen. 

Of course, the formulations for microbial 
growth above apply only to the uptake ofa sin- 
gle substrate, whereas contamination often in- 
volves numerous (organic) compounds. The 
(possibly simultaneous) uptake of these sub- 
strates can be incorporated into the modeling 
approach described above. The model of 
KindredandCelia (35), alsousedinotherstudies 
(24,48,55), states that the growth ofthe degrad- 
ing microbial community is simply the sum of 
the growth rates arising from degradation of in- 
dividual organic contaminants: 

1.0 x 10-5 
1.0 x 10-5 

1.0 x 10-5 
- 

- 
- 
- 
- 
- 
- 

- 

- 

- 
- 
- 
- 

0.1 

8.64 X 10-6 
4.32 x 10-5 

8.64 x 10-7 

where, in analogy to equation 17, each of the 
growth terms aX,/at can be derived from 

The uptake rates vLz can differ between 
dfferent substrates. In this way, it is possible 
to model varying degradation rates of different 
electron donors. This can be necessary when, 
for example, benzene degrades more slowly 
than the other compounds, as reported by 
Davis et al. (19). The case of a simultaneous 
uptake of BTEX constituents (benzene, tolu- 
ene, ethylbenzene, xylenes) by one microbial 
group is demonstrated by the next simulation 
example (case 2). Different initial amounts of 
organic compounds were assumed to be pres- 
ent (Table 4.2) and the initial sulfate mass 
was increased compared to that of the first 
example (thus, still present in excess). As can 
be seen in Fig. 4.2, for the chosen parameters 
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(after the work of Barry et al. [9]). 

(Table 4.3), toluene and ethylbenzene degrade 
first. They are followed by xylene, while deg- 
radation of benzene takes longest. The rate 
of sulfate consumption decreases once toluene 
and ethylbenzene are depleted and slows 
down further as soon as only benzene is left 
to degrade. Figure 4.2 shows also the temporal 
development of the nitrogen concentration 
within the aqueous phase. During bacterial 
growth, nitrogen is removed from the aque- 
ous phase and incorporated into biomass. 

Once the bacterial decay rate exceeds the 
growth rate, the nitrogen released to the 
aqueous phase eventually returns the nitrogen 
concentration to its initial value. 

Nutrient Limitation 
While in many cases bacterial activity is limited 
by substrate or electron acceptor availability, 
growth might also be limited by nutrients such 
as nitrogen or phosphorus. The most common 
mathematical model to consider this effect is 
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simply to add an additional Monod term to 
equation 17. For the case of a potential growth 
limitation by nitrogen, this gives 

where K, is a half-saturation constant for nitro- 
gen and C, is the concentration of nitrogen in 
the aqueous phase. 

Multiple Bacterial Groups and Growth 
Inhibition 
So far, we have assumed that the contaminant 
degradation is dominated by a single biogeo- 
chemical process in which one particular bacte- 
rial group is largely responsible for the contami- 
nant breakdown. This assumption might indeed 
be valid for some cases of active bioremediation 
schemes in which electron acceptors are actively 
replenished. However, in most instances where 
contaminants degrade naturally, i.e., without 
any intervention, it is very likely that more than 
one bacterial group will be involved in the deg- 
radation process as electron acceptors become 
locally depleted. When this is the case, bacterial 
groups that rely on less thermodynamically fa- 
vorable electron acceptors might take over and 
proceed with the contaminant breakdown. 
Eventually this leads in most cases to the forma- 
tion of hstinct redox zones whereby the domi- 
nating bacterial group corresponds to the most 
thermodynamically favorable electron acceptor 
within each zone. In numerical models, the se- 
quential use of electron acceptors can be 
achieved through the introduction of additional 
Monod-type inhibition terms. For example, the 
inhibited growth of sulfate-reducing bacteria in 
the presence of oxygen and nitrate can be ex- 
pressed by 

a x s u ~  - max Corg 
- 'sulf ' x  'inh,ox 'inh,nit 

at Korg  + Corg 

and using for the inhibition terms: 

Kinh, ox 

Kinh, ox + 'ox 
'inh,ox = (25) 

and 

Kinh, nit 

Kinh, nit + 'nit 
'inh, nit = (26) 

where Cox and C,, are the concentrations of oxygen 
and nitrate, respectively, and K& and K& 
are half-saturation constants. K ~ ,  ox and K&, st 
are inhibition constants that need to be much 
smaller than typical nitrate or oxygen concen- 
trations under ambient conhtions. The 
Monod-type inhibition term 'inh, ox will then 
remain =0 as long as oxygen is present in signifi- 
cant amounts but reaches its maximum value of 
=l as soon as oxygen is depleted. Growth of 
SRB remains inhibited after Iinh, ox becomes 
= 1, because Iinh, nit is still =0 as long as nitrate 
is present. Once nitrate concentrations become 
very low, 'inh, *it also approaches = 1 and growth 
of SRB can start to increase to rates that will af- 
fect the concentration of the organic substrate 
(no more growth inhibition). Mathematically, 
the form of the inhibition terms resembles that 
used in model approaches that do not explicitly 
consider bacterial growth and decay for the 
computation of the oxidation rates of the or- 
ganic compounds (39). Van Cappellen et al. (60) 
have used inhibition terms of this form for the 
simulation of the oxidation of organic matter in 
aquatic sediments. Most comprehensive bio- 
degradation models incorporate multiple inhi- 
bition terms into the growth equation(s). Fol- 
lowing equation 21 and assuming that microbial 
groups are hstinguished by their capacity of 
using a particular electron acceptor, a general- 
ized formulation for microbial growth is then 

i=l ,  n ninh 'inh,i[ n = l ,  n 0'6 ") at 
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where Iinh, is an inhibition term similar to that 
in equation 25 for each of the q n h  more favora- 
ble electron acceptors. An illustrative example 
for the sequential use of electron acceptors is 
given by the third simulation example (case 3) .  
It involves the sequential consumption of oxy- 
gen, nitrate, and sulfate during oxidation of tol- 
uene. For the initial conditions and parameters 
chosen in this example (Table 4.2), full miner- 
alization of toluene occurs during the course 
of the numerical experiment, as can be seen in 
Fig. 4.3. However, it can also be seen that the 
degradation of toluene occurs in three distinct 
phases, i.e., under aerobic, denitrifying, and fi- 
nally sulfate-reducing conditions. During the 
first phase, the oxygen that is initially present 
in the system is consumed rapidly, subsequent 
to an initial lag period during which toluene 
concentrations remain essentially unchanged. 
The lag period results from the very small initial 
microbial concentrations of the aerobic de- 
graders (aerobes). Once oxygen is depleted, the 
oxidation of toluene then continues after a fur- 

ther lag period. It involves the growth of deni- 
trifjmg bacteria, which stops once nitrate is also 
depleted. In the final stage, the toluene removal 
is completed by the activity of the SRB. 

Some conceptual models for biologically 
mediated degradation reactions suggest that 
with increasing biomass concentrations and thus 
increasing biofilm thickness, degradation rates 
might become limited by the supply of reac- 
tants. In order to avoid solving the diffusional 
transport of reactants at a microscopic (i.e., 
within-biofilm) level, Kindred and Celia (35) 
have proposed use ofa macroscopic formulation 
to account for the rate limitation resulting from 
excessive biomass accumulation. The mass bal- 
ance equation for bacteria becomes 

6 I 

1 - I Oxygen 
I I 4 1 Nitrate 

1 

'b 

- .  
0 '. 

0 5 10 15 20 25 30 35 40 
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FIGURE 4.3 
and sulfate in a closed batch system (after the work of Barry et al. [S ] ) .  

Simulation oftoluene mineralization by sequential use of oxygen, nitrate, 
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ous phase. A mathematically equivalent inhibi- 
tion term aimed at suppressing excessive micro- 
bial growth was proposed by Zysset et al. (69): 

(29) Kbio with: Ibio = 
Kbio -k 

where Kbio is an inhibiting biomass concentra- 
tion. As Kindred and Celia (35) pointed out, 
when a microbial concentration becomes much 
larger than &i0, the growth term will become 
similar to the basic Michaelis-Menten expres- 
sion. Conceptually, this represents a situation 
where the real biofilm thickness becomes irrele- 
vant since the metabolic activity occurs pre- 
dominantly on the upper layers ofa biofilm that 
are more exposed to the nutrient-bearing aque- 

(30) 
8,-x 

~ m a x  

I =- 

where Om, is a maximum bacterial concentra- 
tion. 

The sensitivity of modeling results to the 
selected magnitude of &,io is illustrated by case 
4 (Fig. 4.4). It can be seen that if K b i o  = 1 X 

mol liter-', the simulated evolution of 
the biomass concentrations is almost similar to 

bio 
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FIGURE 4.4 
growth inhibition. 

Simulation oftoluene mineralization by sulfate with and without 
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that of the uninhibited case. In contrast, for the 
example simulation that uses the smallest Kbio 

(2.5 X 10K6 mol liter-’), the microbial 
growth is strongly inhibited, resulting in a 
much lower contaminant removal rate. 

Modeling Geochemical Changes 
during Biodegradation 
In many cases, the reactions that are critical 
in determining the rates of removal of con- 
taminants from groundwater involve the pro- 
duction and consumption of protons and 
other reactants, which subsequently can trig- 
ger the precipitation or dissolution of min- 
erals, ion exchange, or surface complexation 
reactions (21). For example, the oxidation of 
BTEX compounds not only consumes elec- 
tron acceptors, but also causes changes in 
alkalinity and pH and produces reduced forms 
of electron acceptors such as sulfide or ferrous 
iron. The latter species may react further and 
precipitate as minerals such as siderite 
(FeC03), iron sulfide (FeS), or pyrite (FeS2). 
For simplicity, those effects are often ne- 
glected in modeling stuhes. 

There are situations, however, in which 
the simulation of only the primary reactions 
provides insufficient information or delivers 
erroneous results. Where reaction rates are 
dependent on the pH of the groundwater, 
the simulation of the hydrogeochemistry and 
thus of secondary reactions might be required, 
which itself is changing during biodegrada- 
tion. When monitored natural attenuation is 
considered for use as a remediation technique, 
understanding and quantifylng the detailed 
geochemical footprint of degradation reac- 
tions can be an important component for 
the successful verification of the attenuation 
processes (64). Given the increased use of 
monitored natural attenuation for treatment 
of BTEX-contaminated groundwater, the in- 
clusion of the geochemical changes that occur 
during the bioremediation process can be es- 
sential for accurate modeling of the fate of 
the contaminants. 

The next example that we wdl discuss here 
(case 5) provides a relatively simple illustration 

of a situation where geochemical interactions 
occur in response to the oxidation of organic 
compounds. As above, we use a batch-type 
model to look at the fate of the reaction prod- 
ucts. Toluene mineralization is taken again as 
the primary reaction, which now also acts as 
the driving force for secondary reactions. As 
noted by Brun and Engesgaard (15), such prob- 
lems can be modeled by a two-step method, 
or so-called partial equilibrium approach. This 
approach splits the redox reaction to be mod- 
eled into two separate steps: (i) the electron- 
donating oxidation step and (ii) the electron- 
accepting step, as discussed in earlier sections 
of this chapter. Accorlng to Postma and Ja- 
kobsen (47), the assumption that the first step 
is rate limiting is made and thus the second 
step can be simply modeled as an equilibrium 
reaction. For illustration purposes, we use, in 
contrast to the previous simulation examples, 
an approach in which microbial growth and 
decay are not included in the model. Instead, 
we use a simpler rate equation for the time- 
dependent degradation of toluene, based on an 
additive Monod expression: 

(31) 
Cea,  i 

Kea,  i + C e a ,  i 
- r e a , i  

i=l ,  n,, 

a c o r g  

at 

where Corg is here the toluene concentration, 
C,, is the concentration of the ith electron ac- 
ceptor, rtea is the number of electron acceptors, 
and r e ,  and K,, are the reaction rate and the 
half-saturation constants corresponding to the 
ith electron acceptor, respectively. The form of 
equation 31 causes the oxidation rate of toluene 
to decrease successively as more and more oxi- 
dation capacity gets depleted, i.e., as redox con- 
ditions become more and more reducing. In the 
simulation, we assume that oxygen, nitrate, and 
amorphous iron oxide [Fe(OH)3] are initially 
present as electron acceptors. The parameter 
values and initial concentrations used for this 
numerical experiment are shown in Tables 4.2 
and 4.3, while the simulation results are shown 
in Fig. 4.5. As microbial growth and decay are 
not simulated, toluene degradation begins with- 
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FIGURE 4.5 Simulation oftoluene mineralization under sequential aerobic, denitrifj- 
ing, and iron-reducing conditions in a closed batch system. TIC, total inorganic carbon. 

out any lag period immediately after the start of 
the simulation. The degradation rate is highest 
at the beginning while oxygen is still present but 
decreases constantly over time. Once nitrate is 
depleted (after 8 days), the simulated Fe(OH), 
concentration also starts to decrease. The simu- 
lation results in Fig. 4.5 show also that the total 
inorganic carbon concentration increases dur- 
ing the phase at which oxygen and nitrate act as 
electron acceptors. However, once iron reduc- 
tion has started, the total inorganic carbon con- 

centration starts to decrease again as the solution 
becomes (or, more precisely, would become) 
oversaturated with respect to siderite (FeCO,), 
which therefore precipitates. Figure 4.5 also de- 
picts pH changes during the three phases of the 
numerical experiment. The changes would 
even be more pronounced if calcite (CaC0,) 
did not buffer the pH changes. The simulation 
results indicate therefore that even the (dis- 
solved) calcium concentrations are ultimately 
affected by toluene oxidation. 

Next Page 
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MODELING FLOW AND PHYSICAL 
TRANSPORT 

Nonreactive Single-Species Transport 
The successful application of bioremediation 
techniques to contaminated groundwater is 
based on the availability of all essential ingredi- 
ents required for the microbial activity to 
occur. In many groundwater systems, the rate 
of delivery of one or more of the reactants that 
take part in the transformation limits the 
progress of contaminant destruction. Clearly, 
groundwater flow and the resulting mixing 
caused by hydrodynamic lspersion play a key 
role for remediation success. Detailed under- 
standing and quantification of the natural 
groundwater dynamics and/or the dynamics 
induced by a remedation scheme are essential 
for optimizing engineered schemes or predict- 
ing natural attenuation. 

The macroscopic mass balance for the trans- 
port of a single, dissolved, nonreactive chemi- 
cal species within a three-dimensional domain 
is described mathematically by the partial dif- 
ferential equation (10, 11, 67) 

_-  ac --(D.. a - ) - - ( v ~ C ) + ~ C ~  ac a 4 (32) 
at axi axj axi e 

where C [MLP3] is the aqueous concentration 
of the chemical species, vi [LT-'1 is the pore 
water velocity in direction xi PI, D, F2T - '1 is 
the hydrodynamic dispersion coefficient tensor 
(summation convention assumed), 8 is the po- 
rosity of the porous medium, qs [L3L-3T-1] 
is the volumetric flux rate per unit volume of 
water representing external sources and sinks, 
and C, [ML-3] is the concentration ofthe spe- 
cies within this flux if qS is positive (injection), 
otherwise C, = C. In equation 32, the chemi- 
cal species is subject to advective and lspersive 
transport by the flowing fluid. 

The advection-hspersion equation results 
from averaging microscopic processes occur- 
ring at the pore scale within a representative ele- 
mentary volume, leading to a continuum model 
at the macroscopic level (10). The advection 
term describes the transport of a dissolved spe- 
cies at the same mean velocity as the groundwa- 
ter, which is the dominating physical process in 

most field-scale contamination problems within 
the saturated groundwater zone. The dispersion 
term represents two processes, mechanical dis- 
persion and molecular diffusion. Mechanical 
lspersion results from the fluctuation of the 
(microscopic) streamlines in space with respect 
to the mean flow direction and inhomogeneous 
conductivities withm the representative ele- 
mentary volume. Molecular diffusion is caused 
by the random movement of the molecules in a 
fluid. It is usually negligible compared to me- 
chanical hspersion (10). The (macroscopic) 
pore velocity vi in equation 32 is derived from 
Darcy's law 

Kij a h  
I e axj v, = (33) 

and the three-dimensional flow equation for 
saturated groundwater 

where Kg is the hydraulic conductivity tensor 
and h [L] is the hydraulic head. Note that the 
off-diagonal entries of the hydraulic conduc- 
tivity tensor become zero if the principal com- 
ponents are aligned with the x, y, and z axes 
of the flow domain. Analytical solutions for 
equations 32 to 34 exist only for relatively sim- 
ple cases. Thus, for solving more complicated 
cases, e.g., involving heterogeneous aquifers, 
transient boundary conditions, etc., numerical 
techniques such as the finite difference and fi- 
nite element methods (11, 34, 46, 62) are re- 
quired. Groundwater flow models such as 
MODFLOW (40), HST3D (37), FEM- 
WATER (65), and FEFLOW (20) that incor- 
porate information on the hydrological and hy- 
drogeological properties of a site will typically 
form the basis for subsequent contaminant 
transport simulations. However, in many cases, 
a proper groundwater flow model itself can al- 
ready provide useful information, e.g., to esti- 
mate how fast the edge of a contamination 
front would migrate in a nonreactive case, i.e., 
if no biodegradation or sorption occurred. 

Previous Page 
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Modeling packages such as PMPATH (16) 
allow predictions of the contaminant flow path 
and travel times of nonreactive contaminants. 

The first step in building such a site-specific 
groundwater flow model is, based on a prelimi- 
nary site characterization, the development of 
a conceptual hydrological and hydrogeological 
model. At this stage, all available geologic and 
hydrographic information is collated and ana- 
lyzed. The conceptual model formulates the 
following qualitatively: 

the general groundwater flow direction; 
(natural) boundaries that might be used as 
boundaries in the numerical model, such as 
(subsurface) catchment boundaries and (di- 
viding) streamlines; 
which stratigraphic layer(s) is more and 
which one is less or much less permeable, 
and which layer(s) is suitable to form a 
boundary in the numerical model; and 
the fluxes into and out of a chosen (model) 
domain and how to determine or estimate 
these fluxes quantitatively. 

The so-constructed conceptual model 
might be translated into a simple numerical 
model, pointing to data gaps and thus assisting 
in the design of a refined characterization pro- 
gram and monitoring network. Details of this 
procedure can be found in many groundwater 
hydrology-specific textbooks such as those by 
Freeze and Cherry (28) or Fetter (26). Model- 
ing texts such as those by Anderson and Woes- 
sner (2), Chiang and Kinzelbach (16), and 
Zheng and Bennett (68) are available also. 

Reactive Single-Species Transport 
The chemical species transported by ground- 
water as described by equation 32 will, in most 
cases, either interact with the aquifer material 
(e.g., sorption, ion exchange, or precipitation- 
dissolution) or react with other chemicals in 
the aqueous phase (e.g., acid-base reactions or 
redox reactions) or both. In a very general, un- 
specified form this can be expressed mathe- 
matically by including an additional reaction 
term, Rchem, in the above-mentioned transport 
equation, leading to 

_-  ac a ac a 
at axi z~ axj axi 

- -(D.. -) - -(v$) 

(35) 

This reaction term is typically a complicated 
function of the concentrations of many other 
chemical species and/or of bacterial concentra- 
tions, for example. Limited by the availability 
of appropriate computational resources, these 
interactions between multiple groundwater 
and soil constituents were, until recently, ne- 
glected in most modeling applications. How- 
ever, with the steady disappearance of this con- 
straint, models of increasing complexity have 
been developed. 

COUPLED PHYSICAL TRANSPORT 
AND REACTIVE PROCESSES 
We now consider the case where physical trans- 
port and reactive processes occur simultane- 
ously. To solve this type of problem, a range of 
numerical schemes exists (e.g., see reference 
56). We focus here, however, on only one par- 
ticular method, the split-operator technique 
(6-8,33,66), which is (i) simple to understand, 
(ii) relatively easy to implement on parallel com- 
puters, and (iii) with few exceptions (e.g., 
OS3D/GIMRT software from Pacific North- 
west National Laboratory, Richland, Wash.) 
has become the standard method for solving 
such combined physicochemical problems. The 
operator-splitting technique involves separat- 
ing the processes (e.g., flow, transport of indi- 
vidual chemical components or species, chemi- 
cal reactions, and microbial activity) within the 
numerical model and solving each submodel in- 
dependently. Different implementations of this 
method exist, resulting in different degrees of 
accuracy and computational burden. In the 
most simple and commonly applied variation, 
equation 32 is initially solved separately for each 
transported chemical for each time step oflength 
At before, in a second step, the concentration 
changes due to chemical reactions during At are 
determined. The latter computation is carried 
out for each grid cell (in a spatially discretized 
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domain) independently from other grid cells, 
thereby simplifying the computational burden 
significantly compared with that of the fully 
coupled case. The rates at which the reactions 
proceed in relation to the velocity at which the 
chemicals are transported provide the criteriafor 
choosing an appropriate solution technique to 
accurately describe the reactive processes. 
Under the assumption that all reactive processes 
proceed rapidly in comparison to groundwater 
flow and transport, known as the local equilib- 
rium assump tion, equilibrium thermodynamics 
can be used to compute the concentration 
changes. Note that within this (equilibration) 
step, each grid cell is treated as a closed system. 
That is, the total concentration ofeach chemical 
component, consisting of the sum of aqueous, 
sorbed, precipitated and gas-phase concentra- 
tions, does not change, although the dstribu- 
tion within these phases and the concentration 
of (complexed) species will vary. Batch- 
type geochemical equilibrium packages such 
as PHmEQE/PHREEQC (43, 44) or 
MINTEQA2 (1) can be used for this step. En- 
gesgaard and Kipp (23) and Walter et al. (61) 
presented examples of models employing this 
technique. More recently, the split-operator 
technique has been applied to model sets ofmul- 
tiple, exclusively kinetically reacting species 
(e.g., see reference 18) or for problems where 
both equihbrium and kmetic reactions occur. 
The PHREEQC-2 model (45), which we have 
already used for the batch-type examples, can be 
used for a modeling approach of the latter class. 
Coupled to a transport model via operator split- 
ting, it is capable of determining the reaction 
term Rchem within equation 35 for a wide varie- 
ty of sets of mixed equilibrium and hne- 
tic reactions (15, 49, 50; also PHAST [http:// 
www.brr.cr.usgs.gov/projects/GWC-coupled/ 
phast/] from the U.S. Geological Survey). 
Below, we will explore some of the major as- 
pects and typical applications related to bior- 
emediation. 

MODELING OF NATURAL 
ATTENUATION PROCESSES 
More than in other areas of bioremediation, 
numerical modeling is applied to assist the as- 

sessment of site-specific risks when natural at- 
tenuation is the preferred remediation option. 
In many cases it can be expected that the disso- 
lution from free product, i.e., non-aqueous- 
phase liquids (NAPLs), in the vicinity of the 
saturated groundwater zone will provide a 
long-term contamination source for the 
groundwater, perhaps lasting decades or even 
hundreds of years. Under most circumstances 
that involve NAPL dissolution, groundwater 
contaminant plumes of a more or less stable 
length will form during a relatively short 
timescale (30). Stable plumes occur under con- 
ditions where the total mass dissolved from the 
free product (per unit of time) equals the rate 
of total contaminant mass destruction by bio- 
degradation. In the case of oxidzable organic 
compounds such as petroleum hydrocarbons 
(or landfill leachates), typically one or more 
electron acceptors will be consumed so that 
distinct redox zones form downstream of the 
contaminant source (5, 12). They are the result 
of the sequential use of electron acceptors, with 
the most reduced chemical environment being 
the plume center in proximity of the source 
region. The key factors that are largely respon- 
sible for the length of steady-state plumes are: 

. groundwater flow velocity, . rate of organic compound dissolution from 
free product or NAPL in the source zone, . oxidation capacity provided by the back- 
ground or uncontaminated water, and . mixing of electron acceptors through trans- 
verse hydrodynamic dispersion. 

In the following section, we will discuss 
some of the important modeling aspects of 
these governing factors. 

Modeling the Contamination Source 
In most cases where numerical modeling is ap- 
plied to field-scale contamination problems, 
the extent and the location of the source of the 
contamination are not well characterized. In 
order to reduce the uncertainty associated with 
the lack of detailed information, the migration 
of the contaminant might be simulated as a 
multiphase problem involving water, air, and 
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oil (25). However, in many instances, in partic- 
ular when the oil phase is denser than water, the 
source location and extension must be largely 
guessed. With the known or estimated location 
of the contamination source, the (simultane- 
ous) mass transfer of multiple organic com- 
pounds from the NAPL phase to the water 
phase and the (dmolved) concentrations of the 
organic compounds can be approximated. For 
the nOrg organic compounds that are present in 
the NAPL phase, nonequilibrium mass trans- 
fer, rdiS, from a NAPL pool is expressed as 

where mi [T-*] is a rate transfer coefficient ap- 
proaching infinity for equilibrium dissolution, 
Ci [MLP3] is the aqueous species concentration 
of the ith organic compound, and mc 

[ML-3] is the multicomponent solubility of 
the ith organic compound. The multicompo- 
nent solubility is calculated according to 
Raoult's law: 

(37) 

where Cyt [ML-3] is the single-species solu- 
bility, yi is the activity coefficient of the ith 
organic compound (typically for simplicity as- 
sumed to be unity), and mi is the mole fraction 
of the ith organic compound. The mole frac- 
tion is defined as 

where ni is the molar concentration of com- 
pound i in the NAPL and ntot is the total molar 
concentration of all organic compounds in the 
NAPL. From equations 36 to 38 it becomes 
clear that the near-source concentrations might 
change with time due to the temporal change in 
the molar fraction. When the dmolution pro- 
cess is kmetically controlled, concentrations will 
also depend on the groundwater flow velocity. 

As a first example for a coupled transport and 
reaction simulation, we look at a simple, one- 
dimensional transport problem where uncon- 

taminated, anaerobic, sulfate-rich ground water 
is passing a 4-m-long aquifer zone (located be- 
tween 5 and 9 m from the left influent boundary) 
contaminated with residual NAPL blobs. The 
groundwater flow rate is constant, i.e., pore ve- 
locity of0.75 m day- (case 6; initial concentra- 
tions are given in Table 4.4). We assume that the 
residual NAPL consists only of the fokr BTEX 
compounds as, in practice, they are the most sol- 
uble gasoline constituents. As before, we assume 
that sulfate and dissolvedBTEX compounds act 
as electron acceptors and electron donors, re- 
spectively. Only the activity ofSFU3 attached to 
the aquifer matrix is simulated; i.e., any detach- 
ment-attachment and transport processes of 
SRB are considered negligible. As the simula- 
tion results for this simple system show (Fig. 
4.6), there is an increase of BTEX concentra- 

TABLE 4.4 
aqueous components, and microbes in the 
uncontaminated aquifer (cases 6 and 7) 

Initial concentrations of NAPLs, 

Component or bacteria Concn (mol/liter) 

Inorganic aqueous components" 
O(0)b ......................................... 0.0 

S(-11) ........................................ 0.0 
Fe(I1) ......................................... 5.78 X 10-5 

..1.60 X 

Mg ............................................ 5.66 X 10-4 

C1 .............................................. 6.44 X 10-3 

Non-NAPL 
Organic compound or bacteria 

Toluene ................................... 0.0 

NAPL 
Benzene .................................. 2.0 
Toluene .................................. 5.0 
Ethylbenzene.. ......................... 2.0 
Xylene.. ................................. .1 .0 

SIlB ..... ... 1.0 x 10-8 

a pH, 6.57; pe (measure of electron,activity in aqueous solu- 
tion), -2.08. 

Values in parentheses indicate valence state. 
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tions within the NAPL-containing zone, with 
the maximum concentrations varying signifi- 
cantly due to the different mole fractions of the 
compounds in the NAPL mix and due to their 
different (single-component) aqueous solubili- 
ties (Cat). The BTEX compounds are undergo- 
ing biodegradation within and downstream of 
the source zone as long as sulfate is available, so 
that toluene, ethylbenzene, andxylene are com- 
pletely removed, but not benzene. Since no 

other degradation processes that involve less fa- 
vorable electron acceptors such as iron reduc- 
tion or methanogenesis are modeled here, no 
further contaminant destruction occurs once 
sulfate is depleted. 

Role of Dispersive Mixing 
Under such circumstances, transverse disper- 
sion becomes the mechanism that controls the 
fate ofthe remaining, undegraded portion ofthe 

W 

u 
n 
Y 

0 10 20 30 40 50 
Dist. (m) 

FIGURE 4.6 Simulation of BTEX compound dmolution, transport, and mineraliza- 
tion under sulfate-reducing conditions in a one-dimensional domain. The NAPL source 
zone is located between 5 and 9 m from the influent end (left). TIC, total inorganic 
carbon. 
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mass released from the NAPL source. Ofcourse, 
the one-hmensional model is unable to capture 
this, at least in a direct manner. Thus, a multid- 
mensional transport simulation is necessary. 
Using the same “chemical” system, i.e., the 
same initial or inflow concentrations (Table 4.4) 
and parameters, and a groundwater flow rate 
similar to that of the previous case, the next case 
(case 7), a two-dimensional simulation, demon- 
strates the effect of (horizontal) transverse dis- 
persion (Fig. 4.7). A microbial “fringe” devel- 
ops downstream of the source zone at locations 
where degradable organic substances and elec- 
tron acceptor are present simultaneously. A 
major problem in terms of modeling such cases 
arises from the fact that the apparent transverse 

I 

Benzene 

dispersivity ofnonreacting solutes does not nec- 
essarily provide a good estimate for bioreactive 
transport, as was pointed out, e.g., by Cirpka et 
al. (17). Using a streamline-oriented grid, they 
investigated the two-dmensional physical 
transport in a heterogeneous aquifer coupled to 
biodegradation reactions of a single-substrate, 
single-electron-acceptor system. They demon- 
strated that employing a Fickian macrodisper- 
sion model and using transverse dispersivities 
(deduced from the second spatial concentration 
moment transverse to flow direction) will sig- 
nificantly overestimate local-scale mixing and 
thus biodegradation rates. When physical trans- 
port is dominated by advection, i.e., hydrody- 
namic hspersion is small compared to advective 
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FIGURE 4.7 Simulation of BTEX compound dissolution, transport, and mineralization under sulfate-reducing 
conditions in a two-dimensional domain. The NAPL source zone is located between 5 and 9 m &om the influent 
end (left) and has a width of 6 m. Dist., distance. 
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transport, these fringes might be very thin, re- the field site (19, 27, 54, 57). For example, 
sulting in steep chemical gradients. Resolution recharge and inflow at the model upstream 
ofthe physical transport mechanisms inlocal re- boundary were chosen so that the model 
gions without introducing large numerical er- would schematically represent the typical 
rors remains a challenging and computationally Perth climate of a 5-month rainy period (re- 
expensive task, in particular for heterogeneous charge of 1.5 mm day- ') and a 7-month dry 
aquifers. period without recharge. With a hydraulic 

conductivity of 22 m day-', the transient- 

FIELD-SCALE APPLICATION 
A numerical study was camed out for a 
BTEX-contaminated field site for which a 
wealth of detailed information of hydrochem- 
ical and microbial parameters has been inten- 
sively recorded. The field site is located in 
Perth, Western Australia (e.g., see reference 
19), where toluene, ethylbenzene, and xylenes 
are mineralized under exclusively sulfate-re- 
ducing conditions. The modeling study is de- 
scribed in full detail elsewhere (50). Vertical 
concentration profiles obtained from multi- 
level sampling devices showed only limited 
vertical spreading of the long, thin plumes, 
indicating that the porous medum is fairly 
homogeneous and that transverse dispersion 
is rather small. As part of a more detailed 
modeling study, the flow, transport, and mix- 
ing processes and how they affect the site- 
specific degradation behavior were initially 
studied in a vertical cross-sectional model 
along the (flow) path of the contaminants, 
reported here as case 8. The specific scope 
of the numerical study was to further under- 
stand the site-specific role of the addtional 
transverse dispersion, caused by the transient 
flow field, on reactive processes and, in partic- 
ular, to determine whether this mechanism 
is likely to enhance natural attenuation signifi- 
cantly. In order to quantifj the effect of the 
transient flow field, comparisons are made 
with transport simulations based on a steady- 
state condition. 

Nonreactive-Single-Species Transport 
The schematic vertical cross-sectional model 
was developed such that it approximately re- 
produces the hydro(geo)logical properties of 

flow model of the unconfined aquifer does 
indeed mimic the observed annual pattern of 
the piezometric heads. Water table fluctua- 
tions of almost 2 m occur at the influent 
boundary in response to the seasonally varying 
recharge. In the steady-state model, which 
was used for comparison, the recharge and 
boundary inflows were averaged over one 
annual cycle. For both the transient and the 
steady-state simulations, the groundwater flow 
field is characterized by increasing flow veloc- 
ities towards the efnuent boundary. This effect 
can be attributed to the nonsloping aquifer 
bottom, which, together with the falling 
water table (in flow direction), leads to a 
notable reduction of the effective thickness 
of the aquifer and consequently higher flow 
velocities. The computation of the first and 
second spatial moments can be used to indi- 
cate the location of the plume center and to 
quantify the spreading that the plume has 
undergone. The plots in Fig. 4.8 show the 
computed spatial moments along the flow 
direction. Snapshots for the transient plume 
behavior from different stages during the an- 
nual cycle are plotted in comparison with 
the corresponding results from the steady- 
state model. It can be seen that independently 
of dispersion and sorption the vertically inte- 
grated mass decreases along the flow path 
despite the absence of degradation reactions. 
Of course, in reahty no mass has been de- 
stroyed. The example shows, rather, that the 
interpretation of measured concentrations, 
even when integrated in one or two spatial 
drections, can be misleading if no flux 
weighting is applied. In the absence of flux 
weighting, a proper conservation of mass is 
not warranted and the disappearance of the 
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FIGURE 4.8 First-moment, vertically integrated mass and second moment for advective, nonreactive 
transport (a), advective, dispersive, nonreactive transport (b), and advective, dispersive transport with linear 
equilibrium sorption (retardation factors R of 1.45 and 1.88, respectively) (c and d). The solution for steady- 
state flow (thick lines) and solutions from the transient simulations (thin lines) are indicated. Reprinted 
from reference 50 with permission from Elsevier. 

vertically integrated concentrations could be 
interpreted as biodegradation. 

The effect of sorption reactions on the dis- 
cussed plume characteristics was investigated by 
comparing “no-sorption’’ simulations with two 
scenarios that included linear equilibrium sorp- 
tion reactions. In the first scenario, the sorption 
corresponds to a retardation factor of R = 1.45 
and, in the second, to R = 1.88. The simulation 
results shown in Fig. 4.8 demonstrate that the 
inclusion of the sorption reactions exceeds a 
“buffering” effect on the vertical movement of 
the plume that results from seasonal hydraulic 
changes. This is indicated by the smaller vari- 
ability of the computed first spatial moment 
(vertical position ofplume center) and the com- 
puted second spatial moment (plume spread- 
ing). The results also show that for the transverse 
dispersivity used in these simulations (0.4 mm), 

the accelerating flow has a converging effect for 
the plume that is even stronger than the spread- 
ing caused by hydrodynamic dispersion. More 
details are given elsewhere (50). 

Reactive Multicomponent Transport 
Based on the previous simulations, in which 
degradation reactions were ignored, the influ- 
ence of the transient flow field on reactive pro- 
cesses was studied in a second step. As discussed 
earlier in this chapter, biodegradation of oxi&z- 
able contaminants (in this case, BTEX com- 
pounds) might occur mainly at contaminant 
plume fringes where organic substrates and elec- 
tron acceptors (in the present case sulfate) are si- 
multaneously available. Thus, it might be intui- 
tively expected that the vertical movement of 
the plume caused by the seasonal water table 
fluctuations would facilitate increased mixing of 
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reactants and that in response the rates of total 
mass removal by biodegradation would in- 
crease. This increased mixing ofreactants might 
be expected when electron donor(s) and elec- 
tron acceptor(s) have different sorption charac- 
teristics. The reactive multicomponent trans- 
port model PHT3D (49) was used to investigate 
the magnitude of this effect by comparing the 
results from reactive transport simulations that 
use a transient flow field with the corresponding 
results from simulations based on a steady-state 
flow field. 

Previous studies (19, 48) identified sulfate 
reduction as the dominant mechanism for the 
attenuation of BTEX compounds. Oxygen 
was observed only in low concentrations in 
the proximity of the water table during times 
of recharge. There it is consumed rapidly, 
either directly by organic matter or by 
groundwater constituents and/or minerals that 
have been reduced previously. Nitrate was 
generally not found in this portion of the 
aquifer. The water composition used for the 
numerical study, which was assumed to be 
representative for the uncontaminated portion 

of the aquifer, was based on a water sample 
taken upstream of the contaminated area. The 
recharge water was assumed to have an identi- 
cal composition, except that the solution had 
been equilibrated with an additional 3.2 mg 
of oxygen liter-'. Two minerals (pyrite and 
siderite) that had been identified as reaction 
products in a soil core taken within the con- 
taminated zone (48) were also included in the 
simulation. SRB and toluene (other organic 
compounds were excluded) were treated as 
kinetic species for which rate expressions were 
formulated on the basis of the concepts dis- 
cussed earlier in this chapter. 

Contamination Source 
The investigation ofcore material from the con- 
tamination source zone showed that residual 
NAPLs were distributed over a 1- to 1.5-m- 
thick zone below the water table (19). The mea- 
surements of dissolved concentrations from a 
nearby multilevel sampling device indicated 
that the location and vertical extent of the zone 
from which elevated concentrations of BTEX 
compounds dissolve would largely follow the 
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FIGURE 4.9 
trations are given in moles per liter) (after the work of Prommer et al. [SO]). 

Contour plots for toluene, sulfate, and SRB for a snapshot from the transient simulations (concen- 
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movement of the water table. However, the 
lower portion ofthis NAPL dissolution zone ap- 
peared to move somewhat more slowly than the 
water table itself at times of a rising water table. 
The latter effect was not considered in the nu- 
merical model study. Instead, the vertically 
moving NAPL dssolution zone was modeled to 
occur from a defined, constant thickness below 
the moving water table. 

Steady-State versus Transient 
Simulations 
The reactive transport simulations reproduce 
the observed thin toluene plumes and their ap- 
proximate length, which is limited by the mass 
removal through biodegradation. The results 
show the observed limited vertical extent of the 
sulfate-depleted zone, confirming that the 
transverse dspersivity at this site is small. The 
simulations illustrate that the activity of the bac- 
teria, i.e., their highest concentrations, occurs 
mainly in the vicinity of the contamination 
source and, further downstream, at the plume 
fringes where the presence ofsulfate and toluene 
overlaps. The seasonally changing flow and, in 
particular, the “moving” contaminant source 
lead to pronounced seasonal variability of con- 
taminant dissolution and its flow path and bio- 
geochemical reaction rates. A snapshot from 
those transient simulations is shown in Fig. 4.9 
for toluene, sulfate, and SRB concentrations. 

The local (integrated) mass of dissolved toluene 
in the modelvaries between 60 and 160% ofthe 
corresponding steady-state mass, as can be seen 
in Fig. 4.10. The plot also identifies the effect 
of toluene sorption, which reduces the seasonal 
variabhty ofthe total mass. It can be seen that on 
average, the total mass decreases with increasing 

TABLE 4.5 
components, minerals, and microbes in the 
uncontaminated aquifer used in the field-scale natural 
attenuation simulation (case 8) 

Initial concentrations of aqueous 

Component or bacteria Concn (mol/liter) 

Aqueous componentsa 

Fe(I1) .............................................. 6.65 X 10-5 
Fe(II1) ............................................. 2.14 X 10-l2 

Ca .................................................. 8.41 X 10-4 
... 6.44 x 10-3 

................................................. 5.66 X 

CQV) .............................................. 7.95 x 10-3 

..5.24 x 10-3 
.................................................... 2.59 x 10-4  

Minerals or bacteria 
Pyrite ............................................. 0 
Siderite ........................................... 0 
SRB ....... 1.00 x 10-8 

“pH, 5.06; pe, 1.21. 
6 Values in parentheses indicate valence state 
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sorption. This shows that the modeled toluene 
sorption indeed causes a notable chromato- 
graphic effect by slowing down the vertical 
movement of the toluene plume relative to the 
somewhat faster vertical movement of the sul- 
fate-depleted zone. The effect leads to enhanced 
mixing between toluene and sulfate-containing 
water. If toluene sorption is excluded, the over- 
all influence of the seasonally changing flow on 
mass removal by biodegradation remains rather 
small. 

MODELING OF ENHANCED 
BIOREMEDIATION 
As stated above, very often the supply of elec- 
tron acceptors is the critical factor for natural 
attenuation, i.e., the length of a plume. In such 
cases, the addition of electron acceptors, in 
many cases together with other potentially 
growth-limiting substances, might be used as a 
means to enhance and accelerate naturally oc- 

curring degradation processes. However, the 
choice among electron acceptors is not neces- 
sarily straightforward, as discussed, e.g., by 
Kinzelbach et al. (36). Oxygen has the advan- 
tage of having the highest molecular energy 
yield. Unfortunately, its low solubility in water 
is a limiting factor for the transfer of oxidation 
capacity to an aquifer. Sulfate has a higher solu- 
bility but is accompanied by a sometimes unde- 
sired hydrogen sulfide production. Further- 
more, sulfate reduction might not be able to 
degrade efficiently more recalcitrant oxidizable 
organic substances. In terms of modeling en- 
hanced remehation processes, the two major 
challenges are: 

choice of reactive processes to be included 
in a simulation, and 

. accurate representation of the local-scale 
mixing processes that mix the injected water 
with the contaminated water. 

TABLE 4.6 
aquifer and of the oxygenated water that is injected to enhance remediation 

Concn (mol/liter) Concn (mol/liter) in 
Aqueous in case 9a (primary case 9b (primary and 
component, mineral, reactions only) secondary reactions)< 
or bacterial group 

Toluene 3 x 10-5 0 3 x 10-5 0 
N(5) 
N(3) 
N(O) 
N(-3) 
0 (0) 
SWI) 
S(-11) 
Fe(I1) - 

- - 3.19 x 10-3 1.70 x 10-4 
- - 1.90 x 10-3 1.43 x 10-3 

C(1v) 

Na - - 4.35 x 10-4 4.35 x 10-4 
c1 - - 2.82 x 10-4 2.82 x 10-4 

Initial concentrations of aqueous components, minerals, and bacteria of the initially contaminated 

c. llutlal . . Cinflow c. l"ltlal . . Cinflow 

- 5.0 x 10-4 -b 0.0 
- 0.0 0.0 
- - 5.0 x 10-4 0.0 
- - 1.10 x 10-6 0.0 

- 

0.0 6.32 x 10-4 0.0 6.32 x 10-4 
- - 5.26 x 10-4 5.0 x 10-4 
- - 5.07 X 10-11 0.0 

- 2.58 X 10-6 0.0 
Fe(II1) - - 3.48 x 10-13 1.79 X 10-1* 

Ca 

Pyrite 
Goethite 

Aerobes 1.0 x 10-8 - 1.0 x 10-8 - 

a pH, 7.32; pe (measure of electron activity in an aqueous solution), -3.16. 
b - ,  not considered in simulation. 
c Concentrations given in number of organisms per milliliter. 
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1.5 

In order to illustrate the first point, i.e., 
the importance of choosing the correct con- 
ceptual model, we set up a simple example 
of enhanced remechation via pulsed injection 
of oxygenated water into an anaerobic, het- 
erogeneous, initially toluene-contaminated 
aquifer (case 9) and compare the results for 
two sets of reactions. In the first case, we 
consider only the (primary) biodegradation 
reaction, here the degradation of toluene 
under aerobic conhtions. To model this, the 
reactions include only toluene, oxygen, and 
aerobic degraders. In contrast, in the second 
modeling approach, we additionally describe 
the composition of the groundwater and of 
major minerals in more detail and thus define 
the oxidation state of the aquifer (Tables 4.5 

I I I I I 

and 4.6). In this example, we include the 
presence of reduced aqueous species and of 
pyrite (FeS2). As a consequence, oxygen that 
is injected to enhance the breakdown of the 
organic contaminants is partially diverted to 
other oxygen-consuming processes, i.e., the 
reoxidation of pyrite and of ammonia. As 
shown, e.g., by the biogeochemical modeling 
exercise of Thullner and Schafer (58), such 
a diversion to minerals might consume a large 
fraction of the oxidation capacity that is added 
by the remediation scheme. In this case, it 
was estimated that only 2% of the oxygen 
mass added was consumed by the contami- 
nants, whereas 56% of the oxygen injected 
was diverted to pyrite oxidation. Figure 4.11 
shows a comparison of these two reaction 

Oxygen (primary biodegradation reactions only) 
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FIGURE 4.11 Simulation of enhanced remediation oftoluene by injection of oxygenated water, showing 
oxygen concentration distribution when primary reactions only (above) and primary and secondary oxygen- 
consuming reactions (middle) are considered. 
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FIGURE 4.12 Simulation of enhanced remediation of toluene by injection of oxygenated water, showing 
toluene concentration distribution when only primary reactions (top) and both primary and secondary reactions 
(middle) are considered. 

models. The figure shows the oxygen concen- 
tration 200 days after the beginning of the 
remediation and the temporal development 
of the integrated oxygen concentration, i.e., 
the total mass of oxygen in the model domain 
versus time. The corresponding toluene con- 
centrations are shown in Fig. 4.12, where the 
large difference in the amount of toluene mass 
that is degraded within the model boundaries 
is apparent. Confirming the findings of our 
simplified case, Eckert and Appelo (21) re- 
ported the results from a BTEX-contaminated 
site in Germany where K N 0 3  injection was 
used for enhanced remedation. The associ- 
ated geochemical transport model study also 
highlights that a significant portion of the 

injected oxidation capacity was consumed by 
sulfide minerals. The fraction of the injected 
oxidants that is lost to untargeted reactions 
depends of course on the reaction kinetics 
(rates) of the competing reactions. Some 
knowledge regarding the reactivity of reduced 
sediments has been developed in studies such 
as that presented by Hartog et al. (31, 32), 
but it is far from complete. 

CONCLUDING REMARKS 
In this chapter, we have introduced some of 
the key concepts that might play a role for the 
use of numerical modeling in the context of 
bioremediation. Emphasis was put on review- 
ing how the underlying chemical and physical 
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processes are translated into a coupled frame- 
work that simultaneously deals with both as- 
pects. The theory and examples that we dis- 
cussed here were confined to problems in the 
water-saturated zone, where biodegradation 
modeling probably finds its major applications. 
For simplicity, we have also focused the discus- 
sions on one particular contaminant class (oxi- 
dizable organic compounds). However, topics 
where modeling of transport in combination 
with microbially mediated reactions has also 
been applied include, for example: 

- biodegradation modeling in the unsaturated 
zone, 

. biodegradation of NAPLs in combination 
with multiphase transport, . in situ metal precipitation by injection of 
nontoxic degradable organic substances, and . biodegradation of chlorinated hydrocar- 
bons. 

All of these problems have in common the 
fact that they integrate interdisciplinary knowl- 
edge developed by microbiologists, geochem- 
ists, hydrogeologists, mathematicians, and en- 
gineers. Of course, a key factor for the 
successful development and application of such 
biodegradation models is always to find the 
necessary balance of process detail for each of 
the physical, chemical, or microbial processes 
that are considered. Therefore, it is important 
to have toolbox-like models at hand, so that 
additional process detail can be quickly incor- 
porated (or redundant details can be elimi- 
nated) and to allow a quick adjustment ofsimu- 
lation tools to evolutionary changes of 
conceptual models. In all cases, the right bal- 
ance between the complexity of models and 
the data that are available to underpin its use 
must also be found. 

REFERENCES 
1. Allison, J. D., D. S. Brown, and K. J. Novo- 

Gradac. 1991. MINTEQAZ/PRODEFZ, A Geo- 
chemical Assessment Model for Environmental Systems: 
Version 3.0 User’s Manual. Technical report EPA/ 
600/3-91/021. U.S. Environmental Protection 
Agency, Athens, Ga. 

2. Anderson, M. P., and W. W. Woessner. 1992. 
Applied Groundwater Modeling Sirnulation .f Flow 
and Advective Transport. Academic Press, San 
Diego, Calif. 

3. Bae, W., and B. E. Rittmann. 1996. A struc- 
tured model of dual-limitation kinetics. Biotechnol. 
Bioeng. 49:683-689. 

4. Bae, W., and B. E. Rittmann. 1996. Responses 
of intracellular cofactors to single and dual limita- 
tion. Biotechnol. Bioeng. 49:690-699. 

5. Baedecker, M. J., I. M. Cozarelli, D. I. 
Siegel, P. C. Bennett, and R. P. Eganhouse. 
1993. Crude oil in a shallow sand and gravel aqui- 
fer. 3. Biogeochemical reactions and mass balance 
modeling. Appl. Geochem. 8:569-586. 

6. Barry, D. A., K. Bajracharya, and C. T. 
Miller. 1996. Alternative split-operator approach 
for solving chemical reaction/groundwater trans- 
port models. Adv. Water Resouces 19:261-275. 

7. Barry, D. A., C. T. Miller, and P. J. Culligan- 
Hensley. 1996. Temporal discretisation errors in 
non-iterative split-operator approaches to solving 
chemical reaction/groundwater transport models. 
J .  Contam. Hydrol. 22:l-17. 

8. Barry, D. A., C. T. Miller, P. J. Culligan, and 
K. Bajracharya. 1997. Analysis of split operator 
methods for nonlinear and multispecies ground- 
water chemical transport models. Math. Comput. 
Sim. 43:331-341. 

9. Barry, D. A., H. Prommer, C. T. Miller, 
P. Engesgaard, and C. Zheng. 2002. Model- 
ling the fate of oxidisable organic contaminants 
in groundwater. Adv. Water Resonrces 25: 

10. Bear, J. 1972. Dynamics $Fluids in Porous Media. 
Dover Publications Inc., New York, N. Y. 

11. Bear, J., and A. Verruijt. 1987. Modeling 
Groundwater Flow and Pollution. D. Reidel Publish- 
ing Co., Dordrecht, The Netherlands. 

12. Bjerg, P. L., K. Riigge, J. K. Pedersen, and 
T. H. Christensen. 1995. Distribution of redox 
sensitive groundwater quality parameters down- 
gradient of a landfill (Grindsted, Denmark). Envi- 
yon. Sci. Technol. 29:1387-1394. 

13. Borden, R. C., P. B. Bedient, M. D. Lee, C. 
H. Ward, and J. T. Wilson. 1986. Transport 
of dissolved hydrocarbons influenced by oxygen- 
limited biodegradation. 2. Field application. Water 
Resource Res. 22:1973-1982. 

14. Brock, T. D., M. T. Madigan, J. M. Mar- 
tinko, and J. Parker. 1994. Biology ofMinoouga- 
nisms. Prentice-Hall, Englewood Cliffs, N.J. 

15. Brun, A., and P. Engesgaard. 2002. Modelling 
of transport and biogeochemical processes in pol- 
lution plumes: literature review and model devel- 
0pment.J. Hydrol. 256:211-227. 

945-983. 



136 H PROMMER AND BARRY 

16. Chiang, W.-H., and W. Kinzelbach. 2000.30 
Groundwater Modeling with PMWIN: A Simulation 
Systemfor Modeling Groundwater Flow and Pollution. 
Springer-Verlag, Berlin, Germany. 

17. Cirpka, 0. A., E. 0. Frind, and R. Helmig. 
1999. Numerical simulation of biodegradation 
controlled by transverse mixing. J.  Contam. Hy- 

18. Clement, T. P. 1997. RT3D-A Modular Com- 
p t e r  Code for Simulating Reactive Multi-Species 
Transport in 3-Dimensional Groundwater Systems. 
PNNL-SA-28967. Battelle Pacific Northwest 
National Laboratory, Richland, Wash. 

19. Davis, G. B., C. Barber, T. R. Power, J. 
Thierrin, B. M. Patterson, J. L. Rayner, and 
W. Qinglong. 1999. The variability and intrinsic 
remedation of a BTEX plume in anaerobic sul- 
fate-rich groundwater. J .  Contarn. Hydrol. 36: 

20. Diersch, H.-J. G. 1997. Interactive, Graphics- 
Based Finite-Element Simulation System FEFLOW 
for Modelling Groundwater Flow. Contaminant Mass 
and Heat Transport Processes. User’s manual version 
4.6. WASY. Institute for Water Resources Plan- 
ning and System Research Ltd., Berlin, Germany. 

21. Eckert, P., and C. A. J. Appelo. 2002. Hydro- 
geochemical modeling of enhanced benzene, tol- 
uene, ethylbenzene, xylene (BTEX) remediation 
with nitrate. Water Resource Res. 38:VI-VII. 

22. Edwards, E. A., L. E. Wills, M. Reinhard, 
and D. Grbic-Galic. 1992. Anaerobic degrada- 
tion of toluene and xylene by aquifer microorga- 
nisms under sulfate-reducing conditions. Appl. 
Environ. Microbiol. 58:794-800. 

23. Engesgaard, P., and K. L. Kipp. 1992. A geo- 
chemical transport model for redox-controlled 
movement of mineral fronts in groundwater flow 
systems: a case of nitrate removal by oxidation of 
pyrite. Water Resource Res. 28:2829-2843. 

24. Essaid, H. I., B. A. Bekins, E. M. Godsy, E. 
Warren, M. J. Baedecker, and I. M. Cozare- 
lli. 1995. Simulation ofaerobic and anaerobic bio- 
degradation processes at a crude-oil spill site. Water 
Resource Res. 31:3309-3327. 

25. Essaid, H. I., W. N. Herkelrath, and K. M. 
Hess. 1993. Simulation of fluid distributions ob- 
served at a crude-oil spill site incorporating hyster- 
esis, oil entrapment, and spatial variability of hy- 
draulic properties. Water Resource Res. 29: 

26. Fetter, C. W. 1999. Contaminant Hydrogeology, 
2nd ed. Prentice-Hall, Englewood Cliffs, N.  J. 

27. Franzmann, P. D., L. R. Zappia, T. R. 
Power, G. B. Davis, and B. M. Patterson. 
1999. Microbial mineralisation of benzene and 
characterisation of microbial biomass in soil above 

d d .  40: 159-1 82. 

265-290. 

1753-1770. 

hydrocarbon contaminated groundwater. FEMS 
Microbiol. Ecol. 30:67-76. 

28. Freeze, R. A., and J. A. Cherry. 1979. Ground- 
water. Prentice-Hall, Englewood Cliffs, N.  J. 

29. Griffiths, S. K., R. H. Nilson, and R. W. 
Bradshaw. 1997. In situ bioremediation: a net- 
work model of diffusion and flow in granular po- 
rous media. SAND97-8250. Sandia National Lab- 
oratories, Albuquerque, N. Mex. http:// 
infoserve.sandn.gov. 

30. Ham, R. J. Schotting, H. Prommer, and G. 
B. Davis. 2004. Effects of hydrodynamic disper- 
sion on plume lengths for instantaneous bimolecu- 
lar reactions. Adv. Water Resource 27:803-813. 

31. Hartog, N., J. Griffioen, and C. H. Van Der 
Weijden. 2002. Distribution and reactivity ofOz- 
reducing components in sedments from a layered 
aquifer. Environ. Sci. Technol. 36:2436-2442. 

32. Hartog, N., P. F. van Bergen, J. W. de 
Leeuw, and J. Griffioen. 2004. Reactivity of 
organic matter in aquifer sediments: g e o l o g d  and 
geochemical controls. Geochim. Cosmochim. Acta 
68:1281-1292. 

33. Herzer, J., and W. Kinzelbach. 1989. Coup- 
ling oftransport and chemical processes in numeri- 
cal transport models. Geodema 44:115-127. 

34. Istok, J. D. 1989. Groundwater modeling by the 
finite element method. Water Resources Mono- 
graph no. 13. American Geophysical Union, 
Washington, D.C. 

35. Kindred, J. S., and M. A. Celia. 1989. Con- 
taminant transport and biodegradation. 2. Con- 
ceptual model and test simulation. Water Resource 
Res. 25:1149-1160. 

36. Kinzelbach, W., W. Schafer, and J. Herzer. 
1991. Modeling of natural and enhanced denitrifi- 
cation processes in groundwater. Water Resource 
Res.  27:1123-1135. 

37. Kipp, K. L., Jr. 1987. HST3D--A Computer 
Code for Simulation .f Heat and Solute Transport in 
3 0  Ground- Water Flow Syrtems. U.S. Geological 
Survey Water-Resources Investigations report 
86-4095. U.S. Geological Survey, Reston, Va. 

38. Lawrence, J. R., and M. J. Hendry. 1996. 
Transport of bacteria through geologic media. 
Can. /. Micvobiol. 42:410-422. 

39. Lu, G., T. C. Clement, C. Zheng, and T. 
H. Wiedemeier. 1999. Natural attenuation of 
BTEX compounds: model development and 
field-scale application. Ground Water 37:707-717. 

40. McDonald, J. M., and A. W. Harbaugh. 1988. 
A Modular 3 0  Finite-Dgerence Ground- Water Flow 
Model. Techniques of Water-Resources Investiga- 
tions report TWI 06-A1. U.S. Geological Survey, 
Reston, Va. 

41. Michaelis, L., and M. L. Menten. 1913. Die 
Kinetik der Invertinwerkung. Biochem. Z. 49: 
333-369. 



4. MODELING BIOREMEDIATION OF CONTAMINATED GROUNDWATER 137 

42. Monod, J. 1949. The growth of bacterial cul- 
tures. Annu. Rev. Microbiol. 3:371-394. 

43. Parkhurst, D. L., D. C. Thorstenson, and L. 
N. Plummer. 1980. PHREEQE--A Computer 
Program for Geochemical Calculations. U.S. Geologi- 
cal Survey. Water-Resources Investigations report 
80-96. U.S. Geological Survey, Reston, Va. 

44. Parkhurst, D. L. 1995. User’s Guide to 
PHREEQC-a Computer Program for Speciation, 
Reaction-Path, Advective- Transport, and Inverse Geo- 
chemical Calculations. U.S. Geological Survey 
Water-Resources Investigations report 4227. U.S. 
Geological Survey, Reston, Va. 

45. Parkhurst, D. L., and C. A. J. Appelo. 1999. 
User’s Guide to PHREEQC-A Computer Program 

for Speciation, Reaction-Path, ID-transport, and In- 
verse Geochemical Calculations. US. Geological 
Survey Water-Resources Investigations report 
99-4259. U.S. Geological Survey, Reston, Va. 

46. Pinder, G. F., and W. G. Gray. 1977. Finite 
Element Simulation in Suface and Subsuface Hydrol- 
ogy. Academic Press, London, U.K. 

47. Postma, D., and R. Jakobsen. 1996. Redox 
zonation: equilibrium constraints on the Fe(III)/ 
S04-reduction interface. Geochim. Cosmochim. 
Acta 60:3169-3175. 

48. Prommer, H., G. B. Davis, and D. A. Barry. 
1999. Geochemical changes during biodegrada- 
tion of petroleum hydrocarbons: field investiga- 
tions and biogeochemical modeling. Org. 
Geochem. 30:423-435. 

49. Prommer, H., D. A. Barry, and C. Zheng. 
2003. MODFLOW/MTSDMS-based reactive 
multicomponent transport modeling. Ground 
Water 41:247-257. 

50. Prommer, H., D. A. Barry, and G. B. Davis. 
2002. Influence of transient groundwater flow on 
physical and reactive processes during biodegrada- 
tion of a hydrocarbon plume. J .  Contam. Hydrol. 

51. Rifai, H. S., P. B. Bedient, R. C. Borden, and 
J. F. Haasbeek. 1987. BIOPLUME II: Computer 
Model o f  Two-Dimensional Contaminant Transport 
under the Influence o f  Oxygen Limited Biodegradation 
in Ground Water Users’ Manual. Rice University, 
Houston, Tex. 

52. Rifai, S. H., andP. B.Bedient. 1990. Compar- 
ison of biodegradation kinetics with an instanta- 
neous reaction model for groundwater. Water Re- 
sources Res. 26: 637-645. 

53. Rittmann, B. E., and J. M. van Briesen. 1996. 
Microbiological processes in reactive modeling, p. 
311-334. In P. C. Lichtner, C. I. Steefel, and E. 
H. Oelkers (ed.), Reactive Transport in Porous 
Media. Reviews in Mineralogy, vol. 34. Mineralogi- 
cal Society of America, Washington, D.C. 

54. Robertson, W. J., P. D. Franzmann, andB. 

59:113-132. 

J. Mee. 2000. Spore-forming, Desulfosporosinus- 
like sulphate-reducing bacteria from a shallow 
aquifer contaminated with gasoline. J .  Appl. Micro- 
bid. 88:248-259. 

55. Schiifer, D., W. Schafer, and W. Kinzelbach. 
1998. Simulation of processes related to biodegra- 
dation of aquifers. 2. Structure of the 3D transport 
model. J .  Contam. Hydrol. 31:167-186. 

56. Steefel, C. I., and K. T. B. MacQuarrie. 1996. 
Approaches to modeling of reactive transport in 
porous mema, p. 83-129. In P. C. Lichtner, C. 
I. Steefel, and E. H. Oelkers (ed.), Reactive Trans- 
port in Porous Media. Reviews in Mineralogy, vol. 34. 
Mineralogical Society of America, Washington, 
D.C. 

57. Thierrin, J., G. B. Davis, and C. Barber. 
1995. A ground water tracer test with deuterated 
compounds for monitoring in situ biodegradation 
and retardation of aromatic hydrocarbons. Ground 
Water 33:469-475. 

58. Thullner, M., and W. Schafer. 1999. Modeling 
of a field experiment on bioremediation of chloro- 
benzenes in groundwater. Bioremed. J .  3~247-267. 

59. Van Briesen, J. M., and B. E. Rittmann. 2000. 
Mathematical description of microbial reactions 
involving intermemates. Biotechnol. Bioeug. 67: 

60. Van Cappellen, P., J.-F. Gaillard, and C. Ra- 
bouille. 1993. Biogeochemical transformations in 
sediments: kinetic models of early diagenesis, p. 
401-447. In R. Wollast, F. T.  Mackenzie, and L. 
Chou (ed.), Interactions of C,  N, P and S-Bio- 
geochemical Cycles and Global Change. Springer- 
Verlag, Berlin, Germany. 

61. Walter, A. L., E. 0. Frind, D. W. Blowes, C. 
J. Ptacek, and J. W. Molson. 1994. Modeling of 
multi-component reactive transport in groundwa- 
ter. 1. Model development and evaluation. Water 
Resource Res. 30:3137-3148. 

62. Wang, H., and M. Anderson. 1982. Introduction 
to Groundwater Modeling: Finite Difference and Finite 
Element Methods. W. H. Freeman and Co., New 
York, N.Y. 

63. Watson, I. A., S .  E. Oswald, K. U. Mayer, 
Y. Wu, and S. A. Banwart. 2003. Modeling 
kinetic processes controlling hydrogen and acetate 
concentrations in an aquifer-derived microcosm. 
Environ. Sci. Technol. 37:3910-3919. 

64. Wiedemeier, T. H., J. T. Wilson, D. H. 
Kampbell, R. N. Miller, and J. E. Hansen. 
1995. Technical Protocolfor Implementing Intrinsic Re- 
mediation with Long-Term Monitoring for Natural At- 
tenuation of Fuel Contamination Dissolved in Ground- 
water. Technology Transfer Divisions 1 & 2, Air 
Force Center for Technical Excellence. Brooks 
Air Force Base, San Antonio, Tex. 

65. Yeh, G. T., S. Sharp-Hansen, B. Lester, R. 

35-52. 



138 W PROMMERANDBARRY 

Strobl, and J. Scarbrough. 1992. Three-Dimen- 
sional Finite Element Model o f  Water Flow through 
Saturated-Unsaturated Media (3DFEMWATER)/ 
Three-Dimensional Lagrangian-Eulerian Finite Ele- 
ment Model o f  Waste Transport through Saturated-Un- 
saturated Media (3DLEWASTE): Numerical Codes 
fur Delineating Wellhead Protection Areas in Agricul- 
tural Regions Based on the Assimilative Capacity Crite- 
rion. EPA report/600/R-92/223. Environmental 
Protection Agency, Athens, Ga. 

66. Yeh, G. T., and V. S. Tripathi. 1989. A critical 
evaluation of recent developments in hydrogeo- 
chemical transport models of reactive multi- 
chemical components. Water Resource Res. 25: 
93-108. 

67. Zheng, C., andP. P. Wang. 1999. MT3DMS: 
a Modular Three-Dimensional Multispecies Transport 
Model for Simulation o f  Advection, Dispersion and 
Chemical Reactions o f  Contaminants in Groundwater 
Systems. Documentation and user’s guide, contract 
report SERDP-99-1. U.S. Army Engineer Re- 
search and Development Center, Vicksburg, Miss. 

68. Zheng, C., and Bennett. 2002. Applied Contam- 
inant Transpurt Modeling, 2nd ed. Wiley, New 
York, N.Y. 

69. Zysset, A., F. Stauffer, and T. Dracos. 1994. 
Modeling reactive groundwater transport gov- 
erned by biodegradation. Water Resources Res. 30: 
2435-2448. 



BIOREMEDIATION OF CONTAMINATED 
SOILS AND AQUIFERS 

Jim C. Phi@ and R o n a l d  M .  A t l a s  

APPROACHES TO SOIL AND 
AQUIFER BIOREMEDIATION 
Numerous industries have viewed soil as a 
waste disposal site, dumping vast quantities of 
hazardous materials-oil and oily sludges hom 
refineries; solvents and a variety of chlorinated 
hydrocarbons from the cleaning, printing, and 
many other industries; rahonuclides from nu- 
clear power plants and nuclear weapon facili- 
ties; coal tars from town gasification plants; 
creosote from wood treatment facilities; pesti- 
cides from agriculture; and so forth, ad infini- 
tum. Large quantities of hazardous substances 
carelessly disposed of in the environment are 
creating enormous pollution problems in soils 
and waters around the world. Some are so 
heavily contaminated that they are designated 
Superfund sites. 

The contamination that has resulted from 
the intentional spdlage and burying of hazard- 
ous materials, accidental spills, and migration 
of hazardous substances from spillages that have 
occurred elsewhere has rendered many soils 

Jim C. Philp, Department ofBiological Sciences, Napier Uni- 
versity, Merchiston Campus, 10 Colinton Road, Edinburgh 
EHlO 5DT, Scotland, United Kingdom. Ronald M. Atlas, 
Graduate School, University of Louisville, Louisvde, KY 
40292. 

and waters dangerous for human health and 
harmful to the ecology of the area. Elevated 
rates of human cancer, dead birds, and land- 
scapes devoid of plants are the unfortunate re- 
sults of uncontrolled human activities. The en- 
vironmental consequences and the human 
health threats ofindustrial pollution led to pub- 
lic demands for environmental cleanup and res- 
toration and a cadre of government regulations 
and legal actions. The result has been a search 
for remediation technologies that can be ac- 
tively applied to soil and aquifer cleanup. 

Most of the contaminants that commonly 
cause concern originate above ground or in 
surface soils where pollutants are spilled or bur- 
ied, Soil contaminants become mixed with the 
naturally occurring soil. Many of the contami- 
nants in the soil become physically or chemi- 
cally attached to soil particles or become trap- 
ped in the small spaces between soil particles. 
Over time, many of these contaminants, how- 
ever, begin to migrate into nearby waterways 
and into the underlying groundwater. 

Soil permeability and pores and fractures in 
the rock are critical factors controlling the 
movement of water from the surface into the 
underlying layers. If water can move rapidly 
through the rock material pores and fractures, 
an aquifer forms. The water that accumulates 
in an aquifer can be contaminated when surface 
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water, which recharges an aquifer, is polluted 
or when hazardous substances soak through the 
soil into the groundwater. Groundwater begins 
to accumulate within the unsaturated zone of 
soil, a layer that contains air and water m n g  
the pores. Below this layer lies the saturated 
zone, in which all the pores and rock fractures 
are filled with water. The top of the saturated 
zone is referred to as the water table. Soil over- 
lying the water table provides the primary pro- 
tection against groundwater pollution. Some 
potential pollutants nevertheless reach the 
groundwater. 

The potential vulnerability of an aquifer to 
groundwater contamination is in large part a 
function of the susceptibility ofits recharge area 
to infiltration. Areas that are replenished at a 
high rate are generally more vulnerable to pol- 
lution than those replenished at a lower rate. 
Unconfined aquifers that do not have a cover 
of dense material are susceptible to contamina- 
tion. Bedrock areas with large fractures are also 
susceptible by providing pathways for the con- 
taminants. Confined, deep aquifers tend to be 
better protected with a dense layer of clay ma- 
terial. 

There are three general approaches to clean- 
ing up contaminated soil: (i) soil can be exca- 
vated from the ground and be either treated or 
disposed of (ex situ treatment), (ii) soil can be 
left in the ground and treated in place (in situ 
treatment), or (iii) soil can be left in the ground 
and contained to prevent the contamination 
from becoming more widespread and reaching 
plants, animals, or humans (containment and 
intrinsic remediation). Containment of soil in 
place is often done by placing a large plastic 
cover or concrete barrier over the contami- 
nated soil to prevent direct contact and keep 
rainwater from seeping into the soil and spread- 
ing the contamination. In situ and ex situ treat- 
ment approaches can include flushing contami- 
nants out of the soil by using water, chemical 
solvents, or air; destroying the contaminants by 
incineration; encouraging natural organisms in 
the soil to break them down; or adding material 
to the soil to encapsulate the contaminants and 
to prevent them from spreading. 

Bioremediation is one of the technologies 
that can be applied by each of these general 
approaches. In some cases, one relies upon the 
intrinsic biodegradative capabilities of the in- 
digenous microbial communities and monitors 
the movement and progressive slow decline in 
contaminant concentrations. This monitored 
natural attenuation (MNA) approach is valua- 
ble when there are no acute threats to human 
health and where the impact is not spreading 
rapidly. In other cases, active remediation is 
needed to curtail the impact. Depending upon 
the nature of the problem, it may be necessary 
to excavate the contaminated soil and move it 
to a site for its safe disposal or treatment. This 
ex situ approach to bioremediation is analogous 
to what is done for traditional sewage and solid 
waste treatment. Bioremediation may also be 
conducted in situ, for example, by bioventing, 
in which air is used to move the contaminants 
from the groundwater into a phase where 
evaporation and biodegradation can occur si- 
multaneously. Depending upon the nature of 
the pollutant, there may already be sufficient 
populations of microorganisms to degrade the 
contaminant-in which case stimulation of 
those microbial populations by environmental 
medications (e.g., addition of fertilizer or oxy- 
gen) may be all that is required. In other situa- 
tions, it may be beneficial to consider augment- 
ing the indigenous microbial populations by 
seeding with specialized microorganisms, in- 
cluding possibly with genetically modified mi- 
croorganisms. In this chapter, we review the 
various bioremediation technologies and the 
situations to which they are applicable. 

Because groundwater is a hidden resource, 
it is too easy to forget that its misuse is a hidden 
problem. For the purpose of context, the global 
importance of groundwater needs to be em- 
phasized. As many as 2 billion people rely &- 
rectly on aquifers for drinhng water, and 40% 
of the world's food is produced by irrigated 
agriculture that relies largely on groundwater 
(220). At least 12 megacities (populations of 
over 10 million) could not function without 
groundwater, and typically at least 25% of the 
water for these cities comes from aquifers. 
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China alone has over 500 cities, and two-thirds 
of the water for them comes from aquifers. 

Despite this importance, the number of in- 
stances of groundwater contamination due to 
accidental spills or unsatisfactory disposal is be- 
yond counting. Up to a certain point, natural 
processes, especially biodegradation, can atten- 
uate contamination. In this regard, the biologi- 
cal active zone is the vadose (unsaturated) zone, 
where attenuation rates are highest. Contami- 
nant removal continues in the saturated zone 
but usually at much lower rates, and migration 
of contaminants to the saturated zone can have 
the effect of lspersion of the contaminants. 
While bringing about llution, the latter pro- 
cess often cannot be relied upon for complete 
decontamination. 

The easy availability of groundwater and its 
vast supply (95% of the freshwater on the 
planet, apart from the locked water of the polar 
ice caps, is groundwater) have been its undo- 
ing. A great deal of it lurks fairly close to the 
surface, but intrusive lsturbance of the subsur- 
face has very high potential for destroying its 
flow and lstribution. Therefore, techniques 
for remediating contaminated groundwater 
should operate by minimal disturbance. The 
sheer scale of the problem lctates that the re- 
mediation technologies should be as inexpen- 
sive as possible, and it is for that reason that 
bioremediation is often considered. 

EX SITU BIOREMEDIATION 
TECHNOLOGIES 
In many cases, it is necessary to move the con- 
taminated soil or groundwater to a site where 
a suitable treatment system can be engineered. 
Contaminated soil may be excavated and 
moved to landfills; to thermal treatment sys- 
tems, e.g., incinerators; or to a variety of bio- 
remelation systems including biopiles, wind- 
rows for composting, landfarms, and soil slurry 
reactors. All have their merits. The choice of 
which technology to use often is driven by the 
required performance criteria, i.e., the nature 
of the contamination and the levels of cleanli- 
ness that must be achieved and the cost of re- 
mediation, including the cost of transporting 

the contaminated soil or water from the site of 
contamination to the site of treatment. Bio- 
remediation technologies often can be per- 
formed at or very near the site of contamina- 
tion, reducing the cost of transporting contam- 
inated materials and thereby making the 
economics of bioremelation more favorable 
than the other physical disposal and treatment 
technologies. If the economic and technical 
analysis favors bioremediation and if a risk- 
based remedial design has concluded that ex 
situ treatment is the optimal approach, there 
are a variety of technologies available which 
can be considered. 

Two technologies-biopiles and windrow 
composting-currently dominate the ex situ 
bioremediation market for treatment of con- 
taminated soils. Both are aerobic processes in 
which the soil is excavated and heaped into a 
defined space for treatment. In composting, an 
organic material is added so that microorga- 
nisms generate heat through their metabolism, 
often causing the temperature to rise to at least 
60°C (150). Except for the addition of organic 
material to support heat generation, biopiles 
and composting are essentially identical pro- 
cesses. Both technologies involve preparation 
of the contaminated soil to favor aerobic mi- 
crobial metabolism of the contaminants; this 
may involve the addition of bulking agents, fer- 
tilizers, and water. Composting windrows for 
contaminated land bioremediation are aerated 
by periodic turning of the windrows with a 
molfied windrow turner. In a biopile, aera- 
tion is accomplished through a network of slot- 
ted plastic pipes, either passively or by forced 
aeration. If space at a site is a constraint, then 
biopiles would be favored since a compost sys- 
tem requires sufficient space between wind- 
rows for access for the turning equipment. Bio- 
piles can be formed with much larger volumes 
of soil than can be achieved for windrows, since 
the height of the windrow is limited by the 
size of the machinery used to turn it. 

Biopiles and windrows have been used suc- 
cessfully at pilot scale and full scale for the bio- 
remelation of a wide range of contaminants. 
While the majority of applications have been 
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at petroleum hydrocarbon-contaminated sites 
(223,339), they have also been used for manu- 
factured gas plant sites (274), pharmaceutical 
wastes (1 18), chlorophenols (167), creosote 
(containing high concentrations of polynuclear 
aromatic hydrocarbons [PAHs]) (22,65), pesti- 
cides (206), polychlorinated biphenyls (PCBs) 
(205), and nitroaromatics (46). Box 5.1 pre- 
sents an example of a large-scale application in 
which biopiles were successfully employed as 
part of a large-scale bioremediation effort in 
Italy. 

An emerging market for ex situ bioremedia- 
tion by biopiles and windrows is cold-climate 
cleanup offuel and oil spills. Crude oil is gener- 
ally more persistent in Arctic tundra than in 
other regions, and a number of oil fields ar . 

BOX 5.1 
Biopile Treatment of Oil- 

Contaminated Soils in Italy 
As a result of the Trecate 24 blowout that occurred 
in the course of drilling an oil exploration well in 
northern Italy, a very large area ofhighly productive 
agricultural land was contaminated. Biopiling and 
landfarming were successfully employed to provide 
an effective, integrated approach to petroleum hy- 
drocarbon remediation. The unrecoverable crude 
oil impacted approximately 1,500 ha of superficial 
soils that were used primarily to cultivate rice, the 
vadose zone, and the underlying aquifer. To return 
the fields to production, the well's owner initiated 
a $45 million biorememation project; bioremedia- 
tion was used because of the need to remediate the 
valuable rice production soils without altering their 
pedelosc and rice production capacity (262). 

Highly impacted soils (-5,000 to >100,000 mg 
of total petroleum hydrocarbon kg- *) (approxi- 
mately 12.5 ha with a volume of 26,000 m3) were 
treated by using two biopiles, each approximately 
135 m long and 50 m wide. The biopiles had an 
air injection system to provide oxygen to support 
aerobic hydrocarbon biodegradation, a moisture 
and nutrient delivery system to provide water and 
nutrients, a heat trace system to optimize tempera- 
ture to ensure maximum biological activity, and a 
system of probes and sensors to monitor internal 
process control parameters. Biopile hydrocarbon 
biodegradation rates as high as 120 mg kg-' day-' 
were achieved. 

situated in cold regions, e.g., in Alaska and Sib- 
eria. The feasibility of Arctic tundra ex situ bi- 
oremediation has been demonstrated (212), 
and the need for temperature, nutrient, and 
moisture control makes ex situ bioremediation 
the likely technology of choice in the Antarctic 
(7). These technologies appear to be applicable 
to arid desert contaminated sands also (31). 

The third generic choice of ex situ technol- 
ogy is landfarming, which is more of a niche 
choice that has been used in the oil industry, 
from such diverse climates as Canada to Bolivia 
(371) to Saudi Arabia (126, 127), for decades 
for the treatment of refinery residues. It is a 
shallow treatment that is land-intensive, which 
makes it unpopular for most applications, par- 
ticularly inner-city brownfield sites, typified by 
former gas stations and sites with leakmg un- 
derground storage tanks (USTs). 

The other generic technology is the use of 
slurry bioreactors, which offer quite dfferent 
advantages over the other technologies, princi- 
pally in the level ofprocess control that is possi- 
ble in a bioreactor and flexibility of operation. 
Combined slurry- and soil-phase approaches 
for bioremediation have also been investigated 
(224). In the following sections, we will discuss 
each of these approaches. 

Biopiles 
Biopiles range in size from sub-cubic meters 
for pilot-scale investigations to 10,000 m3 at 
full scale (163). Design is critical for achieving 
optimal performance, and remediation con- 
tractors have their own proprietary designs and 
engineering specifications for biopiles. In this 
discussion, design and engineering aspects will 
be considered in general terms with reference 
to real examples. The discussion will focus on 
the application of temporary biopiles, which 
are widely used around the world, as opposed 
to permanent installations, which have 
achieved success in the United States but are 
far less popular in Europe. The design and en- 
gineering considerations are similar but dffer 
significantly with respect to the construction 
of the base upon which the contaminated soil 
is piled. Permanent installations usually have a 
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concrete base, whereas temporary biopiles 
make use of different types of plastic liners. 

Effective biopiles have been constructed in 
a large variety of shapes and sizes. There are 
no guidelines or limits for height or width of 
biopiles, but it is wise to build them such that 
the maximum reach of the front-end loader 
being used to form the piles is not exceeded. 
If this guidance is not heeded, then the front- 
end loader will inevitably run over the previous 
lift when adding the subsequent lift, thus com- 
pacting the soil and undoing the careful work 
previously done in soil preparation. In the early 
stages of construction, this might also destroy 
the piping runs at the lower levels in the bio- 
pile. 

It is important that the shape and size of the 
pile should be considered as a means to creating 
conditions of even aeration throughout the 
pile. Sides that do not have a high slope might 
lead to overaeration of peripheral soil relative 
to soil in the core. This can also lead to 
“wasted” aeration, in that air is lost from the 
sides, which might have the added conse- 
quence of removing volatile contaminants with 
it, creating unwanted volatile organic com- 
pound (VOC) emissions and aerosols, and 
cause preferential drying of the peripheral soil 
if the pile is not covered. In practical terms, 
shallow sloping sides also waste space and com- 
plicate maneuvering with a front-end loader. 

Pile height is again governed by aeration. 
The very simplest biopiles have no forced aera- 
tion and rely largely on temperature gradient- 
driven convection to create airflow through 
the slotted pipes. This limits the size of the piles 
considerably. Forced aeration, either by blower 
or vacuum pump, relieves this restriction. Ex- 
perience has shown that a single piping layer 
close to the base of the pile is sufficient for piles 
up to 3 m in height (349). Electing to build 
pipes higher than this would necessitate addmg 
a second layer of pipes, which greatly compli- 
cates the construction. 

The width and length of the biopile are de- 
termined by the total volume of soil to be 
treated (after amendments) and the amount of 
space available on-site. For large sites, it is com- 

mon practice to build multiple biopiles. They 
may all be identical or may be treating soils that 
have been identified as more or less contami- 
nated. The equation for the volume of a biopile 
based on the above geometry is 

I/ = 1/6h(B1 + 4M + B2) 

Figure 5.1 shows how to derive the volume of 
a biopile from some known dimensions. Alter- 
natively, given a volume of contaminated soil, 
the equation can be used to calculate the possi- 
ble chmensions of a biopile relating to the 
amount of space available at a particular site. 
By assuming a contaminated soil density of 1.5 
tons m-’, sizing of a site for a known tonnage 
can be done, although greater accuracy would 
be achieved by measuring the density of the 
contaminated soil. 

Biopiles have a variety of space require- 
ments so that the site must be considerably 
larger than the biopile itseK A soil storage space 
is required to stockpile soil before processing. 
The size depends on the total volume of soil 
to be processed and the coordmation with soil 
processing. It is quite feasible on a large site 
that a relatively small stockpiling area can be 
used since stockpiling, soil processing, and bio- 
pile construction can proceed at the same time. 
The majority of the soil processing space is re- 
quired for stone removal, soil sieving, and 
shredding. A tank and manifold system may be 
required for leachate treatment. Another tank 
for water and/or nutrient supply may be 
needed. A secure container can be used to 
house blowers, with diesel generators kept 
close by outside. The container can also house 
spare parts, sampling equipment, and other 
sundry equipment. All of these have to be ar- 
ranged logically on a site. At an early stage of 
site design, the turning circle of mobile plant, 
such as front-end loaders, tractors and trailers, 
and telescoping fork trucks, should be consid- 
ered, especially in the critical areas of soil stor- 
age and processing. These should be located 
close to the biopile areas to maximize the effi- 
ciency of use of soil processing equipment. It 
is desirable to have the access road as short as 
possible and close to the soil processing area. 
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FIGURE 5.1 Calculation of volume of a biopile. 
After the work of von Fahnestock et al. (349). V = 
1/6h(BZ + 4M + B2), where Vis the volume of the 
pile (in cubic meters), h is pile height (meters), BZ is 
the area of the lower base (square meters), B2 is the 
area of the upper base (square meters), and A4 is the 
area of the biopile midsection (square meters). 

B I  = ( I  + 2a)(w + 2a) + Iw + 2aw + 2al + 4a2. 
B2 = lw. 
M = [l + 2(a/2)] X [w + 2(a/2)] = fw  + la + 
V = 1/6h(lw + 2aw + 2al + 4a2 + 41w + 4aw 

aw + a2. 

+ 4aI + 4a2 + Iw). 
= 1/6h(6lw + 6aw + 6al + 8a2). 
= h(lw + aw + al + 1.33a2). 

tan 8 = h/a a = h/tan 8. 

An angle 0 of 50 to 60” gives an approximate slope 
(h/a) of 1.2 to 1.75. 

Soil sieving and stone removal equipment can 
be brought in on hire for short periods; the 
awkward size and shape of this equipment ne- 
cessitate that the access make it easy to ma- 
neuver. 

AU of the space at a biopile treatment facility 
needs to be secure from vandalism. Access to 
the site for workers should be through a single 
entry point, where clothes can be changed. 
The idea of a “clean” and “dirty” side at the 
entry point reinforces the idea that a biological 
facility is being entered. The housing for this 
can also be used to store other materials 
deemed necessary for health and safety and 
emergencies, e.g., respirators, disinfecting so- 
lutions, and trays. The site office should be lo- 
cated on the clean side, and its size and facilities 
depend on the size of the project and the num- 
ber of staff assigned to it on a full-time basis. 

As a very rough estimate, excluding the site 
offices and access road, a site treating 1,000 m3 
employing biopiles would occupy about 2,500 
m2. On larger sites, economies of scale may 
be achieved since multiple biopiles should not 
require multiple stockpile and processing areas, 
although sufficient thought has to be given to 
the spacing between the biopiles for access for 
mobile plant. It should also be borne in mind 
that each contaminated site is unique, and site 
design is often constrained by the overall site 
size and shape. For example, a complex 4-ha 
site in the United Kingdom treating 34,000 m3 
of soil contaminated from coal coking opera- 
tions by biopiles requires two full-time staff 
members, the site engineer and site scientist. 
The site engineer is responsible for contractual 
work, liaison with the regulator and clients, 
and dealing with subcontractors, and the site 
scientist takes all samples, performs field tests, 
and does liaison with analytical laboratories. 
The biopile formation and site closure stages 
require more staff, but once a project is running 
it is not labor-intensive. 

BIOPILE COMPONENTS 
The essential components and features of a bio- 
pile are shown in Fig. 5.2 (163, 349). The styl- 
ized geometry of a biopile is a trapezoidal en- 
capsulated soil pile, with appropriate 
amendments, sitting on a base liner system (96). 
The biopile design includes piping for aeration 
and optional other design components, which 
may include an irrigation system and cover. 
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FIGURE 5.2 Elements of a biopile. After the work of Kodres (163). (A) Schematic. (B) Detailed chagram. 

Biopile Base. The biopile base should be 
built on a relatively solid surface. At its most 
engineered, the base consists of a soil or clay 
foundation (up to 25 cm), an impermeable 
liner, and a bund to contain leachate (Fig. 5.3). 
The biopile base should have a slight slope of 
1 or 2" to allow drainage of leachate to an ap- 
propriately sited leachate collection sump lo- 
cated at a corner ofthe biopile. The impermea- 
ble liner, usually clay or a synthetic material, is 
then placed over the base. Clay liners are not 
recommended for highly soluble contaminants 
such as phenol. Synthetic liners of a high-den- 
sity polymer are recommended, with thick- 
nesses from 40 to 80 mil (1 to 2 mm). High- 
density polyethylene (HDPE) with heat- 
welded seams is ideal for this purpose. Thinner 
liners should be capable of taking the weight 
of heavy, even-tracked plant without tearing. 
Clean soil can be compacted on top of the liner 
to further protect it. 

Aeration System. Once a biopile base 
has been constructed, the aeration system is in- 

stalled on top of the liner. Slotted plastic pipes 
of various thicknesses and materials are avail- 
able as the main element of the aeration system 
within the pile. Polyvinyl chloride (PVC) slot- 
ted pipe (2- to 4-in. dnmeter) is a common 
choice (Fig. 5.4). The pipes are embedded 
within a highly permeable matrix, such as new 
wood chips or gravel, to act as an aeration man- 
ifold, whether operated with a blower or a vac- 
uum pump. The depth of this layer is variable 
but obviously the pipes must be sufficiently 
covered to minimize short-circuiting from 
them. 

The length of the biopile determines the 
length of each aeration pipe run. At the mani- 
fold header side, each aeration pipe run starts 
with a solid, not slotted, length of pipe of the 
same dlameter as the slotted pipe. This is typi- 
cally of the order of 3 m long, the actual length 
dictated by the distance to the aeration mani- 
fold. It should proceed about 3 ni into the pile 
before it is joined to slotted pipe to ensure that 
short-circuiting does not occur right at the start 



146 PHILPANDATLAS 

FIGURE 5.3 
United Kingdom. 

Photograph of a biopile base showing its preparation. Courtesy of WSP Remediation Ltd., Cardiff, 

of the pile. Next, the solid pipe is connected 
to the slotted pipe with a rubber or plastic con- 
nector. The length of the slotted pipe is dic- 
tated by the length of the biopile and, as at the 
start of the pipe run, should terminate some 3 
m short of the far end of the biopile to prevent 
short-circuiting through the sloping edge. The 
slotted pipe is terminated with an end cap. 

The start of the pipe run is connected to the 
header manifold by a gate valve of appropriate 
diameter. When several pipe runs are used to 
aerate a wide biopile, the gate valves are used 
to equalize the flow of air through each pipe 
run. The zone of influence of each pipe run is 
influenced by rate of a idow and also by soil 
porosity. Too-rapid airflow causes drying of 
the pile and may drive off VOCs creating an 
environmental concern in the vicinity of the 
pile. It also uses excessive electricity. By using 
relatively low-power blowers, this problem 
can be circumvented. T o  ensure even aeration 

within the pile, then, it is necessary to add sev- 
eral pipe runs parallel to each other. Once the 
biopile is built, it is very difficult to influence 
the porosity of the soil. As a general rule, paral- 
lel pipe runs are spaced about 2.5 to 3 m apart. 
Air velocity can be easily measured in each pipe 
run. 

Connection of the header manifold to the 
blower then completes the system. A low- 
power centrifugal blower (Fig. 5.5) is sufficient 
for aerating large volumes of soil, and it is wise 
to install several small blowers of various pow- 
ers (1 to 5 hp). Varying the rate of aeration 
over the duration of a project makes sense, as 
the need is greater at the start when there is 
a high level of contamination and microbial 
activity must be stimulated. Variable-speed 
blowers are therefore advantageous. It is not 
advisable to control aeration by on-off cycling, 
especially in the early stages, as even short pe- 
riods with the blower off can lead to anaerobio- 
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FIGURE 5.4 Photograph of a biopile slotted pipe (plastic pipe, 4-in. diameter). 

sis in regions of the pile, and this is very difficult 
to monitor. As an average figure, the blower 
should be capable of delivering about 0.14 m3 
of airflow per pipe run per min (130). 

Depending upon the location ofthe project, 
operating in blower mode might have a high 
potential for stripping VOCs and creating an 
odor and health risk on and even off the site. 
Local legislation may then require containment 
measures that are rather expensive. In such cir- 
cumstances, it is better to operate aeration by 
vacuum, as the captured air can be passed 
through a VOC removal system, typically 
granular activated carbon (GAC), and thus 
ameliorate the odor and risk. There has to be 
good justification for this, however, as operat- 
ing in the extractive mode complicates the aer- 
ation setup. Pulling air through the pile will 
entrain condensate, and even leachate may be 
pulled through, so the vacuum pump must be 
preceded by water knockout and collection 
tanks. Granular activated carbon treatment of 

off-gases considerably increases the cost. It has 
been shown under laboratory conditions that 
VOC volatilization can be suppressed by the 
addition of activated carbon as a soil aniend- 
ment (242). O n  a full-scale biopile, however, 
this would represent a large cost. If the extrac- 
tive mode is deemed necessary, the pump 
should be capable of removing at least 15 pore 
volumes per day (1 3 1). 

Passively aerated biopiles have also been 
used, in which a similar engineering system is 
used but without mechanical aeration. Airflow 
is created by differences in temperature be- 
tween the soil and the outside air driving con- 
vective currents, facilitated by the slotted pipes, 
and by wind-induced pressure gradients. Natu- 
rally, this can achieve more limited aeration 
and might lead to uneven aeration as a result 
of a limited radius of influence as the air leaves 
the pipes and enters the soil mass. The central 
region of a pile would be particularly prone to 
local oxygen deficit (163). Wind-driven tur- 
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FIGURE 5.5 
tion Ltd. 

Photograph of a typical blower for full-scale biopile operations. Courtesy of WSP Remeha- 

bines have been investigated to see whether 
improved aeration can be achieved without 
electrical energy (176). Results were inconclu- 
sive, in that improved airflow was demon- 
strated but without evidence of enhanced bio- 
remediation. 

Covers. Many bioremediation projects 
have been done without covering the biopiles, 
but covers offer some advantages. A primary 
advantage is that a cover prevents leachate for- 
mation and simplifies the biopile design ac- 
cordingly. Another is that covered biopiles lose 
very little water. A typical ex situ bioremeha- 
tion contract for petroleum hydrocarbon 
cleanup might last 3 or 4 months, during which 
time a covered biopile might lose only 1 to 2% 
of its initial water content. Thus, it would be 
sufficient to amend the water content during 
the construction phase only. If the alternative 
is to install an automated sprinkler or drip-type 

system to maintain water content within de- 
fined tolerances, then a cover is a much simpler 
engineering option. The moisture content, 
nevertheless, must be monitored since forced 
aeration, by either blower or suction, tends to 
remove moisture as the air entering the pile 
usually does so at less than 100% humihty. 

The cover is often waterproof plastic sheet- 
ing, Visqueen, or a thin grade of HDPE liner, 
sufficiently thick to prevent tearing while being 
manually removed and refitted. If extractive 
aeration is being performed, completely im- 
permeable liners may not allow sufficient air 
circulation. Framing systems have been tried 
but complicate the installation and are prone 
to water ponding and collapse. Alternatively, 
the pile can be covered with wood chips, 
which retain heat but allow air to flow. 

Recently, fleece liners have been adopted 
from the composting of green wastes, Fleece 
liners are made from blown polypropylene. 
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They have properties similar to fleece gar- 
ments. They resist moderate rainfall but are not 
completely impermeable to water and are also 
gas permeable. They allow some water to pass 
through to a biopile during operation, which 
will replace water lost through aeration. Gas 
permeability overcomes the problem with 
completely impermeable plastic covers men- 
tioned above. Equipment is also available to 
mechanically remove and replace fleece liners 
(Fig. 5.6) from biopiles to cut down on labor 
requirements. 

Irrigation Systems. If water has to be 
added, it is preferable to do it at the biopile 
formation stage if the batching procedures de- 
scribed above are being used. If an alternative 
water addtion system needs to be employed, 
the preference is for a dripline irrigation system. 
Water flow from such a system can easily be 
monitored, the low rate of application prevents 
runoff, it can be set up to evenly irrigate a bio- 

pile, and it can be operated without supervi- 
sion. However, it is inevitably a further engi- 
neering complication that is best done without 
if possible. 

BIOPILE FORMATION 
The standard way to form a biopile is to add 
all necessary amendments to the graded, sieved 
soil and then start lifting the soil onto the base 
and aeration system with a front-end loader. 
An alternative is to form the biopile with 
graded soil and any bulking agents and then 
add liquids at a later stage. The latter strategy 
carries risks in that it is difficult to achieve uni- 
form distribution of materials. Usually, nitro- 
gen and phosphorus are applied together. If a 
liquid source is sprayed onto the top of a bio- 
pile, the mobility of the nitrogen source will 
allow it to travel through the pile. However, 
phosphorus interacts with metals and other soil 
components and will be immobilized within a 

FIGURE 5.6 
Courtesy of Shanks Waste Management Ltd., United Kingdom. 

Photograph of a fleece roller. A self-propelled windrow turner can be seen in the background. 
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meter of the top of the biopile. Also, if the 
occasion dictates the use of inocula, then very 
quickly the microorganisms used will be im- 
mobilized and achieving uniform mixing by 
application after biopile formation is all but im- 
possible. Many laboratory and field trials have 
shown that bacteria do not move appreciably 
through soil (10) as a result ofphysical filtration 
by small soil pores and adsorption to soil parti- 
cles. 

Therefore, the safest way to guarantee the 
maximum level of homogeneity of materials in 
a biopile is to mix everything just prior to, or 
even during, biopile formation. The standard 
practice is to hire in soil grading (screening) 
equipment to remove stones and grade the soil 
down to an average particle size, usually 30 to 
50 mm (Fig. 5.7). Parallel bar screens remove 
large stones, and then trommel or vibrating 
screens are used to grade the soil down to a 

smaller size. Large amounts of clay will require 
soil shredding as the next step in the process. 

Knowing the capacity of the loader being 
used to feed the screening equipment and the 
speed of the conveyor belt, it should be possible 
to spray liquid amendments at the screening 
stage with some accuracy. It should also be pos- 
sible to add bulkmg agents to a known percent- 
age (usually by volume). If the soil requires 
shredding, then the effort will have been 
wasted. After screening and shreddmg, various 
equipments are available for soil mixing, and 
this is the optimum stage for adding amend- 
ments. The Kuhn Knight Reel Auggie (Fig. 
5.8) is typical of U.S. equipment for this pur- 
pose, although it is designed for compost mix- 
ing. Contaminated soil may be batched with 
the other liquid and solid amendments, and the 
mixing action allows efficient aeration. A large, 
slowly rotating reel drives materials forward to 

FIGURE 5.7 Photograph of soil screening and addition of wood chips (the lighter material in the soil heap) 
and bioaugmentation culture (contained in the 1-m3 Intermediate Bulk Container), which is being applied by 
spray at the top of the soil grader. 
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FIGURE 5.8 Photograph of a Knight Reel Auggie for soil mixing and distribution. Courtesy of Kuhn Knight. 

two blendmg augers. The combined action of 
the augers mixes, aerates, and discharges the 
materials, and the discharge can be done di- 
rectly to a forming biopile or compost wind- 
row. This equipment can be truck mounted or 
tractor mounted and can be driven electrically 
or by self-contained diesel engine. As soil is 
batched, it is easier to control the volumes and 
thus the final concentrations of any amend- 
ments. 

In the United Kingdom, hiring a soil scree- 
ner is expensive, and its operation can force a 
reduction of activities on a small site. A rela- 
tively recent development has been the use of 
the ALLU bucket for the purpose of soil grad- 
ing (Fig. 5.9). This equipment is able to crush 
stone, brick, and lightweight concrete while 
processing and aerating soil, and as the bucket 
size is known, amendments can be added accu- 
rately. It can be mounted on a variety of equip- 
ment, including front- and rear-end loaders 
and tracked and tire excavators. The high level 

of mobility means that mixing can be done &- 
rectly onto a biopile or windrow, or it can be 
done &rectly onto a trailer. It has another con- 
venient advantage in that the output tends to 
form soil piles in the shape required for wind- 
rows, so that subsequent manipulation to finish 
a biopile is easy. 

Conventionally, a biopile is formed from 
back to front, the back being the end at which 
the aeration header is located. Common sense 
precautions to be taken are to make sure that 
previous lifts are not driven over, since this 
compacts the soil; driving over the aeration sys- 
tem will destroy it. 

Windrow Cornposting 
As described above, the main difference in ma- 
terials used in windrow bioremediation and bi- 
opiles is that some organic, heat-generating 
material is added to the windrows. The objec- 
tive is to increase the metabolic rate of indige- 
nous hydrocarbon oxidizers. Most bacteria 
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FIGURE 5.9 Photograph of an MLU bucket. It is fitted with rotating drums with blades, and also crushing 
bars, so that it can be used to grade soil containing materials such as brick. Courtesy of WSP Reinediation Ltd. 

grow over a range of approximately 40"C, 
whatever their optimum temperature for 
growth. Within the normal temperature range 
for growth of a bacterium, growth rate obeys 
the Arrhenius relationship between reaction 
rate and temperature. Increasing the tempera- 
ture of a contaminated soil windrow from 20 
to 30°C would be expected to more or less 
double the growth rate of hydrocarbon-oxidiz- 
ing bacteria and therefore speed up the bio- 
remediation process. Another effect of increas- 
ing temperature might be to increase the bio- 
availability of poorly water-soluble contami- 
nants since increasing the temperature should 
increase solubility, as well as decreasing viscos- 
ity of oily contaminants. During composting 
of contaminated soil, the thermophilic stage is 
not reached, and the temperature does not ex- 
ceed 45°C (282). 

In this regard, bioremediation of contami- 
nated land by windrow treatment is a very dif- 

ferent operation from composting of organic 
wastes or sewage sludge. The main difference 
between contaminated soil composting and 
traditional composting is that the former lacks 
the concentration of organic materials of the 
latter. A drect consequence is that heat genera- 
tion is normally lower in contaminated land 
composting. For traditional composting of 
waste materials, the high temperature gener- 
ated in the procedure is essential: several ordi- 
nances stipulate that every part of the compost 
must reach a temperature of 65°C at a water 
content of at least 40% for 3 consecutive days 
(143), for the purpose of pathogen kill. For 
contaminated soils, the likelihood of the mate- 
rial containing large pathogen loads is much 
less, and also high temperatures are not suited 
to the metabolism of most hydrocarbon-oxi- 
dizing bacteria. In addition, such high temper- 
atures would involve water loss at a level that 
would complicate windrowing operations. 
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One of the purposes of turning windrows is to 
hssipate heat, and the increased porosity 
achieved by adding bulking agents aids heat 
dissipation. 

WINDROW COMPONENTS 
A large variety of organic amendments has 
been used in composting bioremediation. 
Many are based on the application of manure, 
from either cows (22), pigs (368), or chickens 
(274). Sewage sludge is abundantly available 
globally, and it has been successfully used as 
an amendment in composting bioremediation 
(141). Virtually any putrescible material avail- 
able in bulk can be used, such as vegetable 
wastes (22), spent mushroom compost (SMC) 
(95, 169), and even garden waste (118, 119, 
205). The use of composting approaches to bi- 
oremediation of organic pollutants generally 
(282) and specifically the use of composting to 
treat PAHs (21) have been reviewed. 

The use of SMC is an interesting case. SMC 
is the residual compost waste generated by the 
mushroom production industry. It is readily 
available, as mushroom production is the larg- 
est solid-state fermentation industry in the 
world; in the United Kingdom alone, there are 
some 400,000 to 500,000 tons of waste mush- 
room compost produced per annum (281). It 
consists of a combination of wheat straw, dried 
blood, horse or chicken manure, and ground 
chalk composted together. It is a good source 
of general nutrients (0.7% N, 0.3% P, 0.3% K 
plus a full range of trace elements), as well as 
a useful soil conditioner. A fascinating feature 
of SMC is that it may contain a relative abun- 
dance of extracellular ligninolytic fungal en- 
zymes (169), which are relatively nonspecific 
in their substrate preference. Hence, they may 
assist in the biodegradation of aromatic mole- 
cules such as PAHs, giving SMC an additional 
role in composting bioremediation. 

The construction of more-robust turning 
equipment, based on compost windrow turn- 
ers but strong enough to turn large soil wind- 
rows, has allowed full-scale windrow bio- 
remediation of contaminated land. Much of the 

hscussion is similar to that for biopiling. For 
example, soil preparation is identical in the 
need for water, nutrients, and bulkmg agents, 
although the initial care in mixing need not be 
so rigorous since the whole point is that aera- 
tion is brought about by pile turning. The turn- 
ing naturally mixes the contents of the wind- 
row: the more often it is turned, the greater the 
homogeneity of materials, including moisture. 
Windrows are inherently simpler in design; 
therefore, this section will focus more on the 
differences between windrow composting and 
biopiling. 

The natural shape of a windrow is more like 
a triangular prism than the characteristic trape- 
zoidal, or incomplete pyramid, shape of the bi- 
opile. Windrows are suited to long, narrow 
sites, as they can be constructed to any length 
required (Fig. 5.10). Typically, windrows for 
bioremediation of contaminated soil would be 
of the order of 1.5 to 2 m high and perhaps 3 
to 4 m wide. With the arrival of large, self- 
propelled windrow turners, windrows can now 
be constructed to greater heights and widths 
than before. Doing so necessitates more regular 
turning to prevent anaerobiosis, though. 

Given that compost windrows can be much 

4 t 
W 

FIGURE 5.10 Calculating volume of a windrow. 
Volume of windrow = 1/2 w X h X 1. If the mass 
of contaminated soil and its density are known, the 
total volume of material, including the bulk materials 
such as organic compost and bulking agents, can be 
calculated. Knowing the width of the site, and the 
space between windrows, the number of windrows of 
set width can be calculated. 
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longer than they are wide, the small volume 
of material at each end can be ignored in sizing. 
That is why the volume of a triangular prism 
is a realistic choice. 

WINDROW FORMING AND 
TURNING 
Comments similar to those for bed construc- 
tion pertain to windrow composting and bio- 
pile construction, except that for windrows 
there is no added complication of installing 
piping runs for aeration. Mixing can be done 
during windrow formation. For example, if 
wood chips are to be used for bulking, and the 
soil-to-chips volume ratio has been calculated, 
then the wood chips can be laid out on the 
windrow bed along with, say, pellet NPK fer- 
tilizer, then the moist soil, and any additional 
heat-generating organic material, and the 
windrow turner will mix them together while 
forming the windrow. 

A variety of equipments can be used to turn 
windrows. Turning can even be done with a 
small tractor with loader, depending on the 
scale of the operation. The quality of the mix 
depends greatly on the amount of time that the 
operator is willing to spend. The ALLU bucket 
can also be used in this function (Fig. 5.11). 
These options are relatively time-consuming 
compared to the use of dedicated windrow- 
turning equipment. 

For medium-scale operations, a custom- 
made turner driven from a tractor power take- 
off (Fig. 5.12) is suitable for windrows around 
1.25 m high and 4.35 m wide. Largest-scale 
operations require large, self-propelled wind- 
row turners (Fig. 5.6, background), which can 
turn windrows around 2.5 m high and 5.5 m 
wide. Paradoxically, space is saved by using 
large self-propelled vehicles: the space between 
windrows is of the order of 1.25 to 3 m, 
whereas using a tractor-driven turner requires 

FIGURE 5.11 Photograph of an ALLU bucket being used as a windrow turner. Courtesy of WSP Remedia- 
tion Ltd. Its adaptability to different machinery and its low cost make it a flexible alternative to windrow 
turners, although slower. 
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FIGURE 5.12 
Services Ltd., Glasgow, Scotland, United Kingdom. 

Photograph of a tractor-driven windrow turner. Courtesy of Environmental Reclamation 

a space between windrows of 3 to 4.5 m, and 
self-propelled vehicles build higher windrows. 

For an example of bioremehation using 
windrows. see Box 5.2. 

In-Vessel Composting 
At first sight, in-vessel composting, i.e., treat- 
ment within a bioreactor, offers some advan- 
tages, mostly relating to the higher degree of 
process control that can be applied, e.g., better 
temperature control, control of odors, and im- 
proved mechanical mixing. However, it is not 
a popular full-scale practice for at least two rea- 
sons. Very often the volumes of soil are too 
large to make this a cost-effective approach. 
Mobile in-vessel plant would be too small for 
mass application, and transporting large vol- 
umes of contaminated soils from the field to 
large fixed facilities raises a number of con- 
cerns, including safety, and not least, the extra 
treatment cost associated with transportation. 
Bioreactors, however, can be used in some 

cases for treatment of contaminated ground- 
water. 

Landfarming 
The basis of landfarming is the controlled ap- 
plication of waste on a soil surface to allow the 
indigenous microorganisms to biodegrade the 
contaminants aerobically (195). Because it is a 
shallow treatment with a large exposed surface 
area, the relative contributions of biodegrada- 
tion and volatilization have always been de- 
bated. Volatilization of crude oil in temperate 
climates is minimal, whereas in hot climates it 
might approach 40% (219). 

Landfarms differ from biopiles and windrow 
composting technologies in that landfarms are 
fixed facilities to which the materials for reme- 
diation are transported. The oil industry has 
a long history of using landfanning; landfarms 
around the world are used to treat various up- 
stream (drilling wastes) and downstream (refin- 
ery wastes) materials, including oily sludges. 
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BOX 5.2 
Bioremediation Using Windrows at Newcastle-upon-Tyne 

BOX FIGURE 5.2.1 
contamination. 

Hydrocarbon contamination at the site. Dark squares are areas ofhighest 

A former quarry site was to be redeveloped as a shop- 
ping complex in Newcastle-upon-Tyne, United 
Kmgdom. The site was an in-filled quarry, containing 
more than a 10-m depth of incinerator ash. Before 
development could be done, it was necessary to de- 
termine that the land was not contaminated to a level 
that would present a significant risk to human health. 

An extensive site investigation was performed 
which revealed the following: 

Heavy metals were recorded within the ash; 
Low concentrations of dioxins were recorded 
within the ash; 

Numerous above- and below-ground storage 

Up to 1.2 m of phase-separated product was 

Asbestos was identified within buildings; 
There were widespread hotspots of hydrocar- 
bon contamination (Box Figure 5.2.1 .). 

tanks were identified; 

found on the groundwater; 

A quantitative risk assessment was carried out; the 
remediation criteria are shown in Box Table 5.2.1. 
The quantitative risk assessment revealed that ben- 
zene and benzo(a)pyrene were the main drivers ne- 
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BOX 5.2 (continued) 

BOX TABLE 5.2.1 Remedial criteria for soils 

Maximum Remedial 
Contaminant identified site target concn Derivation" 

concn (mg kgl)  (mg kg') 

TPH 11,749 5,000 Lower threshold of TPH, saturation in soil 
C5-C7 aromatic 0.011 (as benzene) 1.9 RBCA-volatilization from soil to indoor air 

Benzene 0.011 2.1 RBCA-volatilization from soil to indoor air 
PAH 24,000 1,400 Extrapolation of benzo(a)pyrene target by 

TPHCWG critical fraction method 
B enzo (a) pyrene 1,118.9 140 RBCA-to ensure risks to future construc- 

tiodmaintenance workers are acceptable 

hydrocarbons 

a RBCA, risk-based corrective action; TPHCWG, total petroleum hydrocarbons cntena working group. 

cessitating cleanup before construction of the shop- 
ping complex could begin. The risk assessment in- 
dicated the potential receptors at the site, and risk- 
based remedial targets were set. 

Based upon the quantitative risk assessment, a mul- 
tifaceted rememation approach was developed. As is 
often the case, a mixture of contaminants was found, 
and the remedial remedy had to deal with not only 
contaminated soil and groundwater, but also infra- 
structure in the form ofunwanted buildings and stor- 
age tanks. 
The strategy for cleanup is described below. 

0 All concentrations of heavy metals and dioxins 
were below risk-based target criteria, so no 
soil remediation was necessary. 
For all identified asbestos within builmngs, 
controlled removal was necessary prior to de- 
molition. The ubiquitous b&te noire asbestos 
was found in buildings, and this called for spe- 
cialist removal of the asbestos before structures 
could be demolished, but no soil remediation 
was necessary. 
Phase-separated product was identified, so 
groundwater remediation with product recov- 
ery was necessary due to the Environment 
Agency Statutory Requirement. 
UST removal was required due to the Envi- 
ronment Agency Statutory Requirement. 
Concentrations of hydrocarbons above risk- 
based target levels were identified, so soil re- 
mediation was required. 

The site investigation and quantitative risk assess- 
ment identified 16,000 m3 of hydrocarbon-contam- 
inated soil requiring remediation. Approximately 
50% of the contaminated soil was granular ash. Most 
of the remaining contaminated soil was cohesive ma- 
terial or clay. The cohesive material was not suitable 
for bioremediation. It was excavated and removed 
for off-site disposal. Laboratory testing revealed that 
the ash fraction was amenable to treatment by on- 
site ex situ bioremediation. Thus, about half 
of the contaminated soil was amenable to ex situ bio- 
remediation. 

Windrowing was selected as the method of choice 
(Box Fig. 5.2.2). Trial pits dug on a 20-m grid across 
the entire site delineated the regons of hydrocarbon 
contamination. Excavation and screening of contam- 
inated soils were conducted so that biorememation 
would be performed only on material below 50 mni 
in size. The oversize material was crushed and reused 
on-site as engineering fill. The material for bio- 
remediation was laid out in windrows in the treat- 
ment area, treated with nutrients, and aerated by 
windrow turning on a weekly basis. 

Regular laboratory analyses were performed to 
monitor removal ofcontaminants until risk-based tar- 
get levels were achieved and the material was released 
for use as general fill on the site. Box Fig. 5.2.3 shows 
the results of monitoring of windrow 11 during the 
bioremediation period. This windrow was 80 m long 
and had a volume of600 m3. As indicated by these re- 
sults, bioremediation achieved target reductions in hy- 
drocarbon levels within a relatively short time. 

Box 5.2 continues 
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BOX 5.2 
Bioremediation Using Windrows at Newcastle-upon-Tyne (continued) 

BOX FIGURE 5.2.2 
Cardiff, Wales, United Gngdom. 

Field measurements on windrows. Courtesy of WSP Remediation Ltd., 
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Landfarms also have been proven effective in 
reducing concentrations of all components of 
fuels found in USTs, including petrol, diesel, 
and kerosene, as well as primarily nonvolatile 
oils such as heating and lubricating oils (324). 
For the oil industry, it has been seen as a rela- 
tively cost-effective and simple technique for 
dealing with refinery wastes, but there are envi- 

ronmental concerns over landfarming opera- 
tions (11). In terms of total refinery wastes, a 
small proportion is landfarmed. Between 1986 
and 1993, a mere 4.9% of all refinery sludge 
was disposed ofby landfarming from 89 report- 
ing Western European oil refineries (340); de- 
spite being the cheapest reported option, very 
few refineries in Europe use it. In a number of 

Next Page 
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countries, the technique is not permitted at all 
(77). 

LANDFARM DESIGN 
The preparation of the site for a landfarm bears 
similarity to the methods for preparation of the 
base for biopiling, but of course the area to be 
prepared has to be much larger. The amount 
of land required depends on the volume of ma- 
terials to be treated and the depth of the land- 
farm soil. The depth of landfarm soils is usually 
between 30 and 45 cm, although very powerful 
soil tillers can till down to about 60 cm. An 
advisable upper sludge loading is 150 g of 
sludge per kg of soil (13). Waste is typically 
applied in layers of no more than 20 cm. Time 
should be invested to maximize the accuracy of 
the land requirements, as a key to economical 
landfarm operation is to size the installation 
properly and then run it close to capacity (W. 
Younkin, C. Suaznabar, and S. Parsons, paper 
presented at the SPE International Conference 
on Health, Safety, and the Environment in Oil 
and Gas Exploration and Production, 
Stavenger, Norway, 26 to 28 June 2000). The 
most difficult and variable part of the calcula- 
tion is the residence time (the time taken to 
reach the treatment target). Younkin et al. re- 
ported a variation in residence time to reach a 
1 % total petroleum hydrocarbons target of 139 
to 218 days. Given variabilities in soil, climate, 
and sludge quality, treatability studies are 
highly recommended (Fig. 5.13). 

Landfarm Base. Landfarm surface areas 
are highly variable but may be of the order 
of 4 ha (40,000 m2). The total land area is 
divided up into treatment cells, generally 
square and of variable size. A U.S. Army 
design specifies a treatment cell size of 1 acre 
(4,047 m2) (320). A BP Amoco landfarm to 
treat drilling wastes is a 4-ha site in a rectan- 
gle, laid out in 45 treatment cells of 30 by 
30 m each. By so dviding the land, wastes 
can be sequenced in time so that continuous 
operation can be maintained. 

Given the large area and the shallowness of 
a landfarm, the base has to be properly designed 

and built to accommodate local climate. 
Leachate control is essential for wet and tem- 
perate climates. To  this end, a high-integrity 
liner is required. A compacted clay layer of 0.6 
m with a hydraulic conductivity of lo-' cm 
s * is suitable. A l-mm-thick HDPE liner is 
a suitable alternative, and at permanent sites, 
both may be used. 

The leachate collection system to sit on top 
of the liner consists of slotted-pipe laterals 
embedded in a granular drainage layer (Fig. 
5.14). The grade of a treatment cell should be 
between 0.5 and 2%, depending on local rain- 
fall. The granular drainage layer is formed from 
compacted, well-sorted gravels and coarse 
sand, with a minimum compacted hydraulic 
conductivity of l o u 2  cm s - ' .  Gravels greater 
than 13 mm in diameter may damage the 
HDPE liner, and it would be advisable in such 
a case to have a protective layer of sand or 
geotextile between the granular drainage mate- 
rial and the liner. 

- 

Perimeter Dike. The perimeter dike is 
designed to prevent runoff and storm water 
run-on based on a 25-year flood. A minimum 
freeboard of 0.3 m between the top of the dike 
and the surface of the treatment cells, and also 
from the top of the dike to the exterior surface 
of the cell, is recommended. 

Stockpile Area. Stockpiling is necessary 
for the storage of contaminated material for 
treatment, already treated material awaiting 
haulage out of the farm, and oversize material. 
Stockpiling areas should be lined with a chemi- 
cally resistant impermeable geomembrane to a 
minimal thickness of 1 mm. Rain is prevented 
from entering the stockpile with a 0.25-mm- 
thick impermeable geomembrane. 

LANDFARM OPERATION 
The main activities of landfarm operation are 
placing of contaminated material, aeration, 
watering, fertilization, and removal of treated 
material. The most important of these is aera- 
tion. The soil amendments are as for other ex 
situ bioremediation technologies. The critical 
issues, as always, are water and oxygen. 

Previous Page 
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FIGURE 5.13 Photograph of experimental landfam plots at an oil sludge storage facility, 
Perm, Russia. The left half of the plot has been sown with common Russian grasses. One plot 
has been treated with biofertilizer (top), and the other is an untreated control plot (bottom). 
After Kuyukina et al. (165). 
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I I 
Drainage layer Slotted pipes for Impermeable liner 

leachate collection 

FIGURE 5.14 Diagram showing a landfarm schematic (not to scale). 

Irrigation. As in all bioremediation pro- 
cesses, a fine balance has to be sought, between 

100 mg kg-l. The trigger level for ortho-phos- 
phate is 5 mg kg- '. 

having enough water for essential microbio- 
logical needs and not so much that it would 
fill the soil pores and inhibit oxygen diffusion. 
A sprinkler-type irrigation system is the norm, 
with overlap between adjacent sprinkler pat- 
terns. The water delivery rate is variable, but 
the recommended lower rate is 0.7 liter s - l  
(1,000 m-2). The key issue is that the system 
should be able to deliver water evenly over the 
whole surface to prevent short-circuiting. As 
with other technologies, the moisture should 
be kept to between 40 and 80% of field capac- 
ity (water holding capacity). Unlike for the 
other technologies, greater effort has to be ex- 
pended in monitoring the moisture because of 
the large surface area involved. 

Nutrient Addition. Slow-release fertil- 
izers are preferred for landfarming. After a new 
batch of contaminated soil or sludge is applied 
on a landfarm, standard practice is to measure 
ammonia, nitrate, and ortho-phosphate at 2- 
week intervals, especially during the first few 
weeks of treatment, and thereafter every 6 
weeks for the duration of the treatment. A sim- 
ple rule of thumb is to reapply fertilizer when 
the level of available nitrogen falls below 50 
mg kg ofsoil-', and the application rate should 
be adjusted so that the level does not exceed 

Aeration. The technique for aeration is 
simple and well established. The soil is tilled 
with agricultural equipment (Fig. 5.15). The 
timing of tilling is the most important vari- 
able. If done too soon after rainfall with a 
soil containing a significant amount of clay, 
this can form clay clods, in which the subse- 
quent aeration will be very poor. The U.S. 
Department of the Army (320) recommends 
tilling every 2 weeks. Huesemann (138) states 
that too-frequent tilling may not be advanta- 
geous due to deleterious effects on soil struc- 
ture and increased evaporative water losses. 

In a hot climate, Hejazi and Husain (127) 
noted that of the three main operations (till- 
ing, watering, and nutrient addition), tilling 
was the activity most responsible for hydro- 
carbon removal. The majority of the effect 
could be attributed to weathering (volatiliza- 
tion) and not biodegradation. In fact, they 
also concluded that the addition of nutrients 
and water slowed down hydrocarbon re- 
moval, probably by compacting the soil and 
minimizing weathering. However, this was 
within the extremes of climate experienced 
in Saud Arabia. In cooler climates, it is likely 
that biodegradation has a greater influence. 
Landfarming is also being considered, along 
with biopiles, for the treatment of oil-con- 
taminated arid Kuwait soils (Box 5.3). 



FIGURE 5.15 
Despite proven success in varied climates over several decades, there are concerns over this practice. 

Landfarming oil refinery sludges. A &sc harrow (top) and a tined tiller (bottom) are being used. 
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BOX 5.3 
Bioremediation of Oil-Contaminated Kuwait Soils Using Landfarming 

and Biopiles 

During the past decade, there have been several large- 
scale oil releases that have contaminated large areas 
of land. Probably the greatest contamination oc- 
curred in Kuwait as a result of the deliberate release 
of oil by Iraq at the time of the first Gulf War. The 
discharged oil formed over 300 oil lakes, covering 
large land areas (Box Fig. 5.3.1). Despite physical 
recovery of some of the oil, much remains a decade 
after the contamination occurred. Discussions are 
continuing to select remediation strategies that are 
appropriate and cost-effective. 

Bioremedation, involving enhanced landfarming 
and biopiles, has been evaluated at the pilot scale and 
is one of the remediation techniques under consider- 
ation. Al-Awadhi et al. (9) reported on experiments 
that were initiated in November 1992 at the Burgan 
oil field, in which 16 landfarming plots of 12 m2 each 
were constructed. Experimental plots for landfanning 

were established using heavily contaminated soils 
from oil lakes so that the concentrations of oil were 
6 to 8%. The experimental plots were amended with 
nitrogen, phosphorus, and potassium (NPK, 15:15: 
15) fertilizer to produce carbon-to-nitrogen (C-to- 
N) ratios of 5O:I and 75:l. All of the plots were also 
tilled to a depth of 30 cm once every 2 weeks and 
irrigated with freshwater (2,000 liters per plot). The 
study was conducted for 18 months, during which 
time petroleum hydrocarbon concentration, PAH, 
and heavy metals were monitored regularly. The re- 
sult obtained showed that landfarming treatment re- 
sulted in more than 80% reduction of oil contamina- 
tion within 15 months. The treatment also resulted 
in a substantial reduction of the PAH concentrations. 
Plant toxicity experiments were carried out with bi- 
oremediated soil. The yield was almost within the 
normal range, so the treated soil had been sufficiently 

BOX FIGURE 5.3.1 
War that resulted in the formation of hundreds of square kilometers of oil lakes. 

Photograph showing disastrous oil contamination in Kuwait as a result of the Gulf 
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BOX 5.3 (continued) 

restored for vegetation. From the plant analysis after 
vegetation, it was clear that the uptake of PAH, sul- 
fur, and heavy metals was negligibly small. These 
studies indicate that optimum landfarming conditions 
are obtained if the soil is well aerated and contains 
sufficient moisture and nutrients. The indigenous mi- 

croorganisms will be efficient enough to biodegrade 
the oil, provided that optimum conditions are main- 
tained during treatment. Overall bioremediation 
seems to be a practical approach to the restoration of 
oil-contaminated soils, even over large areas of heav- 
ily contaminated desert soils. 

Soil Slurry Reactors 
Slurry-phase ex situ bioremediation has several 
apparent advantages. The addition of water 
makes the materials easier to move, by pump- 
ing, and the ability to set up liquid-phase biore- 
actors means that a greater degree of process 
control is possible. A great deal of knowledge 
of the functioning of fermentors and chemo- 
stats has been accrued, and the interrogation of 
kinetics in slurry-phase systems should accord- 
ingly be simplified. Another advantage of 
sluny-phase bioremediation that has been 
championed is the great degree of flexibility 
that can be achieved. 

A typical setup for a soil slurry reactor is 
depicted in Fig. 5.16. Having several reactors 

Inlet air 

in series means that the operating conditions 
can be easily and rapidly modified. Indeed, 
even the metabolism can be altered drastically. 
For example, attempting to treat, say, a waste 
containing a highly chlorinated phenol aerobi- 
cally may be folly. Since the molecule is already 
highly oxidized due to the presence of electro- 
negative chlorine atoms, further electrophilic 
microbial attack may prove futile. Under such 
circumstances, the first reactor might be better 
run anaerobically to bring about at least partial 
reductive dechlorination (163). Removal of 
chlorines and substitution with hydrogen 
would make the molecule more amenable to 
oxidative microbial hydroxylation and subse- 
quent ring cleavage, which could be carried 
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FIGURE 5.16 Soil slurry reactor. 
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out in a second bioreactor stage. Subsequent 
stages would involve slurry thickening and 
then filtration to form a treated cake. Such an 
arrangement might speed reaction, not only by 
optimizing growth conltions, but also by in- 
creasing the apparent concentrations of con- 
taminants in solution by encouraging desorp- 
tion from soil to the aqueous phase. Indeed, 
some studies do convince that this approach is 
efficacious. For example, Geerdmk et al. (107) 
demonstrated experimental oil biodegradation 
rates 70 times higher in a slurry process than 
in a comparable landfarm. 

The reasons that soil slurry reactors are not 
popular for contaminated land bioremedation 
are due to practical consideration. Large 
amounts of water would be required, and the 
engineering is complicated by the need for 
water recovery and recycling. Water itself is an 
expensive commodity. Another reason is that 
the large volumes of soil at many sites mean 
that the bioreactors would be impractically 
large. This would virtually dictate that such fa- 
cilities were fixed and so would require the 
transportation of large volumes of contami- 
nated soil, most probably by road. Soil slurry 
bioreactors would have to have a good record 
of full-scale success before the large invest- 
ments necessary would become available. 

IN SITU BIOREMEDIATION 
TECHNOLOGIES 
The very term bioremediation should tell us 
that this technology is highly dependent upon 
external conditions, which is key to determin- 
ing whether bioremediation can be performed 
in situ. Are the in situ environmental condi- 
tions suitable for the microbial activities neces- 
sary for successful bioremehation to occur? 
Can the environment be moddied to create 
conhtions that favor microbial activities and 
bioremediative removal of the pollutants? The 
conditions of greatest importance in this con- 
sideration are the physicochemical and chemi- 
cal conhtions that exist in the contaminated 
soil and water. Conditions that have to be opti- 
mal or near-optimal to allow bioremediation 
to proceed at a reasonable rate include the fol- 

lowing: dissolved oxygen for aerobic processes; 
electron acceptors for anaerobic processes; pH; 
temperature; nutrient availability, especially 
with regard to nitrogen and phosphorus; water 
content (for soil); soil composition; alkalinity; 
salinity; metal concentrations; and concentra- 
tion bioremediable contaminants (biodegrad- 
ability versus toxicity). This list is not exhaus- 
tive, but already it is obvious that microbial 
activity in a contaminated site is affected by a 
wide variety of site conditions. 

Often, having to deal with microorganisms 
and having to consider this complex list of en- 
vironmental parameters are off-putting to the 
remediation engineer. However, previous ex- 
perience can simplify matters. In most cases, 
it is possible to simplify this list to the most 
important conditions, which are (in no particu- 
lar order of importance): 

- water content or moisture, 
- PH, . temperature, - nutrient status, and . electron acceptor status (usually oxygen). 

All of these factors are more or less influ- 
enced by a fundamental property of soils that 
requires some discussion before proceedmg 
further. That property is soil porosity, which 
is the ratio of the volume of voids to the total 
volume of a soil and is expressed as a percent- 
age. Above all, soil porosity has a defining in- 
fluence upon the transport process that wdl 
make or break the applicability of bioremedia- 
tion. Water availability, contaminant availabil- 
ity, gradients of oxygen and biodegradation 
waste products, pH, and even heat transfer are 
all strongly influenced by porosity. Porosity 
also influences the movement of contaminants 
into underlying groundwater and away from 
the site of contamination. 

While the porosity gives an indication of the 
applicability of bioremediation to a contami- 
nated site, alone it is not a sufficiently detailed 
measure. Soil is a three-phase system composed 
of solids, liquids, and gases. The solid compo- 
nents determine the porosity, and the pores are 
more or less filled by the liquids and gases. The 
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ease of flow of water through a soil is its hy- 
draulic conductivity, or coefficient of perme- 
ability, whch  in soil science is defined by Dar- 
cy's law: 

where Q is flow (amount of water passing per 
unit of time through cross-sectional area A), K 
is hydraulic conductivity, and d?/dx is the 
water potential gradient (change of potential 
per unit of distance along the direction of 

Hydraulic conductivity is a velocity term 
and is often expressed as centimeters per sec- 
ond. The lower the porosity of a soil, the lower 
the hydraulic conductivity, and at low values 
there is a serious inhibition for the application 
of bioremediation. In particular, the very low 
hydraulic conductivity associated with clay 
(Table 5.1) makes clay soils difficult for bio- 
remediation, where soil modification is diffi- 
cult or impossible. 

In situ bioremediation is best performed on 
sandy soils, with a lower permeability limit of 
about l o p 5  cm s - l  (42). The hydraulic con- 
ductivity of dry, unconfined bentonite is l o p 6  
cm s - l ;  when the bentonite is saturated, the 
conductivity drops to less than l o p 9  cm s-'. 
While the porosity problem can often be over- 
come with ex situ bioremediation technologies 
by adding bulking agents or shredding the soil, 
even then low clay or silt content is required, 
with a minimum void volume of 25% recom- 
mended (35). Compared to ex situ bioremedia- 

flow). 

TABLE 5.1 
conductivities of soils" 

Typical values for hydraulic 

Hydraulic 

(cm s-1) 
Soil type conductivity 

Clay ......................................................... 10-9-10-6 
Silts, sandy silts, clay silts, tllls ................... 10-6-10-4 
Silty sand and fine sands ........................... 10-5-10-3 
Well-sorted sands ................................ 10-3-10-1 
Well-sorted gravels ................................. 10-2-100 

a Adapted from the work of Cookson (68). 

tion systems, there is very little to see at an 
in situ site; the bulk of the activity happens 
underground. Most of the quoted advantages 
of in situ compared to ex situ bioremediation 
relate to this fact. 

At in situ bioremediation sites, there is very 
little excavation done, so site disturbance is 
much less. This should make in situ bioremed- 
ation cost-competitive since the bulk of the 
transportation and excavation cost has been 
nullified. As there are no biopiles or windrows 
to be constructed, the construction engineer- 
ing is less involved, and in situ treatment is 
highly suited to small, inner-city sites, such as 
old gas stations. Naturally, it allows treatment 
of the deep subsurface, which is not feasible 
with ex situ methods unless the cost and space 
implications of deep excavation can be borne. 
A related issue is that in situ bioremediation 
allows treatment around and under buildings, 
which means that working sites can be treated 
as well as abandoned ones. Because there is lim- 
ited excavation, there is much less exposure of 
the workforce and others in the vicinity of the 
site to volatiles. 

This lack of excavation also accounts for 
most of the quoted disadvantages of in situ sys- 
tems. Because the contractor is effectively 
working blind in the subsurface, detailed site 
assessment is required, and the hydrogeology 
and contaminant distribution must be known 
as accurately as possible. Gathering the neces- 
sary borehole information and laboratory anal- 
yses can make the site assessment phase very 
expensive. Working at depth in very inhomo- 
geneous matrices makes process control diffi- 
cult: whereas altering the temperature or pH 
of a biopile is straightforward, this is not the 
case with in situ technologies. It is also difficult 
to accurately predict end points, and careful 
monitoring of the process, while necessary, is 
difficult, as the subsurface cannot be made ho- 
mogeneous. 
All things considered, as more experience 

is being gained with in situ treatments, it is 
becoming more popular, whereas in the early 
development of bioremediation ex situ treat- 
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ments were much more common. An interest- 
ing illustration of this can be seen in the 
Superfund program. The 11th edition of the 
Treatment Technologies for Site Cleanup: Annual 
Status Report reveals the changes in bioremedi- 
ation approaches that have occurred over the 
last few decades (331) (Fig. 5.17 and 5.18). 
During the period from 1982 to 2002, ex situ 
bioremediation accounted for nearly 1 1 % of 

source control projects, whereas froin 2000 to 
2002, there were only 3 of a total of 56 projects 
using ex situ bioremediation. The shift from 
ex situ to in situ bioremediation began in 1991. 
Since then, in situ bioremediation projects 
have risen from 13.2 to 17.7% of total source 
control projects (330). 

In situ bioremedation technologies are 
overwhelmingly dominated by soil bioventing. 

Physical On-site 
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FIGURE 5.17 
EPA (331). (A) 1982 to 2002. (B) 2000 to 2002. 

Ex situ source control projects at Superfund sites. Data are adapted froin the work of the U.S. 
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FIGURE 5.18 
(A) 1982 to 2002. (B) 2000 to 2002. 

In situ source control at Superfund sites. Data are adapted from work of the US. EPA (331). 

Indeed, this is the only in situ bioremediation 
technology used widely for soil cleanup. The 
U.S. Air Force listed 45 bioventing projects 
carried out at Air Force bases alone, ranging in 
volume from 600 to 311,500 yd3 (319). The 
other biotechnologies are for groundwater 
cleanup. Pump-and-treat technologies are very 
widely used for contaminated groundwater, 
but biological enhancements are not common 
(325), and from 1982 to 2000, only 4% of 
above-ground pump-and-treat projects in- 
volved biological treatment (331). Permeable 
reactive barriers (PRBs) have traditionally been 

designed as chemical and physical intervention 
techniques, with incidental biodegradation 
takmg place, and it is only recently that deliber- 
ately turning PRBs into bioremediation tech- 
nology has arisen. MNA, while gaining accep- 
tance, cannot reasonably be called a technology 
unless enhancement is practiced by some 
means. Cumulatively, air sparging continues to 
represent the in situ technology of choice for 
the treatment of groundwater at Superfund 
sites. However, the choice of in situ bioremed- 
iation of groundwater projects has risen from 
8% in 1997 to 36% in 2002 (331). 
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Bioventing 
Bioventing (Figure 5.19) bears great similarity 
to the physical extraction technique of soil 
vapor extraction (SVE). The primary engineer- 
ing objective of both SVE and bioventing is 
stimulation of airflow in the vadose zone. 
However, whereas SVE is designed to maxi- 
mize contaminant volatilization, bioventing is 
operated at much lower airflow rates to opti- 
mize oxygen transfer and utilization by micro- 
organisms (92). SVE aims to extract volatile 
compounds from groundwater; it does not in- 
volve transformation of the compounds. Bio- 
venting aims to achieve transformation of the 
contaminant through microbial attack. The 
two technologies use the same equipment, es- 
pecially for aeration. 

Bioventing mffers markedly from SVE in 
that nutrients and moisture are often added to 
the subsurface to stimulate biodegradation dur- 
ing bioventing (173). The two functions, how- 
ever, are not mutually exclusive: SVE always 
entails a variable component ofbiodegradation, 
and likewise bioventing can involve an ele- 
ment of volatilization. Campagnolo and Akg- 

Blower 
Vacuum 

erman (58) concluded that the conservative es- 
timate of 15% aerobic biodegradation during 
SVE is realistic. Thornton and Wootan (314) 
first suggested bioventing as a technology be- 
cause they estimated that 38% of hydrocarbon 
degradation during soil venting experiments 
was caused by biodegradation. It is hardly sur- 
prising, then, that some studies have suggested 
a deliberate combined approach when the con- 
taminants favor such a method (e.g., see the 
study by Malina et al. [189]). 

CONTAMINANTS BIODEGRADED BY 
BIOVENTING 
Bioventing has found its niche in the in situ 
treatment of fuel spills (322). Whereas fresh 
gasoline may be too volatile to be treated by 
true bioventing, bioventing has been used 
many times for the full-scale bioremediation of 
diesel (88) and kerosene (35) spills. It has also 
been used successfully on PAHs (187) and a 
mixture of acetone, toluene, and naphthalene 
(174). Bioventing is not considered appropriate 
for the treatment of PCBs and other chlori- 
nated hydrocarbons. However, deliberate en- 

FIGURE 5.19 Bioventing schematic. After the work of Cookson (68). 
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couragement of cometabolism has proven 
successful in the biodegradation of trichloro- 
ethylene (TCE) by injecting oxygen and 
phenol (137), and the advent of anaerobic bio- 
venting offers the potential for treatment of 
chlorinated compounds, such as DDT and en- 
ergetic compounds (286). Trials are ongoing 
on the applicability of bioventing to gasoline- 
ethanol mixtures, which are common in Brazil 
(239). Modifications such as the use of electri- 
cal heating elements have made bioventing of 
petroleum spills applicable in cold regions (98). 

BIOVENTING DESIGN 
The design of bioventing systems is described 
in full by the U.S. Environmental Protection 
Agency (EPA) (322, 323). As with ex situ bio- 
remediation, bioventing relies crucially on ef- 
fective aeration. Unlike ex situ treatment, at 
a potential bioventing site, it is geology that 
dictates whether it is applicable. Soil gas per- 
meability is once again the governing issue 
(84), which determines the relationship be- 
tween applied pressure, or vacuum, and gas 
flow rate. To achieve the optimum aeration 
regimen whereby biodegradation is maximized 
and volatilization is minimized is the ideal, and 
inducing uniform airflow is the best way to 
achieve this (87), although in practical terms 
this may not be possible. 

The basic steps involved in designing a bio- 
venting system are (323) as follows. 

1. Determine the required airflow system. 
2. Determine the required airflow rates. 
3. Determine the working radius of influ- 

4. Determine well spacing. 
5. Determine vent well requirements. 
6 .  Provide detailed design of blower, vent 

7. Determine monitoring point require- 

ence. 

wells, and piping. 

ments. 

There are three primary physical character- 
istics that are used in bioventing design: soil 
gas permeability, contaminant distribution, and 
the radius of influence of oxygen. 

Permeability: Gas and Vapor Trans- 
fer. Flux of gas through a soil matrix is de- 
scribed by Darcy's law, which shows that flux 
of gas is proportional to permeability. Gener- 
ally, a significant flux decrease occurs when the 
permeability is less than l o p 4  cm s-'. At this 
point, the flux drops exponentially with de- 
creasing permeability (1 12). While bioventing 
is certainly possible in relatively low-perme- 
ability soils (e.g., see the work of Phelps et al. 
[248]), when the soil gas permeability falls 
below cm s-', gas flow will be through 
secondary porosity, such as fractures, or 
through more permeable strata present. In 
such cases, the feasibility of bioventing is 
site specific. In higher-permeability soils, the 
most important bioventing limitation becomes 
soil moisture. A high level of soil moisture re- 
places soil gas with water, which drastically re- 
duces air diffusion. Kirtland and Aelion (161) 
refer to low-permeability sediments as those 
with a hydraulic conductivity of less than 
1 0 - 3 ~ ~  s-l. 

Contaminant Distribution. With con- 
sideration to partitioning phenomena, a petro- 
leum hydrocarbon spill onto soil will allow 
contaminants to be present in any or all of the 
phases: sorbed to soils in the vadose zone; in 
the vapor phase of the vadose zone; free-float- 
ing on the water table as residual saturation of 
the vadose zone; or in the aqueous phase, either 
dissolved in the pore water of the vadose zone 
or dissolved in the groundwater. Due to their 
higher density, dense non-aqueous-phase liq- 
uids (DNAPLs) partition to the vadose and sat- 
urated zones, whereas light non-aqueous- 
phase liquids (LNAPLs) distribute primarily to 
the vadose zone. As bioventing is really a va- 
dose zone treatment, it is the LNAPLs that are 
the focus of attention. LNAPLs are more likely 
to migrate to the capillary fringe relatively uni- 
formly in a sizeable spill. Then they will spread 
laterally along the surface of the saturated zone. 
The fluctuating water table allows migration of 
LNAPLs below the water table, but they can- 
not permeate the saturated zone unless a critical 
capillary pressure is exceeded (322). 
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The fate of individual LNAPLs in the va- 
dose zone is determined by the partition phe- 
nomena discussed in chapter 1. They can re- 
main as free product, partition to the vapor 
phase or the aqueous phase (pore water), or 
sorb to solids. The equilibrium concentration 
of most hydrocarbons in the aqueous or vapor 
phase is determined by the immiscible phase, 
if present, or the sorbed phase, if an immiscible 
phase is absent. Only limited oxygenation of 
the capillary fringe by bioventing is possible 
due to the limitation of oxygen diffusion into 
water, and the pore space is water saturated in 
the capdlary fringe. However, when biovent- 
ing is operated in air injection mode, the posi- 
tive pressure depresses the water table. This de- 
waters the capillary fringe, allowing for more 
effective treatment. 

Airflow Systems. Injection of air is pre- 
ferred by the US. EPA to air extraction. Air 
injection is easier to operate and maintain and 
also less expensive. In the presence of surface 
buildmgs or basements within the radius of in- 
fluence of a bioventing system, air extraction 
may be preferred to prevent the accumulation 
of gases within these buildmgs. Air extraction, 
however, does not move air outwards to create 
an extended bioreactor zone, and therefore 
there is a relatively greater contribution from 
volatilization than biodegradation. Another 
consequence of the negative pressure created 
is that with extraction systems it is possible to 
cause the water table to rise. The effect on bio- 
degradation at the capillary fringe would be the 
opposite of the situation with air injection: 
water saturation decreases oxygen diffusion, 
leading to a drop in biodegradation rate. For 
air extraction, an explosion-proof blower is re- 
quired when working with petroleum hydro- 
carbons, a knockout drum and storage tank are 
needed upstream of the blower to remove con- 
densates, and the off-gas may require treat- 
ment, which will significantly increase the cost 
of the treatment. 

Air injection bioventing may cause soil de- 
siccation to the point that microbial activity 
would be limited. Experience has shown, 

however, that moisture loss is minimal, even 
over a 3-year period. Air injection rates are 
typically low in bioventing, and drying may be 
a problem only in the immediate vicinity of 
the well. 

Airflow Requirements. An in situ res- 
piration test is a requirement of bioventing sys- 
tems to prove that there is an active microbial 
population consuming oxygen, and to estimate 
the maximal oxygen demand of that popula- 
tion. This maximum microbial oxygen de- 
mand is used to calculate the airflow require- 
ment. A simple calculation for required aidow 
rate can then be performed: 

(1) 
k, x I/ x 8, 

Q =  
(20.9% - 5%) x 60 nzin/ h 

where Q is the flow rate (in cubic meters per 
minute), k, is the oxygen consumption rate 
(percent per hour), Vis the volume of contam- 
inated soil (in cubic meters), and 0, is gas-filled 
porosity (a fraction; at most bioventing sites, it 
ranges from 0.1 to 0.4). 

Gas-filled porosity is given by 

0, = 0 - 0, 

where 0 is total porosity and 0 ,  is water-filled 
porosity (both given in cubic centimeters per 
cubic centimeter). 

Total void volume is estimated by 

where pk is soil bulk density (grams of dry soil 
per cubic Centimeter) (323) and p T  is soil min- 
eral density (in grams per cubic centimeter), 
estimated at 2.65. 

Water-filled void volume can be calculated 
as 

where M is soil moisture (grams of moisture 
per gram of soil). 

The water-filled porosity is often assumed 
to be 0.2 or 0.3, as it is difficult to measure. 
Flow rates of 400 to 600 liters min-l might 
be considered normal. Some literature suggests 



172 W PHILPANDATLAS 

that a flow rate of 1 pore volume per day to 1 
pore volume per week is typical of bioventing. 
For this, an estimate of the total pore space of 
the system is required. This can be done by 
multiplying the total volume of soil at the site 
by the soil porosity. Then the time to exchange 
1 pore volume of soil vapor can be calculated 
from: 

ev E L - -  
Q 

where E is pore volume exchange time (in 
hours), 8 is total porosity (in cubic centimeters 
of vapor per cubic centimeter of soil), and Q 
is total vapor flow rate (cubic meters of vapor 
per hour). 

Oxygen Radius OfInJuence. The radius of 
influence is defined as the maximum radius to 
which oxygen has to be supplied to sustain 
maximal biodegradation. Radius of influence 
is the most important factor that directs engi- 
neering design of full-scale bioventing systems 
once the soil gas permeability and contaminant 
mstribution are known. It is used to space vent- 
ing wells and to size blowers to guarantee that 
the entire site gets aeration, albeit that it might 
not be possible to achieve uniform aeration. 

The radius of influence for bioventing is dif- 
ferent from that for SVE. In SVE, all that mat- 
ters is the &stance from the air extraction well 
where vacuum or pressure can be measured; 
i.e., there is no microbial consumption factor. 
For bioventing, the radius of influence is a 
function ofboth airflow and oxygen consump- 
tion rate (323). 

The most accurate determination of oxygen 
radius of influence for a particular site is direct 
measurement. If the injection mode is used, the 
blower can be started and changes in oxygen 
concentration can be measured at distances 
from the vent well. However, a change in oxy- 
gen concentration may take days or more to 
reach equilibrium. Pressure change occurs 
more quickly, in a matter of a few hours, but 
is less satisfactory than oxygen concentration 
change, and the relationship between them is 

not well understood. The relationship is 
strongly influenced by soil permeability; e.g., 
relatively impermeable soils register a pressure 
change quickly after a blower is started, even 
though oxygen permeability is very low. Alter- 
natively, the radius of influence can be esti- 
mated from: 

where RI is the ramus of influence (in meters), 
Q is airflow rate (in cubic meters per day), h 
is aerated thickness (in meters), and 8, is air- 
filled porosity (in cubic centimeters of air per 
cubic centimeter of soil). 

In practice in the field, well spacings are in 
the region of 1 to 1.5 times the radius of influ- 
ence (Fig. 5.20). Generally, the radius of influ- 
ence can range from 1.5 m for fine-grained, 
relatively low-porosity soils to 30 m for coarse- 
grained, high-permeability soils (324). 

Blower Sizing. Based on the air require- 
ments for a project, the appropriate blower has 
to be acquired. The two most important con- 
siderations are the target airflow rate and the 
expected pressure drop within the bioventing 
system. Design should be directed at the upper 
performance limits required, i.e., maximum 
oxygen demand and lowest soil gas permeabil- 
ity. That way, flow can be vented at times of 
lower demand. Using a blower that is too small 
for the highest demand can shorten the life of 

Wells spaced at the radius 
of influence 

Wells spaced at 1.5 x radius 
of influence 

FIGURE 5.20 
of influence. 

Vent well spacing, based on radius 
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a blower. With the airflow and expected pres- 
sure known, a blower is selected such that those 
variables are in the middle of its performance 
range. At the relatively low airflow rates and 
pressures required in bioventing, regenerative 
centrifugal blowers operate efficiently. They 
can be manufactured to be non-sparkmg ex- 
plosion proof This type ofblower is a common 
choice in bioventing projects. In practice, it 
would be appropriate to test three different- 
size blowers (based on power rating), one 
whose median performance is at the desired 
flow rate and pressure, one above, and one 
below, before final selection. The blower is at 
the heart of a bioventing system but is a rela- 
tively inexpensive item of equipment. Typical 
blower sizes in bioventing are 1 to 5 hp (ap- 
proximately 0.75 to 3.7 kW). 

Vent Well Design and Construction. The 
two orientations of vent wells are vertical and 
horizontal. Horizontal wells are, for the ob- 
vious reason of expense, used only when the 
contamination is shallow (less than, say, 3 m). 
Construction of horizontal wells at depths 
greater than 7.5 m becomes difficult. However, 
for shallow contamination at less than 3 m, hor- 
izontal wells are reported to be more effective 
than vertical wells. Vertical wells are used more 
commonly since the construction is simplified. 

Construction is a standard process, using 
commonly available materials. The piping used 
is the ubiquitous 4-in. (10.2-cm)-diameter 
schedule 40, slotted PVC pipe that is used in 
landfill applications (Fig. 5.4), although various 
diameters are used, ranging from 2 in. in shal- 
low or sandy soils all the way to 12 in., depend- 
ing on depth and flow. Slot size should be con- 
sistent with the soil grain size. Standard 4-in.- 
diameter PVC pipe is the most common. 

A typical injection well construct is shown 
in Fig. 5.21. Slight differences are allowable 
for extraction wells. For example, vertical wells 
can be designed with a longer screen section 
to improve the prospects of uniform airflow. 
Many drilling techniques are acceptable, with 
hollow-stem augering probably the most com- 
mon. The diameter of the borehole should be 

Not to scale 

&=IX blower 

U 

- Bentonite / cement grout to surface 

Schedule 40 
PVC casing - 

- Bentonite seal 

- Schedule 40 slotted 
PVC screen 

Silica sand - 

- End cap 

FIGURE 5.21 
of the US. EPA (323). 

Bioventing well design. After work 

at least twice the outside lameter of the pipe 
used. The drilling is done to the required 
depth, and the pipe work is then assembled. 
The vertical pipe consists of the slotted screen 
in the lower portion, joined to schedule 40 
PVC casing of the same diameter. The total 
length of slotted screen depends on the depth 
of contamination in the vadose zone. Continu- 
ing the well into the saturated zone can cause 
problems. About 6 fi (1.8 m) of casing should 
extend into the subsurface from the surface, 
with a variable length above ground connect- 
ing to the header. In fact, it is common practice 
to conceal the piping manifold below ground 
in a shallow trench if possible. The slotted 
screen is terminated with an end cap. 

The vertical piping is placed in the hole, 
screen end first, and held in the center of the 
borehole. The filter pack material is placed in 
the annular space created between the borehole 
wall and the screen. The filter pack material 
extends about 0.3 m above the screen. The 
filter pack would normally be silica sand. This 
is followed by a minimum of 0.6 ni of benton- 
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ite seal. Above this, 0.5 m ofbentonite-cement 
slurry is poured. This forms the seal that pre- 
vents short-circuiting of air back to the surface. 
The seal is more critical in injection wells than 
in extraction wells. 

Number of Vent Wells. The simplest way 
to calculate the number of vent wells required 
at a site is to divide the total surface area of the 
treatment zone by the area correspondmg to 
the radius of influence of a single well. The 
wells should then be spaced evenly within the 
treatment area. 

Air Injection and Extraction. If a site is cov- 
ered with an impermeable cap, such as concrete 
or buildmgs, airflow to the surface is prevented 
during air injection bioventing. This can be 
overcome by using a combination of injection 
and extraction wells. 

A case study for bioventing design was pre- 
sented by Pearce and Pretorius (241), based 
upon a single vent well and three monitoring 
wells. A soil gas permeability of 3.8 Darcy units 
and a radms of influence of 9.5 m were mea- 
sured. A high oxygen utilization rate indicated 
an active microbial population, and a theoreti- 
cal biodegradation rate, based on hexane, of 
752 mg kg-I month-' was calculated. It was 
concluded that bioventing was possible at the 
test site. 

Combined Technologies 
Bioventing is a technology that lends itself to 
combination with other soil remediation tech- 
nologies. The complexity of the subsurface 
sometimes dictates that no one technology is 
suitable on its own. The most obvious choice 
is a combination with SVE, as the technologies 
are very similar in the hardware used. The main 
difference is simply in airflow. Malina et al. 
(189) described the use of sequential vapor ex- 
traction and bioventing for the remediation of 
soil contaminated with toluene and decane. Of 
the two, toluene is more toxic to microorga- 
nisms and is more volatile and therefore more 
amenable to treatment by SVE to remove the 
toxicity of toluene to allow subsequent bio- 

venting. Such an approach could be successful 
at complex industrial sites, such as petrochemi- 
cal plants, where a range of biodegradable and 
volatile or toxic compounds are present. 

Another obvious combination is the use of 
bioventing in the extraction mode combined 
with treatment of the off-gases. Indeed, this is 
often a legislative requirement. To remediate 
contaminated land under a paint factory, Ori- 
ggi et al. (238) opted for venting and biofiltra- 
tion of the off-gas. Approximately 100 kg of 
naphtha, toluene, and xylenes was remediated. 
The bulk of the soil removal was done through 
venting (approximately 70 kg), and it was 
judged that biodegradation accounted for a fur- 
ther 18 kg. The biofiltration system produced 
an outlet gas stream which was acceptable 
under Italian law. 

An interesting case was presented by Dasch 
et al. (78) at a geologically complex site con- 
taminated with 18,000 liters of mixed gasoline 
and oil. The remediation strategy was a combi- 
nation of pump-and-treat method, product re- 
moval, vapor extraction, and bioventing. Ap- 
proximately 16,600 liters was removed in 21 
months, 59% by vapor extraction, 28% by bio- 
venting, and 13% by the pump-and-treat 
method. What is more, synergies between the 
technologies were obvious, e.g., pumping and 
treatment of groundwater lowered the water 
table, improving the efficiency of vapor extrac- 
tion, which in turn added oxygen for the stim- 
ulation of biological activity. 

Because only low flow rates are possible in 
low-permeability soil, some techniques are 
being investigated and applied to improve bio- 
venting. Fracturing is an enhancement tech- 
nology designed to increase the efficiency of 
other in situ technologies in low-permeability 
conditions. Existing fissures are enlarged and 
extended, and new fractures are created, pri- 
marily horizontally, during fracturing. Pneu- 
matic 6-acturing is commonly used in soil 
fracturing. Fracture wells are drilled in the 
contaminated vadose zone and left uncased for 
most of their depth. Short bursts of compressed 
air can be injected to fracture the formation. 

This was the approach taken by Venkatra- 
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man et al. (342) for the remediation of a gaso- 
line-contaminated low-permeability soil. Frac- 
turing was used not only to enhance airflow, 
but also for the delivery of the soil amendments 
phosphate, nitrate, and ammonium salts. The 
integration of fracturing with bioventing re- 
moved 79% of the benzene, toluene, and xy- 
lenes (BTX) at the site. It was estimated that 
85% of the total BTX removed was attribut- 
able to biodegradation. 

The injection of pure oxygen may be useful 
for providmg higher oxygen concentrations in 
low-permeability soils for a given volume than 
is possible with air injection. Ozonation may 
be useful to partially oxidize recalcitrant com- 
pounds to speed up biodegradation. Air sparg- 
ing of saturated soil is one approach being in- 
vestigated to enhance biodegradation and 
volatilization. 

Anaerobic bioventing seems a contradiction 
in terms, but the use of gaseous hydrogen as a 
reducing agent in the vadose zone, followed 
by oxygen in a subsequent aerobic step, has 
achieved reductive dechlorination of TCE, 
with rapid oxidation of the reductive by-prod- 
ucts to accomplish complete remediation 
(207). 

Biosparging 
One way to remove contaminants from 
groundwater is to pump and capture the con- 
taminants or otherwise separate the contami- 
nants from the water, which is returned to the 
aquifer. In theory, prolonged pumping could 
eventually flush out all the contaminants, but 
the solubility properties of many contaminants 
of aquifers make reliance on physical flushing 
alone prohibitively slow and expensive. The 
widely used pump-and-treat method for the 
decontamination of groundwater may require 
long periods of recirculation of groundwater 
from the aquifer to the surface-to clean an 
aquifer by simple water flushing may take 15 
to 20 years and several thousand times the vol- 
ume of the contaminated portion of the 
aquifer. 

In situ air sparging (IAS) has emerged as a 
popular alternative. This method consists of in- 
jecting a gas, usually air, into the saturated sub- 
surface, below the lowest point of contamina- 
tion. This promotes the partition ofvolatile and 
semivolatile contaminants from the dissolved 
and free phases into the vapor phase. Inevita- 
bly, as the dissolved oxygen concentration of 
the groundwater is increased, microbiological 
activity is stimulated. To turn this into a delib- 
erate bioremediation technology rather than a 
volatilization one requires process modification 
(4), and the technique that is emerging has been 
called biosparging. A schematic of biosparging 
is shown in Fig. 5.22 

In a similar fashion to bioventing, the equip- 
ment required is rather simple and mostly inex- 
pensive, and time and money have to be spent 
to understand the local subsurface in sufficient 
detail to guarantee end points. Unlike biovent- 
ing, of course, biosparging is a technique of 
the saturated zone, which creates the need for 
engineered differences from bioventing. The 
effectiveness of biosparging is governed by two 
overriding factors: soil permeability, which de- 
termines the rate of transfer of oxygen from 
the gas phase to the aqueous phase and eventu- 
ally to the microorganisms; and contaminant 
biodegradability. 

Some experts in the field of air sparging re- 
gard biosparging as a particular mode of opera- 
tion ofIAS (148, 149). In practice, biosparging 
is frequently used to refer to an IAS system 
when the intent is to operate without SVE 
(148, 149). Moreover, they feel that the lower 
air injection rates (<0.14 m3 min-' compared 
to 0.28 to 0.57 m3 min-l per vertical well in 
a typical IAS application) are inefficient and 
likely also to be ineffective at many contami- 
nated sites. It is conceded, however, that safe 
operation without SVE is possible at some sites 
and that with time, after the bulk of the volatile 
compounds has been removed, biodegradation 
will become the dominant mechanism of re- 
moval, but this can happen only once the dis- 
solved hydrocarbon concentration in water 
reaches less than 1 mg literp1 (147). 

Part of the problem lies in the difficulty in 
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Pressure relief Pressure gauge 
valve / 

FIGURE 5.22 Biosparging schematic. After the work of Cookson (68) 

predicting airflow in the subsurface at the 
depths at which air sparging and biosparging 
take place. Bruce et al. (53) conducted a study 
of a single air injection well in a sandy aquifer 
contaminated with gasoline. Increasing the 
airflow Grom 10 to 20 ft3 min-l (about 0.28 
to 0.57 m3 min-l) increased the cumulative 
mass removal by a factor of 2 to 3. That is why 
it is expected that biosparging is inefficient, and 
it would certainly require much longer treat- 
ment periods than air sparging. Rutherford and 
Johnson (271) showed that trapped air remain- 
ing in an aquifer during pulsed air injection, 
during which air was supplied at a high flow 
rate for short periods and then shut OK contin- 
ued to deliver air to the aquifer during the shut- 
down periods. This might continue for up to 
a day. Such a strategy might deliver the high- 
flow advantages of air sparging and yet also sat- 
isfy the lower airflow requirements for bi- 
osparging. Johnson et al. (149) suspect that 
pulsed airflow is thus the more efficient way 
to run biosparging, and under such conditions 
it resembles a hybrid of air sparging and bi- 
osparging. 

CONTAMINANTS TREATED BY 
BIOSPARGING 
In a manner analogous to the comparison be- 
tween SVE and bioventing, air sparging and 
biosparging are suited to the treatment of dif- 
ferent contaminants, although there is inevita- 
ble overlap. Air sparging utilizes higher airflow 
velocities and the treatment is therefore domi- 
nated by volatilization, with some incidental 
biodegradation. The lower flow velocities of 
biosparging favor biodegradation over volatil- 
ization. Biosparging is most often used at sites 
with groundwater contamination by middle 
distdlate fuels, such as diesel and kerosene. The 
more volatile components of gasoline are also 
more toxic to microorganisms, and fresh gaso- 
line spills in groundwater would be better 
treated by air sparging. Longer-chain hydro- 
carbons, such as those present in lubricating 
and heating oils, are intrinsically biodegradable 
but at lower rates than, say, medium-chain- 
length n-alkanes. However, these components 
are still amenable to biosparging, but the pro- 
cess necessarily takes longer. These larger hy- 
drocarbons are also less volatile and therefore 
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less amenable to air sparging. A pilot test to 
evaluate biosparging for the treatment of 1,2- 
dichloroethane is being conducted (231). As of 
1999, only three Superfund groundwater re- 
mediation projects had used biosparging (330). 
These projects were treating bis(2-ethylhex- 
y1)phthalate (DEHP) (a plasticizer used in many 
plastics), mixed chloroaliphatics and BTX, and 
petroleum hydrocarbons and TCE. 

BIOSPARGING DESIGN 
Biosparging is much less established as a treat- 
ment technology than bioventing. Detailed 
engineering design for biosparging is commen- 
surately more difficult to find. Useful infoma- 
tion is given by the U.S. EPA (324). Specifi- 
cally, biosparging should not be used if free 
product is present in significant quantities; if 
basements or other confined utilities are lo- 
cated underground at the site, unless another 
technology such as SVE is being used for vapor 
control; or if the contaminants are in a confined 
aquifer, since the sparged air will have no es- 
cape path. Setting such exclusion conditions 
limits the number of suitable sites. Many of the 
criteria for suitability of bioventing also apply 
to biosparging. 

Permeability. The intrinsic permeability 
of soil is the single most important factor that 
determines the suitability of biosparging at a 
particular site. Measurement of permeability as 
Darcy units or hydraulic conductivity is com- 
mon in the literature. A hydraulic conductivity 
of greater than cm sC1 at 20°C is suitable 
for biosparging, but at less than l o p 5  cm s - l  
it is unlikely to be. 

Airflow Systems. An oil-free compres- 
sor of suitable size for the flow rate (middle of 
the operational range) is required. As demand 
should change through the duration of a bi- 
osparging project, the compressor should be 
sized accordng to maximum demand and 
should be rated for continuous duty at this de- 
mand. The compressor should be equipped 

with a particulate filter to prevent downstream 
contamination. Flow rate and pressure should 
be measurable. 

Typical airflow rates for biosparging are low 
compared to those for air sparging and would 
be in the range of 85 to 700 liters min-l per 
injection well. A pulsed air supply has been 
suggested as a means of improving mixing and 
distribution of air in the saturated zone. This 
has been suggested as a possible reason for ob- 
served improvements in remediation rate 
(363). The increase in hydrostatic pressure with 
depth of injection must be taken into account, 
but typically the air pressure will be in the range 
of approximately 69,000 to 103,000 Pa 
(roughly 10 to 15 lb/in2). 

Well Design and Construction. The 
choice of horizontal or vertical wells is gov- 
erned by the same reasoning as for bioventing. 
Horizontal wells are best used at shallow sites, 
if 10 or more sparge points are required, or if 
the area affected is under a building or some 
other surface structure. Vertical wells are re- 
quired for deep contamination (greater than 
about 8 m) and where only a few wells are 
required. 

Construction is quite standard (Fig. 5.23) 
and similar to that of bioventing wells but with 
some significant differences. The wells are usu- 
ally fabricated from 1- to 5-in.-&ameter PVC 
or steel pipe. The slotted, or perforated, 
screened interval is usually about 0.3 to 1 m 
long and is set about 1.5 to 4.5 m below the 
lowest point of contamination. Proper capping 
is essential, especially because of the elevated 
pressures, to prevent air from short-circuiting 
back to the surface. To enable even distribution 
of air (or indeed, to divert more air to where 
it is needed), each well should be fitted with a 
pressure gauge and flow regulator. 

The piping manifold can be buried in a shal- 
low trench, depending on the site. Metal pipe 
should be connected directly to the compressor 
because of the elevated temperature of the exit 
air. At the pressures in the system, PVC pipe 
can be used otherwise. 
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FIGURE 5.23 Biosparging well design. After work of the U.S. EPA (324). 

Number and Spacing of Wells. The 
required number and spacing of wells are de- 
fined by the bubble radius. The bubble radius 
is the greatest &stance from a sparging well at 
which a sufficient sparge pressure and airflow 
can be induced to enhance the biodegradation 
of contaminants (324). It is determined mainly 
by the hydraulic conductivity of the aquifer 
that is being sparged and is generally in the 
region of 1.5 m for fine-grained soils to 30 m 
for coarse-grained soils. Closer well spacing is 
appropriate in zones of high-level contamina- 
tion to improve oxygen delivery. 

Nutrient Delivery. Laboratory trials are 
used to determine ifnutrients need to be added. 
In particular, the addition of ammonium ions 
might be tightly regulated or even specifically 
banned, depending on local authority regula- 
tions. 

P R B S  
The permeable reactive barrier (PRB) is an in- 
terception technology for the remehation of 
contaminated groundwater (Fig. 5.24). PRBs 
are also known as passive treatment walls. They 
are installed across the flow path of the ground- 
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FIGURE 5.24 

water and are constructed from porous materi- 
als, so that the water can pass through the wall. 
Yet the wall contains materials that prevent the 
passage of the pollutants. The pollutants are 
either degraded within the wall or retained in 
a concentrated form. The wall materials are 
various and often consist of zero-valent metals 
[mostly zero-valent iron, Fe(O)], chelators, sor- 
bents, or compost. It is clear that this is not a 
bioremediation technology, then. However, 
an inevitable consequence of flowing water 
containing a low concentration of pollutants 
entering a porous material of high surface area 
is that the materials wlll become colonized by 
microorganisms. Thus, with time, it is likely 
that a contribution to the treatment is biologi- 
cal. A short leap of the imagination, then, has 
led to attempts to deliberately create biological 
PRBs, which Kalin (153) has termed passive 
bioreactive barriers. It should be stressed at this 
point that this is a long way from being proven 
full-scale technology, but it is worth examining 
what is being done. 

In fact, as most PRBs are not bioreactors, 
the growth of microorganisms within the bar- 
rier material has been perceived as a possible 
detrimental effect due to the potential for bio- 
fouling to decrease the permeability of the bar- 
rier. It is necessary to keep the reactive zone 
permeability greater than or equal to the per- 

Porous 
treatment 
medium 

\ 

Treatment wall 

PRB schematic. 

meability of the aquifer to avoid diversion of 
the flowing water around the barrier. 

Most PRFk are based on Fe(0) as the reac- 
tive material (about 80 laboratory, pilot, and 
full-scale installations worldwide), mostly due 
to its ability to reductively dechlorinate trou- 
blesome chloroaliphatics such as TCE. They 
are also able to remove some metals (59). The 
working lifetime of these PRBs may be limited 
by precipitation of secondary minerals due to 
reaction with groundwater (177). This could 
be exacerbated by microbial growth. It is gen- 
erally believed that the high pH within the 
treatment zone ofFe(0) (around 10) would dis- 
courage microbial growth, and some studies 
show the impact of microorganisms on the per- 
formance of Fe(0) PRBs to be minimal (326). 
Data that show that diverse microbial commu- 
nities can establish in this high-pH, highly re- 
ducing environment are emerging (97, 116), 
but how this will affect the long-term perfor- 
mance of Fe(0) barriers is not yet known. 

The role of microorganisms in PRBs is 
likely to be enhancement, rather than a stand- 
alone biotechnology on its own. In this con- 
text, bio-enhanced PRBs are being researched 
for removal of metals from acid mine drainage 
(14, 186), explosives (236), chlorinated sol- 
vents (155), and inorganic pollutants (216). 
The metal removal is usually mediated by metal 
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sulfide precipitation due to the action of the 
dissimilatory sulfate-reducing bacteria. Metal 
sulfides have extremely low-solubility prod- 
ucts. Flowthrough columns have shown the 
feasibility of microbial colonization of Fe(0) to 
enhance the removal of TCE, sulfate, nitrate, 
and Cr(V1) (106). Moon et al. (216) created a 
reactive barrier that used sulfur granules as the 
electron donor and autotrophic sulfur-oxidiz- 
ing bacteria as the biological component. More 
than 90% of the nitrate in the synthetic influent 
was removed. Other biological materials, al- 
though nonliving, are being used, primarily for 
their sorptive properties, e.g., bone meal apa- 
tite and bone charcoal for the removal of ura- 
nium (103); peat for the removal of benzene, 
toluene, ethylbenzene, and xylene (BTEX) 
(203); and chitosan-coated sand for the re- 
moval of copper (352). 

An attractive feature of PRBs combined 
with biological treatment is the possibility for 
sequenced treatment, with, for example, anaer- 
obic, reductive chemical and biological treat- 
ment followed by aerobic biodegradation of 
dechlorinated hydrocarbons and other, nonha- 
logenated pollutants that might be present in 
a pollutant cocktail (86). A full-scale reactive 
barrier utilizing bacterial sulfate reduction was 
installed in 1995 at the Nickel Rim mine site 
in Ontario, Canada. The barrier contains mu- 
nicipal compost to promote sulfate reduction, 
and the compost also increases the alkalinity of 
the mine tailing water (PH 5 to 6) that is being 
treated (38). It is present in a 1:l ratio with 
pea gravel. After a 3-year period, the barrier 
removed > 1 g of sulfate liter-' and >250 mg 
of iron liter-', demonstrating the long-term 
viability of the approach (37). Several full-scale 
PRBs have been built in Germany since 1998, 
and there are plans to add a biological zone to 
one of these for the treatment of PAHs (40). 

A related technology is the use ofbiobarriers 
to reduce permeability. Cunningham and 
Hiebert (71) outlined the principle of using a 
biobarrier to funnel contaminated groundwa- 
ter to, for example, an Fe(0) PRB. Large num- 
bers of mucoid bacteria are pumped into injec- 
tion wells. A growth substrate is added to 

stimulate growth. Bacterial growth and extra- 
cellular polymer production substantially re- 
duce the hydraulic conductivity of the forma- 
tion. Another, related area of research is the 
incorporation of reactive materials into syn- 
thetic membranes to decrease contaminant dif- 
fusion through membrane barriers; i.e., the ob- 
jective is increased containment in this case, 
not increased permeability (290). 

PRB DESIGN 
As the PRB is not primarily a biotechnology, 
there are few design details for bioenhanced 
PRBs. Design details are available for PRBs 
(60, 326), to which the reader is directed. One 
of the great advantages of PRBs is cost savings, 
because pumping, large-scale excavation, and 
off-site lsposal are eliminated. The conven- 
tional construction technique is trench and fill, 
which is a relatively hazardous and costly way 
to build a PRB. Day et al. (80) discussed the 
potential for use of geotechnical methods such 
as slurry trenching, deep soil mixing, and 
grouting to simplify the construction, lower 
costs, and increase safety to site personnel. In 
the present context, the use ofbiopolymer slur- 
ries shows promise. Reactive Fe(0) barriers can 
be installed by using biodegradable guar gum 
slurry without significantly decreasing the reac- 
tivity or long-term treatment characteristics of 
the iron. Biopolymers produce high viscosity 
for suspending the iron for injection or as a 
liquid shoring for trenching. 

A challenge to bioreactive barriers is the de- 
livery of nutrients, which has been shown to 
be hydrogeologically difficult and can add con- 
siderable expense to a project (153). Kalin gives 
details of time frames for PRB implementation, 
from technology selection to operation (see 
Box 5.4). 

Bioslurping 
Bioslurping evolved as a combination of several 
technologies to deal with one of the big chal- 
lenges to in situ remediation: the presence of 
free product, specifically LNAPLs. Such is the 
evolution of the technology that it has at least 
one book dedicated to it (251). Bioslurping 
combines vacuum-assisted LNAPL recovery 
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with bioventing and SVE (252). Thus, bio- 
slurper systems simultaneously recover free 
product and remedate the vadose, capillary, 
and saturated zones. They use an above- 
ground vacuum pump to create enough vac- 
uum airlift to draw LNAPLs from the subsur- 
face, along with soil gases and small amounts of 
groundwater. Bioslurping can greatly enhance 
LNAPL recovery compared to conventional 
skimming and pumping technologies. 

Most of the equipment involved is similar 
to that already described in previous sections. 
The main components of a bioslurper system 
are (209): 

recovery well, 
vacuum pump capable of extracting liquids 
and vapors (usually a liquid ring pump), 
liquid-vapor and oil-water separator units, 
and 
water and vapor treatment systems, if re- 
quired. 

The heart of a bioslurping system is the in- 
well dual drop tube assembly (Fig. 5.25). The 
use of the dual drop tube assembly greatly re- 
duces the risk of emulsification of the free 
product and groundwater, along with solid en- 
trainment, by allowing the separation of the 
free product and groundwater in the well be- 
fore vacuum extraction. An above-ground 
vacuum pump enhances subsurface migration 
of LNAPL to the extraction well, where it is 
withdrawn from the upper drop tube (the sec- 
ondary drop tube), or “slurp tube,” in the dual 
assembly. The primary drop tube, usually a 1- 
in. (2.54-cm)-diameter PVC pipe, is shielded 
in the lower end with a larger-lameter, open- 
ended pipe that extends both above and below 
the end of the secondary tube. This shield is 
usually made of 2-in. PVC pipe and is termed 
the fuel isolation sleeve (252). It is convention- 
ally 4 ft (about 1.2 m) long, extending about 
2 ft above and below the end of the slurp tube. 

Water I soil gas 

To liquid 
ring P-P 

l J  

FIGURE 5.25 Bioslurping dual drop tube. After the work of Place et al. (252) 
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BOX 5.4 
PRB 

The diversity of potential pollutants at  former coal 
gasification plants and the historical numbers that are 
now brownfield sites worldwide mean that a variety 
of remedial solutions are needed to manage the risk 
associated with historic land use. Contamination of 
soil and groundwater at these sites often occurs, but 
the nature and concentrations of hydrocarbons are 
variable, likely as a result of site-specific conditions. 
One of the greatest challenges is to remediate soil 
and groundwater at sites that still have operational 
activities, since intrusive rememation is usually ruled 
out because of major disruption and the presence of 
surface buildings and subsurface infrastructure such 
as pipelines and storage tanks. 

One approach to the latter problem has gone from 
research to full-scale implementation at an active site 
in the United Kingdom (153). An intensive site sur- 
vey identified the risk drivers at the site, and a se- 
quenced PRB (SEREBAR) was designed and in- 
stalled to intercept and biologically degrade the 
organic contaminants present in the groundwater 
(Box Fig. 5.4.1). The risk assessment identified a 

number of contaminant compounds of concern, 
which then focused the design (engineering and bio- 
degradation) and implementation of the PRB. The 
SEREBAR contains stages of anaerobic and aerobic 
biotransformation of pollutants, and abiotic sorption. 
As this is a research project within a full-scale working 
system, the design contains this final contingency to 
safeguard regulatory compliance. 

Early evidence shows that there is complete re- 
moval of contaminants of concern from the ground- 
water across the SEREBAR. As the project pro- 
gresses, the role of bioremediation within the overall 
process will be investigated by conventional microbi- 
ological and novel molecular biological monitoring 
techniques, and mathematical models for the reme- 
diation process will be developed. The installed SER- 
EBAR is shown in Box Fig. 5.4.2. 

(Box provided courtesy of the SEREBAR group, 
via Bob Kalin. The SEREBAR group consists of Sec- 
ondSite Property Holdings Ltd., Parsons Brinkerhoff, 
Queen’s University Belfast, CEH Oxford, and Uni- 
versity of Surrey.) 

BOX FIGURE 5.4.1 Site and design drawings of the engineered bioreactive barrier for project 
SEFGBAR at a former coal gasification site in the United Kingdom, combining abiotic and anaerobic 
biotransformation, aerobic biotransfomation and abiotic sorption stages showing conceptual reactor 
design. Reprinted from the work of Kalin (153) with permission from Elsevier. 

Next Page 
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BOX 5.4 (continued) 

BOX FIGURE 5.4.2 
Property Holdings. 

Photograph of SEREBAR at active site of remediation. Courtesy of Secondsite 

When the vacuum pump is switched on, the 
negative pressure induced in the well promotes 
LNAPL flow towards the well and draws 
LNAPL trapped in pore space above the water 
table. In response to pumping, the LNAPL 
level decreases to the point where the slurp 
tube draws in and extracts vapor, in a manner 
akin to SVE. This vapor extraction promotes 
airflow in the unsaturated zone, which stimu- 
lates bioremediation in a manner akm to bio- 
venting. When the vacuum causes the water 
table to rise slightly, the system reverts back 
to extraction of LNAPL and groundwater. By 
avoidmg high levels of groundwater rebound, 
large water table fluctuations are prevented, 
and this greatly reduces the chance of LNAPL 
being trapped below that water table, the 
“smearing” problem often encountered with 
more conventional free-product recovery sys- 

tems. The drop tube position within the well 
is altered by using a section of flexible tubing 
connecting the extraction manifold to the drop 
tube. 

Like other airflow-based technologies, bi- 
oslurping is ineffective in low-permeability 
soils (157) but is reported to also be cost-effec- 
tive, over and above the advantages cited 
above. The primary cost saving is due to the 
reduction in the amount of extracted ground- 
water, which minimizes storage, treatment, 
and disposal costs. 

MNA 
The key to the use of the term MNA is the 
first word, monitored. Natural attenuation on 
its own would be a sophisticated way to say 
“do nothing” or “walk away.” A range of alter- 
native names for MNA is in use, including in- 

Previous Page 
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trinsic remehation, intrinsic bioremediation, 
bioattenuation, and passive remediation. In ad- 
htion to being accepted by the U S .  EPA as a 
potential remedy, many state UST programs 
now accept MNA at appropriate sites @ox 
5.5). 

The view of the U.S. EPA is that MNA is 
not an excuse for not takmg action, but rather 
that it is an alternative approach to achieving 
remediation goals that may be appropriate to 
a limited set of site circumstances, where its use 
meets the applicable statutory and regulatory 
requirements (327). Thus, if we turn to the 
EPA (319) for a definition of MNA that will 
distinguish it from natural attenuation, we find 

the reliance on natural attenuation processes 
(within the context of a carefully controlled 
and monitored approach to site cleanup) to 
achieve site specific remehation objectives 
within a time frame that is reasonable com- 
pared to other alternatives. 

More specifically, natural attenuation can be 
defined as naturally occuriing processes in soil 
and groundwater environments that act with- 
out human intervention to reduce the mass, 
toxicity, mobility, volume, or concentration of 
contaminants in those media (235). In nearly 
all situations, the reduction in contaminant 
mass in the subsurface is brought about mostly 
by aerobic and anaerobic biodegradation pro- 
cesses (26). The biggest challenge in MNA is 

BOX 5.5 
MNA of BTEX-Contaminated Aquifers 

The use of MNA (intrinsic bioremediation) as a 
remediation strategy at contaminated groundwater 
sites has dramatically increased in recent years (225). 
Bekins et al. (36) described two case studies of 
natural attenuation that are based on two U.S. 
Geological Survey Toxic Substances Hydrology 
Toxics Program research sites-one involved crude 
oil contamination in the shallow subsurface at Be- 
midji, Minn., and the other involved hard rock 
mining contamination in arid Southwest alluvial 
basins at Pinal Creek, Ariz. 

At the crude oil study site near Bemidji, both aero- 
bic and anaerobic biodegradation contributed to the 
natural attenuation processes afTecting the hydrocar- 
bon plume. The conclusion was that it is possible to 
rely upon natural biodegradative activities to clean 
up contaminated groundwater. The spill at Bemidji 
occurred in 1979 when a pipeline carrying crude oil 
burst and contaminated the underlying aquifer. U.S. 
Coast Guard scientists studying the site found that 
toxic chemicals leaching from the crude oil were rap- 
idly degraded by natural microbial populations (333). 
It was shown that the plume of contaminated 
groundwater stopped enlarging after a few years as 
rates ofmicrobial degradation came into balance with 
rates of contaminant leaching. This was the first doc- 
umented example of intrinsic bioremediation in 
which naturally occurring microbial processes can be 
used to remediate contaminated groundwater. 
Addtional stuhes at Bemidji showed that benzene 

mineralization occurred in the groundwater under 
Fe(II1)-reducing conditions (16). However, the ca- 
pacity for benzene oxidation coupled to Fe(II1) re- 
duction was not detected at the other petroleum- 
contaminated aquifers that were evaluated (15). The 
anaerobic benzene oxidation under in situ conditions 
was found within only a portion ofthe Fe(II1)-reduc- 
ing zone of the Bemidji aquifer (16). The anaerobic 
oxidation ofbenzene was associated with populations 
of members of the f a d y  Geobacteraceae, which are 
known to couple the oxidation of several monoaro- 
matics, including toluene, with Fe(II1) reduction. 
The results suggested that the microbial community 
composition in the Bemidji aquifer may have played 
a key role in anaerobic benzene degradation and that 
Geobacteraceae, in particular, were associated with 
benzene-degradmg activity (16). Molecular commu- 
nity analyses support the conclusion that Geobacter 
spp. play an important role in the anaerobic oxidation 
of benzene in the Bemidji aquifer (267). 

As in the Bemidji studies, a number ofinvestigators 
have tried to determine the biodegradability ofBTEX 
compounds in aquifers. Vidovich et al. (346) reported 
that analyses ofBTEX concentrations in groundwater 
beneath two 1eakingUSTs indicated that the dissolved 
hydrocarbons had been attenuating naturally at both 
sites, limiting the migration of the dissolved BTEX 
compounds; i.e., they claimed that the data showed 
that intrinsic bioremehation of BTEX in these two 
different aquifers was occurring. Gieg et al. (109) like- 
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BOX 5.5 (continued) 

wise found that intrinsic bioremediation contributed 
to the attenuation of hydrocarbons in an aquifer con- 
taminated by gas condensate hydrocarbons. They 
were able to show that benzene, toluene, ethylben- 
zene, and each ofthe xyleneisomers were biodegraded 
under sulfate-reducing conditions and that toluene 
also was biodegraded under methanogenic conditions. 

Several investigators have focused on the anaerobic 
biodegradation of BTEX compounds in aquifers and 
the value of adding nitrate to stimulate denitrifying 
conditions or molecular oxygen to overcome limita- 
tions of anerobic BTEX metabolism by supporting 
aerobic BTEX biodegradation. Benvanger and Bar- 
ker (39) found that BTEX biodegradation was not 
occurring at significant rates in an anaerobic, meth- 
ane-saturated aquifer beneath a Canadian landfill; 
however, they were able to demonstrate that in situ 
bioremediation of aromatic hydrocarbons (BTEX) 
could be achieved by injecting hydrogen peroxide as 
an oxygen source. Morgan et al. (218) also found that 
oxygen was the factor limiting BTEX degradation at 
a groundwater site contaminated with high levels of 
gasoline. All compounds were rapidly degraded 
under natural aerobic conditions. No biodegradation 
occurred under anaerobic conditions except when 
nitrate was provided as a terminal electron acceptor 
for microbial respiration. Under denitrifying condi- 
tions, there was apparent biodegradation of benzene, 
toluene, ethylbenzene, m-xylene, and p-xylene, but 
o-xylene was not degraded. Degradation under deni- 
trifjilng conditions occurred at a much lower rate 
than under oxygenated conditions. Phelps and 
Young (247) also found that the fate of the different 
BTEX components in anoxic sediments is dependent 
on the prevailing redox conditions as well as on the 
characteristics and pollution history of the sediment. 

Studes at the Borden aquifer in Ontario, Canada, 
showed varying degrees of BTEX biodegradation 
under denitrifying conditions (32). After an acclimati- 
zation period, toluene was biodegraded rapidly in the 
presence of NO3-; however, the xylene isomers and 
ethylbenzene were biodegradedvery slowly, andben- 
zene was recalcitrant. Given the recalcitrance ofben- 
zene and high thresholds of the compounds that d d  
biotransform, the addtion of NO3- as an alternate 
electron acceptor would not be successful in this aqui- 
fer as aremedialmeasure. Wilson etal. (365) examined 
rates ofbiodegradation under mixed oxygen and deni- 
trifying conditions for aromatic hydrocarbons typi- 
cally present in a manufactured gas processing site 

groundwater and subsurface sediments. They reported 
that an in situ biorememation scheme which combines 
moderate aerobic (7 mgof021iter- I) and denitrifying 
conditions would likely prove more successful than 
solely aerobic remediation for the long-term remedia- 
tion of aromatic hydrocarbons. 

Carbon and sulfur isotopic analyses of groundwa- 
ter recovered firom monitoring wells beneath an un- 
leaded-fuel-containing BTEX-contaminated aquifer 
in the United Kingdom indicated that sulfate reduc- 
tion was playing a key role in BTEX degradation at 
this site (299). Profiles of pore water chemistry be- 
neath the plume source showed distinct zones ofbio- 
degradation that could be correlated with the chalk 
aquifer hydrogeology. Conditions became increas- 
ingly reducing as first oxygen, then nitrate, and finally 
sulfate were consumed via microbial oxidation of 
BTEX fuel residues. In other aquifers, anaerobic bio- 
degradation of at least benzene can seemingly occur 
in the absence of alternate electron acceptors (359). 
Benzene can be converted to methane and carbon 
dioxide under methanogenic conditions, leading to 
significant natural attenuation of benzene in some 
anaerobic petroleum-contaminated aquifers (357). 

Kao and Wang (154) described the results ofa full- 
scale intrinsic bioremehation investigation con- 
ducted at a gasoline spill site in Dublin, N.C. Due to 
the occurrence of non-aqueous-phase liquid (NAPL) 
hydrocarbons beneath the former spill location, dis- 
solved BTEX compounds were being continuously 
released from NAPL into the groundwater, with a 
total BTEX concentration of 60 mg liter-'. At this 
spill site, a cropland extended from the midplume 
area to the downgradient edge of the plume. 
Groundwater and microbial analyses indicated that 
iron reduction was the dominant biodegradation pro- 
cess between the source and midplume area. How- 
ever, nitrate spill in the cropland area switched the 
degradation pattern to denitrification and also 
changed the preferential removal of certain BTEX 
components. Under iron-reducing conditions, tolu- 
ene and o-xylene declined most rapidly, followed by 
m-xylene and p-xylene, benzene, and ethylbenzene. 
Within the denitrifying zone, toluene and m-xylene 
and p-xylene had very rapid degradation rates, fol- 
lowed by ethylbenzene, o-xylene, and benzene. The 
mass flux calculations showed that up to 93.1% of 
the BTEX compounds was removed within the iron- 
reducing zone, and 5.6% of the BTEX compounds 
was degraded within the nitrate spill zone. Results 

Box 5.5 continues 
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BOX 5.5 
MNA of BTEX-Contaminated Aquifers (continued) 

revealed that the mixed intrinsic bioremediation pro- 
cesses (iron reduction, denitrification, methanogen- 
esis, and aerobic biodegradation) had effectively 
contained the plume, and iron reduction played an 
important role in the BTEX removal. 

Hunkeler et al. (140) examinedthevalue ofintrinsic 
bioremediation following years of active biostimula- 
tion. A diesel fuel-contaminated aquifer in Menziken, 
Switzerland, hadbeen treatedfor 4.5 years by injection 
of aerated groundwater, supplemented with potas- 
sium nitrate and ammonium phosphate, to stimulate 
indigenous populations of petroleum hydrocarbon- 
degradmg microorganisms. After dissolved petroleum 
hydrocarbon concentrations had stabilized at a low 
level, engineered in situ bioremediation was termi- 
nated and natural attenuation was monitored. In the 
first 7 months ofintrinsic in situ bioremediation, redox 
conditions in the source area became more reducing, 
as indicated by lower concentrations of sulfate and 
higher concentrations ofFe(I1) and methane. The rate 
of dissolved inorganic carbon and methane produc- 
tion in the source area was more than 300 times higher 
than the rate of petroleum hydrocarbon elution, indi- 
cating that natural attenuation in w l c h  biodegrada- 
tion was coupled to consumption of naturally occur- 
ring oxidants was an important process for removal of 
petroleum hydrocarbons that remained in the aquifer 
after termination of engineered measures. 

Multiple attempts have beenmade to engineer bior- 
emediation solutions for BTEX-contaminated soil 
and groundwaters. Lovley (184) suggested that anaer- 
obic BTEX degradation has the potential to remove 
significant quantities of BTEX from petroleum-con- 
taminated aquifers; however, he pointedout that engi- 
neering anaerobic systems in situ for bioremediation 
of BTEX compounds is difficult. Enhancement of in 
situ anaerobic biodegradation of BTEX compounds 
has been successfully demonstrated at a petroleum- 
contaminated aquifer in SealBeach, Calif. (74). Injec- 
tion of nitrate and sulfate into the contaminated aqui- 
fer was used to accelerate BTEX removal compared to 
remediation by natural attenuation. Nitrate was uti- 
lized preferentially over sulfate and was completely 
consumedwithina horizontaldistance of4 to 6 mfiom 
the injection well; sulfate reduction occurred in the re- 
gion outside the denitrifjing zone. Benzene degrada- 
tion also appears to have been stimulated by the nitrate 
andsulfateinjectioncloseto theinjectionwellbut only 
toward the end of the 15-month demonstration. The 
results are consistent with the hypothesis that benzene 

can be biodegraded anaerobically after other prefer- 
entidy degraded hydrocarbons have been removed. 

DaSilva and Alvarez (79) investigated the potential 
of bioaugmentation to enhance anaerobic BTEX 
biodegradation in groundwater contaminated with 
ethanol-blended gasoline. They tested the value of 
injecting methanogenic consortia that had been en- 
riched with benzene or toluene and o-xylene. Up to 
88% benzene biodegradation was observed in some 
cases, but benzene removal was hindered by the pres- 
ence of toluene. Thus, they concluded that the value 
of bioaugmentation for treating BTEX-contami- 
nated groundwater remains uncertain. 

Val0 (334) reported on full-scale bioremediation of 
BTEX compounds in soil and groundwater at a chem- 
ical manufacturing site at Keyport, N.J., that had been 
contaminated by volatile aromatics after a storage tank 
had been damaged. Groundwater was contaminated 
with20 to 130mgoftotalBTEXcompoundsliter-’, 
andsoilwascontaminatedwith 100 to 8,00Omgkg-’. 
Bioremediation employing biofilters was used for the 
cleanup. The permit levels were as follows: benzene 
in soil andinwater, 1 andO.O1 ppm, respectively; total 
xylenes in soil, 10 ppm; ethylbenzene in soil, 100 ppm; 
and toluene in soil, 500 ppm. Soil BTEX compounds 
were degraded in compost and partly in air biofilters. 
A benzene level of 1 ppm was achieved within 10 to 
30 days; 60 to 80% of the volatile aromatics in the gas 
biofilter feed was degraded in the reactors. 

The U.S. Geological Survey has studiedbiostimula- 
tion treatments at several sites in the United States that 
were contaminatedbyfuelspillages (332). Biostimula- 
tion with nutrient addition was used to treat sandy soils 
and underlying groundwater at Hanahan, S.C., that 
were contaminated by a leakage of 80,000 gal of kero- 
sene-based jet fuel. The groundwater had been lea- 
ching BTEX compounds from the fuel-saturated soils 
and carrying them toward a nearby residential area. 
The nutrients were delivered through infiltration gal- 
leries, and groundwater was removed by a series of 
extraction wells. Within a year, contamination in the 
residential area had been reduced by 75%. Monitoring 
showed that BTEX concentrations in highly contami- 
nated groundwater nearest the infiltration galleries 
where the nutrients were injected were totally 
removed-5,000 ppb of toluene was lowered to no 
detectable contamination. The conclusion ofthe U.S. 
Geological Survey was that bioremediation had 
worked! 
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providlng unequivocal evidence of the extent 
of microbial reactions, that these reactions are 
ongoing and sustainable (297). 

There are three criteria listed by the U.S. 
National Research Council (NRC) that must 
be met in MNA (226): 

1. demonstration of loss of contaminants 
from the site, 

2. demonstration by laboratory analyses 
that microorganisms obtained from the site 
have the potential for the transformation of the 
contaminants at the site, and 

3. evidence that biodegradation potential is 
realized in the field. 

The loss of contaminants from the site could 
clearly be due to several abiotic processes, al- 
though evidence for it is easy to gather. Acquir- 
ing evidence that biological removal is happen- 
ing is harder. Similarly, the second NRC 
criterion can be rather easily demonstrated, 
usually through column-based microcosm 
studies. The really difficult NRC criterion to 
meet is the third. The realization that the ma- 
jority of microorganisms in the environment 
are uncultivable with standard laboratory 
medla and condltions (12) means that tradi- 
tional bacteriology is of little help. What are 
required are robust techniques that link micro- 
bial community structure and function (190, 
191) with metabolic activity, and a great deal 
of effort in recent years has been dlrected to 
this area, but to date the techniques are not 
routinely applicable in most commercial labo- 
ratories. 

The “lines of evidence” approach of the 
U.S. EPA is very similar (327). This involves 
providing three tiers of site-specific informa- 
tion, or lines of evidence, to demonstrate that 
natural attenuation is actually occurring. These 
three tiers are (366): 

1. documented loss of contaminants at the 
field site, 

2. presence and dlstribution of geochemical 
and biochemical indlcators of natural attenua- 
tion, and 

3. direct microbiological evidence. 

The U.S. EPA (361) has a six-step process 
that allows the decision maker to decide be- 
tween an engineered remediation or to per- 
form a feasibility study into MNA (Fig. 5.26). 

The general approach to assessing the feasi- 
bility of MNA consists of collecting pollutant 
and biogeochemical data from groundwater 
monitoring wells across the site, and then a site- 
specific conceptual model is developed. The 
data are correlated in time and space with the 
chemicals of concern to establish predominant 
biodegradation mechanisms (235). Modeling is 
then used to establish the rate of removal of 
the contaminants and the time taken to nullify 
the risk, which is then matched to an exposure 
pathway analysis to see if natural attenuation is 
suitable for the site. For suitability, the contam- 
inants must be removed before exposure to a 
receptor can happen. This process has been 
named risk-based MNA, and Khan and Husain 
(156) have set out a seven-step method for its 
evaluation. 

1. Review ofavailable data and risk charac- 

2. Development of a conceptual model. 
3. Refinement of the conceptual model: 

filling in the gaps. 
4. Modeling of natural attenuation by use 

of analytical and/or numerical fate-and-trans- 
port models. 

terization. 

5. Exposure pathway analysis. 
6 .  Preparation of a long-term monitoring 

7. Obtaining of approval for MNA from 
plan. 

the regulator. 

In the majority of cases in which MNA is 
proposed as a remedy, its use may be appropri- 
ate as one component of the total remedy, that 
is, either in conjunction with other treatments 
or as a follow-up measure at the end of active 
treatment(s). A good example would be a site 
with mixed contaminants and DNAPL. If the 
other contaminants can be removed by use of 
a technology but removal of the DNAPL has 
been determined to be technically impractica- 
ble, then MNA can be considered as a follow- 
up measure (337). 
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Collect screening data Analyze site data to determine 
if biodegradation is occurring 

Step 2: Locate sources and potential points of exposure. 
Estimate extent of NAPL, residual and free phase 

Step 3: Determine groundwater flow and solute transport 
parameters along core of plume using site-specific data: 

porosity and dispersivity may be estimated 

1 
I Step 4: Estimate biodegradation rate constant I 

+ 
Step 5:  Compare rate of transport to rate of attenuation 

using analytical solute transport model 

6 Are screening criteria No 

I Proceed with detailed MNA feasibility analysis I 
FIGURE 5.26 MNA decision support flowchart. After work of the U.S. EPA (361). 

There are some important caveats to the use 
of MNA for the cleanup of contaminated 
groundwater which must be emphasized. 

1. MNA should be viewed with great cau- 
tion as the sole remedy at contaminated sites. 
The percentage of Records of Decision select- 
ing only MNA as a groundwater remedy rose 
from 6% in 1986 to a peak of 32% in 1998 
but dropped to only 4% in 2002 (331). 

2. It is by no means a purely biological pro- 
cess. On the contrary, there are chemical and 
physical phenomena that might be of more or 
less importance, including dution, volatiliza- 
tion, adsorption, and chemical reactions with 
subsurface materials. 

3. It cannot be deemed to be a technology 
per se. In a U.S. EPA document, Engineered 

Approaches to In Situ Bioremediation of Chlori- 
nated Solvents (329), MNA is not discussed, as 
it does not involve enhancement technologies. 

4. Even to consider its use at a site requires 
site-specific modeling to demonstrate that nat- 
ural processes are occurring that will reduce 
contaminant concentrations below regulatory 
standards before any potential exposure path- 
ways are completed. Its use should therefore 
be considered only in low-risk situations. 

5. Above all, there must be documentary 
evidence that natural attenuation is actually oc- 
curring at the site. 

All this being said, MNA can work out to 
be a very inexpensive option where other tech- 
nologies would struggle to be cost-effective, 
especially where there are existing buildings, 
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paved areas, and utilities (27). During selection, 
however, it should be remembered that MNA 
may take substantially longer to meet targets 
than other technologies. For example, Khan 
et al. (157) cited an example in which natural 
attenuation was chosen at a site contaminated 
with chloroaromatics at Cape Canaveral, Fla. 
Two models were run, one with source re- 
moval and one without. The expected times 
to completion were 20 and 40 to 53 years, re- 
spectively. However, such long periods need 
not be a concern as long as the period is consis- 
tent with the results of the risk assessment. If 
the time to remediation is less than the time 
identified for the pollution to reach an expo- 
sure point, then the risk is mitigated (66). 

It is becoming clear that other contaminants 
may be suited to the MNA remedy on a site- 
specific basis, e.g., explosives (245), chloroali- 
phatics (366), and petroleum hydrocarbons 
(156). The gasoline additive methyl tertiavy- 
butyl ether (MTBE) is problematic, as it is a 
very high-production chemical with dubious 

biodegradability. A review of existing data 
(261) showed that MTBE does biodegrade in 
the laboratory and at actual release sites, and 
the reviewers concluded that MNA might be 
an appropriate remediation remedy, although 
on a case-by-case basis. 

A variant on MNA in which an integrated 
technology called barrier-controlled MNA can 
be used to manage plumes of contaminants has 
been proposed by Filz et al. (99). The basic 
concept is that a low-permeability, nonreactive 
barrier is used to release contaminants into an 
aquifer at a rate that optimizes natural attenua- 
tion. This may save costs since barriers can be 
constructed at relatively low cost and may 
speed up source reduction. 

While biostimulation and MNA are useful 
approaches, they also have limitations. The 
complexity of considering these approaches is 
well exemplified by the saga of General Electric 
in seeking to use bioremediation to treat PCB- 
contaminated sediments of the Hudson River 
(Box 5.6). 

BOX 5.6 
Limitations of Bioremediation for Treating PCB-Contaminated 

Hudson River Sediments 

The Hudson River, a major waterway in New York 
State, has been heavily contaminated with various 
pollutants, including, notably, PCBs. From the late 
1940s until 1977, the General Electric Company 
(GE) discharged as much as 1.3 million pounds of 
PCBs into the upper Hudson River. The releases of 
PCBs into the Hudson River came primarily from 
two industrial plants involved in production of elec- 
trical capacitors that contained PCBs. PCBs are a 
family of over 200 man-made compounds that were 
used as complex mixtures known as Aroclors. A vari- 
ety of Aroclor formulations with different congener 
composition, chlorination levels, and chemical prop- 
erties were produced. The widespread use of PCB 
fluids in industrial applications has resulted in their 
presence at many locations throughout the world. 
PCBs have been linked to increased risk of cancer 
in humans and have multiple impacts upon fish and 
wildlife, necessitating environmental cleanup. 

PCBs are subject to microbial biodegradation (2). 

Biodegradability depends upon the number of chlo- 
rine substituents and their positions in the specific 
PCB congeners (2, 3) .  Anaerobic bacteria that de- 
chlorinate PCBs typically attack the more-chlori- 
nated PCB congeners through reductive dechlorina- 
tion, a process that removes chlorines but leaves the 
biphenyl rings intact. Thus, PCB congeners with 
many chlorine substituents are subject to anaerobic 
dechlorination to form lower-molecular-weight 
PCB congeners with fewer chlorine substituents. 
The lower-molecular-weight PCB congeners are 
subject to aerobic biodegradation. This process has 
occurred extensively in a number of sediments, 
which results in a reduction in more-chlorinated 
PCB congeners and a commensurate increase in less- 
chlorinated congeners (226). 

A variety of cleanup methods, includmg bio- 
remediation, have been considered to remove the 
PCBs from the Hudson River (214, 215). In 1991, 
GE conducted field experiments in the Hudson 

Box 5.6 continues 
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BOX 5.6 (continued) 

River of the aerobic biodegradation ofPCBs by natu- 
rally occurring microorganisms (124). A 73-day field 
study of in situ aerobic biodegradation of PCBs in the 
Hudson River showed that indigenous aerobic micro- 
organisms can degrade the lightly chlorinated PCBs 
present in these sediments. Addition of inorganic nu- 
trients, biphenyl, and oxygen enhanced PCB biodeg- 
radation, as indicated both by a 37 to 55% loss ofPCBs 
and by the production ofchlorobenzoates, intermedi- 
ates in the PCB biodegradation pathway. Repeated 
inoculation with a purified PCB-degrading bacterium 
failed to improve biodegradative activity. Biodegrada- 
tion was also observed under mixed but unamended 
conditions, which suggests that this process may occur 
commonly in river sediments, with implications for 
PCB fate models and risk assessments. 

Despite evidence suggesting that nearly all of the 
PCB congeners contaminating the Hudson River 
sediments should be biodegradable, only 60% of the 
PCBs in the Hudson River sediments were degraded 
in experimental tests (124). The problem seems to be 
due primarily to bioavailability; the aerobic bacteria 
cannot degrade the more lightly chlorinated PCBs 
because they are sorbed by organic particles in the 
sediment. The resistant fraction probably consists of 
PCBs that are dissolved in the polymeric, natural or- 
ganic matrix of the sediment and must diffuse 
through this matrix before desorption can occur. It 
is likely that this resistant PCB fraction is not available 
to microorganisms in its sorbed state and therefore 
represents the primary limitation to the biodegrada- 
tion process. This diffusion process may also limit 
uptake by other organisms and has important implica- 
tions for the determination of risk estimates. 

These results inhcate that bioremechation may 
be limited and unable to adequately remove PCBs 
from contaminated river sediments. F. J. Mondello 
(GE Global Research Technical Report, http:// 
www.crd.ge.com) evaluated the potential effective- 

ness of bioremediation for the Aroclor 1260 con- 
tamination at GE Canada’s former transformer- 
manufacturing facility located in Guelph, Ontario. 
He concluded that there are several major factors 
limiting the effectiveness of bioremediation for 
commercial PCB mixtures, including the inability 
of organisms to degrade highly chlorinated conge- 
ners or to obtain carbon or energy from degrading 
lightly chlorinated PCBs, the limited bioavaiiability 
of PCBs to microbes resulting from PCB sorption 
to organic compounds in soils and sediments, unfa- 
vorable temperature and moisture conditions, and 
the inability of anaerobic bacteria to completely 
dechlorinate PCB molecules. Many of these factors 
are applicable to the GE Canada Guelph site, mak- 
ing it highly unlikely that the level of Aroclor 1260 
can be reduced to acceptable levels by bioremedia- 
tion; these considerations are also applicable to the 
contaminated Hudson River sediments. 

On the basis of the results of numerous laboratory 
studies and several field tests and after 10 years of 
research and field testing by GE-funded efforts, the 
U.S. EPA concluded that biological dechlorination 
will not naturally remediate contaminated Hudson 
River sediments to the levels considered to be safe. 
Although GE and many scientists who have studied 
PCB biodegradation still contend that natural pro- 
cesses, including reductive dechlorination and aero- 
bic biodegradation, have substantially reduced the 
risk to humans and the environment and that these 
natural processes should be allowed to continue, the 
EPA decided to pursue other methods (175). As early 
as 1984, the EPA proposed removing the PCBs by 
dredging the sediment on the bottom of the river. 
In February 2002, the EPA authorized a cleanup plan 
for the Hudson that specifies dredging 2.65 d i o n  
cubic yards of the river bottom over a 3-year period. 
Intrinsic bioremediation will continue naturally even 
as sedments are dredged from the river. 

BIOAUGMENTATION 
Bioaugmentation in the context of bioremedi- 
ation, as described by Alexander (lo), can be 
considered the inoculation of contaminated 
soil or water with specific strains or consortia of 
microorganisms to improve the biodegradation 
capacity of the system for a specific pollutant 
organic compound(s). 

Several hundred U.S. companies sell microorga- 
nisms for environmental cleanup. Many of the 

products, however, are of dubious value and are 
little more than “snake oil.” Often, naturally occur- 
ring microorganisms at a contaminated site are al- 
ready biodegrading the pollutant, and addition of 
the microorganisms in these products does not 
harm, but provides no help, either. Most cultures 
to biodegrade hydrocarbons in contaminated soil 
and water do not enhance the rates of biodegrada- 
tion above those attributable to indigenous micro- 
organisms. Many engineers and industrial plant su- 
pervisors nevertheless feel compelled to use such 



5. BIOREMEDIATION OF CONTAMINATED SOILS AND AQUIFERS W 191 

cultures to show they are malung an effort to be 
environmentally responsible (23). 

Bioaugmentation often is considered for the 
bioremediation of compounds that appear to 
be recalcitrant, i.e., contaminants that persist in 

microbial biodegradation (Box 5.7). In this 
context, bioaugmentation may have value; i-e., 
if indigenous microorganisms lack the capabil- 
ity to degrade the contaminant and iforganisms 
that will be active can be introduced, bio- 
remediation can become useful in that situa- 
tion. Many still look to modern biotechnology, 

i.e., the application of recombinant DNA tech- 
nology, as the panacea to problems ofpollution 
with highly resistant contaminants. 

There are three fundamental approaches to 
bioaugmentation of a contaminated site, al- 
though little attention is paid to these during 

diversity by inoculation with ~ochthonous  
microorganisms. By increasing the genetic &- 
versity of the soil or water, it is assumed that 
this increases the catabolic potential (81) and 
thereby the rate of removal of the contami- 
nant(s) by biodegradation will increase. 

The second is to take samples from the site 

the environment and appear to be resistant to operations. The first is to increase the genetic 

BOX 5.7 
Bioremediation of MTBE-Contaminated Aquifers Employing Bioaugmentation 

MTBE is a common fuel oxygenate added to refor- 
mulated gasoline since the 1970s to reduce air 
emissions. It has entered the environment at various 
gasoline- and jet fuel-contaminated sites and threat- 
ens groundwater supplies. MTBE poses unique re- 
mediation challenges due to its high mobility and 
low natural degradation potential; it migrates farther 
and faster than gasoline BTEX compounds, the other 
hazardous compounds typically found at such sites. 
From late 1984 to early 1985, approximately 10,800 
gal of gasoline leaked from two storage tanks and 
piping under the Naval Exchange gas station at the 
Naval Base Ventura County Port Hueneme Site. The 
MTBE entered a sandy aquifer. Laboratory experi- 
ments had indicated that MTBE can be aerobically 
degraded by a mixed bacterial culture, suggesting bi- 
oremediation as a possible treatment strategy at this 
site. Salanitro et al. (272) were the first to demonstrate 
complete biodegradation of MTBE; they used a 
mixed bacterial culture designated BC-1 that had 
been isolated from industrial sewage sludge enrich- 
ment culture on high concentrations of MTBE. 
However, natural concentrations of MTBE degrad- 
ers are low, raising the potential for using bioaug- 
mentation with inoculation of MTBE degraders, 
since natural attenuation rates were very low. 

Salanitro et al. (273) performed a field demonstra- 
tion, using oxygen injection and inoculation with a 
similar microbial inoculum, designated MC-100, at 
a national test plot at  Port Hueneme, Calif. MTBE 

concentrations decreased after 30 days and through- 
out the 261-day experiment eventually decreased to 
less than 0.001 to 0.01 mg liter-'.Tertiary-butyl al- 
cohol (TBA) concentrations also declined in the bi- 
oaugmented plot to <0.01 mg liter-'. The MTBE 
plume at this site was more than 4,000 ft long. MTBE 
concentrations ranged &om 2 to 9 k g  liter-'. Ac- 
cording to a report by Naval Facilities Engineering 
Command (227), intermittent sparging with pure ox- 
ygen started 6 weeks before microbial seeding with 
MC-100 and succeeded in raising dissolved oxygen 
levelsfiomabout 1 pgliter-' to 10 to 20 pgliter-I. 
Thirty-two days after seeding with MC-100, MTBE 
levels immediately downgradient dropped 90%. By 
day 261 in the treated plot, MTBE was not detectable 
in many sample locales, with 10 to 50 pg liter-' in 
a few locales. The oxygen-only plot did show some 
MTBE decreases, apparently due to enhanced natural 
biodegradation processes after some lag time. The in 
situ MC-100 biobarrier appears capable of degrading 
MTBE to <5 pg liter-'. At this site, the conibina- 
tion of bioaugmentation with added oxygen appears 
to be a feasible in situ MTBE biotreatment option. 

In separate tests, Heath and Lory (125) demon- 
strated that Shell BC-4, also obtained from activated 
sludge of industrial wastewater treatment plants, 
could effectively be used to treat MTBE-contami- 
nated groundwater. Shell BC-4 is a mixture of ordi- 
nary soil bacteria such as coryneforms, pseudomon- 
ads, and Achrornobacter species that have been accli- 

Box 5.7 continues 
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BOX 5.7 
Bioremediation of MTBE-Contaminated Aquifers Employing Bioaugmentation 

(continued) 

mated to MTBE for more than a year. Bioreactor 
studies with BC-4 in the presence of oxygen have 
shown 99% removal of MTBE from groundwater, 
based on a 25-h retention time. The end products 
of the degradation are carbon dioxide and water. 
The field trial focused on the use of Shell BC-4 
as an in situ biobarrier to downgradient MTBE 
migration. Shell Global Solutions has developed 
proprietary microbial products (BioRemedy and Bi- 
oGAC) which can be used in bioremediation pro- 
grams for groundwater contaminated by MTBE 
and TBA (http://www.shellglobalsolutions.com). 
BioRemedy uses a proprietary mixture of naturally 
occurring microorganisms that convert MTBE or 
TBA to carbon dioxide and water with no adverse 

environmental effects. BioRemedy can be used in 
the direct inoculation of contaminated groundwa- 
ter, intercepting a spreading pollution plume or 
treatment of groundwater in an above-ground sys- 
tem. Inoculation of soil microcosms with these 
specialized cultures has shown that they can totally 
degrade soluble-phase concentrations of at least 5 
to 80 mg of MTBE liter-' and 5 to 50 mg of 
BTEX compounds liter-' at 9 and 25°C. Demon- 
stration projects in Port Hueneme and Tahoe City 
using BioRemedy have proved it to be a successful, 
cost-effective method for reducing MTBE and TBA 
in groundwater and in controlling the migration 
of MTBE and TBA pollution plumes at a number 
of retail gasoline sites. 

and use them as initial inocula for serial enrich- 
ments with the contaminant(s) in question as 
the sole source of carbon (Figure 5.27). Typi- 
cally, the selected strains are a subset of the fast- 
growing microorganisms. During this proce- 
dure, each subsequent enrichment should in- 
crease the proportion of the biodegradative 
population compared to the remainder. This 
inoculum is then returned to the site in large 
numbers in order to increase the rate of biodeg- 
radation. This approach, then, does not rely on 
increasing genetic diversity. Rather, it solely 
increases the catabolic potential of the specific 
strains capable of degrading contaminating 
chemicals. The strains used as inocula in these 
cases typically demonstrate exceptional degra- 
dative capacities and rapid growth rates; how- 
ever, upon bioaugmentation, many, if not 
most, strains provide only a briefburst ofpollu- 
tant biodegradation, only to decline by several 
log orders into the background of the inlge- 
nous microbial community due to competi- 
tion. For example, during massive bioreactor 
bioaugmentation with a denitrifjring bacter- 
ium, Bouchez et al. (44) observed almost com- 
plete disappearance of the strain used as the 
inoculum from the reactor within 2 days. An- 
other possible reason for this failure is that typi- 

cally the enrichment technique uses me la  
containing much higher concentrations of the 
target pollutant and nutrients than the parent 
ecosystem, resulting in the enrichment of rap- 
idly growing strains, which have every likeli- 
hood of being minority strains in the natural 
population (355). 

The third approach is often performed in 
practice but is not valued in the scientific com- 
munity. This involves the addition of unchar- 
acterized consortia present in materials such as 
sewage sludge and compost. These are easy 
sources of inocula for companies to sell to engi- 
neers, who, faced with a contaminated site, 
often feel compelled to do something and who 
do not fully evaluate the microbial value of bi- 
oaugmentation. Even materials such as garden 
waste provide extra microbial communities, 
even though that is not the primary function 
in the bioremedation, which is normally to 
provide heat-generating materials during com- 
posting. 

Bioaugmentation Is Mired in 
Uncertainty 
When bioaugmentation is considered, i.e., 
whether or not microbes should be added, 
there is little agreement on strategies, inoculum 
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FIGURE 5.27 Typical serial enrichment procedure for bioaugmentation. 

size, strain selection, other strain factors to be 
taken into account, delivery systems, or the ef- 
ficacy of freeze-drying (264). Indeed, there is 
little agreement about the whole contentious 
issue. As a result, the scientific community in 
bioremediation is intrigued, whereas the engi- 
neering community opinion ranges from suspi- 
cion to hostility. An opinion that is often ex- 
pressed, however, is that there may be no need 
at all for bioaugmentation in projects such as 
fuel bioremediation, as there should be indige- 
nous microbes at most sites to deal with fuels, 
and that the role for bioaugmentation should 
be the remehation of recalcitrant compounds 
where there might be so few indigenous strains 
present that augmentation is necessitated (146). 
A niche area for bioaugmentation for fuel spills 
has appeared in the literature: cold climates 
(e.g., see reference 212), since a great deal of 
crude oil reserves are extracted in cold regions. 
Arctic (265) and Antarctic (6, 8) soils are con- 
sidered to be deficient of microorganisms com- 
pared to other soils. Low numbers ofhydrocar- 
bon-oxidming bacteria in pristine cold-climate 
soils and short summer seasons may limit the 

spontaneous enrichment of oil-contaminated 
soils with autochthonous hydrocarbon oxidiz- 
ers when biostimulation alone is practiced. 

As exemplified by tests involving the Exxon 
VuZdez oil spill, a range of strategies and a large 
number of microorganisms have been used in 
bioaugmentation, and yet to date there is no 
guarantee of success (345), especially with 
commercial products. Mearns (204) found that 
bioaugmentation with a microbial product h d  
not significantly enhance oil biodegradation in 
a contaminated marsh in Galveston Bay. Two 
dfferent microbial products, which exhibited 
enhanced biodegradation of Alaska North 
Slope crude oil in shaker flask tests, did not 
accelerate biodegradation in a field experiment 
conducted on an oiled beach in Prince William 
Sound (343). Thouand et al. (315) found that 
most commercial inocula that they tested 
lacked any significant ability to degrade crude 
oil. Venosa et al. (344) also found that an indig- 
enous microbial inoculum h d  not increase oil 
biodegradation in a beach environment. Re- 
gardless of such equivocal results, many micro- 

1 
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bial products have been commercialized. Lin 
et a1. (180) concluded that microbial products 
which are cultured and selected to enhance oil 
degradation rates have great uncertainties, es- 
pecially in systems such as wetlands, where hy- 
drocarbon-degrading bacteria are naturally 
prevalent. They question the value of bioaug- 
mentation for oil spills in light of the fact that 
addition of microbes had not been demon- 
strated to be effective in increasing rates of oil 
degradation and given the high costs of micro- 
bial amendments. 

The view that increasing the number of mi- 
croorganisms within the system should increase 

simplistic. Various factors are known to influ- 

Insects and worms 

Rotifer and nematoda 

Holozoic protozoa 

Heterotrophic bacteria 
and fungi 

Suspended or dissolved 
organic matter the rate of removal of contaminants has proven 

~~ 

ence the success or failure, but predictability is 
beyond our means at present. In the case of 
soil, the milieu is hostile to the introduction of 
allochthonous microorganisms, and large num- 
bers will never survive unless they have a selec- 
tive advantage. Critics of bioaugmentation 
point to the fact that inocula are developed in 
the laboratory, far from the hostde environ- 
ments they are intended to compete in (264). 
The controlling factors are both biotic and abi- 
otic (for a review, see reference 341). The abi- 
otic factors are numerous: they include inap- 
propriate pH or pH shift, UV irradiation, 
desiccation, and lack of available inorganic nu- 
trients. The biotic factors are more complex 
and less well understood. 

Biotic factors include competition with the 
indigenous populations and low levels of avail- 
able carbon substrates (11 1). A lower threshold 
substrate concentration for effective bioremed- 
iation is a controversial area. Sims et al. (295) 
calculated that at least 150 mg of soil per liter 
of pore water is required. Another view is that 
simultaneous utilization of a variety of carbon 
sources present in low concentrations can be 
performed until substrate exhaustion at micro- 
molar levels by communities of microorga- 
nisms. Indeed, this may be possible within indi- 
vidual microorganisms. For example, the 
apparent lack of catabolite repression within 
the rhodococci (354) lends credence to this 
theory. 

FIGURE 5.28 Food web relationships in a percolat- 
ing filter. After the work ofwheatley (359). Practition- 
ers should remember that adding microorganisms in a 
bioremediation project is very different from a chemi- 
cal addition. It has the potential to shift the balance in 
the food web, so that simply adding more might make 
more problems, rather than solve any. 

In bioaugmentation stules, the predator- 
prey interaction is often overlooked (Fig. 5.28). 
For example, in a wastewater bioaugmentation 
study, Bouchez et al. (44) observed improved 
performance only during the first day after in- 
oculation, despite inoculation at massive levels. 
Fluorescent in situ hybridization revealed that 
the digestive vacuoles of protozoa gave strong 
signals with a bacterium-specific probe. This 
provided l rec t  experimental evidence for a 
warning often expressed over bioaugmenta- 
tion: high levels of inoculation can lead to an 
imbalance in the predator-prey interaction, 
with the wholesale destruction of the inoculum 
by protozoa. Moreover, the inoculum may also 
induce strong grazing pressure on other micro- 
bial species present, thus creating the risk that 
the genetic diversity of the site can actually be 
decreased. 

SUCCESSES AND FAILURES OF 
BIOAUGMENTATION 
The current situation is that there are many 
recorded successes and failures of bioremela- 
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tion treatment of soil contaminants (90). Some 
examples of successful bioaugmentation for 
degradation of recalcitrant pollutants are use of 
pure cultures of bacteria for atrazine (287), a 
consortium for atrazine (230), a pure culture 
for 2,4,6-trichlorophenol (17), a pure culture 
for pentachlorophenol (70), and activated soil 
for pentachlorophenol (33). In some cases 
where bioaugmentation has been applied to 
petroleum hydrocarbon contamination, the re- 
sults have been contradictory and little, if any, 
benefit has been derived (85, 229). Even with 
lesel, which is easily biodegraded, the bioaug- 
mentation experience has been contrahctory. 
In none of the five soils stuhed by Margesin 
and Schinner (194) did bioaugmentation result 
in greater diesel decontamination than biostim- 
ulation alone. Indeed, some authors have re- 
ported negative effects on diesel-contaminated 
soil bioremediation, with either acclimatized 
indigenous populations (83) or commercial bi- 
oaugmentation products (e.g., see reference 
213). Cunningham and Philp (72) conducted 
successful bioaugmentation, and subsequently 
attained less success (176), with diesel-contam- 
inated soil at the same source, using the same 
approach. There are many reasons for the fail- 
ures, which have been extensively discussed 
and reviewed (e.g., see references 44, 305, and 
348). 

Can Strain Selection Be Improved? 
From the plethora of studies of bioaugmenta- 
tion, a trend that should be taken account of 
is that, despite selection of strains with great 
catabolic potential, the organisms have often 
failed to survive in the highly competitive en- 
vironments of water and soil. Perhaps it is time 
for a shift of focus to survival rather than cata- 
bolic potential in strain selection. Yet the abil- 
ity to survive is much more difficult to select 
for than a simple catabolic trait. Molecular bi- 
ology is starting to furnish more methodical 
approaches to strain selection in this context. 
For instance, Goddard et al. (110) monitored 
690 isolates of fluorescent pseudomonads from 
a single field site and determined the genetic 
composition and dynamics of the population, 

using restriction fragment length polymor- 
phism rRNA (ribotyping) analysis, over several 
seasons. The population was found to be highly 
heterogeneous: the 690 isolates characterized 
consisted of 385 ribotypes, and most genotypes 
were transient, being detected only once. 
However, approximately 26 ribotypes were 
detected more frequently (spatially and tempo- 
rally) and 1 (ribotype A) was ubiquitous in the 
samples analyzed. Ribotype A was subse- 
quently genetically tagged (IucZY with kana- 
mycin resistance), used to inoculate laboratory- 
based field soil, and found to persist in the soil 
significantly longer than three randomly se- 
lected ribotypes, taken from transient popula- 
tions, which had been tagged in the same man- 
ner. These results clearly suggest that lfferent 
strains have different competencies in terms of 
survival when introduced into the environ- 
ment as inocula. 

The enrichment bias mentioned above sug- 
gests that an improvement in enrichment pro- 
cedure may be to use media that are much 
lower in target pollutants and nutrients. In a 
study to compare the catabolic pathways from 
2,4-dichlorophenoxyacetic acid (2,4-D)-de- 
grading bacteria isolated by direct plating and 
by prior enrichment, Dunbar et al. (91) isolated 
fewer lfferent strains, representing different 
populations, by enrichment than by direct plat- 
ing. Moreover, the strains from enrichment ex- 
hibited almost exclusively a single hybridiza- 
tion pattern with 2,4-D gene probes. This is 
strongly suggestive that enrichment culture se- 
riously underestimates the diversity and distri- 
bution of catabolic pathways in nature. 

By contrast, Zocca et al. (372) used tradi- 
tional enrichment techniques for the isolation 
of PAH-degrading bacteria and showed that 
the enrichment procedures led to the isolation 
of taxonomically different bacteria. These au- 
thors have suggested that the only way to re- 
solve the argument is through the integration 
of cultivation and noncultivation techniques. 
For this to be so, there is a need for the use of 
more appropriate enrichment media. Bmns et 
al. (54) were able to cultivate low numbers of 
bacteria from a nutrient-depleted marine envi- 
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ronment using rich media but were able to in- 
crease the cultivation efficiency by an order of 
magnitude when they used a dilute mineral 
medium. In liquid most probable number pro- 
cedures, the cultivation efficiency was in- 
creased by a further order of magnitude. 

Different criteria apply to strain selection for 
an enclosed bioreactor. For example, van der 
Gast et al. (336) isolated strains for bioaugmen- 
tation of spent metal-working fluids (MWF) 
in a bioreactor system. The MWF-bioreactor 
system was characterized by a constant and reli- 
able supply of a defined pollutant mixture 
within an environmentally controlled system. 
In this instance, the authors used a triple-selec- 
tion criterion: 

1. dominance of source populations in the 

2. tolerance to cocontaminants (MWF are 

3 .  ability to degrade components of MWF. 

Extensive analysis of the community com- 
position and structure of a single MWF formu- 
lation, both temporally and spatially at a world- 
wide scale, was undertaken to identifjr the 
ubiquitous microbial populations in waste 
MWF. Subsequent screening cycles were then 
based on the ability of isolates to tolerate the 
toxicity of cocontaminants and to degrade in- 
dividual chemical constituents of the MWF. 
The procedure resulted in an assemblage offive 
isolates that proved to be 85% more effective 
at processing waste MWF in bioreactors than 
undefined inocula from sewage and that also 
proved to possess exceptional resilience in the 
bioreactor (335, 336). 

Similar strain selection approaches applied 
to a more complex, dynamic system such as 
soil, however, often fail to achieve reliable suc- 
cess. Blumenroth and Wagner-Dobler (41) 
tested whether strains originally isolated from a 
contaminated soil expressed enhanced survival 
upon reinoculation compared to that of com- 
petent nonindigenous strains. They concluded 
that survival of the reinoculated indigenous mi- 
croorganisms was not significantly greater than 
that of a nonindigenous source of inoculum. 

target habitat (waste MWF), 

chemically mixed), and 

SELECTION OF ADDITIONAL TRAITS 
A large number of desirable traits could be 
imagined. Where oil or solvent contamination 
levels are very high, it is likely that catabolic 
strains will also possess solvent tolerance mech- 
anisms. The hydrophobicity ofmany pollutants 
adds to their toxicity to microorganisms by the 
nonspecific effects on membranes. The ability 
to combat this toxicity would give a catabolic 
strain a competitive edge over others without 
the ability. Multiple responses to solvent action 
are known in bacteria (279), among which two 
of the best known are cis-trans isomerization 
and eMux pumps. The cis-trans modification is 
a rapid response to exposure to solvents that 
takes place within a minute of exposure, and 
this is common within the genus Pseudomonas 
(151). Two similar but distinct solvent toler- 
ance efnux pumps in Pseudomonas put ida  were 
characterized in 1998 (158, 258) (Fig. 5.29). A 
new gene cluster that confers solvent tolerance 
to P. put ida  was described by Phoenix et al. 
(250), and when these genes were transcrip- 
tionally fused to lux genes, the biosensor was 
responsive to a wide variety of organic mole- 
cules, including BTEX compounds, naphtha- 
lene, and complex mixtures of aliphatic and 
aromatic compounds. 

If the theory that many bioaugmentation 
cultures fail because of limited availability of 
the pollutant(s) as a carbon source is correct, 
then the ability to survive starvation would be 
an important trait to try to select. Starvation 
survival has been studied in a wide range of 
bacteria. It is estimated that the expression of 
more than 70 genes is affected by the station- 
ary-phase sigma factor us, encolng functions 
leading to altered morphology and metabolism, 
increased starvation survival, and survival of 
fluctuating environmental conditions (128, 
129), the last two ofwhich are common occur- 
rences in bioremediation. In the enterobac- 
teria, cyclic AMP (CAMP) is involved in the 
regulation of the majority of the genes ex- 
pressed during starvation (277). The addition 
of very low concentrations of CAMP to marine 
media increased the cultivability of marine bac- 
teria in low-nutrient conditions by nearly 
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FIGURE 5.29 
ported out of the gram-negative cell by membrane- and periplasm-spanning proteins. 

Solvent efflux pump schematic. The diagram shows how toluene might be trans- 

100% (54). Perhaps this is a way to improve 
the effectiveness of enrichment for catabolic 
strains. The same authors also observed a pro- 
nounced increase in cultivability by the inclu- 
sion of 10 pM acyl homoserine lactones to 
me&a. 

Stach and Burns (302) used biofilm enrich- 
ment to generate greater dversity of PAH-de- 
grading bacteria from soil than obtained by 
using batch culture liquid enrichment, suggest- 
ing that the overwhelming predominance of 
planktonic enrichment procedures may be a 
major source of bias in recovery of bacterial 
diversity. 

In a study investigating phenol-stimulated 
TCE bioremelation, Futamata et al. (104) 
found that an enrichment created by batch 
phenol feedmg had poor ability to degrade 
TCE. When fed phenol continuously, how- 
ever, the enrichment had high TCE-degradmg 
activity, and the two different enrichments had 
shifted in the predominant phylogenetic 

groups of phenol hydroxylases. This study is 
one that suggests a role for preferential gene 
selection during enrichment. 

PLANT-ASSOCIATED STRAIN 
SELECTION AND DELIVERY 
The pairing of catabolically relevant microor- 
ganisms that can colonize plant roots with a 
plant circumvents some of the problems faced 
by traditional bioaugmentation. Kuiper et al. 
(164) were the first to methodically identify a 
strain indigenous to a host plant's rhizosphere 
that exhibited preferential growth on plant root 
exudates and enhanced pollutant-degrading 
ability and rhizosphere competence. The ap- 
proach is aided not only by the abundance of 
pollutant-degrading microorganisms typically 
associated with the rhizosphere, but also by the 
fact that the highly competent pollutant-de- 
grading inoculum is sustained on a carbon 
source that is constantly being replenished by 
the plant (296). This would aid survival of 
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strains when the pollutant is present in low 
available concentrations. 

ADAPTATION OF STRAINS: VALUE 
OF PRIMING OR ACTIVATION 
Priming is generally described as predisposing 
an isolate or population of microorganisms to 
future conditions in which they are designed 
to perform a function. Priming for bioremedla- 
tion might consist of enriching clean soil for 
particular pollutant-degralng microorganisms 
by repeated exposure to the relevant pollu- 
tant(s). In other words, this bears similarity to 
the traditional serial enrichment procedure, but 
it is done in soil, not liquid culture. The result- 
ing soil, with its highly competent degrader 
microbial community, is then used as the inoc- 
ulum for the target soil (108). This approach 
has several advantages: the consortium of in- 
hgenous microorganisms within the primed 
soil are all utilized in the bioaugmentation, not 
just a laboratory-grown isolate; the primed soil 
consortium is maintained within its native soil, 
minimizing the competitive elements (i.e., mi- 
croorganisms, predation, or chemicals) of the 
target soil; and otherwise less culturable, yet 
potentially highly competent, pollutant de- 
graders are included obligatorily. This ap- 
proach, while logical and easier to set up than 
the traditional shake flask enrichment, is cer- 
tainly among the most understudied bioaug- 
mentation strategies. It may not appeal to the 
purists who wish to work with defined cul- 
tures, but it has the potential to make bioaug- 
mentation more reliable as a field practice. 

How Many Microorganisms Are 
Needed? 
There is no agreement in the scientific or engi- 
neering communities on what would be an ap- 
propriate number of microorganisms to apply 
to a contaminated site. The best that can be 
said is that the amount of inoculum to add is 
site specific (255), which is virtually no help at 
all. Guidelines exist, for example, for delivery 
of microbes in various plant systems. No such 
guidelines are available for bioremedlation. 

Inoculation of contaminated soils with very 

large numbers of microorganisms with degra- 
dative capabilities for the contaminants present 
ignores a fundamental observation. Dejonghe 
at al. (81) elaborated on the concept of Corman 
et al. (69) that populations of microorganisms 
added to soils stabilize at around lo3 CFU 
(g of soil) - ', a number which seems to be inde- 
pendent of the ecosystem. Greater numbers 
merely lead to the unwelcome overprolifera- 
tion of the protozoa. Furthermore, unless the 
concentration of the target substrate is very 
high, there will not be enough carbon to sup- 
port the growth the division of large numbers 
of bacteria. This concept, if correct, then mili- 
tates against the second approach to bioaug- 
mentation described above: the key would lie 
in increasing the genetic diversity as a means 
to increasing catabolic potential. Curtis et al. 
(75) estimated that a ton of soil could contain 
4 X lo6 dlfferent prokaryotic taxa. 

However, several authors have postulated 
that the ability of an inoculum to degrade recal- 
citrant compounds is related to the size of the 
inoculum. A Flavobacterium sp. was able to mi- 
neralize pentachlorophenol (PCP) in freshwa- 
ter at a density of 5.5. X lo7 cells ml-' (196). 
Edgehill and Finn (94) also related the removal 
of PCP by an Arthrobacter sp. to inoculum size. 
Upon observing the same phenomenon with 
p-nitrophenol in lake water, Ramadan et al. 
(257) argued that the failure of a small inocu- 
lum may be due to the failure to survive. They 
concluded that the low inoculum densities 
failed to mineralize p-nitrophenol when proto- 
zoa were active, but upon the suppression of 
protozoa by use of eukaryotic inhibitors, the 
mineralization proceeded. 

For contaminated soils, the numbers of ap- 
plied microorganisms have been highly vari- 
able. Intuitively, there would be a greater need 
for higher numbers than for the bioaugmenta- 
tion of contaminated water, for several reasons: 
greater competition from indigenous bacteria, 
greater predation from protozoa and perhaps 
bacteriophage, and lack of availability of pollu- 
tants due to sorption phenomena in soils. Topp 
(317) showed that 50% of the applied atrazine 
was degraded when lo5 CFU of strain C147 
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8-l was used to inoculate a soil with little ca- 
pacity for the mineralization of atrazine. By 
contrast, Rousseaux et al. (269) used only one 
application of a lower inoculum (lo4 CFU 
g-l), and this was sufficient to obtain a three- 
fold increase in atrazine mineralization com- 
pared to that in uninoculated soil. This inocu- 
lum is equivalent to 1013 CFU ha-' on the 
basis of 1,000 tons of soil ha-'. Given that a 
culture could be grown to a density of, say, 
lo9 CFU ml-' in the laboratory, that would 
imply that a total inoculum volume for 1 ha 
of 10 liters would be sufficient. If, however, 
the required inoculum was lo7 CFU g-', then 
the total volume of inoculum required would 
be 10,000 liters, which is a much more daunt- 
ing prospect. Given such inconsistencies, it is 
little wonder that the engineering community 
can be hostile to bioaugmentation. Such num- 
bers as inocula to soil are not unrealistic. Briglia 
et al. (48) used an inoculum of lo7 CFU of 
Rhodococcus chlorophenolicus PCP-1 g- ' for the 
bioremediation of PCP, in a soil where peat 
apparently limited the PCP availability. Pearce 
et al. (242) augmented petroleum-contami- 
nated soil to an astounding 10l2 bacteria 8-l. 

Bioaugmentation with GMOs 
Genetically engineered microorganisms 
(GEMS), which are also referred to as geneti- 
cally mochfied microorganisms or genetically 
modified organisms (GMOs), have shown 
great potential for bioremedntion applications 
in soil, groundwater, and activated sludge envi- 
ronments, exhibiting enhanced degradative ca- 
pabilities encompassing a wide range of chemi- 
cal contaminants that are found at numerous 
soil and groundwater sites (275). Various inves- 
tigators have used modern biotechnology to 
create recombinant bacteria with potential for 
environmental applications. The future of bi- 
oremediation in part may depend upon the 
ability to develop real-world applications for 
these GMOs that can meet regulatory require- 
ments and gain public acceptance (82, 355). 

The first living organism ever patented was 
a hydrocarbon-degrading pseudomonad that 
was genetically engineered by Ananda Chakra- 

barty of General Electric (62-64); the bacter- 
ium had been designed to degrade components 
of crude oil for potential applications to oil 
spills. Chakrabarty was able to fuse plasmids 
to genetically engineer a strain of Pseudomonas 
having the single-cell capability for multiple 
separate degradative pathways, including cam- 
phor, salicylate, and naphthalene degradative 
pathways, which gave the organism specific 
beneficial oil-degrading capabilities. The initial 
attempt to obtain a patent for the GEM was 
denied by the U.S. Patent Office on the basis 
of the argument that living bacteria are not pat- 
entable because they are products of nature 
(63). General Electric appealed the decision, 
which was eventually decided upon by the 
U.S. Supreme Court in 1980 in a 5 to 4 deci- 
sion in the case of Diamond v. Chakrabarty 
(Sydney Diamond was the Commissioner of 
Patents who sought to prevent the granting of 
a patent) (63). This landmark decision said that 
life could be patented, opening the door for 
major investments in biotechnology and the 
possibility of using genetic engineering for cre- 
ating organisms that could be used for bio- 
remediation (64). 

Since the granting of the patent to Chakra- 
barty, many researchers and start-up bioremed- 
iation companies have considered genetically 
engineering microorganisms for bioremedia- 
tion applications; none so far have succeeded 
in achieving real-world success, but efforts 
continue despite numerous technical and regu- 
latory hurdles (373). Two critical issues are (i) 
the ability to construct GMOs for release in 
bioremediation with an acceptable degree of 
ecological predictability and (ii) the ability to 
monitor the performance of GMOs within a 
complicated environment, in particular in 
terms of their survival, gene transfer potential, 
and impact on the native microbial population 
(82). The vast majority of studies pertaining to 
genetically engmeered microbial bioremedia- 
tion are supported only by laboratory-based 
experimental data; there are relatively few ex- 
amples of GEM applications in environmental 
ecosystems (275). A variety of GMOs that have 
been designed for bioremediation are still at the 
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laboratory or early field test stage, but there is 
optimism that in the future GMOs will be used 
for bioremediation, targeting most recalcitrant 
pollutants in inhospitable environments at rela- 
tively low cost (368). 

The GEMs being constructed are being de- 
signed to degrade resistant compounds, such as 
chlorinated aromatics and nitroaromatics. 
Dutta et al. (93) successfully engineered the ni- 
trogen-fixing, symbiotic soil bacterium Sinovhi- 
zobium meliloti to enable it to bioremediate in 
situ 2,4-dmitrotoluene-contaminated soil in 
the presence of alfalfa plants. Using a combined 
strategy of random mutagenesis of haloalkane 
dehalogenase and genetic engineering of a 
chloropropanol-utilizing bacterium, Bosma et 
al. (43) constructed an organism that is capable 
of growth on 1,2,3-trichloropropane, which is 
a highly toxic and recalcitrant compound gen- 
erated as a waste product during the manufac- 
ture of the industrial chemical epichlorohydrin. 
Their results demonstrate that directed evolu- 
tion of a key catabolic enzyme and its subse- 
quent recruitment by a suitable host organism 
can be used for the construction of bacteria for 
the degradation of a toxic and environmentally 
recalcitrant chemical. 

Besides strains engineered to have specific 
metabolic capabilities, GMOs that are able to 
function in hostile environments, such as those 
containing high concentrations of heavy met- 
als, have been created. Gray (115) described 
the potential of fungi for bioremediation appli- 
cations in soils contaminated with heavy metals 
and ramoactive elements. Brim et al. (50) de- 
veloped a radiation-resistant bacterium for the 
treatment of mixed radioactive wastes contain- 
ing ionic mercury. Brim et al. (49) also engi- 
neered Deinococcus geothermalis for in situ bio- 
remediation of radioactive wastes. Yoon (370) 
has constructed multiple-heavy-metal-resistant 
phenol-degrading pseudomonads. These labo- 
ratory studies encourage the development of 
“designer biocatalysts” that can degrade xeno- 
biotics at sites contaminated with multiple 
heavy metals. Sriprang et al. (301) developed a 
novel system for the bioremediation of heavy- 
metal-contaminated soils; they engmeered a 

strain of Mesorhizobium huakuii to express tetra- 
meric human metallothionein. When this bac- 
terial symbiont forms nodules, the host plant 
accumulates high concentrations of the heavy 
metal, e.g., cadmium. The plant can then be 
harvested, thereby removing the heavy metal 
from the soil. 

Although various GEMs that may be useful 
for bioremediation have been developed, the 
only field trials conducted have involved the 
use of reporter genes. Reporter genes, such as 
the lux genes that confer bioluminescence and 
the green fluorescent protein gene, allow 
tracking of the environmental fate of GEMs 
(160, 304). Layton et al. (171), for example, 
constructed a bioluminescent reporter strain of 
Rulstonia eutrophu for the detection of PCBs in 
the environment. Sayler’s research team also 
conducted field trials with a genetically engi- 
neered Pseudomonasfluovescens strain that exhib- 
ited bioluminescence when degrading naph- 
thalene; they used this strain to examine 
hydrocarbon-biodegradmg activity in the field 
and to monitor the fate of introduced GMOs 
(101). In this field release, escape from the ap- 
plication site was detected only sporadically; 
the highest incidence of bacterial escape oc- 
curred when the relative humidity and wind 
speed were low. Genetically engineered lumi- 
nescent bacteria can be used to detect environ- 
mental pollutants (263). Robert Burlage and 
colleagues from the U.S. Department of En- 
ergy Oak Ridge National Laboratory have de- 
veloped genetically engineered bacteria with 
green fluorescent protein in the presence of tri- 
nitrotoluene; these bacteria can detect land 
mines and have been field tested at Edwards 
Air Force Base in California (18, 19). 

The lack of field trials to test the efficacy of 
biodegradation by GEMs in soils and aquifers 
is a serious impediment to the development of 
GEM-based bioremehation applications, since 
the only manner in which to fully address the 
competence of GEMS in bioremediation efforts 
is through long-term field release studies. 
Therefore, it is essential that field studies be 
performed to acquire the requisite information 
for determining the overall effectiveness and 
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risks associated with GEM introduction into 
natural ecosystems (275). One way to eliminate 
the regulatory hurdles of releasing GMOs into 
the environment is to use enzymes, i.e., to 
eliminate the living organism (256). Shinkyo 
et al. (292) used site-drected mutagenesis to 
develop an enzyme that is capable of attacking 
tetrachlorinated dbenzo-p-&oxins that could 
be applicable to the bioremediation of soils 
contaminated with dioxin (292). Mixed cul- 
tures capable of oxidizing and hydrolyzing en- 
dosulfan may be a good source of enzymes for 
use in enzymatic bioremediation of endosulfan 
residues (309). Enzymes derived from organo- 
phosphate-resistant sheep blowfly have also 
been found to detoxifj orthophosphate insecti- 
cides (S. Davidson, unpublished data). Micro- 
organisms have been engineered to degrade or- 
ganophosphates (351) and to produce enzymes 
that can detoxifj organophosphate-contami- 
nated water (288, 289). These enzymes have 
been shown to work under field conhtions 
(300) and have the potential to degrade para- 
thion, malathion, and monocrotophos (256); 
carbaryl; many synthetic pyrethroids; and en- 
dosulfan, which are all insecticides (170). Orica 
conducted a field trial on a cotton farm near 
Narrabri, Australia, in 2002, treating 80,000 li- 
ters of contaminated drainage water with a re- 
combinant organophosphate-degrading en- 
zyme and reducing the organophosphate levels 
by 90% in only 10 min (170). Thus, recombi- 
nant enzymes have great potential for use in 
selected bioremediation applications. 

Despite these novel applications of enzymes 
and rapid advances in molecular biology, there 
has been little progress in actually bringing bi- 
oremediation employing GMOs to the field. 
This despite the fact that, as reflected by the 
Eurobarometer survey on the social perception 
of biotechnology, biological research for envi- 
ronmental remediation is precisely the applica- 
tion of genetics that Europeans sympathize 
with the most and are least concerned with 
regardmg risks (82). However, no releases of 
GMOs into the environment have taken place 
in the United Kingdom for bioremediation ap- 
plications (368), nor is the Department of En- 

ergy considering such releases in the United 
States (373). Safety concerns, regulatory hur- 
dles, and anticipated negative public reactions 
are preventing such field trials and real-world 
applications. 

Novel Delivery Systems 
A fundamental observation about delivery of 
bioaugmentation cultures has to be explained. 
Given all the trials that an introduced culture 
has to face, the delivery of the culture to a soil 
bioremediation project must be done correctly 
if it is to have a chance of success. In ex situ 
systems, this is best done by thorough mixing 
with the soil during the construction. It has 
been often observed that bacteria do not move 
appreciably through soil (10). The inoculum 
therefore must be distributed to nearly all sites 
immedately adjacent to the pollutants. This 
lack of movement is due to physical filtration 
by the solids in the soil and adsorption to soil 
particles. Therefore, the practice of addition of 
cultures to, say, a biopile is likely to be futile. 

In groundwaters, similarly, there is evidence 
that bacteria do not travel great distances before 
becoming attached to a solid surface. Since ap- 
preciable biodegradation by an inoculum to 
groundwater would require the inoculum to 
travel substantial distances, it is not yet clear 
whether such an approach is valuable. 

Delivery of bioaugmentation cultures in an 
immobilized form may offer more complete 
and/or more rapid degradation. In bioremedi- 
ation applications, the immobilized matrix may 
also act as a bulhng agent in contaminated soil, 
facilitating the transfer of oxygen, which is cru- 
cial for rapid hydrocarbon mineralization. Im- 
mobilization is known to reduce competition 
with indigenous microorganisms (179) and to 
offer protection from predation (303) and ex- 
tremes of pH and toxic compounds (255, 312) 
in the contaminated soil. There is also evidence 
of increased biological stability, includmg 
plasmid stability, in immobilized cells (61). 

Straube et al. (307) reported preliminary 
promise for improved survival of bioaugmen- 
tation cultures when immobilized by sorption 
to vermiculite, both during storage and after 
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deployment to a contaminated soil. However, 
entrapment in a polymer matrix has been the 
most common method of whole-cell immobi- 
lization (103), and this offers the additional ad- 
vantage in bioremediation that the environ- 
ment of the immobilization matrix can be 
vaned greatly to improve the physiological 
stability of the microorganisms. Cunningham 
et al. (73) presented evidence that polyvinyl 
alcohol (PVA) entrapment improved the 
bioremediation of desel-contaminated soil at 
laboratory scale. They also showed an im- 
provement by incorporating a synthetic oil ab- 
sorbent into the matrix. Naturally occurring oil 
absorbents are plentiful as waste products, and 
materials such as sunflower seed husks and saw- 
dust are able to take up several hundred percent 
of their own weight of oil. When cultures im- 
mobilized in PVA hydrogels are incubated at 
25"C, the gels have been seen to bulge, pre- 
sumably as a result of C 0 2  production, and 
eventually burst (Figure 5.30). Ifthis same phe- 

nomenon occurs in Contaminated soils, then 
this would act as a means of slow release of 
cultures, which may prevent overgrazing by 
protozoa. 

Daane and Haggblom (76) described a sys- 
tem that also has the potential for immobiliza- 
tion and slow release by a more natural mecha- 
nism. They added Ralstonia eutropha (pJP4) to 
earthworm egg capsules (cocoons), and this ini- 
tiated biodegradation of 2,4-D in soil. The co- 
coons were also able to tolerate and biodegrade 
high levels of 2,4-dichlorophenol, showing 
that this is also a mechanism of toxicity reduc- 
tion. Upon hatching, the cocoons released 
strains to the soil and initiated biodegradation. 
Thus, the system acted to transport and slowly 
release the bacteria. 

BIOSTIMULATION 
An alternative to increasing numbers of biode- 
grading microorganisms on the site is the prac- 
tice of biostimulation. Biostimulation aims at 

FIGURE 5.30 Scanning electron micrograph of bacteria emerging from bulges in a PVA immobilization 
gel. Such evidence suggests that it should be possible to manufacture engineered slow-release bioaugmentation. 
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enhancing the activities of indigenous micro- 
organisms that are capable of degrading the of- 
fending contaminant. It is applicable to the bi- 
oremediation of oil-contaminated sites, often 
being viewed as helping nature, i.e., an exten- 
sion of the natural remediation of soil and 
groundwater (Box 5.8). In many cases, the ad- 
dition of inorganic nutrients acts as a fertilizer 
to stimulate biodegradation by autochthonous 
microorganisms (24). Biostimulation in some 
cases involves the addition of inorganic nu- 
trients to stimulate biodegradation by autoch- 
thonous microorganisms (24); in other cases, it 
is the intentional stimulation of resident xeno- 
biotic-degrading bacteria by use of electron ac- 
ceptors, water, nutrient addition, or electron 
donors (360). 

Although not an approach to bioaugmenta- 
tion as such, biostimulation leads to an increase 
in catabolic potential without increasing ge- 
netic diversity. In practice, it is a much simpler 
and less costly approach to bioremedation. 
The bioremediation community has diverging 
opinions on the subject. Many practitioners of 
bioremediation state that biostimulation is all 

that is required for the mineralization of natu- 
rally occurring hydrocarbons such as petroleum 
mixtures: 3.5 billion years of evolution has pro- 
vided the genetic dversity required, and all that 
is needed to stimulate mineralization is the cor- 
rect balance of carbon with nitrogen and phos- 
phorus. However, it must be noted that bi- 
oaugmentation may be required for the 
biodegradation of more recalcitrant xenobiotic 
pollutants, where the evolutionary timescale 
may be limited to the years since the industrial 
revolution. Indeed, Pritchard (255) opined that 
future bioremedation projects to remove re- 
calcitrant compounds will undoubtedly in- 
volve inoculation to introduce unique and 
specialized metabolic capabilities into a con- 
taminated matrix. 

Oxygen 
Due to the limited solubility of oxygen in 
water, various attempts have been made to in- 
crease it. The most obvious route is the injec- 
tion of pure oxygen rather than air, as this can 
increase the dissolved oxygen concentration 
severalfold. More common has been the use of 
hydrogen peroxide. 

BOX 5.8 
RENA of Oil-Contaminated Soils in Nigeria 

Bioremediation has been used to clean up hundreds 
of oil spill sites in Nigeria that were contaminated as a 
result ofoil exploration and oil production operations 
(20). The cleanup, which began in 1999, was devel- 
oped and performed by Shell Petroleum Develop- 
ment Company of Nigeria. The company’s preferred 
approach for soil and groundwater remediation pro- 
grams is known as remedial enhanced natural attenu- 
ation (RENA). Liquid sludge is removed for ex situ 
treatment, and the residual hydrocarbon is bioremed- 
iated in situ. Application of the RENA process for 
remediation of hydrocarbon-impacted soil acceler- 
ates the natural process by using human intervention 
to increase access to water, sunlight, oxygen, and nu- 
trients, i.e., in situ bioremediation based upon biosti- 
mulation of the indigenous microorganisms. The in- 
tervention involves simple tilling of the impacted 
soils, which aerates the soil and ensures adequate oxy- 

gen to support aerobic hydrocarbon biodegradation. 
It also involves occasional addition of nutrients, 
water, and sometimes topsoil. These actions increase 
the microbial population that biodegrades petroleum 
hydrocarbons and provides optimized conditions for 
hydrocarbon metabolism by the indigenous micro- 
bial communities. Shell reports that the use ofRENA 
is cost-effective and restores the soils and groundwa- 
ten to preoiling conditions. RENA is viewed as an 
environmentally friendly and natural process that has 
gained acceptance in the communities where it is 
carried out. It is simple and can be performed by local 
people, which aids in its acceptance. It is well suited 
for the tropical climate of the Niger Delta, where 
soils have diverse microbial populations, including 
naturally occurring hydrocarbon-degrading microor- 
ganisms, warm temperatures, and abundant rainfall. 
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OXYGEN AVAILABILITY AND 
TRANSPORT 
As most of the bioremediation technologies are 
aerobic processes, due to the greater efficiency 
of aerobic biodegradation of organic com- 
pounds, the delivery of oxygen to soil and 
groundwater in ex and in situ bioremediation 
technologies is crucial to success. Indeed, oxy- 
gen should in most cases be regarded as the 
key component of a bioremehation that w d  
ultimately determine the success or failure of 
the application. It has been shown on many 
occasions that hydrocarbon biodegradation 
will proceed without special soil amendments 
as long as oxygen is present (139). 

The concentration of oxygen dissolved in 
water is low. Since moisture is critical to mi- 
crobial activity, the essential interrelationship 
between oxygen and water is obvious. Oxygen 
transport from the open air to the pores of the 
soil bioremediation matrix to the pore water 
and thence to the microorganisms is a two- 
component process. Convection and diffusion 
are the two governing mechanisms, and oxy- 
gen transport is inextricably linked to the water 
content of the matrix since both convection 
and diffusion are dramatically reduced in water. 
Water saturation of soil pores slows oxygen 
transport to very low levels, and quickly the 
rate of oxygen consumption by microorga- 
nisms exceeds the ability of convection and dif- 
fusion to replace it, resulting in deoxygenation 
and, if left unchecked, anaerobiosis. 

The low rate of oxygen delivery is a major 
drawback in bioremediation. Soil contami- 
nated with 10 m3 of hydrocarbons would re- 
quire about 2 million m3 (tons) of water satu- 
rated at 10 mg liter-' for its biodegradation. 

CONVECTIVE AIR MOVEMENT 
In ex situ bioremediation technologies, con- 
vection can be passive, making use of the buoy- 
ancy of hot air, or forced by using blowers or 
vacuum pumps. For example, in composting or 
biopile systems treating high levels of organic 
contamination, hot air can sometimes be seen 
rising from the top of the pile (Fig. 5.6 and 

5.11), and convection pulls cooler air in from 
the atmosphere to replace it. The phenomenon 
is not so noticeable in biopiles with blowers, 
but in any case convection plays a major role 
in the delivery of oxygen to the pore space of 
soil. 

Convective air movement relies on soil po- 
rosity to maintain a low resistance to flow. 
Water saturation of the soil pores is a major 
impehment to convective air transport. Even 
with forced aeration, air will short-circuit 
water-saturated zones, causing unsaturated 
zones to dry further, and force the saturated 
zones into anaerobiosis. One of the principal 
reasons for using adapted windrow turner 
equipment in contaminated land compost sys- 
tems is to rehstribute moisture, as well as to 
fulfill the primary function of soil aeration. 
With static biopile systems, this is not possible, 
so there is greater need to ensure that moisture 
distribution and uniform mixing are accom- 
plished during the soil preparation phase, prior 
to biopile construction. 

OXYGEN DIFFUSION 
Molecular diffusion is the movement of a mol- 
ecule through a mixture, most commonly 
caused by a concentration grahent of the dif- 
fusing molecule. The molecule moves by ran- 
dom vibrational motion in the direction to 
equalize the concentrations and thus destroy 
the grahent. At this equilibrium point, all the 
molecular species in the mixture are uniformly 
dspersed and the concentration of any one spe- 
cies is the same throughout the system. 

At the microorganism and micropore levels, 
diffusion dominates over convection as the 
major oxygen transport mechanism. Gas diffu- 
sion is particularly sensitive to water saturation: 
diffusivities in liquids are generally 4 to 5 orders 
of magnitude lower than in gases at atmo- 
spheric pressure (197), as a result of the large 
difference in free path length between colli- 
sions. With gases, the free path is orders of 
magnitude greater than the size of the mole- 
cule, whereas in liquids the free path is less than 
the molecular diameter. Calculations of oxy- 
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gen diffusion in water and in air illustrate the 
need for air saturation, and not water satura- 
tion, of soil pores. 

The diffusion of oxygen in air is a function 
of both temperature and pressure. The diffu- 
sion coefficient for a binary pair of gases is cal- 
culated from the Chapman-Enskog equation 
(246): 

0.001858T3/2[(MA+ MB ) / M A  MB]1’2 
DAB = 

Q D  

(4) 

where DAB is diffusivity (in square centimeters 
per second); Tis temperature (kelvin); MA and 
MB are the molecular weights of components 
A and B; P is pressure (in atmospheres); uAB 

= (UA + u B ) / 2 ,  which is the effective coh- 
sion diameter (in angstroms); and nD is the 
collision integral, which equals J(kT/rAB), 
where k is Boltzmann’s constant, E is the Len- 
nard-Jones force constant for common gases, 
and C A B  = V C A E B ,  

For the diffusion of oxygen in air at 20°C: 

r / k  U M 
Oxygen 106.7 3.467 32 
Air 78.6 3.711 29 

uAB = (3.467 + 3.711)/2 = 3.589 
I A B / ~  = (106.7 X 78.6)0.5 = 91.578 
kT/& = 293/91.578 = 3.199 

From tables (197), = 0.9328. 
Substituting these values into the Chapman- 

Enskog equation gives a diffusivity of oxygen 
in air of 0.198 cm2 s - l  at 20°C. 

The diffusion of oxygen in water is best de- 
scribed by the Wilke-Chang equation (362): 

(5) 
8 (+B MB)”2T D, = 7.4 x 10- 

where D, is diffusivity (in square centimeters 
per second), T is absolute temperature (Kel- 
vin), p is viscosity of solution (in centipoise), 
VA is molar volume of solute as liquid (25.6 

cm3 mol- ’ for oxygen [358]), I J J ~  is the associa- 
tion parameter for solvent (2.26 for water) 
(358), and MB is the molecular weight of sol- 
vent. 

For the diffusion of oxygen in water at 
20°C: 

M V, p at 20°C 
Oxygen 32 25.6 
Water 1.002 

Substituting these values into the Wilke- 
Chang equation above gives a diffusivity of ox- 
ygen in water at 20°C of 1.972 X 10K5 cm2 
s- l ,  which is approximately 10,000 times 
lower than in air at the same temperature. 

OXYGEN DIFFUSION IN SOILS 
Ideally, the soil gas diffusion coefficient is mea- 
sured by laboratory or field methods, but in 
practice this is likely to be too time-consuming 
and expensive, so it is simpler to use empirical 
models that relate the gas tortuosity factor T~ to 
specific bulk soil properties that can be readily 
measured (139). 

a10/3 

Z8 = - e2 
where 8 is porosity, and OL is volumetric air 
content (the volume of gas space per total vol- 
ume of soil). Porosity and volumetric air con- 
tent may be computed for a specific soil if the 
bulk density ( P b ) ,  particle density ( p p ) ,  and 
moisture (p) are known: 

e = 1 - P b / P p  

OL = - p PdPwater 

Bulk density is defined as the mass of dry 
soil per total soil volume and may be estimated 
from the dry weight of a soil core sample. Parti- 
cle density is the ratio of dry soil mass to unit 
volume of soil particles, the latter ofwhich may 
be determined from the volume of water &s- 
placed by the soil particles. Moisture content 
is the mass of water per mass of dry soil and 
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may be determined by gravimetry after oven 
drying. The density of water is assumed to be 

The soil gas dffusion constant (03 can now 
be calculated as a function of soil moisture con- 
tent and porosity: 

1 g ml-'. 

Predictably, the gas dffusion coefficient in soil 
decreases with increasing moisture content and 
decreasing porosity. 

Many soils have a porosity of approximately 
50%, and since microbial activity is considered 
optimal at a moisture content of at least 50% 
of its field capacity (i.e., a p value of 0.05 to 
0.10 g of water g of dry soil-' for most soils), 
it is expected that 0, will range from 0.005 to 
0.04 cm2 s - l  in most moderately moist and 
microbially active soils. 0, values within this 
range are used for the computation of oxygen 
penetration distances and cleanup times (139). 

OXYGEN DELIVERY TO 
GROUNDWATER 
There are several ways to deliver oxygen to 
groundwater during in situ bioremediation. 
The most appropriate method for a particular 
project will be dictated by the contaminants 
and their concentrations which set the oxygen 
demand, and the hydrogeology of the site. Hy- 
draulic conductivity has an enormous effect on 
the amount of oxygen that has to be supplied. 
For a given hydraulic gradient, oxygen supply 
rate varies by several orders of magnitude from 
low to high hydraulic conductivity (51). 

The simplest, least expensive method is to 
sparge air into the well bore by using porous 
bubbler devices such as are in common use in 
the wastewater treatment industry. Saturating 
water with air in this way will achieve a dis- 
solved oxygen concentration of around 8 to 10 
mg liter- ', depending on salinity and tempera- 
ture. Saturated water diffuses from the well 
bore into the subsurface at a rate determined 
by the hydraulic conductivity. In low-perme- 

ability aquifers, pure oxygen will increase the 
saturation to about 50 mg liter-', but this is a 
much more expensive operation. A more com- 
mon method is to pump oxygen-saturated 
water into the aquifer. The above comments 
on concentrations and hydraulic conductivity 

The very low diffusivity of oxygen in water 
compared to that in air threatens failure for 
many aquifer bioremedation projects. Alterna- 
tive, more drastic methods of aeration have 
been investigated. Of these, the injection of 
hydrogen peroxide (H202) has been the most 
successful. It is highly soluble in water and de- 
composes to water and oxygen. Therein lies 
the biggest problem with using hydrogen per- 
oxide in situ: the rate of decomposition has to 
be controlled. Its decomposition is catalyzed 
by common soil components such as ferric iron 
and naturally occurring organic materials. For 
this reason, hydrogen peroxide is not a practical 
oxygen delivery method for the vadose zone. 
Too-large amounts of oxygen generated are 
lost to the gas phase. In the saturated zone, 
more is dissolved in water. However, even 
then, if the decomposition cannot be con- 
trolled, the zone of influence around the injec- 
tion well may be too limited. Hopkins and 
McCarty (135) pointed out that hydrogen per- 
oxide, while possessing advantages over pure 
oxygen, was even more expensive, and if too 
much is added, the saturation level in water of 
oxygen can be exceeded, leading to gas accu- 
mulation in the aquifer, with an attendant clog- 
ging problem. Hydrogen peroxide can be car- 
ried greater distances when stabilized with 
phosphate, and the phosphate also acts as a nu- 
trient. 

Another counterproductive limitation of 
hydrogen peroxide delivery is that it is in fact 
biocidal. Lethal concentrations of hydrogen 
peroxide for soil microorganisms are in the 
order of 30 to 50 mg liter-' (68). Brown et 
al. (52) suggested that the practical concentra- 
tion in water be kept at 100 mgliter-' to avoid 
gas pocketing and to limit microbial killing. 

However, there is no doubt that if delivery 
conditions can be made optimal, hydrogen 
peroxide delivers high concentrations of oxy- 

apply. 
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gen. It provides 0.47 g of oxygen per g of hy- 
drogen peroxide delivered. The biodegrada- 
tion of 1 kg of hydrocarbon would require the 
delivery of 400,000 kg of water containing 8 
mg of oxygen liter - ’. The same mass of hydro- 
carbon would be biodegraded by the delivery 
of 13,000 kg of water containing 500 mg of 
hydrogen peroxide liter- (132). Benvanger 
and Barker (39) investigated the in situ bio- 
remediation of aromatic hydrocarbons in a 
methane-saturated groundwater, using hydro- 
gen peroxide as the oxygen source. Added at 
a nontoxic level, it promoted the rapid biodeg- 
radation of BTEX compounds. Failures have 
also been recorded, on two occasions because 
of aquifer plugging in field trials using hydro- 
gen peroxide to promote in situ biodegradation 
ofjet fuel. 

OXYGEN REQUIREMENTS IN 
BIOREMEDIATION PROJECTS 
The calculations of oxygen requirements can- 
not be exact; rather, they are presented as 
guidelines that may help in the selection of 
blower size, for example. They also may be 
useful in selecting whether to use passive or 
forced aeration in an ex situ project. 

The theoretical oxygen demand (ThOD) of 
an organic compound can be calculated by 
either solving a balanced chemical equation or 
using an arithmetic equation. The aerobic min- 
eralization of a 2,4-dichlorophenol can be rep- 
resented as 

C6H4C120 + 6 0 2  + 6C02  + H 2 0  + 2HC1 
1 mol of dichlorophenol requires 6 mol of 

0 163 g of dichlorophenol requires 192 g of 

t) 1 mg of dichlorophenol requires 192/163 

0 ThOD of dichlorophenol = 1.18 mg 

oxygen for its mineralization 

oxygen 

mg of oxygen 

mg- 

[2~+0.5(h-cl-3n)+3s 
+ 2 . 5 ~  + 0.5na - o]mg mg-’ 

MW The ThOD= 16 

(8) 

16[12+0.5(4-2-0) 
+ O f O f 0 -  11 

163 
For dichlorophenol = 

= 192/163 
= 1.18 mg mg-* 

There is exact agreement between the two 
methods. 

In planning the bioremediation of a soil 
contaminated with this compound, either as 
the sole contaminant or as the contaminant 
identified by risk assessment to pose the greatest 
risk to receptors at the site, this figure can then 
be used to calculate the total oxygen require- 
ment. Given the average level of contamina- 
tion of the soil, the total volume of soil, and 
the time period of the project, a figure for the 
total oxygen requirement can easily be calcu- 
lated. At most contaminated sites, this situation 
is unlikely. Most bioremediation projects are 
performed on petroleum hydrocarbon-con- 
taminated sites, and there may be hundreds of 
compounds or more present. In this case, a de- 
sign approach has been elaborated by Cookson 
(68), in which an “average” contaminant is cal- 
culated, and the requirements for oxygen, ni- 
trogen, and phosphorus can subsequently be 
calculated. 

Alternate Electron Acceptors 
Under anaerobic conditions, an alternative 
electron acceptor to oxygen is required. Ni- 
trate is usually the electron acceptor of choice 
in these conditions, although care has to be 
taken with the regulatory situation regarding 
nitrate in groundwater. A very different ap- 
proach is the selection of alternative electron 
donors. For example, added toluene, propane, 
or methane acts as a cometabolic substrate, 
which is oxidized and also stimulates the oxida- 
tion of the chlorinated compound(s). Hydro- 
gen, or a hydrogen-generating substrate, can 
be added to act as a direct reductant (120). 

FORMULATIONS OF INORGANIC 
NUTRIENTS 
Atlas and Bartha (24) observed dramatic miner- 
alization of crude oil upon stimulation with ni- 
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trogen and phosphorus, but limited stimulation 
with either one singly. Subsequent studies have 
shown the need for nitrogen and phosphorus 
as the primary nutrient additions in bioremedi- 
ation. Nearly always, the supply of potassium, 
sulfur, magnesium, calcium, iron, and trace 
elements is greater than the demand (10). 
Common commercial NPK fertilizers are used, 
but the influence of potassium is often ignored. 

Nutrient addition still constitutes a consid- 
erable expense in bioremediation. A successful 
formulation at one contaminated site does not 
guarantee success at others. Formulations of 
nutrients for site application vary in the 
amounts of macronutrients (carbon, potassium, 
nitrogen, and phosphorus), micronutrients 
(sulfur, magnesium, and calcium), and trace 
elements (the most common are iron, man- 
ganese, cobalt, copper, and zinc). A list of nu- 
trient solutions used for field and laboratory 
bioremediation and their formulations is given 
elsewhere (5). 

Soil contaminated with organic pollutants 
such as oils and fuels is likely to contain an 
excess of carbon compared to nitrogen and 
phosphorus, and the indigenous bacteria may 
be unable to biodegrade the material, even if 
it is highly biodegradable and is a high-quality 
source of calories, due to a nutrient limitation. 
Common assumptions are that only one nu- 
trient is limiting at any one time and that only 
when one deficiency is overcome does another 
become limiting. This may prove not to be 
so (10). Combinations of inorganic nutrients 
often are more effective than single nutrients 
(310). Laboratory-based respiration experi- 
ments by Liebeg and Cutright (178) showed 
that a low level of macronutrients and a high 
level of micronutrients were required to stimu- 
late the activity of indigenous microbes. There 
seemed to be no hfference in effect of chang- 
ing the dominant macronutrient, but a differ- 
ence was seen if the macronutrients were omit- 
ted completely. The greatest stimulation was 
achieved with a solution consisting of75% sul- 
fur, 3% nitrogen, and 11% phosphorus. 

Nitrogen is the nutrient most commonly 
used in bioremedation projects (178). It is used 

primarily to support biosynthesis (NH4+ and 
NO,-) or as an alternative electron acceptor 
to oxygen (NO,-). It is commonly applied 
in the form of urea, any ammonium salt, or 
ammonium nitrate. Bacteria readily assimilate 
all of these, but care would have to be taken 
in a bioremediation regarding ammonium salts, 
as they also exert an oxygen demand. Activated 
sludge has been suggested to be a useful source 
of nitrogen for PAH biodegradation in soils 
(152). Slow-release forms of nitrogen allow 
persistent biostimulation with less chance of 
water pollution with nitrates. Dried blood acts 
as a slow-release agent for nitrogen (306), as 
can a range of natural materials such as peat, 
compost, and manure (217). Slow-release for- 
mulations would be particularly appropriate on 
beaches (237) to prevent the nutrients from 
being diluted to extinction by wave action. A 
slow-release fertilizer can also be made with 
inorganic nutrients, and it is much easier to 
make a predictable ratio of nutrients this way. 
An example is the encasement of ammonium 
nitrate, calcium phosphate, and ammonium 
phosphates to give an N-to-P ratio of 10.6:1, 
in a polymerized vegetable oil (181). 

Phosphorus is routinely seen as the next 
most important nutrient. Phosphorus is used 
for cell growth and is added as a phosphate salt 
(sodium, potassium, orthophosphate, or poly- 
phosphates). It can be added as diammonium 
phosphate, and then its contribution to the ni- 
trogen budget should also be considered (349). 
The application of phosphate carries implica- 
tions. Phosphate has a high binding affinity for 
most soils. If added, say, to a windrow or bio- 
pile after construction, its transport will be lim- 
ited and will result in a high concentration near 
the surface and a deficit in the interior. This is 
especially true in calcareous soils, where the 
high calcium content will result in the majority 
ofthe phosphate being adsorbed or precipitated 
and thus unavailable to microorganisms. 

Many nutrient formulations nevertheless 
contain an excess of phosphate. In particular, 
formulations for groundwater bioremediation 
where Hz02 is to be added to improve oxy- 
genation often contain excess orthophosphate 

Next Page 
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to decrease the rate of peroxide decomposition. 
Doing so changes the geochemistry of the 
aquifer and may result in sufficient precipita- 
tion of hydroxides and phosphates to cause 
aquifer plugging (5). The maximum ortho- 
phosphate concentration that may avoid signif- 
icant precipitation is about 10 mg liter-', but 
to achieve this concentration uniformly 
through the groundwater requires the nutrient 
formulation to contain a much higher concen- 
tration due to the soil sorption. The concentra- 
tion required to optimize microbial cell growth 
at the lowered oxygen concentrations typical 
in bioremediation operations is unknown. 
However, consider the minerahation of 1 kg 
of organic carbon. If 300 g is used to make new 
biomass, and those cells have a C-to-P ratio of 
50:1, then 6 g of P is required to be incorpo- 
rated into the biomass and as such must be pres- 
ent in an avadable form. At high contaminant 
concentrations, it may be lfficult to overcome 
phosphorus limitation in soil and in groundwa- 
ter. When it is understood that very high levels 
ofcontamination can occur, e.g., 100 g ofTPH 
per kg of dry soil (211), then this makes effec- 
tive phosphorus stimulation difficult to deploy. 

An interesting case was presented by Silva 
et al. (293), for the bioremediation of atrazine. 
Atrazine is still one of the most common pesti- 
cides detected in groundwaters in Europe and 
the United States. This was a combined bio- 
stimulation study with bioaugmentation with 
a Pseudomonar strain that degrades atrazine. This 
strain, however, uses atrazine as a source of ni- 
trogen, and the authors hypothesized that the 
limitation would be one of carbon, not nitro- 
gen. Thus, they biostimulated with organic 
acids and concluded that a Csubsrrate-to-Natrazine 
ratio of more than 40 was required for the min- 
eralization of atrazine. 

OLEOPHILIC FERTILIZER 
When the contaminant is oil or another hydro- 
phobic pollutant, there is the danger that ap- 
plied water-soluble sources of nitrogen and 
phosphorus will have poor contact with the 
material. The objective would be to encourage 
intimate contact between microorganisms, oil, 

and nutrients. The obvious way to facilitate this 
is the incorporation of surfactants into the for- 
mulation. To maximize the contact between 
oil and water, the surfactant of choice should 
minimize the interfacial tension between the 
two. When the oil droplets in water, or water 
droplets in oil, are sufficiently small that the 
system remains transparent, then the phase 
containing most of the surfactant and the dis- 
persed droplets is called a microemulsion (67). 
Microemulsions are characterized by having 
ultralow interfacial tensions (less than 0.01 mN 
m-l can readily be achieved in the laboratory 
with some fairly orlnary and inexpensive sur- 
factants). One such oleophilic fertilizer was 
used in the beach cleanup operations for Exxon 
Vuldex. It was designed to adhere to oil and is 
a microemulsion of a saturated solution of urea 
in oleic acid, containing tri(laureth-4)-phos- 
phate and butoxy-ethanol (181). 

FAILURES OF NUTRIENT 
BIOSTIMULATION 
Biostimulation has been used successfully in bi- 
oremediation much more often than it has 
failed. The reasons for failure, however, are 
usually unclear, and understanding these rea- 
sons may be crucial to the acceptance of bio- 
remediation as a full-scale technology. Possible 
reasons advanced by Alexander (10) are high 
levels of nitrogen and phosphorus already pres- 
ent in the soil which may make further fertili- 
zation futile, the presence of nitrogen and 
phosphorus in the pollutants (also see reference 
293), and a low concentration of pollutant(s). 
Additionally, there may be other limiting fac- 
tors such as oxygen availability (Box 5.9). 

Venosa et al. (344) used a randomized block 
design to investigate the influence of biostimu- 
lation and bioaugmentation on the removal of 
crude oil contaminating a sandy beach. High 
levels of oil biodegradation were seen in the 
untreated plots, and even though nutrient ad- 
l t i o n  enhanced the rate of biodegradation, it 
was concluded that it might not be appropriate. 
Significantly, there was no difference between 
plots treated with nutrients only and those 
treated with nutrients and bioaugmentation 

Previous Page 
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BOX5.9 
Bioremediation of Salt Marshes 

Salt marshes, which are among the ecologically most 
sensitive ecosystems, occasionally are contaminated 
by oil spillages. These are very difficult habitats to 
clean. Several field studies have been carried out in 
coastal wetlands to evaluate the potential of oil bio- 
remediation (371). The results of these studies have 
been vaned, sometimes showing successful bio- 
remediation and sometimes revealing a lack of stimu- 
lated hydrocarbon biodegradation. 

Field trials on oil bioremediation in a Spartina al- 
ternijlflora salt marsh in Nova Scotia, Canada, showed 
that addition of ammonium nitrate and triple super 
phosphate could stimulate oil biodegradation at low 
contamination levels, but no enhancement occurred 
at high concentrations where the oil had penetrated 
into the deeper reduced soil layers (172). Similarly, 
nutrient addition to a Haloscarcia sp. salt marsh in 
Gladstone, Australia, showed variable results; bio- 
stimulation produced about 20% more oil loss than 
in the untreated plots for an area contaminated with 
a medium crude oil, but the nutrient amendment did 
not significantly increase the rate of loss of Bunker 
C oil which had also contaminated areas of the salt 
marsh (55). 

A study at San Jacinto Wetland Research Facility 
in Texas also showed that addition of diammonium 
phosphate significantly enhanced the biodegradation 
rates of aliphatic hydrocarbons and PAHs (210). 
However, in subsequent trials, biostimulation with 

nutrient admtion failed to enhance rates of degrada- 
tion; bioaugmentation with microbial cultures also 
&d not increase rates of oil biodegradation (294). 
Addition of nutrients to an oiled S. alternijlora Louisi- 
ana salt marsh also failed to stimulate hydrocarbon 
biodegradation; however, the nutrient concentra- 
tions in this salt marsh were already high and natural 
attenuation was occurring at significant rates when 
the tidal cycle exposed the surface of the marsh to 
air, indicating that oxygen availability was the major 
factor controlling rates of oil biodegradation (291). 

As summarized by Zhu et al. (371), these studies 
have shown that oil biodegradation on coastal wet- 
lands is often limited by oxygen, not nutrient avail- 
ability. If oil penetration into subsurface layers is 
minor, then biostimulation may be a viable strategy 
for cleanup, but if penetration of more than a few 
millimeters has occurred, then biostimulation will 
have diminished effectiveness due to the increased 
likelihood of limiting oxygen concentration in the 
oil impact zone. They conclude that when biostimu- 
lation is used, nitrogen concentrations of 2 to 10 mg 
of N liter- should be maintained in the pore water 
to achieve optimal oil biodegradation. Overall deter- 
mination ofwhether to rely upon natural attenuation 
or to employ biostimulation should consider cost, 
practicality, and potential e c o l o g d  impacts as well 
as the likelihood of achieving sipficantly enhanced 
rates of oil biodegradation. 

with an indigenous inoculum. The high level 
of biodegradation in the untreated plots was 
attributed to the relatively high background 
level of nitrogen at the site. It should also be 
noted that this work was done on small plots. 
The same conclusions may not apply to a f d -  
scale spill across a beach. In a similar manner, 
Takeuchi et al. (31 1) observed high methano- 
troph activity and rapid degradation of TCE 
without the addition of nutrients to contami- 
nated groundwater: the water already con- 
tained sufficient nitrogen and phosphorus. 

Nyman (232) observed no effect ofnitrogen 
and phosphorus addition to marsh soils con- 
taminated with crude oil other than temporar- 
ily accelerated microbial activity. Ruberto et al. 

(270) performed biostimulation with nitrogen 
and phosphorus on Antarctic soil contaminated 
with gas oil and jet fuel hydrocarbons, as this 
soil had previously been shown to be low in 
nitrogen and phosphorus. They observed 
growth inhibition at nitrogen and phosphorus 
concentrations frequently observed in rich 
soils. Likewise, Seklemova et al. (280) failed to 
improve bioremediation of diesel oil in soil by 
using inorganic fertilizers. Occasionally, labo- 
ratory tests on the mineralization of aromatic 
and aliphatic hydrocarbons inhcate inhibition 
of biodegradation by nitrogen (e.g., reference 
192); the reasons for this remain unknown, but 
it may simply reflect a lack of C 0 2  production 
as carbon is dwerted to biomass production 
(lo), rather than true inhibition. 



5. BIOREMEDIATION OF CONTAMINATED SOILS AND AQUIFERS 211 

APPLICATION OF NUTRIENTS 
Nutrient additions can be calculated by various 
means. Knowledge of the composition of the 
average bacterium is the start point. Elemental 
assay of the dry mass of Escherichia coli gives an 
approximate composition of the protoplasm of 
50% carbon; 20% oxygen; 14% nitrogen; 8% 
hydrogen; 3% phosphorus; 2% potassium; 1% 
sulfur; 0.05% each calcium, magnesium, and 
chlorine; 0.2% iron; and a total of 0.3% trace 
elements, inclumng manganese, cobalt, cop- 
per, zinc, and molybdenum (228). The nu- 
trient requirements of the microbial cell are ap- 
proximately the same as the cell composition 
except for carbon, which is supplied by the 
organic contaminant. 

A disadvantage of a commercial preparation 
containing mixed nutrients is that the ratio of 
the various constituents cannot be modified ac- 
cording to requirements based on the carbon 
load created by the carbon-containing contam- 
inant. In particular, the ratio of carbon to nitro- 
gen to phosphorus seems to be important, and 
the ability to alter these components accorhng 
to site contaminant concentrations would be 
important. 

For engineering calculations, the average 
composition ofa bacterium is often expressed as 
a chemical formula, which varies in the litera- 
ture. The most common ofthese is C5H7 NO2, 
as these four elements constitute over 90% ofthe 
mass of cells. However, this takes no account of 
phosphorus, which, with calcium, constitutes 
about 70% of the remainder, and phosphorus 
has the potential to be limiting in contaminated 
soil or water. Another composition that takes 
account of phosphorus is C ~ ~ H I O O N ~ ~ O ~ ~ P .  
Any such estimation should be used with cau- 
tion. The ThOD of l g of C5H7N02 is l .42 g, 
and that 

The calculation then depends on the desired 
ratio of C:N:P. The figures above would imply 
a ratio of 100:20 to 26:3. In wastewater treat- 
ment, the ratios that are published as optimum 
are usual for BOD:N:P, and 100:5:1 is ade- 
quate for aerobic treatment (1 23), whereas 
Gray (114) states that 100:6:1 is required to 

N11O13P is 1.71 g (159). 

maintain the optimal nutrient balance for het- 
erotrophic activity in conventional activated 
sludge. Anaerobic processes are much less de- 
manding on nitrogen and phosphorus. For 
anaerobic digestion, Huss (142) found an 
optimum of 100:0.5:0.1. For ex situ biore- 
mediation of contaminated soil, the desired 
C:N:P ratio is 100:15:1 (349). 

For an ex situ biopile of 500 m3 of contami- 
nated soil, containing 10,000 mg ofTPH kg- ', 
the following shows how to calculate both ni- 
trogen and phosphorus needs. The density of 
the contaminated soil should be measured on 
a site-specific basis, but for the example calcu- 
lation, a density of 1.5 tons m-' is assumed, 
i.e., 1,500 kg m-'. Also, it is assumed that hy- 
drocarbon is 80% carbon. 

Assumed carbon concentration = 10,000 
mg kg-' X 0.8 = 8,000 mg kg-' 

Desired C:N:P ratio = 100:15:1 
Required N concentration = (8,000 mg 

Required P concentration = (8,000 mg 

Total kg ofsoil to treat = 500 m3 X 1,500 

Total N required = 750,000 kg X 0.0012 

kg-') X 0.15 = 1,200 mg kg-' 

kg-') X 0.01 = 80mgkg-'  

kg m-3 = 750,000 kg 

kg kg-' = 900 kg 

If urea (CH4N20) is the sole source of nitrogen 
and is 46.6% nitrogen by weight, then: 

Amount of urea needed = 900 kg/0.466 
kg kg-' = 1,931.3 kg = 1,932 kg 

Total P required = 750,000 kg X 0.00008 
kg kg-' = 60 kg 

If potassium dihydrogen orthophosphate 
(KH2P04) is used as the sole source of phos- 
phorus and is 22.8% phosphorus by weight, 
then: 

Amount of KH2P04 required = 60 kg/ 

Total nutrients required = 1,932 kg of urea 
0.228 = 263.15 kg = 264 kg 

and 264 kg of KH2P04 

A similar treatment is given by von Fahnes- 
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tock et al. (349) in which a part of the nitrogen 
contribution comes from diammonium phos- 
phate. 

A more thorough treatment of nitrogen and 
phosphorus requirements is given by Cookson 
(68), which requires: 

- the estimation of an “average” contaminant 
in terms of its elemental composition, based 
on the types and concentrations of inhvid- 
ual hydrocarbons present at the site; . calculation of the redox half-reactions in- 
volved, based on a bacterial cell composi- 
tion of C5H,02N; . knowledge of the fraction of the contami- 
nant associated with conversion to micro- 
bial cells (yield fraction) %); and 
summation of the overall reaction from the 
half-reactions. 

While this approach is more complex, it 
should be more accurate, and it also quantifies 
the amount of oxygen required and the 
amount of C 0 2  produced. Submitting the re- 
quired information to an electronic spreadsheet 
for future calculations can mitigate the com- 
plexity. Whether this level of accuracy is re- 
quired is debatable, as the exact quantities of 
soil will not be known, the concentrations of 
each individual contaminant will vary across a 
site, and some assumptions about yield values 
have to be made. 

Application Rate. If the application is 
done as a single dosage during construction of 
an ex situ biopile, windrow, or even a new cell 
of a landfarm, then it is quite straightforward. 
Much more hfficulty is experienced in nu- 
trient addition to in situ systems since the mix- 
ing is not possible, and surface addition or in- 
jection has a very great possibility of uneven 
lstribution of nutrients, especially phospho- 
rus, due to its high tendency for sorption. 

Rate ofapplication ofurea = 1,932 kg/500 
m3 = 3.86 kg m-’, or 2.57 kg t - l  

Rate of application of KH2P04 = 264 kg/ 
500 m3 = 0.53 kg m-’, or 0.35 kg t - l  

However, Hicks (131) recommended that 
a single dose should be limited to 3 lb per cubic 
yd (about 1.8 kgmP3) to avoid osmotic effects. 
Another problem that may occur in ex situ sys- 
tems is that addition of all the nutrients as a 
single dose might later lead to nutrient limita- 
tion if they are lost in leachate and not recycled 
back. This is especially true of nitrogen, which 
is much more mobile than phosphorus. Nu- 
trients should be added as required in a bio- 
remediation project (dictated by respiration 
measurements). Slow-release nutrients can be 
added as a single dose, and this simplifies the 
logistics of future site operations. 

Boufadel et al. (45) have suggested an opti- 
mum concentration of 2.5 mg of nitrate (N) 
for the biodegradation of 2 g kg of sand-’, 
which equates to 180 pM, for bioremediation 
on beaches. Since the hydrocarbon content of 
the system being bioremediated changes with 
time, the determination of nutrient require- 
ments based on initial contaminant concentra- 
tion may be flawed. In marine spills, it is almost 
impossible to make accurate determinations of 
how much oil is on a beach, and it has been 
suggested that aiming for 100 to 200 pM avail- 
able nitrogen in the interstitial water is a better 
approach (254). 

Cometabolism and Alternative 
Electron Donors 
Cometabolism is defined as the degradation of 
a compound only in the presence of other or- 
ganic material that serves at the primary energy 
source (198). Essentially, in cometabolism an 
enzyme for a natural substrate also transforms 
a pollutant compound. As an example, TCE 
can be transformed by methane monooxygen- 
ase and toluene monooxygenase. Either meth- 
ane or toluene supplied as a cosubstrate can be 
used for the bioremelation of TCE-contami- 
nated groundwater (1 82). 

The most favorable outcome of a cometab- 
olic event is that the transformation product 
can be mineralized, where the initial substrate 
was not. In other words, the product of the 
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cometabolism becomes an energy source for 
another microorganism. This, fortunately, 
often is the case. If not, then the next favored 
outcome is a reduction in toxicity of the trans- 
formation product. 

Cometabolism is more important in bio- 
remediation than is generally appreciated. It is 
known that many microorganisms participate 
in cometabolic processes, and cometabolism is 
important for many transformations, including 
those of some PAHs, halogenated aliphatic and 
aromatic hydrocarbons, and pesticides. Aero- 
bic or anaerobic cometabolism is possible, de- 
pending on the contaminants and the field situ- 
ation. A number of field demonstrations have 
shown the value of the cometabolism approach 
to in situ bioremediation (Box 5.10). 

Another approach to a similar problem is 
the use of an alternative electron donor with 
the objective of changing redox conditions. 
Chemical reductants are often toxic and can be 
quenched quickly in large-scale applications. 
The injection ofmolasses into an aquifer would 
stimulate microbial aerobic activity and thus 
deplete the oxygen. This approach has been 
done at the Avco Lycoming Superfund site, 
Williamsport, Pa. The site is contaminated 
with not only TCE, DCE, and VC but also 
hexavalent chromium and cadmium. The full- 
scale injection of molasses at this site using 20 
4-in. (10.2-cm)-diameter injection wells was 
done to bring about reductive dechlorination 
of the CAH, both directly by creating anaero- 
bic conditions and by cometabolism, and to 
reduce the concentration of metals (Cr6 -+ can- 
not be removed but can be reduced to the 
much less toxic Cr3 '). In an area that was con- 
verted to an anaerobic reactive zone, the TCE 
concentration was reduced by 90%, to within 
the cleanup goal. The concentration of DCE 
initially increased, showing that TCE dechlori- 
nation was occurring, but subsequently fell to 
19 pg  liter-', which was also below the 
cleanup target. Likewise, hexavalent chro- 
mium removal was successful to below target 
(328, 329). The contractor has quoted that this 
technology is more cost-effective than the 
pump-and-treat method at this site. 

Other electron donors being used at 
Superfund groundwater bioremediation sites 
include acetate, lactate, benzoate, and metha- 
nol, in all cases for the bioremediation of chlor- 
inated compounds (330). 

ALTERNATIVE ELECTRON 
ACCEPTORS 
Denitrifjing bacteria can be rapidly stimulated 
when supplied with a source of carbon and ni- 
trate. Typically, acetate is supplied as a growth 
substrate, and nitrate and/or sulfate is supplied 
as an alternative electron acceptor to oxygen 
for the bioremediation of CAH (e.g., see refer- 
ences, 284 and 285). Providing nitrate to the 
subsurface is less expensive than maintaining 
aerobic conditions, and as nitrate is highly solu- 
ble, it is easier to maintain a residual concentra- 
tion in groundwater (364). Semprini et al. (284, 
285) observed a gradual decrease in the con- 
centration of carbon tetrachloride after injec- 
tion of acetate, nitrate, and sulfate. However, 
after removal of nitrate from the injection fluid, 
the carbon tetrachloride transformation rate ac- 
celerated, something that the same research 
group had observed previously. It was con- 
cluded that the dehalogenation was being car- 
ried out by a different group of organisms, pos- 
sibly stimulated by the denitrifiers. A field 
demonstration of nitrate amendment in a recir- 
culating well is being carried out at the Hanford 
West Area Site, Richmond, Wash. (330). 

By use of a mixture of oxygen, at microaer- 
ophilic concentrations, and nitrate for the bio- 
degradation of a mixture of BTEX, naphtha- 
lene, and phenanthrene, it was observed (364) 
that: 

. toluene and naphthalene biodegradation 
was favored at microaerophilic oxygen lev- 
els (1.5 to 2.0 mg liter-'); 

. the data suggested that oxygen and nitrate 
were used sequentially to biodegrade naph- 
thalene and toluene, respectively (i.e., deni- 
trification was inhibited until oxygen was 
depleted); and 

. benzene degradation did not occur under 
either condition. 



214 W PHILPANDATLAS 

BOX 5.10 
Cometabolism for In Situ Bioremediation of TCE-Contaminated Aquifers 

TCE is a major contaminant of aquifers. TCE is used 
as a metal degreaser and in various products such as 
dyes, printing ink, and paint. Its widespread use has 
resulted in widespread contamination, as evidenced 
by its presence at over 33% of the Superfund sites in 
the United States. The most coinmon method for 
removing TCE from groundwater is to pump the 
water from the aquifer and treat it above ground, 
which is costly and time-consuming. Hence, various 
efforts have been made to develop in situ bioremedia- 
tion treatments to remove TCE. 

Most microorganisms cannot grow on TCE as the 
sole source of carbon and energy. However, various 
aerobic microorganisms can cometabolize TCE. 
Under certain anaerobic conditions, TCE and tetra- 
chloroethylene can be partially dehalogenated to 
form cis-1,2-, tvans-1,2-, and 1,l-dchloroethylene (c- 
DCE, t-DCE, and l,l-DCE, respectively) and vinyl 
chloride (VC) (347). Methylotrophs produce meth- 
ane monooxygenase, an enzyme that can attack TCE; 
methylotrophs are able to degrade TCE to DCE and 
VC by cometabolism (100). Various investigators 
have considered using methylotrophs for the bio- 
remediation of TCE-contaminated sites. McCarty et 
al. (200) found that they could stimulate indigenous 
methylotrophic populations and bring about the bio- 
degradation of TCE within an aquifer in situ. In situ 
bioremediation treatment would require 5,200 kg of 
methane and 19,200 kg ofoxygen in order to convert 
1,375 kg of TCE from an aquifer of 480,000 m3 
containing a contaminant load of 1,617 kg of TCE. 

The U.S. EPA's Superfund Innovative Technol- 
ogy Evaluation Program conducted a demonstration 
of the Enhanced In Situ Bioremediation Process at 
the ITT Industries Night Vision Facility in Roanoke, 
Va. Groundwater at the site was contaminated with 
chlorinated and nonchlorinated VOCs due to solvent 
leaks from storage tanks. The biostimulation process, 
developed by the U.S. Department of Energy and 
licensed to Earth Tech, Inc., involves injection of a 
mixture ofair, gaseous-phase nutrients, and/or meth- 
ane into contaminated groundwater to stimulate and 
accelerate the growth of existing microbial popula- 
tions, especially metanotrophs. 

At the former Hastings Naval Ammunition Depot, 
bioremediation based upon methane injection was 
used to treat a TCE groundwater plume (89). 
Methane was applied at a concentration of 4% by 
volume to increase the methanotroph population and 
degrade the residual TCE by cometabolism. Triethyl- 

phosphate was also added at a concentration of0.03% 
by volume to supplement low levels of phosphorus 
present in the aquifer. hr-methane injection oc- 
curred for periods of 3.5 days followed by 3.5 days 
when the sparging was turned off. Increases of dis- 
solved carbon &oxide concentrations and methano- 
troph densities were observed, providing evidence 
that the TCE reduction was due to cometabolism by 
an increased population of methanotrophs. 

Several other cosubstrates, such as phenol and tolu- 
ene, can also be used to support TCE biodegradation 
(136, 137, 199). Pilot studies conducted at Moffett 
Federal hrfield at Mountain View, Calif., demon- 
strated that TCE could be effectively biodegraded 
cometabolically through the introduction into the 
subsurface of a primary substrate (such as toluene or 
phenol) and oxygen to support the growth and en- 
ergy requirements of a native population of microor- 
ganisms (284). The Moffett Federal Airfield site is 
contaminated with a variety of chlorinated aliphatic 
hydrocarbons (CAHs). During initial field trials at the 
site, methane was used as a cometabolic substrate for 
aerobic metabolism of TCE, c-DCE, t-DCE, and 
VC. The methanotrophic culture developed was 
good at transforming t-DCE and VC, but removal 
was poor for c-DCE and TCE. As a consequence, 
phenol was evaluated over two field seasons and was 
demonstrably superior to methane, removing 90% 
of TCE and c-DCE in a single pass at concentrations 
of CAH up to 1 mg liter-' (136, 137). 

A follow-up study was initiated to investigate the 
eficacy of toluene as an alternative primary source 
of energy for the removal of 1,l-DCE and VC and 
also to examine the effectiveness of hydrogen perox- 
ide as an alternative to pure oxygen. In this study 
(135), 9mgofphenolliterp' and 12.5 mgoftoluene 
liter-' were used and removed to less than 1 pg 
liter-' each, and highly efficient removal ofTCE was 
noted with both additions. The authors cautioned, 
however, that the cometabolic approach has to be 
evaluated in the laboratory before full-scale trials are 
undertaken. There are many microorganisms that can 
use phenol or toluene as the primary substrate, and 
many different pathways for TCE transformation. 

A full-scale remediation system was installed at a 
TCE-contaminated site at Edwards Air Force Base 
(201,202). The remediation system consisted of two 
wells designed to pump out water and to allow the 
introduction of toluene, oxygen gas, and hydrogen 
peroxide (as a source of oxygen) into the discharge 
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BOX 5.10 (continued) 

water. This permitted the development of a biodeg- 
radation zone with water circulating between the 
two wells to clean the aquifer. Successful evaluation 
was completed in March 1997. With pumping at 25 
liters per min at each well and the introduction of 9 
mg of toluene liter-', 30 mg of dissolved oxygen 
liter-', and 41 mg of hydrogen peroxide liter-* for 
fouling control and additional oxygen, 83 to 85% 
TCE biodegradation was achieved with each pass 
through a treatment well. An estimated 60-m width 
of the TCE-contaminated plume was treated with 
this system, reducing its upgrament TCE by about 
98% from 1,200 to 25 pgliter-I. The toluene con- 
centration was reduced to 1.4 + 0.6 pgliter-' at the 
22- by 22-m boundary of the steady zone. Potential 
clogging was successfully controlled. 

While aerobic cometabolic transformations of 
TCE may be a suitable approach in some cases for 
the bioremediative cleanup of TCE-contaminated 
aquifers, anaerobic dehalogenation may also be a use- 
ful approach (122). Palumbo et al. (240), for example, 
found that the presence of perchloromethene inhib- 
ited the methylotrophs, suggesting that anaerobic 
perchloromethene removal would be necessary prior 
to stimulation ofmethylotrophs to remove TCE. Sev- 
eral anaerobic methods for removal of chlorinated sol- 
vents from aquifers have beeninvestigated (329). Sem- 
prini et al. (283) found that carbon tetrachloride-, 
trichloroethane-, and Freon-contaminated sites 
could be bioremediated by stimulating indigenous 
denitrifying populations through the addition of ace- 
tate. Anaerobic TCE degradation occurs by reductive 
dechlorination with TCE being sequentially reduced 

to DCE, VC, and ethene. Because VC is a potent 
human carcinogen, it is critical to ensure that it does 
not accumulate in this process. Fumarate injection 
has been tested as a suitable substrate for anaerobic 
dehalogenation in TCE-contaminated sites (25). 
Rapid fumarate reduction to succinate was observed 
in wells where TCE reductive dechlorination was 
occurring. It appears that fumarate amendment has 
the potential to stimulate reductive dechlorination, 
even in aquifers for which no reductive dechlorina- 
tion activity has been reported previously. 

Injection of lactate has been tested for use in a 
deep, fractured rock aquifer contaminated with a 
TCE plume at the Idaho National Engineering and 
Environmental Laboratory. After 8 months of lactate 
addition, complete dechlorination was occurring at 
all monitoring points from 200 to 400 ft below 
groundwithin 100 ft ofthe injection well, and ethene 
was present in higher concentrations than any of the 
chlorinated ethene compounds (298). In situ anaero- 
bic biodegradation enhanced with the injection of 
lactate has also been used to treat a large TCE plume 
that was due to historical injection of sludge waste 
into a basalt aquifer at the Pinellas Northeast Site, 
Largo, Fla. (105). The innovative remedy is known 
as reductive anaerobic biological in situ treatment 
technologies. For 8 months, lactate was injected 200 
to 300 f i  below ground surface. The success of the 
project in a complex fractured basalt aquifer may be 
a milestone both for fractured rock remediation and 
for in situ bioremediation of chlorinated solvent 
source areas. 

Enhancing Bioavailability 

SYNTHETIC SURFACTANTS AND 
BIOREMEDIATION 
The lack of available pollutant as the microbial 
substrate is one of the serious barriers to bio- 
remediation because the timescales become 
protracted due to mass transfer to the aqueous 
phase becoming the rate-limiting step. This ap- 
plies to both contaminated soils and groundwa- 
ter. Improving this bioavailability at f d  scale 
is not an easy task. Some surfactants enhance 
the solubilization and removal of contaminants 
(29, 30, 185). At the time of writing of the 
Technology Practices Manual for Su factants and 

Cosolvents, there was no full-scale application of 
surfactant-cosolvent flushing for groundwater 
remelation (185), and to date it has seen very 
little development (331). There are major con- 
cerns about the large-scale use of surfactants 
in this manner. In particular, surfactants vary 
greatly in their toxicity to humans and ecotoxi- 
city, and their resistance to biodegradation may 
lead to increased pollution (222). This is one 
of the major barriers to the development of the 
technique. For soil remedation systems, an- 
other technology-inhibiting observation is that 
the adltion of surfactants to soils can form 
highly viscous emulsions that are difficult to 
remove (46, 244). Large quantities of surfac- 
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tants are also required (193), and in a soil sys- 
tem, large quantities of aqueous chemicals can 
ruin soil permeability. 

The application of surfactants to release hy- 
drophobic pollutants, with the objective of in- 
creasing their bioavailability and biodegrad- 
ability, has had mixed results (168). For 
example, there is evidence that some surfac- 
tants can enhance the aqueous solubility of 
PAHs (113). However, in a survey of eight 
synthetic surfactants (316), the ability to solubi- 
lize PAH was variable. The more hydrophobic 
surfactants exhibited better solubilizing prop- 
erties. Contradictory results have been ob- 
tained from tests on the biodegradability of 
PAHs solubilized by synthetic surfactants. The 
more hydrophobic surfactants were less toler- 
ated by bacteria. Liu et al. (183) showed that 
Brij 30 was degraded along with naphthalene 
but that Triton X-100 was not. Yet in both 
cases the addition of surfactant did not signifi- 
cantly affect either the rate of naphthalene deg- 
radation or the eventual amount degraded, de- 
spite improved bioavailability. Indeed, many 
synthetic surfactants are known to inhibit 
PAH-degra&ng microorganisms (3 18). The 
addition of synthetic nonionic surfactants to 
soil-water systems has proven to be completely 
inhibitory to biodegradation of phenanthrene 
at doses in excess of the critical micelle concen- 
tration (166). By contrast, surfactant-solubi- 
lized alkanes have been shown to be substan- 
tially more biodegradable (56). 

The problem of large volumes and soil satu- 
ration may be overcome by the use of surfac- 
tant foams. Large volumes of air per unit vol- 
ume of foam are injected into soil (268), and 
the foam contains 70 to 90% air. In a laboratory 
study that compared Triton X-100 liquid and 
foam injection into soil contaminated with 
PCP, twice as much PCP was removed by the 
foam than with liquid surfactant solution (221). 

Various field-scale tests have been done on 
surfactant flushing for the removal of a variety 
of pollutants and have met with variable suc- 
cess. The results are tabulated in the work of 
Mulhgan et al. (222). 

A POTENTIAL ROLE F O R  
BIOSURFACTANTS 
Many, but not all, biosurfactants are produced 
as a response to the low water solubility of y1- 
alkanes as growth substrates. Oxygen is more 
soluble in the oil phase than the aqueous phase, 
and the low water solubility of alkanes places 
an additional pressure on microbial growth: 
that of mass transfer from the oil into the aque- 
ous phase (121). Biosurfactants may offer sev- 
eral advantages over synthetic surfactants. They 
are generally less toxic and more biodegradable 
than synthetic surfactants (253). They are very 
effective surfactants, having about a 10- to 40- 
fold-lower critical micelle concentration than 
synthetic surfactants (1 68). Their production 
by microbes is widespread: in the last decade 
at least 13 new glycolipid producers and 13 
new lipopeptide producers have been reported 
(57). 

Types of Biosurfactant. Diverse mole- 
cules are produced as biosurfactants by pro- 
karyotic and eukaryotic microorganisms, but 
they can be divided into groups based on over- 
all structure: glycolipids, lipopeptides, and 
high-molecular-weight biopolymers (308). 
Those most commonly associated with oil-de- 
grading bacteria are the glycolipids, and the hy- 
drophilic head group is normally rhamnose or 
trehalose. The trehalose glycolipids have treha- 
lose, a nonreducing &saccharide, linked by an 
ester bond to long-chain fatty acids. Among 
the latter, &-branched P-hydroxy fatty acids 
play a preferential role (Fig. 5.31). The treha- 
lose glycolipids are common in the genus Rho- 
dococcur. These compounds vary in overall 
chain length, with the largest and most com- 
plex being found in the mycobacteria (Cz0 to 
Cg0). This variability in structure means that 
the molecules have different hydrophile-li- 
pophile balances and therefore might be useful 
in solubilizing a wide range of pollutants. 

One group of biosurfactants that has been 
studied extensively is the rhamnolipids from 
Pseudomonas aevuginosa (133). Up  to seven ho- 
mologs have now been identified (1). Two 
types of rhamnolipids are produced: they have 



5. BIOREMEDIATION OF CONTAMINATED SOILS AND AQUIFERS I 217 

( %) n- CH3 

FIGURE 5.31 A trehalose glycolipid from Rhodococ- 
cus mbev. After the work of Philp et al. (249). The 
trehalose imparts the hydrophilic group, and the long- 
chain fatty acids impart the hydrophobic group. 

either two rhamnoses attached to P-hydroxy- 
decanoic acid or one rhamnose connected to 
the identical fatty acid. 

Biosurfactants and Alkane Metabo- 
lism. Three types of alkane uptake response 
have been postulated (134), namely, uptake of 
mono-dispersed dissolved alkanes in the aque- 
ous phase (minimal for alkanes above Clo), di- 
rect contact of cells with large oil droplets, and 
contact with fine oil droplets (pseudosolubili- 
zation) (Fig. 5.32). 

An interesting comparison can be drawn be- 
tween pseudomonads and rhodococci in their 

biosurfactant physiology. In the rhodococci, 
the nonionic glycolipids are not excreted from 
the cell, and they render the cell surface hydro- 
phobic, which may then facilitate the attach- 
ment and subsequent passive transport of al- 
kanes into the cell (134), requiring neither 
energy nor specialized membrane components. 
This is consistent with the observation that 
rhodococci almost always are highly adherent 
to alkanes and seldom render the aqueous phase 
of dual-phase culture media turbid. Being cell 
wall associated, the nonionic trehalose lipids 
may also impede the wetting of the cell surface. 
This would increase the direct cell-hydrocar- 
bon contact at the aqueous-hydrocarbon inter- 
face (350). In contrast, the anionic rhamnoli- 
pids from some Pseudomonas strains are released 
into the culture medium and cause turbidity 
by emulsification. The third mechanism is 
likely to be quantitatively more important in 
pseudomonads, since these cells do not have a 
highly hydrophobic surface. 

The application of biosurfactants to con- 
taminated soil remediation is limited. Ober- 
bremer and Miiller-Hurtig (233) observed two 
degradation phases for a model oil system con- 
taining 10% soil. The second phase was quanti- 
tatively the more important and relied upon 
the production of glycolipids characteristic of 

FIGURE 5.32 Influence of 
biosurfactants on alkane metab- 
olism. After the work of Hom- 
me1 (134). 

out In 

surface and dispersed n-alkanes 

Interaction between cell 
surface and emulsified n-alkanes 
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FIGURE 5.33 
negatively charged head groups in anionic (bio)surfactants. 

Positively charged metals may be released from soils by binding to 

Rkodococcus erytkropolis to lower the interfacial 
tension between the oil and aqueous phases. All 
of the bacterial colony types isolated produced 
trehalose tetraesters similar to those of R. eryth- 
ropolis. In a later study (234) using the same 
model system, purified glycolipids were added, 
and all types added decreased the adaptation 
times for the model oil degradation and in- 
creased the hydrocarbon degradation effi- 
ciency. 

Jain et al. (145) reported that the addition 
of P. aeruginosa UG2 biosurfactants significantly 
enhanced the biodegradation of the aliphatic 
tetradecane, pristane, and hexadecene, but not 
that of the aromatic 2-methyl naphthalene. 
However, Scheibenbogen et al. (276) demon- 
strated the removal of both aliphatic and aro- 
matic hydrocarbons with these biosurfactants. 
To identi6 the most efficient biosurfactant for 
desorption of hydrophobic pollutants from soil 
(338), several classes of microbially produced 
surfactants were tested, e.g., Acinetobacter cal- 
coaceticus RAG-l, Bacillus subtilis Suf-l, P. aeru- 
ginosu UG2, and the trehalose mycolates from 
R. erythropolis. The biosurfactants of Candidu  
lipolytica, Candida  tropicalis, and R. erytkropolis 
performed poorly in these tests. However, 
crude extracts of biosurfactants from various 
rhodococci have been used to remove crude 
oil from contaminated sand (144). Greatest ef- 
ficiency was obtained with crude oils of lower 

asphaltene and higher paraffin content, for 
which almost total removal was possible. 

The objectives of biosurfactant addition to 
metal-contaminated soils are similar: to in- 
crease the solubility of the metal in the aqueous 
phase and thereby facilitate the removal of the 
metal from the soil (Fig. 5.33). The principal 
removal mechanism with metals is flushing, 
since they are not biodegradable. They are also 
charged, whereas the organic pollutants are 
largely neutral. There are two proposed mech- 
anisms for biosurfactant-enhanced removal of 
metals from soils (208). The first is complex- 
ation of metals already in the aqueous phase, 
thus promoting more metal desorption to re- 
store chemical equilibrium. The second is in- 
creased solubilization as a result of direct con- 
tact between metal and biosurfactant due to 
lowering of the interfacial tension. 

The first report of metal complexation by a 
biosurfactant (312) showed efficient complex- 
ation of cadmium (Cd2+) by rhamnolipid from 
P. aeruginosa. This work was not done with 
soils, and little is known of how biosurfactants 
will behave in this substrate. Herman et al. 
(130) demonstrated strong sorption of rham- 
nolipids to soils, either by cation bridging of 
the anionic polar group and sorbed cations in 
soil or by hydrophobic interaction between the 
nonpolar tails and hydrophobic sites in the soil 
organic matter. 
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Another concern with the use of microor- 
ganisms to remelate contaminated soil is mi- 
crobial mobility. Several reports have shown 
that bacteria are not mobile in soils and sand; 
this imposes limitations on in situ bioremedia- 
tion techniques. Recent work (29, 30) has 
shown that rhamnolipids can prevent the irre- 
versible adsorption of bacteria to soil particles, 
thereby increasing their mobility. Three possi- 
ble mechanisms have been proposed: an in- 
crease in the negative charge density of the soil 
preventing bacterial adhesion through charge 
repulsion, solubilization of the extracellular 
polysaccharides which bind the microorga- 
nisms and allow biofilm formation, and sorp- 
tion of biosurfactant to the soil, which may 
physically prevent bacteria from colliding with 
the soil surface. If these mechanisms do oper- 
ate, then the highly hydrophobic rhodococcal 
cell surface may offer a distinct advantage over 
the use of other organisms. 

Field tests of biosurfactant-enhanced bio- 
remediation are rare. A biofertilizer based on 
rhodococcal biosurfactants was developed 
(144) and tested at pilot scale in the field on 
soils highly contaminated with crude oil wastes 
(165). Following a treatment in a slurry biore- 
actor for 2 months, the contents were then 
transferred to landfarming cells for further 
treatment, resulting in a TPH concentration of 
1 to 1.5 g kg-I in a further 5 to 7 weeks. 

The principal reason for lack of studies with 
biosurfactants is production cost, which has in 
turn meant that until relatively recently there 
has been no commercial availability of glyco- 
lipid biosurfactants. Now, a company (Teneil 
Biosurfactants) is producing rhamnolipids. Gu 
and Chang (117) used this biosurfactant to 
greatly enhance the extraction ofphenanthrene 
from artificially contaminated soils. However, 
the biosurfactant is still too expensive for large- 
scale field use in bioremediation. The use of 
unconventional substrates, particularly renew- 
ables (188), should make their production less 
expensive. The synthesis of biosurfactants using 
microbial enzymes makes continuous produc- 
tion and recovery easy (162), and this has ad- 

vanced to the preparative scale with lipase-cat- 
alyzed synthesis of glucose esters (369). 

Cyclodextrins. Cyclodextrins have a 
hydrophilic shell and are highly water soluble, 
but they also have a hydrophobic cavity within 
which hydrophobic organic compounds can 
form inclusion complexes (Fig. 5.34). Hydrox- 
ypropyl-P-cyclodextrin (HPCD) has higher 
water solubility than other cyclodextrins, and 
HPCD has been shown to increase the solubil- 
ity of naphthalene and phenanthrene by 20- 
and 90-fold, respectively, in the presence of 
50 g of HPCD literP1(28). Moreover, this is 
achieved without micellization, which re- 
moves the problem of formation of viscous 
emulsions within soil. 

Biodegradation of toluene and p-toluic acid 
has been enhanced in the presence of p-cyclo- 
dextrin due to alleviation of the toxicity of the 
substrates (278). It has also been demonstrated 
that HPCD can enhance the biodegradation of 
phenanthrene (353). Bardi et al. (34) acceler- 
ated the biodegradation of dodecane, tetraco- 
sane, naphthalene, and anthracene by adding 
P-cyclodextrin to liquid shake flask cultures. 
The ability of various cyclodextrins to remove 
two PAHs, naphthalene and phenanthrene, 
from soils has been shown previously (28). 
HPCD had greater capacity for removal of 
these compounds from soil than P-cyclodex- 
trin, with 80% recovery of naphthalene and 
64% recovery ofphenanthrene. For both com- 
pounds, the slowest desorption was for the soil 
with the highest organic carbon content, with 
competitive interaction between the organic 
matter and cyclodextrins being the suspected 
desorption inhibition mechanism. As cyclodex- 
trins are biodegradable and nontoxic (259), and 
their prices are approaching those of surfac- 
tants, they are beginning to look like feasible 
materials for enhancing field bioremehation. 

CONCLUDING REMARKS 
As the real-world applications of bioremedia- 
tion continue to expand, so will the examples 
of specific successful approaches. Cost, efficacy 
(especially the ability to meet regulatory targets), 
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FIGURE 5.34 
of East Anglia, East Anglia, United Kmgdom. 

The cyclodextrin molecule. Courtesy ofBrian Reid, University 

and predictability-the abhty to apply engi- 
neering principles to biological processes in 
complex environments-are key factors in the 
ability of bioremediation to become more sig- 
nificant in the highly competitive remediation 
industry. For the immediate future, emphasis 
likely will be placed on ex situ treatments that 
can be better controlled and hence are more 
predictable and on MNA (intrinsic bioremedi- 
ation) with its inherently lower costs. The 
longer-term success of bioremediation, 
though, may well depend upon developing in 
situ treatments that can greatly accelerate the 
rates of degradation of contaminants, especially 
in groundwater, in a predictable, cost-effective 
manner. 

The efficacy of bioaugmentation remains 
critical to the question of the future success of 
in situ bioremehation. Despite the widespread 
commercialization of microorganisms for envi- 
ronmental applications and the willingness of 
environmental engineers and managers to 
apply microorganisms, bioaugmentation often 
is of dubious value; scientific proof for the effi- 
cacy of in situ bioremediation is much greater 
for biostimulation than for bioaugmentation. 
Yet the aspirations for in situ bioremediation, 
as evidenced by many of the academic research 
and development efforts, rest with finding or 
developing microorganisms that can be used 

for bioaugmentation-in particular whether 
GMOs can be applied to deal with the more 
significant residual contamination problems. In 
this context, biotechnology holds great prom- 
ise that has yet to be realized for environmental 
applications. 
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MONITORING BIOREMEDIATION 

Jim C. Philp, Andrew S.  Whiteley, Lena Ciric, and 
Mark]. Bailey 

MONITORING NEEDS TO SUPPORT 
BIOREMEDIATION 
Performance monitoring is a critical part of re- 
mediation effort. The needs for monitoring of 
bioremediationprojects clearly start even before 
technology selection. First the nature of the 
contamination must be determined, in terms of 
the specific contaminants and their concentra- 
tions. Then the nature ofthe environmentalma- 
trix containing those contaminants must be 
considered. That will determine whether bio- 
remediation can be considered as a possible re- 
medntion strategy. Pilot projects in which nu- 
merous parameters are measured so as to be able 
to optimize the rates of contaminant removal 
and to scale up to full field operations may be 
critical. Once a full-scale bioremediation effort 
has begun, however, the number of parameters 
that must be monitored often are minimal. 

As in any remediation effort, one must be 
able to establish the initial parameters and to 
show that in the end the target goal of reducing 
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EH10 5DT, Scotland, United Kingdom. Andrew S. Whiteley, 
Lena Civic, and Mark]. Bailey, NERC Centre for Ecology 
and Hydrology, Mansfield Road, Oxford OX1 3SR, United 
Kingdom. 

the contaminant to a safe level has been 
achieved. In some cases, only the starting and 
end points need be measured to demonstrate 
success, but in other cases it is critical to follow 
the progress of the remediation effort and to 
monitor critical parameters, including those 
that may need to be modified to optimize the 
remediation process. In the case of bioremedia- 
tion, monitoring may involve measuring not 
only concentrations of contaminants, but also 
the microbial populations involved in the deg- 
radation or transformation of those contami- 
nants and the environmental parameters that 
influence rates of microbial metabolism. 

Monitored natural attenuation (MNA) is a 
special case, since evidence of microbial activ- 
ity is essential in detemiining the feasibility of 
MNA as a full-scale remedy at a particular site. 
The U.S. Navy Engineering Service Center 
has summarized the monitoring requirements 
for petroleum-contaminated soil and ground- 
water (see the website http://enviro.nfesc.navy. 
mil/). Preliminary screening to determine if 
intrinsic bioremehation is applicable is fol- 
lowed by a detailed evaluation to determine if 
it will be effective at meeting remediation 
goals. A detailed evaluation of intrinsic bio- 
remediation should answer two questions. (i) 
Is biodegradation of the contaminants already 
occurring? (ii) Is it occurring rapidly enough 
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to be protective of potential receptors? The 
focus of this lscussion is on evaluating intrinsic 
bioremediation in groundwater. If intrinsic bi- 
oremediation is demonstrated to be a viable 
remedial option for a site, a long-term moni- 
toring plan must be designed and implemented 
to verify ongoing effectiveness until remela- 
tion goals are met and to detect unexpected 
contaminant migration away hom the site that 
could impact potential receptors in the area. 
The monitoring strategy should consider ap- 
propriate sampling locations, frequency, and 
parameters to be measured. At a minimum, the 
monitoring network should include wells at 
these locations: upgradient of the plume to 
monitor background water quality, within the 
plume to monitor changes in contaminant 
concentrations, immelately downgralent of 
the plume to detect contaminant migration, 
and at a compliance point (e.g., property 
boundary) upgradient of any potential recep- 
tors to provide early detection of contamina- 
tion before the receptors are reached. Semian- 
nual or annual sampling may be sufficient if 
contaminant concentrations have been rela- 
tively stable during initial site monitoring. 
More frequent (e.g., monthly or quarterly) 
sampling may be required to resolve trends in 
the data when initial monitoring results fluc- 
tuate significantly. Parameters to measure 
should include, at a minimum, contaminant 
concentrations and water levels to track 
changes in the plume and groundwater flow 
direction. Electron acceptors, metabolic by- 
products, and general water quallty parameters 
(e.g., temperature, pH, alkalinity, hardness, 
and redox potential) may be measured to mon- 
itor changes in ambient water quality and pro- 
vide further evidence of ongoing remediation. 

CHEMICAL ANALYSES 
For full-scale soil or groundwater bioremedia- 
tion projects, the chemical analyses that are 
needed effectively aim at quantifying the pollu- 
tants of interest at critical points in the process 
to check that they are being removed from the 
soil at the expected rate. This may be as simple 
as the start and end points, although in some re- 

mediation efforts extensive monitoring of the 
pollutants is necessary to comply with regula- 
tory requirements. Sufficient analyses must be 
performed on appropriate representative sam- 
ples to establish statistical reliability. Selection of 
sampling sites and frequency of sample analyses 
are critical and can greatly impact the cost ofthe 
remelation project. For groundwater remedia- 
tion projects, sampling wells are usually needed; 
they must be positioned to capture the flow of 
the contaminants. Regardless of which samples 
are collected for analyses, they must be handled 
in ways that ensure preservation ofthe contami- 
nants for the analyses. Often samples are frozen 
until they reach the laboratory for chemical 
analysis, especially if they cannot be transported 
and analyzed very quickly. Other measures may 
be needed to preserve samples during transport 
horn the field to the analytical laboratory, espe- 
cially if microbial analyses are to be performed 
in addition to chemical analyses of the samples. 

As commercial bioremediation contracts are 
now being awarded with a timescale for com- 
pletion, the contractor will want to know with 
best certainty the rate of removal of the con- 
taminants from the soil or groundwater. This 
is exclusively the role of analytical chemistry. 
Thankfully, there is no shortage of analytical 
laboratories equipped to do this kind of work. 
Therefore, this section will not dwell on the 
detail of analytical chemistry but will give an 
overview of the types of techniques used to 
determine the identity and quantity of pollu- 
tants present in a contaminated soil or water. 
Keith (57) lists 178 U.S. Environmental Pro- 
tection Agency (EPA)-approved methods, 
with more than 1,300 method-analyte sum- 
maries. This reference is a self-contained source 
that eliminates lengthy searches of large num- 
bers of EPA documents. It is organized by the 
type of compound or material, with prescribed 
levels of precision and accuracy, collection and 
handling methods, sample preparation, and 
type of instrumental analysis. 

Colorimetric Tests and Field Test Kits 
Field test kits do not give the sensitivity or reso- 
lution of instruments used in analytical chemis- 
try laboratories, but often they can be used to 
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indicate trends on-site. This is a lower-cost way 
of generating data and can be integrated with 
laboratory testing to optimize testing with cost- 
effectiveness. For example, there are colori- 
metric test kits for the analysis of hydrocarbons 
in water and soil over a wide range of concen- 
trations. A sample ofwater or soil is mixed with 
a solvent to extract the pollutants under investi- 
gation. After separation, a colorimetric reagent 
is added to identifjr the pollutant by means of 
color. The intensity of color provides informa- 
tion on the concentration of pollutants present, 
but the figure is a rough approximation. It may 
be useful in identieing a downward trend at 
the site but is far from definitive. 

In a colorimetric approach, certain com- 
pounds and elements can react with a complex- 
ing agent to give a colored solution. The inten- 
sity of the color is proportional to the 
concentration of analyte, and absorption at a 
specified wavelength can be measured. Typical 
analytes that can be determined in this way in- 
clude nitrate, phosphate, ammonia, cyanide, 
phenols, and aluminum. In commercially avail- 
able kits, powders or tablets are mixed with the 
sample, a color is developed, and the absor- 
bance is measured with a small colorimeter, 
ideal for field use. In laboratory-based systems, 
the mixing and measuring are fully automated, 
either in a batch process or in continuous-flow 
mode. Detection limits are typically in the tens 
to hundreds of micrograms per liter. 

Metal Analysis 

EXTRACTION PROCEDURES FOR 
METALS 
For the determination ofmetal in soils and other 
solid media, acid hgestion is commonly used to 
break down the sample matrix. The acids com- 
monly used are nitric, hydrochloric, sulfuric, 
and perchloric acid, and for organic-rich ma- 
trices, an oxilzing agent such as hydrogen per- 
oxide can be applied. Samples can be digested 
either under reflux, on a hot plate, or with the 
aid of microwave heating. After digestion is 
complete, samples are filtered through hardened 
ashless filter paper prior to analysis. 

Atomic Absorption Spectroscopy. 
Atomic absorption spectroscopy is a common 
and well-established quantitative technique for 
detecting metals in a wide range of sample 
types, inclulng natural waters, soils, sedi- 
ments, and plant materials. The method is 
based on the fact that when metals are con- 
verted to their atomic state, light of the appro- 
priate wavelength is absorbed and the amount 
of absorption can be measured (a different light 
source is required for each element). A calibra- 
tion curve is obtained by analyzing standard 
solutions of the metal under investigation, thus 
allowing conversion of the absorbance mea- 
sured for test samples into concentration units. 

In flame atomic absorption spectrometry 
(FAAS), the sample solution is sprayed as a fine 
mist into aflame, commonly air-acetylene or ni- 
trous oxide-acetylene, where it is vaporized at 
temperatures in excess of 2,400"C into consti- 
tuent atoms prior to light absorption. Typical 
levels of detection are in the milligrams per liter 
range. In graphite furnace atomic absorption 
spectrometry, also known as electrothermal 
atomic absorption spectrometry, microlitervol- 
umes ofsample are deposited into a small graph- 
ite tube, which is heated in controlled steps up 
to atomization temperatures of typically 2,500 
to 3,OOO"C. Detection limits, superior to those 
of FAAS, are in the micrograms per liter range. 

ICP Optical Emission Spectrometry. 
Inductively coupled plasma (ICP) optical emis- 
sion spectrometry is a fast, multielement tech- 
nique with a dynamic linear range and moder- 
ate to low detection limits (0.2 to 100 pg 
liter-'). The instrument uses an ICP source 
(usually argon) to lssociate aspirated samples 
and standards into their constituent atoms or 
ions, exciting them to a level where they emit 
light of a characteristic wavelength detected 
electronically (e.g., with a photomultiplier tube 
or charge-coupled device). Up to 60 elements 
can be screened per single sample run of < 1 min, 
and both aqueous and organic medium samples 
can be analyzed. In ICP mass spectrometry, a 
mass spectrometer is used as a detector, giving 
very low detection limits (0.0005 to 1.0 pg 
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liter- ') and the ability to undertake high-pre- 
cision isotope ratio studies. 

Hydride Generation. A number of ele- 
ments, such as arsenic, antimony, bismuth, and 
tellurium, can be reduced and separated as their 
volatile hydrides. The technique involves re- 
acting a sample with sodmm borohydride (re- 
ducing agent) to form the hydride and sweep- 
ing it by a carrier gas to a quartz tube mounted 
on the burner of an FAAS. The heat from the 
flame breaks down the hydride, releasing the 
element, and the absorption signal is measured. 
The useful working range of hydride genera- 
tion is limited to low concentrations (parts per 
billion level). At higher concentrations, it is 
usually necessary to revert to other methods of 
measurement. 

Cold Vapor. Mercury is unique among 
the metallic elements because of its high vapor 
pressure. Mercury ions in solution can be re- 
duced by tin chloride or sodium borohydride 
to metallic mercury. Mercury is swept out of 
solution by an inert gas (e.g., argon) to a long- 
path glass absorption cell, where the absorption 
signal is measured (normally at 253.7 nm). De- 
tection limits in the range below micrograms 
per liter to nanograms per liter are obtained. 

Organic Contaminant Analyses 

EXTRACTION PROCEDURES FOR 
ORGANIC POLLUTANTS 
When analytical laboratory procedures are used 
to measure the concentrations of organic con- 
taminants, the first task for the laboratory ana- 
lyst is the extraction of the pollutants &om the 
samples supplied. The objective is to transfer 
the pollutants from the soil or water, which to 
the analyst are dirty matrices, into a mobile gas, 
liquid, or supercritical phase that can be sub- 
jected to various analytical procedures. These 
are the most common techniques employed, 
although others are used in specific situations, 
e.g., microwave or simply shaking with heat- 
ing. The extraction, while rather a mundane 
procedure, lies at the heart of good analysis, 
since the final result can be only as good as the 

quality of the extraction. Efficient extraction is 
critical for accurate monitoring. 

For organic compounds, solvent extraction 
is most often employed to recover the contami- 
nants from the soil or water samples. In liquid- 
phase transfer, samples are agitated (e.g., shaker) 
or heated (e.g., Soxhlet extraction) in the pres- 
ence ofan appropriate organic solvent (e.g., di- 
chloromethane, hexane, or ethyl acetate) to re- 
move the compounds ofinterest. The solvent is 
separated from the solid matrix by centrifuga- 
tion and/or filtration, reduced to dryness by use 
of a rotary evaporator, transferred to suitable 
vials, and refrigerated prior to analysis. Extracts 
can be cleaned up to remove interferingcompo- 
nents or selectively isolate compounds of inter- 
est by using carbon-based media (e.g., CIS) and 
carefully selected solvents. 

In gas-phase transfer, the objective is to 
transfer all the pollutants of interest into the gas 
phase for subsequent instrumental analysis. It is 
best applied to contaminants that are only 
weakly linked to a soil matrix. There are gener- 
ally two ways to do this. In the first, purge and 
trap, an inert gas is passed over the sample. In 
the second, the sample and the gas phase above 
it are allowed to equilibrate (the headspace 
analysis method). 

The supercritical state of matter is character- 
ized by low viscosity, and thus high diffusivity, 
and consequently very high solvent power. 
The fluid has characteristics intermediate be- 
tween a liquid and a gas. Mineral salts are insol- 
uble in the supercritical fluid, while organic 
compounds are very soluble. The supercritical 
fluid of most interest in the extraction of or- 
ganic pollutants is C02 .  It is an apolar solvent 
in this regard, and the addition of methanol, 
for example, as a polar solvent can improve the 
total extraction power. 

GC AND GC-MS. Gas chromatogra- 
phy (GC) and mass spectrometry (MS) analy- 
ses are widely used for the determination of 
volatile and semivolatile organic compounds 
in environmental media. A GC consists of a 
flowing mobile phase (such as helium), a 
heated injection port (consisting of a rubber 
septum through which a syringe needle 
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is inserted to inject the sample), a separation 
column supporting the stationary phase (con- 
tained in a thermostat-controlled oven) and a 
detector. Components with a wide range of 
boiling points are separated by starting at a low 
oven temperature and increasing it over time 
to elute the high-boiling-point components. 
Standards of known composition and concen- 
tration are injected for both qualitative (com- 
parison of retention times) and quantitative 
(peak area) analysis. 

Different detectors can be used, depending 
on the nature of the compound to be deter- 
mined. For example, for petroleum hydrocar- 
bons (e.g., diesel or BTEX compounds [ben- 
zene, toluene, ethylbenzene, and xylenes]), a 
flame ionization detector is used, whereas for 
halogenated species (e.g., polychlorinated bi- 
phenyls or pesticides) an electron capture detec- 
torwouldbemore suitable. Detectionlimits and 
linear ranges vary enormously, depending on 
the analyte of interest and detector used. Coup- 
ling an MS onto the end of a GC as a detector 
allows more detailed and sensitive data to be col- 
lected. In an MS, gaseous molecules from the 
GC are ionized, accelerated by an electric or 
magnetic field, and then separated according to 
theirmass. Amassspectrumshowingthe relative 
abundance of each fragment striking the detec- 
tor of the spectrometer is generated. 

Headspace GC is a technique used for the 
analysis of volatile organics in solid, liquid, and 
gas samples. A headspace sample is normally 
prepared in a vial containing the sample, the 
dilution solvent, and the headspace. Volatile 
components from complex sample mixtures 
can be extracted from nonvolatile sample com- 
ponents and isolated in the headspace or gas 
portion of a sample vial. Once the sample phase 
is introduced into the vial and the vial is sealed, 
volatile components diffuse into the gas phase 
until the headspace has reached a state of equi- 
librium. After controlled heating of the vial, a 
subsample of the gas in the headspace is then 
injected into a GC system for separation and 
quantification of the volatile components. De- 
tection limits are typically in the low parts per 
billion range. 

HIGH-PERFORMANCE HQUJD CHRO- 
MATOGRAPHY. In high-performance liq- 
uid chromatography, mixtures of semivolatile 
and nonvolatile compounds are separated by 
pumping the sample through a column (con- 
taining a stationary phase), using a pressurized 
flow of a liquid mobile phase. Components in 
the sample interact with and migrate through 
the column at different rates due to differences 
in solubility, adsorption, size, or charge and 
pass through a detector that measures a re- 
sponse depending on the properties of the 
compounds of interest. For example, for the 
determination of common anions, a conduc- 
tivity detector is used, whereas for the 
determination of phenols a UV-visible spec- 
trometer is applied. As with GC, liquid 
chromatography instrumentation can be inter- 
faced with an MS, yielding better sensitivity, 
and is a more powerful tool for qualitative and 
diagnostic investigations. 

ISOTOPIC SHIFT. MNA requires the 
development of special techniques since it is 
only partly a biodegradation technique, albeit 
that in the vast majority of cases it is expected 
to be the major route of pollutant destruction. 
It requires the development of techniques that 
can differentiate between microbial removal 
and physical-chemical removal. Carbon-based 
stable isotope analysis is possible because 13C 
exists alongside ”C isotopes of compounds, al- 
though the former exist in a very small minor- 
ity compared to the latter. However, for all 
organic compounds, there exists a particular 
13C:”C ratio. Because 13C typically creates 
stronger molecular bonds than ”C, biological 
degradation of compounds generally results in 
the enrichment of the remaining molecule 
with 13C isotopes and the depletion of 13C in 
the formed product (110). Deuterium also ex- 
ists naturally, and similar observations have 
been made with the D:H ratio. Thus, isotopic 
fractionation has the potential to inform on the 
progress of biotransformation of a pollutant, 
provided the initial isotopic composition is 
known. 

Studies are now being directed at using iso- 
topic fractionation as a tool to monitor natural 
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attenuation Kolhatkar et al. (63) produced 
strong evidence for natural attenuation of 
methyl tertiuiy-butyl ether under anaerobic 
conditions, using stable isotope analysis. Simi- 
larly, carbon and hydrogen isotope analysis has 
the potential to provide direct evidence of an- 
aerobic biodegradation of benzene in the field 
(67). Carbon isotopic enrichment factors for 
anaerobic benzene biodegradation were com- 
parable to those previously published for aero- 
bic benzene biodegradation, but hydrogen en- 
richment factors were significantly larger. 
Isotopic fractionation requires highly special- 
ized equipment and in the end may not have 
the resolution required to identift. in situ trans- 
formation rates, but the technique deserves fur- 
ther investigation. 

MICROBIAL METHODS FOR 
MONITORING BIOREMEDIATION 
For bioremediation to be considered as a reme- 
diation technology, it is critical to establish that 
there is an adequate active microbial popula- 
tion that is capable of attaclung the specific 
contaminant(s). Ifthe site has the requisite val- 
ues for water content and pH, has porosity 
within the desirable range, and is contaminated 
with only petroleum hydrocarbons, then there 
is a very good chance that there wdl be an 
active population of hydrocarbon-oxihzing 
microorganisms in the soil and that bioremedi- 
ation may be able to succeed. 

Use of fundamental chemical analyses for 
pollutant identification and standard microbio- 
logical techniques for quantification of viable 
populations of microorganisms is the starting 
point for monitoring. The techniques for de- 
termining the presence of hydrocarbon-de- 
grading microorganisms are routine, inexpen- 
sive, and relatively rapid. If the contaminants 
are more recalcitrant, then the soil may not 
contain large numbers of microbes that can de- 
grade them, and enumeration might not be 
possible in this circumstance. A decision 
whether bioaugmentation may be needed may 
then be made. Even when it is difficult to culti- 
vate specific microbial populations, however, 
the technique of enrichment culture can still 
reveal the presence of the necessary degrading 

microbes and establish that they have the nec- 
essary potential to degrade the contaminant at 
an acceptable rate of performance. There also 
are emerging techniques of molecular micro- 
bial ecology that do not rely on cultivation 
which are useful for determining whether bio- 
remediation is feasible. At field trial or demon- 
stration, the accumulation ofmore types of data 
than this would be wise. Microbial population 
changes might be investigated, along with 
more detailed analytical work, e.g., laboratory 
tests on the fate of 14C-radiolabeled substrates, 
to identifj. specifically whether mineralization 
of the substrate is taking place or a mere trans- 
formation to a more or less toxic, more or less 
mobile metabolite. 

Once a bioremehation project has begun, 
quantification of bacterial populations gener- 
ally will not give much additional useful infor- 
mation. The real question relates to activities 
and the rates of disappearance of the problem 
contaminant(s). An exception may be in cases 
of bioaugmentation where ensuring that the 
added microorganisms persist and remain via- 
ble may be needed. Yet even when enumera- 
tion of microbial populations is not critical for 
monitoring the progress of a bioremediation 
effort, measurement of microbial oxygen con- 
sumption and/or C 0 2  production in aerobic 
bioremehation can serve as a “health check” 
to establish that the process is proceeding ac- 
cording to plan; since gas respirometry can be 
done by relatively simple techniques on-site, 
these data can be acquired more often than the 
analytical chemistry data that inform on the 
pollutant removal. Metabolic biomarkers and 
isotopic shift techniques are also being devel- 
oped and deployed to answer the special-case 
questions that arise from MNA. 

Monitoring Hydrocarbon-Oxidizing 
Bacteria (HOB) 
Hydrocarbons are chemically heterogeneous 
and almost ubiquitous in the environment. Not 
only are they found at sites of oil pollution, but 
chemical analysis has revealed their presence, 
both aliphatic and aromatic, in most soils and 
sediments. However, they are present in un- 
polluted sites in low concentrations. The prob- 
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able origins of these low concentrations of hy- 
drocarbons are seepage of hydrocarbons from 
natural deposits, especially gaseous hydrocar- 
bons, and ongoing synthesis of some hydrocar- 
bons by plants and microorganisms. 

It is therefore not surprising that HOB are 
widely distributed in nature. O n  the order of 
1 to 10% of bacteria isolated from uncontami- 
nated soils may be capable of growing on hy- 
drocarbons. Several investigations have dem- 
onstrated an increase in numbers of HOB in 
habitats that suffer from oil pollution. Also, it 
appears that the adl t ion of an artificial oil slick 
causes a shift to the isolation of a greater per- 
centage of HOB. However, recent work sug- 
gests that despite an increase in this percentage, 
the biodiversity of the bacterial community 
may be dramatically reduced (95). Thus, the 
presence of hydrocarbons in an environment 
frequently leads to selective enrichment of hy- 
drocarbon-utilizing microorganisms, to the 
relative detriment of biodiversity. 

Hydrocarbons as substrates for microbial 
growth present special lfficulties (105). Many 
hydrocarbons act as solvents (especially aro- 
matic hydrocarbons), and this can have gross 
effects on the cell exterior. The cell membrane 
contains a relatively large lipid content, about 
40%. Lipids are soluble in many of these hy- 
drocarbons-the classic lipid extraction proce- 
dure uses a chloroform-methanol mixture. 
Therefore, one effect of hydrocarbons is de- 
struction of the semipermeable nature of the 
cell membrane, making cells leaky. Second is 
the lack of a site of weakness in a molecule. 
Many hydrocarbons, particularly the alkanes, 
alkenes, and alkynes, consist of chains of carbon 
atoms with pendant hydrogen atoms. The dis- 
tribution of electrons and energy is even; all 
have roughly the same bond strength and 
length. Many hydrocarbons are extremely in- 
soluble in water. There is now convincing evi- 
dence that bacterial hydrocarbon metabolism 
occurs in the aqueous phase (20). 

In an attempt to define a petroleum-degrad- 
ing bacterium, Rosenberg and Gutnick in 1977 
(97) postulated three distinguishing traits or 
specifications: 

1. An efficient hydrocarbon uptake system 
(special receptor sites for binding hydrocarbons 
and/or production of unique chemicals which 
assist the emulsification and transport of hydro- 
carbons into the cell). 

2. Group-specific oxygenases, whose func- 
tion is to activate molecular oxygen and incor- 
porate it directly into the chemical structure of 
the hydrocarbon substrate. 

3. Inducer specificity, i.e., the positive re- 
sponse of the organism to petroleum and its 
constituents in inducing the above two sys- 
tems. 

A number of general nutritional require- 
ments are needed to achieve hydrocarbon utili- 
zation in bacteria. Hydrocarbons, as their name 
implies, are composed of hydrogen and carbon; 
there is a need to supply all other elements re- 
quired for growth in the growth medium. 
These include molecular oxygen for the oxy- 
genases; nitrogen, phosphorus, and sulfur; and 
metals, e.g., K t  and N a f ,  and trace metals. 

The limitation for oxygen is easily overcome 
at the laboratory scale by having the oil-water 
interface in contact with air at all times. The 
usual strategy is to pump in sterile air or simply 
to have the flasks ofliquid medium on an orbital 
shaker at 120 rpm or more. In theory, approxi- 
mately 150 mg of nitrogen and 30 mg of phos- 
phorus are consumed in the conversion of 1 g of 
hydrocarbon to cell material. These require- 
ments can be satisfied by the provision ofammo- 
nium phosphate in the aqueous phase, or a com- 
bination of other salts, such as (NH&SO4, 
K3P04, NH4C1, Ca3(P04)2, and NH4N0,. 

In all, about 35 genera of bacteria, 40 genera 
of fungi, and 9 genera of algae biodegrade oil. 
Degraders have been isolated from soils, 
oceans, coastal waters, freshwater and marine 
sediments, lakes, ponds, and estuaries. Hydro- 
carbon oxilzers have been isolated from tem- 
perate, tropical, and Arctic environments and 
from a range of shoreline types from Spitsber- 
gen to Australia, including sand, cobble, peb- 
ble, and mangrove (37). Liquid hydrocarbons 
are the most easily degraded, but gaseous al- 
kanes can also be oxidized (6). 
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The technique chosen for isolation of HOB 
depends on the hydrocarbon(s) in question. Iso- 
lation techniques have in common their need 
for a solid surface upon which individual colo- 
nies of bacteria can grow. This is required for 
their purification to axenic culture. For the rn- 
crobiologist, investigation of the biochemistry 
or genetics of a HOB requires this initial step 
of isolation to purity. Therefore, the start point 
is the need for an agar-based medium for isola- 
tion. T o  isolate HOB requires that they grow 
specifically on the hydrocarbon provided in the 
growth medium as the source of carbon and en- 
ergy. This necessitates that there is no other 
source of carbon in the medium, certainly no 
preferable source. A huge variety of these min- 
eral media have been formulated. A useful me- 
dium for HOB is a modification of that of 
Goodhue (45), in which most ofthe desired salts 
can be 100 times concentrated for convenience. 
This medium is also without precipitatingphos- 
phates. Precipitate can be confused with micro- 
bial growth. That is the basal medium without 
any hydrocarbon. The addition ofthe hydrocar- 
bon is the more complex issue. 

ENUMERATION OF 
HYDROCARBON-OXIDIZING 
MICROORGANISMS 
A common assumption is that because a con- 
taminated soil or groundwater can be contami- 
nated to high concentrations with hydrocarbons 
that represent high-calorie sustenance for bacte- 
ria, then during bioremehation there should be 
seen a mass proliferation of bacteria. This as- 
sumption could be wrong. Before a heterotro- 
phic bacterium can start to grow and then multi- 
ply, it must expend energy for maintenance of 
viability, termed maintenance energy. This en- 
ergy is derived from the oxidation of organic 
compounds. When the supply of the organic 
compound is large, then total available energy is 
way in excess of maintenance energy, and 
growth and multiplication occur. This might 
appear to be the situation in soil or water that is 
contaminated to the level of, say, tens of grams 
per kilogram or liter. However, since most hy- 
drocarbon contaminants have low water solu- 

bility, then the actual supply of carbon is limited 
by diffusion from the liquid or solid to the cell 
surface. At low available carbon concentrations, 
a relatively larger amount of that carbon is re- 
quired for maintenance energy, and a relatively 
smaller amount is available for cell growth and 
division. (This is also a reason why bioaugmen- 
tation with huge numbers of bacterial cells is 
flawed: if the introduced bacteria are limited in 
available carbon, they have a high likelihood of 
starving to death.) At the threshold level (2), all 
of the carbon that reaches and enters the cell is 
used for maintenance, and none is used for 
growth and division. The analytical chemistry 
laboratory results would show that the contami- 
nants are being consumed, but microbiology 
laboratory results would show that the popula- 
tion size and biomass are not increasing. 

Despite many efforts, enumeration of the 
HOB presents problems, which may lead to 
erroneous assumptions about the progress in 
bioremediation projects. The problems stem 
from the fact that most hydrocarbons of interest 
are either non-aqueous-phase liquids or insolu- 
ble solids (e.g., polycyclic aromatic hydrocar- 
bons [PAHs]) and as such in normal bacterio- 
logical media they are not bioavailable because 
of their water insolubility. Early attempts to 
overcome the problem usually involved trying 
to incorporate hydrocarbons into agar media 
(7, 53, 114), but this approach has been criti- 
cized frequently (32, 75). Use of purified al- 
kanes, purified mixtures, or distilled fuels gives 
variable results. Short-chain alkanes (pentane 
to nonane) have appreciable water solubility, 
so they can be incorporated into agars. Yet they 
also have high vapor pressures (pentane and 
nonane, 426 and 3.22 mm Hg at 20°C, respec- 
tively) (125) and are rapidly lost from agar dur- 
ing plate incubation. The medium-chain al- 
kanes, however, the ones of greatest interest, 
have very low water solubility and are expelled 
on the surface of agars. 

Venkateswaran et al. (123) incorporated 
crude oil into agar medium by preparing an 
emulsion of oil in water (5 g liter- by sonica- 
tion and then adding it to sterilized agar me- 
dium. Crude oil is more suitable in such tests 
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because of the presence of natural emulsieing 
agents. With this technique, the emulsion often 
breaks before colonies grow, and the oil ap- 
pears on the surface of the mehum, interfering 
with colony formation. 

Fuels such as gasoline and diesel contain in- 
sufficient natural surfactant material to emulsify 
the fuel in agar. Nontoxic emulsifjring agents, 
or a low-toxicity solvent such as dimethyl sulf- 
oxide, can be used. Negative controls must be 
included to ensure that there is no growth on 
the emulsifier. Also, normal emulsions do not 
maximize the surface area for bacterial attack, 
as the interfacial tension is still appreciable. A 
relatively reliable technique is to add 20% (vol/ 
vol) hydrocarbon, 0.05% (vol/vol) Tween 80, 
and 80% (vol/vol) sterile medium and ultra- 
sonicate the mixture for at least 5 min. This 
mixture needs to be kept cold by holding the 
vessel on ice. Sufficient amount of this emul- 
sion is added to molten agar medium to give 
a final concentration of 0.5 to 1.0% hydro- 
carbon. The plates are inoculated after solidifi- 
cation and surface drying. Adjustment of the 
concentration of Tween 80 may be necessary if 
it is toxic (determined with a suitable control). 

A technique for the growth of oil-degradmg 
bacteria on volatile hydrocarbons in which a 
mineral salts agar is inoculated and a small tube 
containing avolatile hydrocarbon, or mixture of 
hydrocarbons, is placedin the lid ofthe plate was 
described by Rosenberg and Gutnick (97). The 
technique was revisited recently by Kleinheinz 
andBagley (62): theyusedafilterpadin thelidof 
the petri &sh instead (Fig. 6.1). Bacterial growth 
occurs on the hydrocarbons in the vapor phase. 
An obvious limitation ofsuch a technique is that 
only a proportion of the total population, that 
which can utilize the vapor-phase hydrocar- 

Agar II 
.p 

Filter pad soaked with hydrocarbon 

FIGURE 6.1 
HOB. 

The filter p.d method for gro\ving 

bons, is selected. Thus, the technique is likely to 
underestimate total oil-degrading populations, 
selecting for those able to utilize volatiles and 
semivolatiles. However, a further criticism of 
the technique is that it cannot be assumed that 
colonies that appear on such agar plates are oil 
degraders, as agar can contain enough impurities 
to allow growth; agar can also absorb volatile 
nutrients from the air in amounts sufficient to 
support growth ofmany bacteria. A recent criti- 
cal review strongly suggests that this technique 
is not selective for oil-degrading bacteria (89), 
and false positives are common (92,120). Addi- 
tionally, the longer medium-chain n-alkanes 
have insufficient vapor pressure to support 
growth in the vapor phase, even though it is 
known that long-chain alkanes can be biode- 
graded (43). 

Jorgensen et al. (56) reported different 
methods for addition of oil to agar: sonication 
of hot agar solution after autoclaving, applica- 
tion of hexane-acetone-solubilized oil to solid- 
ified plates, and the filter pad technique. They 
were able to discern no pattern in the counts. 
Unreliable counts, irregular agar surface, and 
high background counts in the controls with 
no oil were all noted. 

GROWTH OF HYDROCARBON- 
OXIDIZING MICROORGANISMS ON 
NONSOLUBLE SOLID 
HYDROCARBONS 
Growth is limited by substrate transfer from the 
solid phase to the aqueous phase. Maximization 
of the surface area of the solid substrate is one 
strategy to maximize contact of the cells with 
substrate. Kiyohara et al. (59) dissolved phenan- 
threne in ether to a concentration of 10% (wt/ 
vol) and sprayed the liquid onto the surface of 
agar plates. The ether immediately vaporizes 
andleaves afinelayer ofthe solidsubstrate on the 
surface of the plate. If the plate was previously 
inoculated, the ether is toxic to the cells, Inocu- 
lation after formation of the solid substrate layer 
can be hfficult, as the film frequently breaks if 
an inoculating loop is used. Problems are en- 
countered when the inoculum is pipetted to the 
solid layer since the layer is hydrophobic. When 
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successful, however, it is immediately apparent 
which colonies that develop are able to meta- 
bolize the hydrocarbon; a cleared zone is easily 
seen around the colony (Fig. 6.2). A similar ap- 
proach was adopted by Bogardt and Hem- 
mingsen (15), but soil and water dilutions were 
incorporated into an agarose overlayer with fine 
particles of phenanthrene. The overlayer was 
poured onto an agar mineral salts underlayer, 
and phenanthrene-degradmg colonies were also 
recognized by a halo of clearing. 

To overcome the problems with the spray- 
plate method, Alley and Brown (3) described 

a technique in which the solid substrate was 
sublimed onto the surface of the agar plate after 
inoculation. This technique is more controlled 
than the spray-plate technique and allows a re- 
producible quantity of substrate to be delivered 
without the use of toxic solvents. 

MICROTITER PLATE-BASED MPN 
TECHNIQUES 
As a result of the limitations of traditional 
solid-agar-based enumeration methods, liquid 
culture methods have been developed by em- 
ploying the most-probable-number (MPN) 

FIGURE 6.2 Bacterial colonies 
growing on an agar plate with a thin 
film of phenanthrene applied by the 
spray-plate technique. The cleared 
halo surrounding colonies is evi- 
dence of phenanthrene biotransfor- 
mation. 
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procedure (32). MPN is a statistical method 
based upon dilution of a sample to the point 
of extinction; i.e., multiple replicates of var- 
ious ddutions of a sample are analyzed and 
the results are compared with statistical tables 
to determine the MPN of microorganisms in 
the original sample. The development of 96- 
well microtiter plates gave the opportunity 
to miniaturize such procedures. The sheen 
screen method, introduced by Brown and 
Braddock (23), represented the start of the 
miniaturized MPN method for oil degraders. 
This method was specific for crude oil as a 
substrate (Fig. 6.3), and a similar method was 
published for no. 2 fuel oil as the substrate 
(49). Wrenn and Venosa (131) developed a 

SITE # 67 SMITHISLAND 

96-well microtiter plate MPN procedure to 
separately enumerate aliphatic and aromatic 
hydrocarbon degraders in separate plates. The 
alkane-degrader MPN method uses n-hexade- 
cane as the carbon source, growth is scored 
by turbidity, and the reduction of iodonitrote- 
trazolium violet to iodonitrotetrazolium- 
formazan (red precipitate) is used as an indica- 
tor of electron transport activity. A recent 
variant on the technique (21) is similar to 
that of Wrenn and Venosa but purports to be 
simpler because of the inclusion of diphenyl 
tetrazolium violet in the growth medium. 

An inherent limitation in all the 96-well mi- 
crotiter plate MPN techniques is also one of 
lack of bioavailability. Given the long, narrow 
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Ed Brown, University of Northern Iowa. 

Illustration of a five-''tube'' MPN result for a marine sediment sample obtained by the sheen 
dilutions are all positive for crude oil emulsifications, four of five of the 

hlution tubes scored positive. Courtesy of hlution tubes are scored positive, and one of five of the 
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aspect ratio of the incubation wells, both oxy- 
gen mass transfer and mixing of the oil and 
aqueous phases are limited. This means that the 
incubation periods are long (typically 2 weeks), 
and there is a high risk of wells drying out, or 
at least of the mehum becoming very saline 
through evaporation. 

ecule, while more sensitive, is more demandmg 
technically, is more expensive, uses specific hy- 
drocarbons, and generates a radioactive waste. 
It is also intrusive to the experimental systems, 
causing unwanted perturbation. 

Metabolic gas respirometry is much more 
flexible in operation because of fewer technical 

SCREENING STRAINS FOR 
RELEVANT ENZYME ACTIVITIES 
Very often the enzymes of greatest interest are 
dioxygenases because of their pivotal roles in 
substrate activation and aromatic ring cleavage. 
Dioxygenase activity can be screened for by the 
inclusion of indole in agar plates. Dioxygenases 
convert indole to indigo (41), and the presence 
of blue colonies is the selection criterion. A 
more specific enzyme screen is for catechol 
2,3-dioxygenase. Catechol is an extremely im- 
portant and common intermediate in aromatic 
catabolism (see chapter 1). Colonies can be 
sampled by filter lift from plates and sprayed 
with catechol. The appearance of a yellow- 
brown pigment within 10 min of incubation 
at room temperature implies catechol 2,3-di- 
oxygenase activity (1 28). 

RESPIROMETRY 
The data generated by analytical chemistry to 
monitor the removal of pollutants from a site 
do not provide specific information on biodeg- 
radation, as they take no account ofnonbiolog- 
ical losses such as volatilization. For mathemati- 
cal models, there is no substitute since the 
equations contain biodegradation rate param- 
eters. Clearly, determination of pollutant con- 
centrations and bacterial counts are unsatisfac- 
tory as the sole tools for bioremediation 
monitoring, as too many extraneous factors in- 
fluence counts and chemical data can be highly 
variable due to soil heterogeneity. Analytical 
chemistry is also prohibitively expensive if 
enough samples are to be analyzed to generate 
meaningful kinetic data. 

Metabolic gas respirometry is a technique 
that gives a rate of reaction, by measuring either 
0 2  consumption or C 0 2  production. Radio- 
respirometry using I4C-labeled hydrocarbons, 
labeled at the most recalcitrant part of the mol- 

constraints. However, doubts over the sensitiv- 
ity of respirometry, especially at sites where the 
initial oxygen concentration is low, have been 
raised (134). Whereas respirometry is a proven 
technique for determining biokinetic param- 
eters for degradation of contaminants in 
groundwater, it remains to be proven in soils 
(1 11). Oxygen consumption is less sensitive 
than C 0 2  production (87). Yet O2 consump- 
tion is preferred for in situ experiments (see 
reference 40), as it is not susceptible to sinks 
and sources in soils and sediments in the same 
way that C02 is (103). Carbon dioxide is also 
water soluble, which may limit its in situ use 
to porous soils and sediments (1 18). However, 
C02 production actually provides data on 
mineralization, whereas oxygen consumption 
may arise from biotransformation, not neces- 
sarily mineralization. Carbon dioxide measure- 
ment is commonly used for assessing biode- 
gradability in solid media (54). 

Valuable data can be obtained when both 
are measured (e.g., see references 66 and 121). 
Simultaneous determination of oxygen and 
C02 can be done by GC, using a GC equipped 
with two concentric columns (100). This per- 
mits online monitoring, and data can be used to 
establish O2 uptake rate or the C02  production 
rate and then the respiratory quotient (the ratio 
of C 0 2  produced to O2 consumed) (12). Lors 
and Mossman (66) concluded that respirometry 
alone could not be relied upon. For monitoring 
the biodegradation of PAHs, they recom- 
mended the use of O2 and C 0 2  respirometry 
along with analytical chemistry: having de- 
graded the most available PAHs, the microbial 
populations may shift to other sources of car- 
bon. Moller et al. (76) found variable agree- 
ment between respirometry data and actual 
&esel degradation rates in a bioventing study. 
The best agreement was 23 mg kg-' day-' 
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for actual oil content of the soil and 33 mg 
kg-' day-' for respirometry. 

Some studies have demonstrated the appli- 
cability of metabolic gas respirometry when 
compared with radiorespirometry. Miles and 
Doucette (73) assessed microcosm-respirome- 
try for measuring the aerobic biodegradability 
of 14 hydrocarbons. They concluded that the 
oxygen consumption technique was accurate 
and reliable compared with radiorespirometry, 
and reproducibility was good. Gejlsbjerg et al. 
(44) came to similar conclusions when compar- 
ing oxygen consumption with 14C02 evolu- 
tion in soil and sludge-soil mixtures. Padma- 
nabhan et al. (82) are seeking to develop a field 
soil biodegradation assay based on respiration 
of 13C-labeled compounds and monitoring of 
13C02 evolution by GC-MS. 

Carbon dioxide is most commonly moni- 
tored by infrared spectrometry. Given the poor 
solubility of oxygen in water, it is easier to 
measure it in the vapor phase or in the 
headspace of a paramagnetic analyzer, and the 
latter would be the method of choice for soils. 
Commercial respirometers with a paramag- 
netic oxygen analyzer with 0.001% resolution, 
which frees oxygen measurement from the 
constraints of manometry, are available. 

MOLECULAR BIOLOGY TOOLS FOR 
BIOREMEDIATION MONITORING 
In recent years, molecular methods have been 
used for the study of microbial community 
structure and function because of the realiza- 
tion that the majority of microbes in the envi- 
ronment are unculturable by use of standard 
laboratory agars and conditions (4). It is 
thought that the percentage of culturable or- 
ganisms is something in the range of 1 to 10% 
of the total community; in fact, the figure for 
the number of bacteria described so far is 
thought to be approximately 1% (33). 

A study in 1994 showed the potential for 
molecular biological techniques to be used in 
the field of bioremediation. Investigating oil- 
degrading bacterial populations of Alaskan sed- 
iments, Sotsky et al. (112) found that up to 
40% of the hydrocarbon-degrading bacteria 
hybridized to a gene probe for the alkB gene; 

moreover, hexadecane mineralization was 
highly correlated with the presence of alkB, 
suggesting the coexistence of degradation 
genes for low- and medium-molecular-weight 
n-alkanes in a variety of alkanotrophic bacteria. 

The methods available now can be used in 
various ways to provide separate pieces of infor- 
mation. Some are used in order to give a profile 
of the total community present at a site, while 
others identify the organisms performing a spe- 
cific function. Another set of methods focuses 
on the fluorescent probing of specific whole 
cells. More recently, new technologies which 
are substrate based, labeling organisms accord- 
ing to their catabolic potential, have emerged. 

Community Profiling Methods 
Community profiling methods produce rapid 
surveys, which provide us with a phylogenetic 
profile of the microbial population present at 
a particular site. The speed of application and 
specificity of these techniques can be utilized 
to assess the community composition across 
space, through time, down pollution gradients, 
and under various treatments. 

PCR and 16s Ribosomal DNA 
(rDNA) 
Methodologies that provide molecular finger- 
prints are most commonly based upon PCR 
amplification of 16s rRNA genes. The 16s 
rRNA gene is essential, as it encodes a subunit 
of the prokaryotic ribosome and is therefore 
present in all prokaryotic life forms (130). 

Several criteria that make the 16s rRNAs 
and their genes the most widely studied phylo- 
genetic markers have been identified (1 13): 

the function of ribosomes has not changed 
for about 3.8 billion years; 
the 16s rRNA genes are universally present 
among all cellular life forms; 
the size of 1,540 nucleotides makes them 
easy to analyze; 
the primary structure is an alternating se- 
quence of invariant DNA, more or less con- 
served to highly variable regions; and 
lateral gene transfer is either totally absent 
or exceedingly rare. , 
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PCR and rDNA sequencing are used 
worldwide in assessing the phylogenetic posi- 
tion of novel strains and microbial communi- 
ties. The main reason for the routine applica- 
tion of this method is the presence of a set of 
conservative nucleotide stretches, which are 
scattered over the rRNA genes, serving as tar- 
get sites of oligonucleotide primers (usually 14 
to 20 bases in length). These primers are 
needed for amplification and subsequent se- 
quence analysis. A set of not more than 10 
primers is sufficient to analyze a wide spectrum 
of phylogenetically &verse organisms. Se- 
quence analysis can be performed on both pu- 
rified nucleic acid preparations and crude ex- 
tracts of bacterial cells. 

Phylogenetic relationships can be assessed 
by pairwise similarities. One hundred percent 
similarity found between a pair of 16s rDNA 
sequences by different methods indxates very 
close relatedness, if not identity, of the investi- 
gated organisms. The lower the value, the 
more unrelated the compared organisms. 
These phylogenetic distances form the basis for 
phylogenetic trees or dendrograms. The role 
of PCR in the detection and quantification of 
gene expression in environmental applications 
has been reviewed previously (104). The main 
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techniques of community analysis and their re- 
lation to bioremediation have also been re- 
viewed (e.g., see references 51 and 55). A com- 
prehensive review of methods for studying soil 
microbial diversity examined the pros and cons 
of techniques currently in use (58). 

DGGE 
Denaturing gradient gel electrophoresis 
(DGGE) is based on the analytical separation of 
DNA fragments of identical or near-identical 
length based upon their sequence composition 
(78). Separation is based on the changing elec- 
trophoretic mobilities of DNA fragments mi- 
grating in a gel containing a linearly increasing 
gra&ent of DNA denaturants (Fig. 6.4). 
Changes in fragment mobility are associated 
with partial melting of the double-stranded 
DNA in discrete regions, the so-called melting 
domains. Each band shown on the gel repre- 
sents a taxonomic unit present in the environ- 
ment, and the band intensity can be associated 
with the species’ abundance within it. Once 
the gel has been visualized, it is also possible 
to directly cut out bands for sequencing. 

The method derives from one used in the 
medical sciences, which was subsequently 
modfied for microbial community analyses 

DNA fragment 
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FIGURE 6.4 DGGE principle. conc., concentration. After Iwamoto and Nasu (55). 
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(77), in which the procedure is performed on 
the total community nucleic acid. An example 
of a DGGE gel is shown in Fig. 6.5 (30). The 
communities shown were extracted from var- 
ious points of a hesel-contaminated ground- 
water remediation system. 

DGGE has been used successfully in many 
investigations of community structure. It is 
now one of the most widespread and w e k -  
tablished methods used to obtain culture-inde- 
pendent microbial profiles and is starting to be 
used in bioremehation stuhes. For example, 
the DGGE community profiles of shoreline 
plots containing buried oil showed that con- 
trols and plots amended with liquid fertilizer 
had similar patterns (96). However, DGGE re- 
vealed that the bacterial community in plots 
treated with oil and slow-release fertilizer 
changed rapidly, probably as a result of the 
higher concentrations of nutrients available in 
interstitial water. Whiteley and Bailey (127) 

published evidence for highly structured bacte- 
rial communities within hfferent compart- 
ments of a phenolic-remediating activated 
sludge plant. Fluorescent in situ hybridization 
(FISH) whole-cell targeting mirrored gross 
changes in community structure shown by 
DGGE. An issue in bioavailability during bio- 
remediation has been addressed by using 
DGGE as a tool (42): different phenanthrene- 
utilizing bacteria inhabiting the same soils may 
be adapted for different phenanthrene bioavail- 
abilities. The genus Buvkholdevia is itself &verse 
and is implicated regularly in bioremediation 
processes. DGGE analysis ofPCR products has 
shown that there were sufficient differences in 
migration behavior to distinguish the majority 
of 14 Buvkholdevia species tested (99). 

These sorts of studies reveal insights that 
either are impossible with traditional microbi- 
ological stuhes or else would involve much 
greater levels of effort, and the place of DGGE 

FIGURE 6.5 
theory represents a single taxonomic unit. Courtesy of Lena Ciric. 

DGGE profile for samples taken from a groundwater diesel remediation system. Each band in 
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as a tool in bioremediation monitoring is as- 
sured. DGGE is an efficient and inexpensive 
method of analyzing community structure and 
diversity. It also allows greater phylogenetic 
resolution than many other community analy- 
sis methods. An added advantage is the ability 
to excise bands for sequencing purposes. 

LH-PCR 
More recently, other methods have become 
available for community-level analyses, such as 
length heterogeneity PCR (LH-PCR) (1 17). 
LH-PCR works by exploiting the natural 
variation in length of the 16s rRNA gene due 
to group-specific variable regions of the micro- 
bial community members (126). The PCR is 
carried out using one fluorescently labeled 
primer and the amplicon lengths are then sepa- 

rated on a sequencer, where the resultant peaks, 
comparable with DGGE gel bands, represent 
various phylogenetic groups. An example of an 
LH-PCR output can be seen in Fig. 6.6, in 
which the peaks represent various phylogenetic 
groups present in a community found in a die- 
sel-contaminated groundwater sample (30). 

One drawback of LH-PCR is that organ- 
isms can be effectively identified only down 
to class or subclass level, and single peaks may 
represent multiple bacterial genera within the 
same taxonomic subclass (e.g., the y-Pvoteobuct- 
eria). LH-PCR is especially suitable for the 
tracking of known community members 
through time or during different treatments. In 
time, this method will become more reliable, 
when the databases available for various envi- 
ronmental samples are improved. 
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DGGE gel in Fig. 6.5. Courtesy of Lena Ciric. 

Output from LH-PCR (top) and tRFLP (bottom). Both outputs correspond to lane 20 on the 
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TRFLP 
Terminal restriction fragment length polymor- 
phism (tRFLP) has been used as a reliable com- 
munity profiling technique by sizing variable- 
length restriction fragment digest patterns of 
amplified 16s rDNA (Fig. 6.7) (65). The 
method is very similar to LH-PCR but in- 
volves an endonuclease restriction step and 
gives a higher degree of phylogenetic resolu- 
tion based upon the specific sequence variance 
within the 16s rRNA gene. tRFLP is reliable 
for determining the identity of organisms down 
to group level, and in parallel with LH-PCR 
it allows the processing of large sample sets in 
which samples are directly comparable. An ex- 
ample is shown in Fig. 6.6. The problem of 
identifying organisms below group level is 
somewhat mitigated by tRFLP. It must be em- 
phasized that the choice of enzyme for digests 
in order to resolve bacterial taxonomic groups 
during tRFLP analyses is critical and requires 
some a priori knowledge of the bacterial groups 

Bacterial community 

which are present in the samples for effective 
phylogenetic targeting. 

A notable example of the correlation of 
community profile change with function in bi- 
oremehation was given by Ayala-del-Rio et 
al. (8). Community analysis by tRFLP of 16s 
rRNA genes showed that there were marked 
changes in a phenol-plus-trichloroethene 
(TCE)-fed reactor during the first 100 days but 
relative stability afterwards, which corre- 
sponded to the period of stable function. In 
a corresponding phenol-fed reactor, however, 
the community structure changed periodically, 
and the changes corresponded with the period- 
icity of TCE transformation rates. 

Bacteria of the genus Syntvophus are difficult 
to culture in the laboratory as axenic cultures 
because they exist syntrophically with metha- 
nogenic bacteria. In a study of microbial diver- 
sity of a hydrocarbon-and chlorinated-solvent- 
contaminated aquifer using tRFLP, Dojka et 
al. (38) found sequence types characteristic of 
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FIGURE 6.7 tRFLP principle. After Iwamoto and Nasu (55). 
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Syntrophus spp. and Methanosaeta spp. They hy- 
pothesized from this that the terminal step of 
hydrocarbon degradation in the methanogenic 
zone of the aquifer was aceticlastic methano- 
genesis, with these organisms existing in a syn- 
trophic relationship. 

MOLECULAR PROBES IN 
COMMUNITY ANALYSIS 
Rather than providing a community finger- 
print, molecular probe methods are used to 
probe for certain known community members. 
Some a priori knowledge of the population is 
required, or can be used to determine whether 
an organism is present. A molecular probe 
which hybridizes with the DNA or RNA of 
the specific organism is applied. The probe can 
be applied in situ or ex situ. These methods 
are powerful tools which avoid the possible 
biases of cloning and PCR amplification tech- 
niques and can yield a more direct measure of 
the target groups of interest. 

DNA Microarrays 
A DNA microarray (a DNA microchip or DNA 
chip) is an orderly, high-density matrix of 
hundreds (or thousands) of inhvidual long 
cDNA probes or short oligonucleotides bound 
directly or indirectly to a solid surface (102). 
Unlike the membrane hybridization format, the 
chip is a high-density format that allows for si- 
multaneous hybridization of a labeled DNA or 
RNA target to alarge set ofprobes, thus provid- 
ing high throughputs. Most applications have 
been in cell biology, such as for drug discovery 
or monitoring gene expression patterns in 
pure culture, but more recently the technology 
has been used successfully in environmental 
studies (48). Microarrays are a useful tool for the 
high-turnover screening of large numbers of 
samples. They are, however, rather expensive to 
construct. 

Small et al. (109) reported the development 
of a simple microarray method for the detec- 
tion of intact 16s rRNA from unpurified soil 
extracts, and this opened up the possibility of 
microbial detection without using PCR. This 
has been extended to the use of DNA microar- 

rays for the detection of specific genes involved 
in bioremediation (36). Rhee et al. (91) have 
taken a combined approach, using DNA mi- 
croarrays to monitor biodegrading populations 
and to detect biodegradation genes. This area 
is in its infancy, and more work on detection 
sensitivity is required, but the implication is 
that this may be a specific, sensitive, and, im- 
portantly, quantitative tool of the future for 
monitoring bioremediation. 

Reverse Sample Genome Probing 
Reverse sample genome probing makes use of 
the entire genome of a microorganism as a spe- 
cific probe that allows its detection in the envi- 
ronment. Whole-genome genome probes 
have been used for the detection of Mycobacte- 
rium, Mycoplasma, Chlamydia, Bacteroides, Pseu- 
domonas, Sphingomonas, and Campylobacter spe- 
cies. A good example of the use of this method 
was a search for sulfate-reducing organisms in 
contaminated oil fields (124). 

FISH of Whole Cells 
Whole-cell in situ hybridization with fluores- 
cently labeled oligonucleotides, in community 
analysis, was first developed in the late 1980s 
(35). The procedure involves fixing the envi- 
ronmental sample to permeabilize the cells 
while maintaining their morphological integ- 
rity. The cells are then immersed in hybridna- 
tion solution containing fluorescently labeled 
oligonucleotide. After being washed to remove 
unbound probe, the sample is viewed by 
epifluorescence microscopy and cells are 
counted. Limitations associated with the tech- 
nique (e.g., poor sensitivity for target cells, 
background fluorescence) may be overcome by 
a variation that uses peptide nucleic acid (132), 
in which kinetics of hybridnation, signal-to- 
noise ratio, and specificity were reported to be 
much improved. 

Tani et al. (119) used PCR to detect the 
phenol hydroxylase gene and used FISH tar- 
geting 16s rRNA after injection of Ralstonia 
eutropha KT1 into a TCE-contaminated aquifer 
after activation with toluene. The numbers of 
bacteria detected by in situ PCR and FISH 

Previous Page 
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were similar up to 4 days, but thereafter FISH 
detected fewer bacteria than in situ PCR. In 
petroleum-contaminated aquifers, it has been 
assumed that dissimilatory sulfate reduction 
plays an important role. Kleikemper et al. (60) 
used FISH and DGGE to characterize the pop- 
ulation of sulfate-reducing bacteria (SRB) in 
one such aquifer. Both techniques confirmed 
that sulfate reduction was enhanced by the ad- 
dition of carbon source additions, and specific 
SRB genera and a high level of diversity of 
SRB were observed. 

Labeled Substrates To Probe for 
Organisms 
In addition to the community profiling meth- 
ods and the use of specific oligonucleotide 
probes, substrate-based procedures that are cul- 
ture independent and can be employed in situ 
have been developed. These methods in partic- 
ular employ stable isotopes, such as 13C, to de- 
termine exactly which organisms are involved 
in the breakdown of specific contaminants. 
These methods allow the identification of the 
organisms involved in the processing of the 
contaminating compound and are some of the 
most sophisticated methods used in the field. 

PLFA-SIP 
13C-labeled substrate is pulsed into the micro- 
bial community occupying the environment, 
resulting in the labeling of polar lipid-derived 
fatty acids (PLFAs) from assimilating organ- 
isms. PLFAs are then extracted, separated, and 
analyzed for 13C enrichment by isotope ratio 
MS. Because specific phylogenetic groups pro- 
duce signature PLFA profiles, the stable isotope 
enrichment of certain PLFAs reveals which or- 
ganisms were dominating the metabolism of 
the labeled substrate. The first PLFA-based sta- 
ble isotope probing (PLFA-SIP) investigation 
was carried out by Boschker et al. (19), who 
identified microorganisms responsible for the 
oxidation of the greenhouse gas methane in a 
freshwater sediment environment. 

DNA-SIP 
DNA stable isotope probing (DNA-SIP) meth- 
ods are more user-friendly because of sequence 

information being so widely available, as well as 
the ease ofnucleic acid extraction from environ- 
mental samples. Stable isotope-labeled DNA 
can be isolated from mixed microbial commu- 
nities on the basis ofthe increase in buoyant den- 
sity associated with isotopic enrichment. Den- 
sity centrifugation in cesium chloride gradients 
was used to separate heavy DNA from natural 
DNA, and 16s rDNA clone libraries con- 
structed from heavy DNA were sequenced to 
obtain the identity of organisms assimilating the 
I3C-labeled substrate used in the study. This 
technique has been used to attribute particular 
members ofthe Proteobactevia with methanol uti- 
lization in an oak forest soil (88). 

RNA-SIP 
Due to the fact that DNA synthesis is associ- 
ated only with cell replication, the amounts 
of DNA synthesized in the duration of a 13C 
pulse may be small in natural environments, 
where replication is not optimal. The use 
of R N A  in SIP, however, offers the same 
sequence-based resolution but avoids the limi- 
tations of labeling due to its high turnover 
rate (69). The procedure is performed as for 
DNA-SIP, with the adhtion of reverse tran- 
scription of the heavy R N A  in order to iden- 
tify organisms. RNA-SIP has been applied 
to an operative industrial phenol-degrading 
wastewater treatment system to identift- or- 
ganisms responsible for the metabolism of 
phenol (70). Figure 6.8 shows the fractiona- 
tion of natural and heavy 13C-labeled RNA. 
The fractionation, extraction, and subsequent 
sequencing of the heavy R N A  resulted in 
the identification of the dominant phenol de- 
grader in a wastewater system as a Thauera 
species. 

FISH AND SECONDARY ION MS 
Recently, investigations in which individual 
cells or mixed aggregates of cells in methane- 
consuming communities were identified by 
FISH and subsequently analyzed for 13C con- 
tent by secondary ion MS were conducted 
(80). The natural abundance of 13C in meth- 
ane is low, thus enabling the association of 
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FIGURE 6.8 The appearance ofnatural ('*C) and heavy ("C-labeled) RNA shown 
in RNA-SIP. The top gradient fractions contain the natural-weight RNA, and the 
heavy R N A  becomes apparent as one moves down the fractions (68). H, heavy; L, 
light. Courtesy of Andrew S. Whiteley. 

cells harboring depleted I3C signatures with 
methane consumption. All the SIP techniques 
outlined above are very sophisticated methods 
of associating an organism with a specific 
function, namely, its catabolic potential. The 
one problem associated with SIP is that the 
labeled substrates are hard to come by and 
may require custom synthesis, which is a 
rather costly process. 

Metabolic Biomarkers 
Metabolic biomarkers provide some of the best 
evidence available so far for anaerobic in situ 
biodegradation. A good biomarker should (85): 

be formed during biodegradation of the tar- 

- be an intermediate in the biodegradation 

- be highly specific to the process monitored, 
be water soluble, and 
be biodegradable (thereby informing on re- 

get compound, 

pathway, 

cent enzyme activity, not past). 

The search for metabolic biomarkers has 
focused on environments where anaerobic 
conditions prevail, which is typical of most 
MNA processes (1 10). Arylsuccinate deriva- 
tives have emerged as potentially universal 



6.  MONITORING BIOREMEDIATION 257 

metabolic biomarkers for the anaerobic bio- 
degradation of toluene, xylene, and ethylben- 
zene (e.g., see reference 90). The biggest chal- 
lenge to this technique is that aerobic 
biodegradation pathways are much better 
known than anaerobic ones, and a great deal 
of data on anaerobic biodegradation remain 
to be acquired. 

Detection and Quantification of 
Specific Catabolic Genes 
Real-time PCR-based enumeration of spe- 
cific catabolic genes may correlate with pollu- 
tant transformation rate (1 1). Competitive 
PCR can quantifj specific genes by using a 
competitor sequence that is amplified with 
the same primers. This has been done to 
accurately quantifj catechol 2,3-dioxygenase 
genes in petroleum-contaminated soil (72), 
and primer sets for various other mono- and 
dioxygenases have been used (9). The most 
obvious limitations are the incomplete record 
of anaerobic biodegradation pathways and the 
requirement of potentially very large numbers 
of primers due to the widely dwergent gene 
sequences for enzymes with similar catabolic 
functions. 

BIOSENSORS FOR TOXICITY AND 
DETECTION OF BIOAVAILABLE 
COMPOUNDS 
Bioavailability is a central theme in bioremedi- 
ation. The process of aging of pollutants in 
contaminated soils applies to organic pollutants 
in particular, but the metals also bind tightly 
to soil in the clay fraction. Thus, we have a 
contradiction for risk assessment: if these pollu- 
tants are tightly bound to soil, then they appar- 
ently do not constitute a risk. Ifthe partitioning 
of organic pollutants to humus is an irreversible 
process, then the simple extraction of pollu- 
tants from soil by vigorous methods and subse- 
quent pollutant concentration determination 
by analytical chemistry is missing a point: the 
analysis does not inform on the bioavailability 
of the pollutants. This has been the driving 
force for the development of a number of tech- 
niques that attempt to measure bioavailability. 
Some ofthe techniques are mentioned in chap- 
ter 1. This section concentrates on the devel- 
opment of whole-cell bioluminescent biosen- 
sors (Fig. 6.9) for toxicity testing and for the 
determination of bioavailable pollutants, be- 
cause they offer the promises of being less ex- 
pensive than other techniques and of being de- 
ployable in the field (Box 6.1). 

FIGURE 6.9 
in daylight (top right) and in the dark room (bottom right). Courtesy of Andrew S. Whiteley. 

Bioluminescent bacteria. (a) A shake flask liquid culture. (b) Bioluminescent transposon mutants 
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BOX 6.1 
Use of Toxicity Biosensors in Contaminated-Site Mapping 

Toxicity biosensors have been proposed for a role in 
the assessment of contaminated sites. If the site can 
be mapped for toxicity before samples are sent for 
analytical chemistry, perhaps some expense can be 
saved by first identifying the areas of a site that need 
attention. The technique would involve sampling the 
soil or sedment in a grid and making extracts for 
exposure to biosensors. The data would then be plot- 
ted on a map of the gnd to identify the pattern of 
toxicity on the site. 

This approach was taken on a diesel-impacted site 
on the River Dee estuary, in the northeast of Scot- 
land (83). Forty coordinates were selected and 
mapped in a 42-m2 area within the contaminated 
zone by use of a differential global positioning system. 
Kriging is a gridding method that expresses trends 
suggested in the data across the site. Based on a krig- 
ing algorithm, contour plots of the chstribution of 
toxicity data in the study area were produced with 

the Surfer 7.0 program. When toxicity results deter- 
mined by the responses of a bioluminescent E. coli 
strain were mapped, defined zones of elevated toxic- 
ity could be seen within the site, but these did not 
correlate with other measured variables. In particular, 
there was no correlation with areas of elevated total 
petroleum hydrocarbon levels, indicating the low 
level of acute toxicity associated with such material. 

In a similar manner, a site in the Midlands of 
the United Kingdom that is Contaminated with 
hydrocarbons and metals was mapped by using tox- 
icity biosensors. This approach was used in conjunc- 
tion with a risk-based framework for site assessment. 
The site is close to a river, and the toxicity mapping 
(Box Fig. 6.1.1) showed that a gradient of toxicity 
was apparent on the site (shown in grayscale), 
radiating from one area of highest toxicity (black 
on the map). The lighter the shade of gray, the 
lower the toxicity. 

BOX FIGURE 6.1.1 Toxmap, a toxicity map for a contaminated site generated 
by using toxicity biosensors. Courtesy ofRemedios Ltd., Aberdeen, United Kmgdom. 
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Bioluminescence-Based Biosensors 
Central to the development of these environ- 
mental biosensors was the use of bacterial bio- 
luminescence as a surrogate measure of toxic- 
ity. The basis of the test was first described in 
1979 (26). This test uses the naturally biolumi- 
nescent marine bacterium Vibn’o jsckeri. Of 
crucial importance to the commercial develop- 
ment of the bacterial bioluminescence toxicity 
tests was the fact that the change in light output 
is quantitatively proportional to the concentra- 
tion of the toxicant. Thus, it was possible to 
develop quantitative tests and compare the re- 
sults to those of toxicity tests with higher or- 
ganisms. 

This has obvious advantages over the use of 
higher organisms in acute toxicity tests, such 
as convenience, ethical considerations, and cost 
savings (122). The Microtox acute test has been 
the subject of many reproducibility evalua- 
tions. These studies have confirmed coefficient 
of variation values averaging 20%, which is 
better than for other whole-organism bioas- 
says. Meanwhile, the Microtox system has de- 
veloped to include the Microtox chronic test 
(25) and the Mutatox genotoxicity test (52). 
With the revolution in molecular biology and 
the ability to manipulate the nucleic acids of 
bacteria routinely, a major focus area is the de- 
velopment of genetically modified bacteria and 
other organisms for toxicity testing due to 
some specific limitations of the V. jxher i  Lux 
system (129). 

Genetically modfied microorganisms can 
also be used to detect and quantify specific pol- 
lutants. This type of biosensor is based on the 
highly specific genetic control mechanisms 
used by microorganisms to ensure that specific 
proteins are expressed only when they are 
needed, for example, for the detoxification of 
a particular toxic substance. This control is ex- 
erted by inducible promoters, consisting of a 
specific DNA sequence upstream of the genes 
to be controlled, and a DNA-binding protein 
that either activates or prevents transcription in 
response to the presence or absence of the tar- 
get compound. Biosensors ofthis type are easily 

generated by fusing such a controllable pro- 
moter to a reporter gene, which generates a 
detectable signal when the promoter is acti- 
vated. (For reviews, see references 10, 50, and 

Testing of contaminated water lends itself 
well to these biosensors, but it should be 
stressed that a major barrier to their develop- 
ment with contaminated soils has been the 
meaningful extraction of the pollutants from 
the soils. This ranges from a simple water shake 
to the use of nontoxic, mild solvents. How- 
ever, this methodology has yet to be accepted 
as a standard technique. 

34.) 

Reporter Genes 
A reporter gene may encode an enzyme that 
generates a color change in the presence of 
a chromogenic substrate. The best example 
is P-galactosidase (lactase, LacZ, encoded by 
the reporter gene IacZ, and usually derived 
from Escketickia colz?, which hydrolyzes X-Gal 
(5-bromo-4-chloro-3-indolyl-~-~-ga~actopy- 
ranoside) , releasing an indoxyl derivative, 
which dimerizes in the presence of oxygen 
to form a blue pigment related to indigo. 
This can be developed as an agar plate assay 
as a “detection stick” (61) or can be quantified 
colorimetrically (74). A major disadvantage of 
lac genes, however, is that there is significant 
background P-galactosidase in many bacteria. 

Another example is the xylE gene, encoding 
catechol 2,3-dioxygenase (metapyrocatechase, 
XylE, often derived from Pseudomonas putida), 
which acts on catechol to produce a fluorescent 
yellow compound (2-hydroxy-cis,cis-muconic 
semialdehyde) (133). Unlike P-galactosidase, 
there is little problem from background activ- 
ity, as the xylE gene is rarely found in microor- 
ganisms that have not been exposed to aro- 
matic hydrocarbons (71). Unfortunately, other 
factors such as oxygen and cell physiology can 
interfere, thus increasing the technical diffi- 
culty in working with it as a reporter. 

Bioluminescence represents the best candi- 
date available for environmental reporting, for 
several reasons. In practical terms, light pro- 
duction is easy to detect and quantify. Most 
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importantly, there is an exceedingly low likeli- 
hood of background interference because bio- 
luminescence in bacteria is very rare and re- 
stricted to a small number of known habitats. 
As a result of the discovery ofbacterial extracel- 
lular signaling (quorum sensing) (39) in biolu- 
minescent bacteria, the genetics of biolumines- 
cence, particularly in V. Jischeri, is reasonably 
well characterized and the transfer of the biolu- 
minescence phenotype to other bacteria has 
become routine. 

Although more is known about V. Jischeri 
bioluminescence, in practice this luciferase has 
several lsadvantages compared to others. 
When expressed in E. coli, it is unstable at tem- 
peratures above 30"C, whereas the Vibrio haw- 
eyi luciferase is stable up to 37°C (29). The 
most thermostable luciferase, however, comes 
from Photorhabdus lurninescens (formerly Xeno- 
vhabdus luminescens) (14), an entomopathogenic 
symbiont with soil nematodes, with a half-life 
of 3 h at 45°C (31). This can be a matter of 
great import in transfer of the phenotype to 
other bacteria, while other disadvantages are 
specific to toxicity testing. Sample data are 
shown in Fig. 6.10, in which a genetically 
modified bacterium expressing the Photorhab- 
dus luminescens luxCDABE genes constitutively 
was exposed to increasing concentrations of 
3,5-lchlorophenol. Increasing chlorination of 
the phenol ring increases the toxicity of the 

120 1 l o  1 

halogenated phenols by a variety of mecha- 
nisms (86). 

Contaminant-Specific Biosensors 

MERR AND RELATED SYSTEMS 
Mercuric salts are likewise highly toxic due to 
their affinity for sulfhydryl groups on proteins; 
ingestion by humans, after concentration 
through the food chain, results in neurotoxic- 
ity. In many bacteria, mercuric salts are detoxi- 
fied by mercuric reductase, MerA, which re- 
duces mercuric ions to volatile elemental 
mercury, which can diffuse out of the cell (Fig. 
6.1 1). The promoter for the gene merA is con- 
trolled by the activator protein, MerR, which 
is able to bind mercuric ions. In contrast to 
ArsR-like repressors, MERR binds to its opera- 
tor site in both the absence and the presence 
of mercuric ions; however, when bound to 
mercuric ions, MERR undergoes a conforma- 
tional change which distorts the DNA and 
greatly increases the affinity of the promoter 
for RNA polymerase, thus activating transcrip- 
tion. Numerous reports have described re- 
porter organisms using this mercury-activated 
promoter system from various sources. Bonti- 
dean et al. (17) measured the concentration of 
mercury in contaminated soil, using a protein- 
based biosensor (16), a bacterial cell-based bio- 
sensor, and a plant sensor. Both protein and 

0 250 500 750 1000 0 1 2 3 4 

Conc. 3,5-DCP (mg 1-') Log conc. 3,5-DCP (mg I-I) 

FIGURE 6.10 Sample output data for a genetically modified toxicity biosensor. On contact with 3,5-dichloro- 
phenol (3,5-DCP), this biosensor shows increasing light reduction with concentration (conc.), which can be 
transformed to a linear plot by probit transformation, allowing the user to input data to software to compute 
an effective concentration that reduces light output by 50%. After Philp et al. (86). 
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merR 

Regulation L-v-J Mercuric Regulation 
reductase 

Transport of Hg (11) into cells 

FIGURE 6.11 Mercury detoxification system. 

bacterial cell sensors gave accurate mercury 
concentration responses proportional to the 
total concentration measured by atomic ab- 
sorption, while the plant sensor did not. 

Many other detoxification systems are con- 
trolled by similar mechanisms (24). For exam- 
ple, in E. coli, the major chromosomal copper 
and zinc efflux pumps, CopA and ZntA, are 
controlled by the activator proteins CopR 
(CueR) and ZntR, both ofwhich are related to 
MerR (13,22,81,84,116). Both ofthese pro- 
moters have been usedin luminescent biosensor 
organisms (for example, see reference 93). 
Other examples include lead resistance in R. eu- 
tropha CH34 (18) and cadmium resistance in P. 
putida (64). Many other metal-regulated pro- 
moters are known (for reviews, see references 
106 and 107). Many are related to either ArsR 
or MerR; others are of unknown mechanism. 

NAPHTHALENE DETECTION 
The same principle can be applied to certain 
organic pollutants. In this case, the promoters 
used are generally not related to detoxifica- 
tion, but rather related to biodegradation of 
organic compounds as sources of carbon. The 
most fruitful sources of regulated degradative 
operons have been soil bacteria such as Pseu- 
domonas spp. One well-studied example is the 
promoter of the nah operon of Pseudomonas 
catabolic plasmids (Fig. 6.12). Fusions of lux 
to this promoter induce luminescence in re- 
sponse to naphthalene, salicylate, and some 
other aromatic compounds (27). One such 
example, Pseudomonas jluorescens HK44, has 
been released into the field for in situ moni- 
toring of a bioremediation process (94); the 
authors described this as the first genetically 
modified microorganism approved for field 

Naphthalene ---b Salicylate Salicyiate Jt, 2-0x0 - 4 - 
(accumulating hydroxypentanoate 

metabolite) 

Promoter Salicylate Nah R regulatory protein 

The naphthalene regulatory system ofP.Juorescens HK44. After Simp- FIGURE 6.12 
son et al. (108). 
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testing in bioremediation experiments in the 
United States. 

OTHER ORGANICS 
Other examples include detection of hydro- 
phobic compounds by using the promoter of 
the P. putida isopropylbenzene catabolism op- 
eron (101) and detection ofbioavailable BTEX 
compounds by using the promoter of a toluene 
degradative operon (5, 115). Detection of 
chlorobenzoic acid by using thefcbA promoter 
from an Artkrobacter sp. (98), detection of chlo- 
rocatechol by using the ck promoter from P. 
putida (47), and detection of phenol by using 
an Acinetobacter sp. (1) have been reported. 

Toxicity Biosensors for Contaminated 
Soils 
To overcome the lack of availability, a biosen- 
sor to detect toxicity in soils associated with 
PAH was developed to include a biosurfactant 
(46). The biosurfactant was shown to enhance 
the bioavailability of phenanthrene via an in- 
crease in the rate of mass transfer from soil to 
the aqueous phase, and the concentration of 
phenanthrene in the aqueous phase was found 
to correlate well with the corresponding toxic- 
ity data. The authors opined that this biosensor 
system may be applied as an in situ toxicity 
detector in soils. In a later study (28), they in- 
cluded transparent glass beads in the immobili- 
zation matrix, which is reported to enhance the 
stability and sensitivity of the biosensor. Their 
minimum detectable concentration ofphenan- 
threne in soils was approximately equal to 30 
mg kg-'. 

Remote Sensing in Contaminated 
Aquifers 
The construction of a bioluminescent biore- 
porter integrated circuit (BBIC) (108) opened 
up the possibility that bioluminescent biosen- 
sors could be used in locations remote from the 
place of sensor deployment. A BBIC is a device 
consisting of a bioreporter(s) sustained within 
a controlled environment, an integrated circuit 
microluminometer, and a light-tight enclosure 
(79). Complementary metal oxide semicon- 

ductor technology has the potential to minia- 
turize bioluminescent biosensors, and the de- 
velopment of an off-chip wireless BBIC probe 
allows the transmission of data over relatively 
long distances (e.g., around 100 m into a metal- 
structured buillng) (79). This technology may 
allow future deployment of bioluminescent 
toxicity or detection biosensors into contami- 
nated aquifers. 

Biosensor or bioreporter systems based on 
genetically molfied microorganisms provide a 
versatile and sensitive method for the detection 
of almost any stimulus which can cause a bio- 
logical response and are thus in principle highly 
suited to determination of environmental tox- 
icity. As Belkin (10) has pointed out, chemical 
analysis can always provide a more accurate 
quantification of any given chemical species, 
but biosensors have the advantage of detecting 
only the bioavailable portion. However, po- 
tential problems related to specificity of induc- 
tion, the limited range of concentrations over 
which a linear response is likely to be obtained, 
innate variability and difficulties related to the 
use of living organisms, and regulatory factors 
associated with genetically modified microor- 
ganisms must be borne in mind. Increasing field 
experience with biosensors of this type should 
clarifjr these issues within the next few years. 

CONCLUDING REMARKS 
Given that the success of bioremediation de- 
pends upon meeting specific performance cri- 
teria and demonstrating that the reduction of 
contaminant concentrations to safe levels is the 
result of biological activities, monitoring is a 
critical aspect of all bioremelation projects. 
This is especially true for MNA, in which the 
monitoring is the crux of the project. It is also 
key for bioaugmentation, in which demon- 
strating the activity of the added organisms in 
the environment is important. Modern moni- 
toring approaches employ both traltional 
chemical analyses and a variety of biological 
methods, ranging from community structure 
analyses to the use of reporter genes that can 
visually demonstrate the presence of specific 
microorganisms and their metabolic activities 
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in field samples. By employing such monitor- 
ing tools, it is possible to manage and design 
more effective bioremediation technologies. 
Thus, the further development and application 
of monitoring methodologies will be critical to 
the future development of bioremediation and 
its broader application. 
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BIOREMEDIATION OF MARINE 
OIL SPILLS 

Roger Prince and Ronald M.  Atlas 

INTRODUCTION 
Bioremedation offers an environmentally ap- 
propriate and cost-effective response to marine 
oil spills that reach shore and is deservedly part 
of the “tool kit” available to spill responders 
(29, 114). Huge amounts of oil are produced 
at sea, and even larger volumes are shipped; 
unfortunately, there are daily small spills and 
occasional major ones that require remedia- 
tion. Given the staggering scale of daily oil 
usage, which is estimated at close to 3.5 bilhon 
gallons (1.2 X lo1’ liters) per day (2), even the 
spillage of a tiny fraction (estimated at 
<0.0035% in 1997 [46]) means that more than 
150 million liters is spilled into the world’s 
oceans each year. Fortunately, despite the in- 
creasing volume of transported oil, the amount 
spilled from catastrophic spllls has been gener- 
ally decreasing (46). Even in the early 1980s, 
the amount of oil spilled from shipwrecks and 
oil platform blowouts was a little less than the 
amount that entered the sea from natural seeps 
(104), and recent estimates suggest that spas 

have declined to only some 10% of the natural 
input (106). The only exception to the general 
decline of the last few decades was the appalling 
environmental crime in the Arabian Gulf, 
where some have estimated that Iraqi forces 
deliberately released more than 450 million 
gallons (1.6 X lo9 liters) of oil into the sea 
near Kuwait in 1991. An additional 350 million 
gallons (1.2 X lo9 liters) was deposited in the 
Gulf as fallout from the smoke plumes of the 
>700 oil well fires in the Kuwait oil fields (l), 
making this by far the largest release of oil into 
the marine environment to date. 

Even with continuing success in improving 
ship safety and operational practices to prevent 
environmental releases, there remains a contin- 
uing need for environmentally appropriate and 
cost-effective tools for dealing with oil spills, 
both catastrophic and deliberate, when such 
spills inevitably occur. Bioremediation offers 
one approach that works with natural processes 
to minimize the environmental impacts of oil 
spills, and it has already been used with notable 
success in Alaska following the spill from the 
Exxon Vuldez (22, 126). Bioremediation relies 
on oil being consumed by numerous microbial 
species that-over the millennia have evolved to 
exploit it. Safe of &is biodegrada- 
tion is the heart of bioremediation. In this 
chapter, we will give a brief overview of the 
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composition of crude oil and the refined frac- 
tions that may be spilled at sea, discuss the 1- 
versity of organisms able to degrade oil compo- 
nents, and then describe strategies for 
encouraging the growth of such organisms. We 
will describe how bioremediation can be inte- 
grated with physical techniques to deliver an 
optimal cleanup and also discuss the environ- 
mental harm that might be done if bioremedia- 
tion were applied carelessly and how this po- 
tential can be minimized. 

CRUDE OIL AND REFINED 
PRODUCTS 
Crude oil is a fossil fuel, the result of the burial, 
diagenesis, and catagenesis of ancient biomass 
(63, 159). The average age of commercially 
important crude oils is about 100 million years 
(71% was laid down between 180 and 85 mil- 
lion years ago [159], during the Jurassic and 
Cretaceous periods). It is generally accepted 
that aquatic algae, albeit usually with some ter- 
restrial material, gave rise to petroleum, while 
terrestrial plants gave rise to the great coal re- 
serves of the world. The oldest commercially 
valuable oils are from source rocks from the 
Ordovician period (486 million years old), 
while others are as young as the late Tertiary 
period (a few million years old). Unusual 
conditions, such as those at the Guaymas hy- 
drothermal vent site, can even result in the for- 
mation of petroleum from biomass that is only 
approximately 1,000 years old (146), but they 
do not seem to give rise to commercially signif- 
icant amounts of oil. 

Petroleum has been a part of the biosphere 
for millions of years, escaping from under- 
ground reservoirs through seeps on land and 
sea. Some seeps are quite spectacular; for exam- 
ple, the burning gas seeps ofBaku seem to have 
been well known for at least 2,500 years (63). 
Human exploitation of petroleum has included 
its use as a hafting material to glue stone tools 
to wooden handles (19) and for embalming 
(15), but substantial use awaited the 19th cen- 
tury and the need for lamp oil. Terrestrial seeps 
were the first locations to be drilled. For exam- 
ple, the first U.S. well, the 1859 Drake well in 

Pennsylvania, was drilled on a seep site. By the 
1920s, most known terrestrial seep sites had 
been drilled, but marine seeps continue to be 
explored today. It has been estimated that the 
annual input of crude oil into the sea from seeps 
is about 180 million gallons (about 7 X lo8 
liters), accounting for approximately 45% of 
the total input (106). Levy and Lee (85) have 
argued that the biodegradation of this oil con- 
tributes to local food webs and to commercial 
fisheries. 

Modern use of petroleum has substantially 
augmented the amount of petroleum getting 
into the sea, probably doubling it (106). Most 
of this anthropogenic input comes from mu- 
nicipal runoff and routine shipping (106). Al- 
though major tanker spills have serious local 
impacts, their total contribution is now sub- 
stantially less than that of natural seeps. Well 
blowouts, such as Ixtoc-1 in Ciudad del Car- 
men, Mexico, that released 140 X lo6 gal (500 
X lo6 liters) in 1979, can dwarf spills from 
tankers (141). One of the largest tanker spills 
was that from the Amoco Cudiz off Brittany, 
France, in 1978, amounting to about 7 X lo7 
gal (2.5 X lo8 liters) (13). Although these large 
spills grasp the public’s attention, the U.S. 
Coast Guard estimates that 98% of spills from 
vessels are ofless than 1 X lo5 gal (<0.4 X 
lo6 liters) (161). 

Crude oils are principally hydrocarbons, 
molecules composed of only carbon and hy- 
drogen, and the hydrogen-to-carbon ratio is 
typically between 1.5 and 2 (63, 159). There 
is thus a mixture of aliphatic species (predomi- 
nant carbons are -CH2-, either as linear 
chains, known as paraffins, or as rings known 
as naphthenes) and aromatic species (some car- 
bons are in rings as -HC=CH-, although 
there may well be pendant alkyl groups). Al- 
kenes and alkynes, linear unsaturated mole- 
cules, are rare in crude oils, although they can 
be abundant in some refined products, such as 
gasoline. Typically, about 15% of a crude oil 
is comprised of molecules containing heteroat- 
oms such as oxygen, sulfur, and nitrogen. This 
fraction includes compounds known by a vari- 
ety of names, including polars, asphaltenes, res- 
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ins, and NSO (see references 63 and 159). Tis- 
sot and Welte (159) indicate that the average 
composition of 527 crude oil samples is 58.2% 
saturates, 28.6% aromatics, and 14.2% polar 
compounds, although the absolute values vary 
widely for different oils. O n  average, there is 
rough parity between paraffins, naphthenes, 
and aromatics. 

The paraffins (Fig. 7.1) typically span the 
range from a single carbon (methane) up to 
waxes with at least 40 carbons and often more. 
Linear alkanes can make up 15 to 20% of an 
undegraded crude oil, although their content 
can be essentially undetectable or as high as 
35%, depending on the source and reservoir 
conditions. There are also branched alkanes; 
most are in the C6 to C8 range, but pristane 
(CI9H4,J and phytane (C20H42) (Fig. 7.1), mo- 
lecular relics of the phytol chains of chloro- 
phylls and perhaps other biomolecules, are usu- 
ally the most abundant individual branched 

PARAFFINS 

hexadecane 

phytane (3,7,11 ,IS-tetramethyl-hexadecane) 

R 

2,6-dimethyi-decalin hopane 
(2,6-dimethyl-perhydro 

naphthalene) 

AROMATICS 

naphthalene phenanthrene chryoene 

dibenzothiophene 

FIGURE 7.1 
principal molecular classes in crude oils. 

Representative hydrocarbons in the 

alkanes. Pristane is thought to be the result of 
initial partial degradation of phytol in the pres- 
ence of oxygen, while phytane is thought to 
be the result of diagenesis in the absence of 
oxygen (159). 

The naphthenes (Fig. 7.1) include parent 
compounds, such as cyclopentane, cyclohex- 
ane, and decalin, together with their alkylated 
congeners. Tissot and Welte (159) state the av- 
erage composition of the naphthene fraction 
of 299 crude oils as 53.9% one- and two-ring 
naphthenes, 20.4% tricyclic naphthenes, and 
24.9% tetra- and pentacyclic naphthenes. 
These last molecules are among the better 
understood molecular bioniarkers in crude oils, 
and they are used extensively in correlating res- 
ervoirs and source rocks (120), in assigning the 
depositional environment of source rocks 
(120), and more recently as conserved internal 
markers during biodegradation (130). 

Because of the separation procedures used 
in the analysis of crude oils, any molecule 
containing at least one aromatic ring is in- 
cluded in the “aromatic” fraction, regardless 
of the presence of saturated rings and/or alkyl 
substituents. Sulfur aromatic heterocycles, 
such as thiophenes, benzothiophenes, and di- 
benzothiophenes (Fig. 7.1), are included in 
the aromatic category. Indoles and carbazoles, 
usually the most abundant nitrogen-contain- 
ing species, and the less-abundant basic nitro- 
gen species such as quinolines are also in- 
cluded in the aromatic category, but they are 
usually present at much lower concentrations. 
Alkylated aromatic species are more abundant 
than their parent compounds, with mono-, 
di-, and trimethyl derivatives usually being 
most abundant. Nevertheless, the median aro- 
matic structure probably has one or two 
methyl substituents, together with a long- 
chain alkyl substituent (138). 

The polar molecules are the most difficult 
to characterize because they typically cannot 
be analyzed by gas chromatography, the 
method of choice for the molecular characteri- 
zation of hydrocarbons. Petroleum polar com- 
pounds contain heteroatoms such as nitrogen, 
oxygen, and/or sulfur, and the category in- 
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cludes porphyrins, typically with nickel or va- 
nadmm in the tetrapyrole, naphthenic acids 
(Fig. 7.2), and large molecules known as asphal- 
tenes. Some asphaltenes have molecular 
weights in the thousands and even higher, and 
many are suspended in the oil rather than &s- 
solved in it (65). The polar fraction of the oil 
contains the majority of the color centers in 
crude oil, and in isolation these materials are 
&fficult to dstinguish from more recent bio- 
logical residues, such as the humic and fulvic 
acids (26, 136), except with sophisticated tools 
such as isotope analysis. 

Crude oils are classified commercially by 
several criteria, and among the most important 
is the specific gravity. The oil industry uses a 
unit known as API (American Petroleum Insti- 
tute) gravity, defined as [142.5/(specific grav- 
ity)] - 131.5, and expressed as degrees. Thus, 
water has an API gravity of lo", and denser 

representative 
naphthenic acid 

putative 
asphaltene 

FIGURE 7.2 
polar components found in crude oils. 

Representative structures for resin and 

fluids have lower API gravities. Less dense 
fluids, for example most hydrocarbons, have 
API gravities of >lo". For convenience, oils 
with API gravities of >40" are said to be light 
oils, while those with API gravities of less than 
about 16" are said to be heavy. The sulfur con- 
tent of crude oils is another commercially im- 
portant parameter; in general, it is inversely 
proportional to API gravity, typically near 
0.1 % in light oils to sometimes more than 5% 
in heavy oils (63). Viscosity is also important; 
it tends to be proportional to API gravity, but 
it is also highly dependent on the proportion 
of waxes in the oil and is also temperature de- 
pendent (63). 

While the largest spills are invariably crude 
oil, refined products are also transported by sea, 
and of course all large vessels carry substantial 
quantities of fuel oil, typically a bunker fuel. 
Recent spills of refined product include the 
1996 spill of 86,000 gal of no. 2 heating oil 
and 93,000 gal of heavy fuel oil from theJulie 
N in Portland Harbor, Maine (135), and the 
2001 spill of 160,000 gal of diesel fuel and 
80,000 gal of bunker fuel from the Jessica in 
the Galapagos Islands (33,44). Bunker fuels are 
viscous residual fuels, made from what is left 
after lighter refined products, such as gasoline 
and diesel fuels, have been removed by distilla- 
tion. 

HYDROCARBON BIODEGRADATION 
The biodegradation of hydrocarbons under 
aerobic condtions, which are characteristic of 
most marine surface waters and many coastal 
shorelines, has been studied in some detail, and 
many reviews that cover the microbiology and 
biochemistry of the process, on both broad (5, 
56, 79, 123, 147) and specific (23, 39, 43, 59, 
71, 142, 162, 167) aspects, are available. Here, 
it suffices to say that the vast majority of hydro- 
carbons are biodegradable under aerobic con- 
ditions, with exceptions being some molecules 
with a number of tertiary carbons, such as the 
hopanes (127 [although see references 18 and 
501). Refined products such as gasoline (147) 
and diesel (45) fuels are essentially completely 
biodegradable under aerobic conditions. Other 
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oil components, such as some oil resins and 
polar molecules, seem resistant to biodegrada- 
tion, and it is obvious that road asphalt is not 
readily biodegraded, so not all molecules in a 
crude oil can be expected to disappear by bio- 
degradation. McMillen et al. (96) examined the 
short-term biodegradability of 17 crude oils in 
soil microcosms as a function of 78 different 
parameters that might determine the extent of 
biodegradation. These included 67 indvidual 
chemical species, percent sulfur, etc. They 
found that the API gravity was the most useful 
prehctor of biodegradability of the most de- 
gradable fraction of the oils. At 0.5 wt% oil in 
a sample with appropriate nutrients, moisture, 
and aeration, more than 61% of the most de- 
gradable oil (API, 46”) was lost in 4 weeks, 
while only 10% ofthe least degradable oil (API, 
15”) was consumed under the same conditions. 
Further degradation occurred on a longer 
timescale, and the literature reports biodegra- 
dation potentials as high as 97% for particularly 
light oils (123). 

Many of the concerns about the adverse en- 
vironmental impacts of a spill are related to the 
bioavailability of individual hydrocarbons, par- 
ticularly those on the U.S. Environmental Pro- 
tection Agency (EPA) list of Priority Pollutants 
(76), such as the polycyclic aromatic hydrocar- 
bons. Polycyclic aromatic hydrocarbons are a 
minor constituent of crude oils (159), but they 
have important toxicological properties (38, 
66). There are several pathways for the degra- 
dation of such compounds in prokaryotes and 
eukaryotes (72, 124), but there is an important 
distinction between biodegradation carried out 
by many microorganisms and that carried out 
by animals. Many bacteria degrade polycyclic 
aromatic hydrocarbons to carbon dioxide, 
water, and biomass, starting the process with 
dioxygenase enzymes that insert both atoms of 
molecular oxygen into the substrate to form 
first the cis-dihydrodiol and then the hydroqui- 
none (Fig. 7.3). The hydroquinone can then 
be metabolized to carbon &oxide and water, 
and some is incorporated into biomass. Ani- 
mals, fungi, plants, and some bacteria initiate 
the process with rather dfferent enzyme sys- 

tems, known as cytochrome P450s, from their 
prominent absorption band when treated with 
carbon monoxide (1 12). Cytochrome P450 in- 
serts only one of the two atoms of oxygen in 
an oxygen molecule into the substrate, forming 
an epoxide (Fig. 7.3). This may undergo sec- 
ondary reactions that lead to its excretion as an 
adduct with sugars, anions, etc., but it may also 
intercalate and form adducts with DNA (98, 
112). It is thus obviously preferable that poly- 
cyclic aromatic hydrocarbons be degraded by 
bacteria rather than eukaryotes, and facilitating 
such a preference is one of the corollaries of a 
successful bioremediation protocol. 

In the last decade, it has become abundantly 
clear that the anaerobic biodegradation of hy- 
drocarbons is also a widespread phenomenon. 
Small water-soluble aromatic compounds, such 
as benzene and toluene, have been shown to 
undergo biodegradation under sulfate-reduc- 
ing, nitrate-reducing, perchlorate-reducing, 
ferric ion-reducing, humic acid-reducing, and 
methanogenic conditions (30, 89, 121, 149), 
and this phenomenon is proving important in 
remediating terrestrial spills where these com- 
pounds have reached groundwater (17, 37, 64, 
90). Larger hydrocarbons, such as n-alkanes up 
to (28) and two-, three-, and four-ring 
aromatic hydrocarbons (36,97), have also been 
seen to be biodegraded under anaerobic condi- 
tions, and this may be important if oil spills 
impact anaerobic environments, such as 
marshes. 

Most hydrocarbons are insoluble to any 
great extent in water (118, 174-176), so their 
biodegradation must take place at the hydro- 
carbon-water interface. This leads to a funda- 
mental limitation to hydrocarbon biodegrada- 
tion in the environment; physical processes 
such as the formation of tar balls (77, 53) and 
“pavements” along shorelines (55, 115-1 17) 
(where oil and particles become fully saturated 
with each other and exclude water) sequester 
oil from the oil-water interface and thereby 
preserve the oil from biodegradation. This 
preservation can be furthered by the generation 
of a photochemically oxidized and polymer- 
ized “slun” on tar balls and pavements, identi- 
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FIGURE 7.3 An overview of 
the initial reactions of aromatic hy- 
drocarbon activation in hydrocar- 

and in animals. In polycyclic aro- 
matic hydrocarbons (76), the aro- 
matic ring shown would be part of 
a multiring structure. More details 
can be found elsewhere (124). 

bon-degrading microorganisms 0 

V 

COz and H20 

fied by loss of polycyclic aromatic hydrocar- 
bons and an increase in polar material in the 
oil (51). Tar balls and pavements are unlikely 
to biodegrade at a significant rate until the sur- 
face area available for microbial colonization is 
enhanced, perhaps by physical hsruption such 
as tilling (143). 

Even in the absence of the formation of tar 
balls and pavements, processes that increase the 
surface area of spilled oil are likely to increase 
the rate of biodegradation. A natural phenome- 
non originally termed “clay-oil flocculation” 
(20) and now termed “oil-mineral fines inter- 
actions” (81, 168), in which oil forms stable 
microaggregates with small mineral particles, 

is one mechanism whereby the surface area is 
enhanced. Mineral fines are present in most 
marine environments, and the formation of oil- 
mineral microaggregates that can be washed 
from the shoreline is probably an important 
contributor to natural cleansing of oiled shore- 
lines, provided that oil does not form pave- 
ments (21). Recent work has shown that the 
process also stimulates biodegradation (168), so 
not only does oil leave an oiled shoreline, but 
also it is biodegraded more rapidly. As we shall 
see below, dispersion of oil with carefully tai- 
lored oil dispersants is another way of dramati- 
cally increasing the surface area of oil in water. 
Dispersion has been shown to stimulate bio- 
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degradation (152) and hence to lower the envi- 
ronmental impact of an oil spill. Oil from many 
major spills that has moved away from shore- 
lines and been dspersed at sea due to storms 
has caused no detectable ecological impacts. 

HYDROCARBON-DEGRADING 
MICROORGANISMS 
Aerobic hydrocarbon-degrading microorga- 
nisms have been found in almost all ecosystems 
that have been diligently searched (94, 125). 
This includes Arctic and Antarctic marine se&- 
ments and terrestrial soils and essentially all lo- 
cations in between. Anaerobic environments 
have not been studied so thoroughly, but again 
hydrocarbon-degrading strains seem abundant 
in most environments. The only exception to 
date seems to be hyperthermophilic environ- 
ments, and indeed it is thought that one reason 
for the preservation of oil in reservoirs is that 
the oil was sterilized by being heated to 80 to 
90°C during burial and diagenesis (170). 
Nevertheless, Buciflus themofeovoruns strains 
able to grow on alkanes at temperatures from 
50 to 80°C have been isolated recently (75), so 
it may be premature to completely discount the 
potential existence of hyperthermophilic oil- 
degrading microbes. 

Organisms able to use hydrocarbons as the 
sole source of carbon and energy have been 
found in the domains Bacteriu and Archaeu and 
fungi, and some algae are able to degrade at 
least some hydrocarbons (124). Most members 
of the Eukavya containing cytochrome P450 
and peroxidase systems, includmg fish and 
mammals, activate and initiate metabolism of 
polycyclic aromatic hydrocarbons, although 
this is typically a prelude to excretion rather 
than mineralization. Unfortunately, as dis- 
cussed above, this also can lead to the genera- 
tion of carcinogens (98). 

The taxonomy of microorganisms remains 
only poorly characterized, but to date more 
than 60 genera of aerobic bacteria, 5 genera of 
anaerobic bacteria, 2 genera of aerobic archae- 
bacteria, 9 genera of algae, and 95 genera of 
fungi have been shown to contain species that 
can degrade at least some hydrocarbons (124). 

Given the ease of exchange of genes for hydro- 
carbon degradation between organisms (60, 
78), we may confidently expect that many 
more species will be discovered. The distin- 
guishing feature of oil-degrading microorga- 
nisms is their ability to somehow activate the 
hydrocarbon, either aerobically by inserting 
one or two oxygen atoms or anaerobically by 
adding some other moiety, such as fumarate or 
carbon dioxide (12, 14, 58, 124, 149, 169, 
177). Such activation, and perhaps a few subse- 
quent reactions unique to hydrocarbon metab- 
olism, allows the hydrocarbon to enter the 
standard cellular pathways of metabolism. 

Oil-degrading microorganisms may be 
ubiquitous, but they are typically only a small 
fraction of the biota of an uncontaminated site, 
probably because they are substrate limited. An 
oil spill removes this limitation, and there is 
generally a bloom of hydrocarbon-degrading 
organisms so that they become a major fraction 
of the microbial population. Modern molecu- 
lar tools allow us to monitor these changes at 
the species level (32, 54, 67, 68, 70, 73, 74, 
150, 156, 163), and it is reasonable to imagine 
that this approach may be developed to provide 
indications of when the environmental impact 
of a spill has diminished to prespill conditions. 

Public perception of bioremediation seems 
to revolve around the use of genetically modi- 
fied organisms, but this is far from the truth. 
Perhaps the conviction stems from the fact that 
the first patent for a generically engineered mi- 
croorganism was for one that degraded hydro- 
carbons (31), but to our knowledge no geneti- 
cally modified organism has been released as 
part of an oil bioremediation response. Geneti- 
cally modified organisms are, however, prov- 
ing useful for monitoring hydrocarbon con- 
tamination and its remediation (9, 25, 93, 148, 
151, 173). Typically, a light-emitting system, 
such as the fuc or lux system, is inserted inimedi- 
ately after a gene in the early metabolism of a 
hydrocarbon. Then when the organism acti- 
vates its hydrocarbon degradation system, it 
emits light. In fact, a bioluminescent geneti- 
cally engineered Pseudomonas Juoyescens strain 
has been approved for field testing as a reporter 
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of naphthalene biodegradation (137) and been 
used in semicontained soil bioreactors. 
Whether genetically engineered microorga- 
nisms will ever play a role in bioremediation 
in the marine environment, perhaps organisms 
engineered to degrade particularly recalcitrant 
chemical species, awaits a resolution ofthe reg- 
ulatory uncertainties surrounding this technol- 
ogy (178). Given the ubiquity of oil-degrading 
microorganisms in the biosphere, however, ge- 
netically modified organisms will need to have 
remarkable properties to enable them to sur- 
vive and compete with the indigenous biota. 

Similar considerations probably apply to ad- 
dition of unmodified oil-degrading microorga- 
nisms to a spill site. As we shall see below, there 
have been several attempts to add selected 
strains (139,140) or indigenous bacteria grown 
to a high cell density (166) but little evidence 
indicating success. 

BIOREMEDIATION OF OIL 
CONTAMINATED MARINE 
ECOSYSTEMS 
Knowing that the majority of molecules in 
crude oils and most refined products are biode- 
gradable, the question becomes “HOW can bio- 
degradation be relied on, and even stimulated, 
to remove hydrocarbons from the environ- 
ment to minimize the environmental impact 
of a spill?” It is probably not surprising that 
there are several answers to the question. Three 
principal approaches have been suggested, and 
all have been tried: natural attenuation (reliance 
on natural biodegradation activities and rates), 
which is sometimes called intrinsic bioremedi- 
ation; biostimulation (stimulation of natural ac- 
tivities by environmental modification, such as 
the addition of a fertilizer to increase rates of 
biodegradation); and bioaugmentation (addi- 
tion of exogenous microorganisms to supplant 
the natural degradative capacity of the im- 
pacted ecosystem). Bioaugmentation receives 
great attention from entrepreneurs but has not 
been clearly demonstrated to be effective or 
necessary. 

Natural attenuation, which involves a total 
reliance on naturally occurring biodegradation 

to remove an environmental pollutant, in- 
volves no intervention to alter the natural fate 
of a pollutant. The problem for oil spill reme- 
diation is that the process is often very slow 
and sometimes incomplete, especially if physi- 
cal processes lead to the generation of tar balls 
and pavements. Thus, it does not necessarily 
remove toxic substances fast enough to pre- 
clude adverse ecological consequences. Never- 
theless, natural attenuation has become the 
method of choice in many cases, particularly 
in Europe, for treating marine crude oil spills. 
Given the wave action that tends to move oil 
off many European coasts, this approach has 
been used in a variety of spills along the British 
and French coastlines, for example, in the case 
of most of the shorelines of Brittany impacted 
by the Arnoco Cadiz spill (13). 

The second approach, biostimulation, aims 
to accelerate a natural process through envi- 
ronmental modification. The specific treat- 
ments for contaminated environments using 
this approach depend upon the specific rate- 
limiting factors of that environment. Biostimu- 
lation requires that microorganisms capable of 
degradmg the pollutant are already naturally 
present in the contaminated ecosystem. For ex- 
ample, in the case of an oil spill impacting a 
shoreline where hydrocarbon-degrading pop- 
ulations are always present, a nitrogen and 
phosphorus fertilizer can be added to remove 
rate-limiting factors. This increases the rates of 
oil biodegradation by allowing greater growth 
of hydrocarbon-degradmg microorganisms, 
just as addition of an agricultural fertilizer en- 
hances plant growth. Again, this approach re- 
lies upon natural biodegradative processes that 
would occur anyway, but through human in- 
tervention the rates of biodegradation are stim- 
ulated. This approach to bioremediation can be 
very beneficial, but it is not instantaneous-the 
environmental impact of an oil spill can be re- 
duced from decades to years, but the impact 
cannot be instantly or fully mitigated. It was 
this approach that was used to treat the Exxon 
Valdez oil spill, in which fertilizer was applied 
to more than 120 km of oiled shorelines (22, 
126). 
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Finally, bioaugmentation involves the addi- 
tion of living organisms or enzymes to augment 
naturally occurring biological populations. A 
number of companies market cultures of mi- 
croorganisms for the biodegradation of specific 
pollutants. In most cases, there are no standard- 
ized tests and no licensing requirements, and 
many of the cultures that are marketed seem 
to be ineffective and are widely perceived as 
modern “snake oil.” While bioaugmentation 
may be appropriate to consider in other situa- 
tions, perhaps with compounds that have not 
been part of the biosphere for so long, there 
have been no clear demonstrations that it is 
useful for treating marine oil spills. 

Before the dfferent technologes that might 
be applied in different situations are addressed, 
it is appropriate to reiterate some of the findings 
discussed above. 

1. The majority of hydrocarbons in crude 
oils and refined products are biodegradable, at 
least under aerobic condtions, and should 
eventually disappear from the biosphere 
through biodegradation. 

2. Most hydrocarbons are not very soluble 
in water, and biodegradation is likely to be lim- 
ited by the surface area available for microbial 
colonization. 

3. Crude oils and refined products are a rich 
source of carbon and energy for the degrading 
microorganisms, but they lack other essential 
nutrients. Oxygen is typically not limiting in 
most marine, lacustrine, and riverine environ- 
ments, but bioavailable nitrogen, phosphorus, 
and perhaps various trace elements may be, es- 
pecially in the case of large spills. Oxygen is 
probably limiting in marshes and mangroves. 

4. Oil-degrading microorganisms are es- 
sentially ubiquitous, so any added as part of a 
bioaugmentation approach would need to have 
remarkable properties to survive and compete. 

Oil on Water 
Oil spilled on water usually floats, and the first 
imperative is to collect it. This is quite feasible 
in the case of small spills but unlikely to be 
effective for larger spills. The usually preferred 

response is to disperse oil that cannot be col- 
lected, using carefully chosen dispersants (35, 
47,83, 105). Modern dispersants have only low 
to moderate toxicity (52), less than that of the 
spilled oil, and the environmental benefits from 
using them instead of allowing oil to reach sen- 
sitive shoreline habitats are becoming generally 
appreciated (1 19). There are sound theoretical 
reasons to believe that dispersion should stimu- 
late biodegradation, both because of the larger 
surface area available for microbial colonization 
and because some surface-active agents stimu- 
late biodegradation, perhaps by making some 
components more bioavailable. In this regard, 
Varadaraj et al. (164) have shown that the sor- 
bitan-based surfactants used in the Corexit 
range of dispersants and beach cleaners stimu- 
late oil biodegradation. Dispersants do indeed 
dsperse oils into tiny droplets that become 
broadly scattered in the water column; how- 
ever, it is difficult to monitor the biodegrada- 
tion of dispersed oil in a thoroughly realistic 
way. There is the potential drawback that the 
dispersant, added at perhaps 5 to 10% of the 
oil volume, is itself biodegradable and like the 
spilled oil contains little nitrogen or phospho- 
rus. The biodegradation of the dispersant thus 
competes with the biodegradation of oil for 
potentially limiting nitrogen and phosphorus 
sources, but the dilution that follows successful 
dispersant application makes it likely that natu- 
ral background levels of nutrients will be suffi- 
cient for rapid biodegradation of both disper- 
sant and oil. Swannell and Daniel (152) 
demonstrated this in quite large (15-liter) mi- 
crocosms with low nutrient concentrations 
typical of United Kingdom coastal and estuar- 
ine waters. The obvious next step, of incorpo- 
rating nitrogen fertilizers into dispersant pack- 
ages, has been described in several patents (see 
reference 123), but as far as we know, none 
of these is commercially available or has been 
demonstrated to be effective in actually treating 
an oil spill. 

Although not intended to directly stimulate 
oil biodegradation, dispersants have been 
widely used in response operations for recent 
spills, including the 1996 Sea Empress spill off 
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the south coast of Wales (91), the 1997 Sun 
jorge spill off the east coast of Uruguay (109), 
and the 1998 IDOHO-QIT offshore pipeline 
oil spill off the west coast of Nigeria (1 10). In 
these cases, the dispersal of the oil minimized 
coastal impacts, and it seems likely that the in- 
creased oil surface area enhanced the rates of 
biodegradation. 

Bioremediation, by the adcjltion of oleophi- 
lic fertilizers, has been suggested as a response 
to floating oil (7, 8), but this remains untested 
to any great extent. Some have suggested that 
“seeding” oil slicks with oil-degrading bacteria 
ought to be a practical way of stimulating the 
biodegradation of spilled oil (61). It has only 
been tried once at sea to our knowledge, on 
the 1990 spill from the Mega Bog in the Gulf 
ofMexico (84), and there was no evidence that 
biodegradation had been stimulated. This is in 
line with our expectation, as noted above, but 
it is only fair to note that logistical problems 
involved in monitoring the bioremecjlation 
were not settled before the spill dispersed. A 
major issue is the need to have large quantities 
of bacteria available soon after a spill; other- 
wise, the spill is likely to cjlsperse or come 
ashore before the seeding can occur. 

Oil on Shorelines 
Oil that is not dispersed at sea, or burned (24, 
103), usually lands on a shoreline, either as a 
more or less contiguous slick, as occurred after 
the Exxon Vuldez (107), Sea Empress (91), and 
Arnoco Cudiz (13) spills, or as tar balls as in the 
Ixtoc-1 well blowout (11). It is important to 
recognize that amenity beaches, and those that 
are accessible, will usually be cleaned by the 
physical removal ofas much oil as possible (e.g., 
see references 91 and 107). The traces of oil 
left after such operations are prime cancjldates 
for bioremediation. The physical cleanup of 
bulk oil is important, because as discussed 
above, thick layers of oil are likely to form 
pavements that will be quite resistant to rapid 
weathering (1 15, 116). Oiled sands are typically 
removed from the shoreline and discarded in 
secure landfills (e.g., reference 144), although 
it is unusual for such material to contain more 

than a few percent oil by weight. Relatively 
porous cobble beaches are poor candidates for 
this removal, and washing is often used (99, 
107). Nondispersing surfactants significantly 
improve the effectiveness of shoreline washing 
and allow the oil to be retained in booms and 
recovered (99), and this seems a particularly 
promising approach for areas where human in- 
trusion is difficult or damaging, such as man- 
groves and swamps (157). Some of these prod- 
ucts contain sorbitan-derived surfactants, 
which themselves stimulate biodegradation 
(164), so traces that are uncollected may have a 
secondary beneficial effect on natural recovery. 

Bioremediation really comes into play once 
oil has been reduced to a relatively thin coating 
on the beach material. Excellent reviews have 
covered early work in this field (4-6, 57, 80, 
82, 96, 123, 154), and we will focus on the 
most recent work. There is now little doubt 
that the vast majority of aerobic marine and 
estuarine environments are nitrogen limited for 
hydrocarbon degradation if there is a significant 
spill and that biodegradation will be stimulated 
if this limitation is overcome by the careful ap- 
plication of fertilizers. This was proved in the 
case of the bioremediation of the Exxon Valdez 
spill (22) and seems to be generally true (82, 
95,101,129,130,134,155). Typical enhance- 
ments are two- to fivefold (22, 129, 130, 155, 
166), and while at first glance this may seem 
slight, it can mean a difference of years for re- 
covery. Since most marine and estuarine envi- 
ronments are tidal and/or have significant 
water flow, small oil inputs may not over- 
whelm the natural delivery of background nu- 
trients. This is especially true if the environ- 
ment is naturally rich in bioavailable nitrogen, 
such as estuaries with agriculture in their wa- 
tersheds. In such situations, it is unsurprising 
that the biodegradation of more resistant com- 
ponents, such as the polycyclic aromatic hy- 
drocarbons, in a small experimental spill is not 
markedly stimulated by the addition of nu- 
trients (166), since the natural delivery of nu- 
trients can supply all that is needed for a small 
plot. It is reasonable to expect that a larger spa  
could deplete even these environments and 
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that addition of fertilizer could then stimulate 
biodegradation. 

There may be additional limiting nutrients 
besides nitrogen; phosphate is often a limiting 
nutrient (41), and it is usually added as part of 
any fertilizer strategy. Iron is often limiting in 
marine environments (41), and its addition has 
been shown to stimulate oil degradation in sea- 
water (39). Addition of low levels of vitamins, 
perhaps as yeast extract, is a common part of 
microbial medium preparation, and it has been 
shown to stimulate oil-degrading microorga- 
nisms (133). None of these additional nutrients 
(phosphate, iron, etc.) has been actually proven 
to be effective in the field, but the cost of add- 
ing them is low, and the potential risks of sig- 
nificant adverse environmental impact are also 
low, so it seems appropriate to include them 
in a bioremediation strategy (129, 130). 

Several dfferent fertilizer application strate- 
gies have been tried, and most have been suc- 
cessful. Oleophilic fertilizers, designed to ad- 
here to the oil and deliver nutrients directly to 
the oil-degrading microbes (7), were used with 
success in Alaska (22). These fertilizers were 
applied with airless sprayers deployed fiom 
small boats that could approach the shoreline. 
Slow-release formulations, again designed to 
preferentially deliver nutrients to the oil-de- 
grading microbes rather than have them wash 
out of the shoreline (1 1 l), were also used suc- 
cessfully in Alaska (126) and on an experimen- 
tal spdl in Spitsbergen (130, 131). In those 
cases, they were applied by workers using 
broadcast spreaders walking on the beaches. 
Slow-release fertilizers were encased in “socks” 
to keep them in a steep shingle beach in south 
Wales following the Sea Empress spill (155). 
Soluble agricultural fertilizers, applied as dry 
solids, have been used with success by Lee and 
his colleagues in many years of field work in 
Canada (see references 80, 82, 124, and 154) 
and in an experimental spill in Spitsbergen 
(129, 130). Soluble nutrients were applied in 
solution every day in a Delaware Bay field trial 
(166). The most important requirement is that 
the nitrogen be made available at the oil-water 
interface for long enough that the oil-degrad- 

ing microbes have an opportunity to become 
well established; the precise form of the nitro- 
gen in the fertilizer seems to be of secondary 
importance. The amount of nitrogen is a mat- 
ter for careful consideration; too much may 
have an adverse environmental impact, and too 
little may have a suboptimum effect. Boufadel 
et al. (19) have suggested that 2.5 mg of nitrate 
(N) (180 pM) is optimal for the biodegradation 
of heptadecane at 2 g kg of sand-’, and this 
seems a quite reasonable number. It compares 
with 50 to 200 pM measured in beaches 
undergoing bioremediation in Alaska (22). An 
important simplification for monitoring bio- 
remediation was demonstrated in a field trial 
in Spitsbergen (130, 131), where it was shown 
that simple colorimetric field test kits could 
measure the delivered nutrients in beach inter- 
stitial water taken from pipe wells installed into 
the oiled sediment. This allows for optimizing 
fertilizer application on that beach, and it 
would also provide guidelines for fine-tuning 
fertilizer applications on the next section of 
shoreline to be treated in a full-scale bioreme- 
diation operation. 

We note that several groups have addressed 
the determination of the optimum Nfertilizrr: 

Coil ratio for stimulating biodegradation, but 
the reality is that it is almost impossible to make 
accurate estimates of how much oil is on a 
beach, even if several “representative” samples 
are analyzed. Most measurements suggest that 
oil loadings follow a log-normal distribution 
(see reference 86) ,  and there are dramatic 
ranges in most studies. It thus seems more ap- 
propriate to aim for 100 to 200 pM available 
nitrogen in the interstitial water rather than an 
amount proportional to the amount of oil. 

Experiments to assess which chemical form 
of nitrogen might be most effective are compli- 
cated by the fact that ammonium fertilizers 
tend to cause acidification of the medum in 
closed systems, which in turn inhibits microbial 
activity (48). Such an effect is unlikely to hap- 
pen in an open system, and ammonium, ni- 
trate, urea, and polymerized forms of urea have 
all been used with success. Clearly, the physical 
release properties will have implications for 
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how frequently fertilizer must be applied; 
slow-release and oleophilic fertilizers are likely 
to last longer on a shoreline and thus need to 
be reapplied less frequently. For example, 
Swannell et al. (155) saw equivalent results 
from a weekly application of a soluble fertilizer 
and a single application of a slow-release fertil- 
izer over 2 months, and clearly the latter is lo- 
gistically much simpler and less expensive. 

As we have discussed above, public percep- 
tion is that bioremediation involves the ad&- 
tion of oil-degrading microorganisms and that 
bioaugmentation with genetically engineered 
microorganisms is being used, but this is un- 
true. Many studies have found no benefit to 
inoculating oiled se&ment with extra bacteria 
(5, 6, 57, 80, 82, 123, 154, 158). Perhaps the 
most startling demonstration was made by the 
U.S. EPA when testing potential inoculants for 
stimulation of oil biodegradation in Alaska fol- 
lowing the Exxon Vuldez oil spill (165). Eight 
products were tested in small laboratory reac- 
tors that allowed substantial degradation of oil 
by the indigenous organisms of Prince William 
Sound; all eight microbial inocula had a greater 
stimulatory effect on alkane degradation if they 
were sterilized by autoclaving prior to addition! 
This suggests that the indigenous organisms 
readily outcompeted the added products, but 
that autoclaving the products released some 
trace nutrient that was able to stimulate the 
growth of the endogenous organisms. Never- 
theless, commercial inocula are still being used, 
for example on the Nukhodku spill on the 
northern coast ofJapan (62, 160), but convinc- 
ing chemical analyses to show a stimulation of 
biodegradation are not yet forthcoming. 
Rather than adding commercial inocula, an al- 
ternative approach is to enrich indigenous or- 
ganisms from the oiled site and reinoculate 
them as part of the bioremediation strategy. 
This was tried by the U.S. EPA on an experi- 
mental spill in the Delaware Bay (166) but 
again without significant benefits. 

An approach that combines addition of ex- 
ogenous bacteria and a polymerized urea fertil- 
izer known as F-1, to which they are uniquely 
adapted, has been championed by Rosenberg 

et al. (139, 140). This is an intellectually in- 
triguing approach that attempts to deliver use- 
ful nitrogen to only the added oil-degrading 
bacteria by using a fertilizer that they seem al- 
most uniquely able to use. The combination of 
fertilizer and inoculum was used on a relatively 
small spill (100 tons of a heavy crude oil) on a 
sandy beach in Israel, and significant success 
was claimed. Unfortunately, as we have dis- 
cussed before (125), the analytical tools used to 
assess biodegradation were not the most appro- 
priate, and the success may have been overesti- 
mated. No further work on the use of this ap- 
proach to remediating marine oil spills seems 
to have been published. 

Oil in Marshes and Mangroves 
Much less work on the bioremediation of oil 
in marshes and mangroves has been reported. 
These environments typically have lush vege- 
tation and anaerobic conditions within a few 
millimeters of the water-sediment interface. 
Fortunately, oil does not usually penetrate 
deeply into such sediments, but cleaning them 
is a difficult challenge, not least because they 
are so susceptible to physical damage just by 
human intrusion. Bioremediation by ad&ng 
fertilizer seems to be effective in the aerobic 
parts of these environments (27, 69, 87, 145, 
172), but this is not so clear in flooded, anaero- 
bic situations. Nevertheless, even in the ab- 
sence of a clear demonstration of increased rates 
of oil removal, there can be clearly beneficial 
effects of bioremediation on the indigenous 
plants (42). 

While anaerobic bioremediation is becom- 
ing well established for terrestrial spills, espe- 
cially of gasoline, it has yet to be used with 
success in the marine environment, to our 
knowledge. 

DEMONSTRATING EFFICACY OF 
BIOREMEDIATION FOR MARINE 
OIL SPILLS 
It has been a major challenge to provide statisti- 
cally significant evidence that bioremediation 
is truly effective in removing oil from a shore- 
line. It sounds relatively simple; surely one 
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measures the amount of oil in two representa- 
tive sections of shoreline, 'applies fertilizer to 
one, and returns after some reasonable time to 
measure the amount of oil remaining. How- 
ever, there are several reasons why this is com- 
plex. The major one is that the heterogeneity 
of the natural world leads to huge uncertainties 
in the amount of oil in a section of beach: the 
amount of oil in a subsample can be measured 
with a high degree of precision, but replicate 
samples can be quite different, and estimates 
for the amount of oil in a section of shoreline 
tend to be log-normally distributed (see refer- 
ence 86). This can be attributed both to the fact 
that oil rarely arrives on a beach in a uniform 
manner and to the broad range of sizes of parti- 
cles, whether sand, gravel, or cobble, even with 
careful sampling. Furthermore, most beaches 
are very active environments, and physical 
movement of oil can occur with each tide. 
Therefore, more sophisticated approaches must 
be used, and a tiered approach seems appropri- 
ate. We have found that answering the follow- 
ing series of questions can provide the necessary 
confidence to assess whether bioremediation is 
indeed working (22, 126, 129-131). 

1. Have fertilizer nutrients been deliv- 
ered to the oiled sediment? Fertilizer is typi- 
cally applied to the surface of oiled sediments. 
Does it penetrate to the oiled zone, which is 
typically beneath the very surface of the shore? 
We have installed simple wells in some cases 
to allow sampling of interstitial fertilizer from 
within the oiled zone and found that simple 
colorimetric tests are adequate to measure the 
levels of nitrate and ammonium in the water. 
A representative data set is shown in Fig. 7.4A. 
The data come from an experimental spill near 
Sveagruva, Spitsbergen (approximately 78"N, 
17"E), in the summer of 1997 (129, 130). Lo- 
gistical constraints necessitated the application 
of fertilizer on two days only 9 days apart. We 
used a mixture of soluble and slow-release fer- 
tilizers because we were concerned that low 
temperatures (interstitial water, 4 to 9 O C )  and 
relatively recently applied oil (7 days prior to 
the application of fertilizer) might inhibit nu- 

trient release from encapsulated fertilizers. In 
fact, the data, measured with field test kits (K- 
6902, K-1510, and K-8510 kits; Chemetrics, 
Calverton, Va.), showed that nutrients were 
indeed delivered at approximately the desired 
levels (100 to 200 IJ.M total nitrogen, approxi- 
mately equal contributions from nitrate and 
ammonium). 

2. Is microbial activity stimulated by 
the addition of fertilizer? A decrease in the 
level of dmolved oxygen in the interstitial 
water (129-131), an increase in C 0 2  evolution 
from the beach (130, 131, 153), an increase 
in the size of the population of hydrocarbon- 
degrading microbes (128, 131), and an increase 
in the mineralnation of radiolabeled hydrocar- 
bon substrates in the laboratory (88) have all 
been used to address this question. Measure- 
ments of dissolved oxygen and C 0 2  can be 
made on the beach and so are by far simplest. 
Figure 7.4B shows a representative set of mea- 
surements of dissolved oxygen in the interstitial 
water on the fertilized shoreline for which re- 
sults are shown in Fig. 7.4A (130, 131); it is 
clear that the dissolved oxygen levels are lower 
on the portion of the beach that received fertil- 
izer, strongly suggesting increased microbial 
respiration. Figure 7.4C shows concomitant 
measurements of the rate of C02  evolution 
from the beach, made with a portable infrared 
spectrophotometer (153). Logistical constraints 
allowed measurements on only four days, but 
it is clear that there was substantially more CO2 
evolution from the fertilized part of the beach 
than from the unfertilized part. Of course, this 
does not prove that the C02 came from the 
oil, but it at least demonstrates that microbial 
activity was enhanced by the fertilizer applica- 
tion. 

A more definitive approach is radiorespi- 
rometry, although it requires a licensed labora- 
tory and sophisticated equipment. In this tech- 
nique, a I4C-labeled substrate is added to 
sehment samples, and the evolution of 14C02 
is monitored. Lindstrom et al. (88) used this 
approach with sedments fertilized as part of the 
bioremedation operations in Prince William 
Sound following the spill from the Emon Vul- 



282 PRINCE AND ATLAS 
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FIGURE 7.4 Some representa- 
tive data obtained in a field trial of 
bioremediation on a beach near 
Sveagruva, on Spitsbergen in the 
summer of 1997. (A) Amounts of 
“fixed nitrogen” (nitrate plus an- 
monium) in interstitial water taken 
&om fertilized and unfertilized 
portions of the beach. Note that 
the scale is logarithmic and that the 
line drawn through the data is 
merely to guide the eye. Error bars 
represent standard errors for each 
point, and those at 1 pM are esti- 
mates of the lower detection limit 
of the colorimetric test luts used. 
Further details can be found in ref- 
erence 131. (B) Measurements of 
dissolved oxygen in that interstitial 
water. Again, the line is merely to 
guide the eye, and the error bars are 
estimates of standard error. (C) 
Measurements of the rate of C 0 2  
evolution from undisturbed 
beach. Data were collected on 
only four days, but the timescale is 
the same as for the other panels to 
allow ready comparison. The dot- 
tedlines are shown merely to guide 
the eye; we have no evidence that 
the data follow a straight line, but 
numerous measurements of un- 
oiled, unoiled but fertilized, and 
oiled unfertdized plots (131) led us 
to extrapolate to equivalent rates 
for all sections before fertihzer ap- 
plication. We note that these data 
demonstrate the variability typi- 
cally seen in the field and that the 
simplistic statistical treatment here 
was verified with more rigorous 
approaches in the cited references. 
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dez .  Samples were collected &om fertihzed and 
unfertilized portions of beaches and incubated 
with [14C]hexadecane or [14C]phenanthrene, 
and the evolution of l4COZ was determined 
after 2 or 3 days, depending on substrate. Fig- 
ure 7.5A presents the amount of COz evolved 
by samples from a fertilized part of a beach &- 
vided by that from samples from the unfertil- 
ized portion. As one might expect, this ratio is 
close to 1 before the fertilizer was applied, but 

the ratio steadily increased, for both substrates, 
after fertilizer application. The ratios remained 
at about 4 for many days, suggesting a fourfold 
increase in the rate of biodegradation due to 
the fertilizer. On day 70, fertilizer was applied 
to both parts of the beach; this stimulated bio- 
degradation on the part of the beach that had 
not previously received nutrients, and the ratio 
fell for both substrates (88). This is very clear 
evidence that the application of fertilizer stimu- 
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FIGURE 7.5 Some representative data obtained during the bioreinediation of 
the Escxon Valder spdl in Alaska in 1990. (A) Representative rachorespirometry data 
(88). (B) Representative data using hopane as a conserved internal analyte (22) from 
the same beach. Error bars represent estimates of standard errors, and again we note 
that these data demonstrate the variability typically seen in the field and that the 
simplistic statistical treatment here was verified with more rigorous approaches in 
the cited references. GC, gas chromatography. 

lated the biodegradation of hydrocarbons on 
this beach. 

3. Does the chemical composition of 
residual oil on the beach indicate that it 
has changed because of biodegradation? It 
has long been recognized that microorganisms 
show a preference for biodegrading some com- 
pounds in crude oil before others. For example, 
n-alkanes are degraded before the iso-alkanes 
(loo), so a decrease in the ratio of n-heptadec- 

ane to pnstane is an early indicator that biodeg- 
radation is under way. Pristane itself is readdy 
degraded, however, so it soon fails as a con- 
served analyte within the oil. Hopanes (120, 
127) (Fig. 7.1) are much more resistant to bio- 
degradation, so they serve as excellent con- 
served reference analytes within the oil. 
Changes in the relative concentrations of other 
analytes to an individual hopane can then be 
attributed to biodegradation (or in some cases 
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to photooxidation [51]), since physical move- 
ment of oil should not lead to any change in 
the ratios of analytes to hopane. A representa- 
tive data set from the same shoreline as for Fig. 
7.5A is shown in Fig. 7.5B. The ratio of the 
total gas chromatography-detectable hydrocar- 
bons to hopane on fertilized and unfertilized 
portions of the beach is plotted. The ratio &d 
not change significantly for samples from the 
unfertilized area, but there was a statistically 
significant decrease in the ratio on the fertilized 
part (see reference 22 for a detailed statistical 
analysis). The data are also suggestive that the 
ratio began to drop for the unfertilized portion 
of the beach after fertilizer was added on day 
70 (see above). Similar results (22) were seen 
in the ratio of the n-alkanes to hopane and total 
polycyclic aromatic hydrocarbons on the U.S. 
EPA priority pollutant list (76), indicating that 
the bioremediation strategy was indeed leading 
to the biodegradation of all components of the 
spilled oil. 

In cases where the hopanes are unavailable, 
such as for hesel, we have used alkylated phen- 
anthrenes as conserved internal analytes, since 
they are among the most biodegradation-resis- 
tant molecules in diesel fuels (40). These also 
proved useful in the Spitsbergen experiment 
(130, 131). Since these molecules are known 
to be biodegradable, it is likely that using them 
as conserved analytes will actually underesti- 
mate the extent of biodegradation, but it seems 
better to err on the conservative side in assess- 
ing field data. 

wanted negative impacts on the environment, 
and they should be used with care. Coastal re- 
gions throughout the world are in danger of 
eutrophication from a wide range of anthropo- 
genic sources (49, 108), and the total amount 
of nitrogen used in a bioremediation operation 
should be minimized. Excess inorganic nitro- 
gen is acutely toxic to amphipods and fishes, 
and it can stimulate unwanted algal and plank- 
tonic growth. Ammonia releases into coastal 
zones from agricultural runoff are sometimes 
blamed for fish kills. Careful applications, aim- 
ing at achieving 100 to 200 p,M nitrogen in the 
interstitial water of an oiled shoreline, should 
minimize the possibility of these effects, and 
where they have been monitored there have 
been no adverse findings (92, 126, 129, 155, 
171). Other potential concerns include the 
possibility that enhanced microbial activity fol- 
lowing bioremediation treatment might in- 
crease the bioavailability of oil components to 
other organisms, perhaps by solvation through 
surfactant release or by the release of partially 
oxidized intermediates that might be toxic or 
mutagenic. In fact, no evidence for such effects 
has been reported (34, 155), and, to the con- 
trary, experiments have shown that bioremedi- 
ation by nutrient addition leads to a reduction 
in toxicity (102). Another potential hazard is 
that increased biodegradation of spilled oil 
might cause anaerobiosis in previously aerobic 
sehments. Of course this is a possibility, espe- 
cially in sehments that are close to anoxic be- 
fore bioremediation treatment. Nevertheless, it 
has not been seen in several situations where 
it might conceivably have occurred (129-131). 

.As discussed above, there is little evidence 
to suggest that the asphaltene (polar) fraction 
of crude oils and heavy fuels is biodegradable, 

Use of this tiered approach, and comparison 
of data from fertilized and unfertilized control 
plots, can give confidence that a bioremeha- 
tion protocol is indeed effective. 

WHEN SHOULD BIOREMEDIATION 
BE USED FOR TREATING O I L  
CONTAMINATED MARINE WATERS 
AND SEDIMENTS? 
Although bioremediation by addition of fertil- 
izers will speed the biodegradation of an oil 
spill and thereby diminish its environmental 
impact, it is important to bear in mind that 
careless application of fertilizers may have un- 

so it is likely to remain even after a successful 
bioremehation treatment has removed the ma- 
jority of hydrocarbons from a shoreline. Since 
the asphaltene fraction is responsible for the 
color centers in oils, one might expect the 
black coloration associated with an oil spill to 
persist. Yet this is not generally the case; in fact, 
asphaltenes, in the absence of hydrocarbons, 
lack the oiliness and stickiness of crude oil and 
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no longer adhere to rocks and gravel. Being 
almost neutrally buoyant, they wash away and 
become tiny particles, subject to abrasion and 
dispersion, that are hard to distinguish from 
humic and fulvic acid residues of more recent 
biomass. 

From the foregoing discussion it is clear that 
bioremediation through biostimulation of in- 
digenous microbial populations by adding fer- 
tilizers can dramatically stimulate the rate of oil 
biodegradation when the target oil is a rela- 
tively thin film of biodegradable material. It 
is thus quite appropriate that bioremedation 
should be an important part of the oil spill re- 
sponse “tool kit” for such situations (e.g., see 
references 29 and 114). While bioremediation 
clearly works most effectively on highly biode- 
gradable oils and in situations where there are 
only thin layers of oil on sediment particles, a 
case can be made for using it more widely dur- 
ing a spill response, even if physical collection 
of the oil will eventually be achieved. 

The principal reason for employing bio- 
remedation is to reduce the ecological impact 
of a spill and in particular the time during 
which the ecosystem may be impacted by hy- 
drocarbons. Stimulation of the removal of such 
compounds by microorganisms before they 
come in contact with multicellular organisms 
is bound to decrease the environmental impact 
of the spill. 

Thus, bioremediation should also be con- 
sidered as part of a cleanup operation even for 
heavy fuel oils, such as those from the Erika 
(113) and Pvestige (16), or for Orimulsion (a 
dispersant-stabilized dispersion of a Cerro 
Negro bitumen in water) (122, 132), in which 
only a small fraction of the oil is biodegradable. 
Removal of the bioavailable fraction more rap- 
idly with a bioremediation treatment should 
help to minimize the environmental impact of 
a spill. 

CONCLUDING REMARKS 
In conclusion, bioremediation is not the pana- 
cea for mitigating oil spill-but it is an impor- 
tant tool in reducing the ecological impact of 
some oil spills. In some cases, it is virtually the 
only approach for treating a coastal marine oil 

spill effectively. As evidenced by its use in the 
Exxon Valdez  oil spill, bioremediation can be 
a very effective approach for treating oil-con- 
taminated shorelines, in terms of both cost and 
efficacy. 
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BIOREMEDIATION OF METALS AND 
RADIONUCLIDES 

Jonathan R. Lloyd, Robert T. Anderson, and Lynne E.  Macaskie 

INTRODUCTION 
Metals have played a pivotal role throughout 
the development of human civilizations, from 
as early as 15000 BCE, when gold and copper 
were first worked, through the development 
of primitive smelting techniques (4000 BCE) 
and the widespread application of the blast fur- 
nace that ushered in the Industrial Revolution 
in the 18th century. Metals are not just part 
of our long industrial heritage. They also are 
finlng increasing use in areas as diverse as 
medicine, electronics, catalysis, and the genera- 
tion ofnuclear power. Given our long and inti- 
mate association with metals and our continued 
reliance on these important natural resources, 
it is not surprising that their use (and abuse) 
can lead to significant environmental problems 
that need to be addressed. 

Estimates of the global market for the 
cleanup and prevention of metal contamina- 
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tion vary, but conservative calculations suggest 
that the current market for metal bioremedia- 
tion may be about $360 billion in the United 
States alone in 2005. The emerging market for 
the cleanup of radioactive contamination in the 
United States may already be worth as much 
as $300 billion (77). Current estimated costs of 
decontamination and safe disposal of radioac- 
tive waste in the United Kingdom have also 
been estimated at $86 billion, according to a 
recent United Kingdom Government White 
Paper (9). Unfortunately, existing chemical 
techniques are not always economical or cost- 
effective for the remediation of water or land 
contaminated with metals and radionuclides. 
Current strategies for land contaminated with 
metals include the use of “dig and dump” ap- 
proaches that only move the problem to an- 
other site and are expensive and impractical for 
large volumes of soil or sediment. Likewise, 
soil washing, which removes the smallest parti- 
cles that bind most of the metals, is useful but 
can be prohibitively expensive for some sites. 
“Pump and treat” technologies rely on the re- 
moval of metals from the site in an aqueous 
phase which is treated ex situ (e.g., above land). 
These approaches can cut down on excavation 
costs but are still expensive, and metal removal 
can be inefficient. A potentially economical al- 
ternative is to develop biotechnological ap- 
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proaches that could be used in the selment 
or soil (in situ) to either extract the metals or 
stabilize them in forms that are immobile or 
nontoxic. 

In addition to development of biotechnolo- 
gies to treat contaminated land, there is also 
considerable interest in more effective tech- 
niques that can be used to treat water contami- 
nated with metals from a range of industrial 
processes. Problems inherent in currently used 
chemical approaches include a lack of specific- 
ity associated with some ion-exchange resins 
and the generation of large quantities of poorly 
settling sludge through treatment with alkali 
or flocculating agents. This chapter gives an 
overview of metal-microbe interactions and 
describes how they could be harnessed to clean 
up metal-contaminated water, soil, and land. 
Although this is a comparatively young and 
maturing field, there are already several exam- 
ples of successful uses of biotechnological ap- 
proaches for metal bioremedation. Key indus- 
trial-scale (ex situ) and field-scale (in situ) 
processes are highlighted as special case stuhes. 

METAL AND RADIONUCLIDE 
CONTAMINATION 
The U.S. Environmental Protection Agency 
lists among the priority pollutants trace metals 
that are recoverable and dissolved, including an- 
timony, chromium, mercury, silver, arsenic, 
copper, nickel, thallium, beryllium, lead, selen- 
ium, zinc, and cadmium. In addtion to these, 
toxic metals and radionuclides are priority con- 
taminants at nuclear installations worldwide. 
For example, the U.S. Department of Energy’s 
120 sites contain 1.7 trillion gallons of contami- 
nated groundwater and 40 million cubic meters 
ofcontaminated soil and debris. More than 50% 
ofthe sites are contaminated with radonuclides, 
with the priority radionuclides being cesium- 
137, plutonium-239, strontium-90, techne- 
tium-99, and uranium-238 and U-235, in addi- 
tion to toxic heavy metals including chromium, 
lead, and mercury (77). The U.S. Department 
ofEnergy Natural and Accelerated Bioremedia- 
tion (NABIR) program is notable in its support 
of emerging biotechnological approaches for 
dealing with this legacy waste. In Europe, the 

European Union Water Framework Directive 
(2000/60/EC) is the principal driver for envi- 
ronmental legislation and also recognizes metals 
among the 32 substances on the priority list. 
These include lead, nickel, mercury, cadmium, 
and tin and their compounds. Attempts to reme- 
diate sites contaminated with radioactive waste 
in Europe are not so advanced. 

METALMICROBE INTERACTIONS 
Microorganisms can interact with metals and 
radionuclides via many mechanisms, some of 
which may be used as the basis of potential 
bioremehation strategies. The major types of 
interaction are summarized in Fig. 8.1. In addi- 
tion to the mechanisms outlined, accumulation 
of metals by plants (phytoremediation) war- 
rants attention but is not yet an established 
route for the bioremediation of metal contami- 
nation. The reader is referred to the work of 
Salt, Raskin, and colleagues (92, 98, 99), who 
give a detailed description of (i) phytoextrac- 
tion, the use of metal-accumulating plants to 
remove toxic metals from soil; (ii) rhizofiltra- 
tion, the use of plant roots to remove toxic 
metals from polluted waters; and (iii) phyto- 
stabilization, the use of plants to eliminate the 
bioavailability of toxic metals in soils. The role 
ofthe microbiota associated with the plant root 
system in metal accumulation by plant tissue 
remains relatively poorly studied. In this con- 
nection, the use of reed bed technologies and 
artificial wetlands for bioremediation (41, 42, 
50) should also be mentioned, since these, too, 
would implicate the involvement of rhizo- 
sphere microorganisms. This is also discussed 
later in this chapter in a case study for the treat- 
ment of acid mine drainage waters, alongside 
other competing biotechnological approaches 
for passive in situ remediation. 

Biosorption 
The termbiosorptionis used to describe the me- 
tabolism-independent sorption of heavy metals 
and radionuclides to biomass. It encompasses 
both adsorption, the accumulation ofsubstances 
at a surface or interface, and absorption, the al- 
most uniform penetration ofatoms or molecules 
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FIGURE 8.1 Mechanisms of metal-microbe interactions. 

of one phase forming a solution with a second 
phase (37). Both living and dead biomasses are 
capable of biosorption, and ligands involved in 
metal binding include carboxyl, amine, hydro- 
xyl, phosphate, and sulfhydryl groups. Biosorp- 
tion of metals has been reviewed extensively 
(55, 78, 110, 118), and this chapter will note 
only some salient points and recent develop- 
ments ofinterest. Volesky and Holan (118) give 
an excellent overview ofmetal biosorption and 
a numerical assessment of metal (uranium and 
thorium) biosorption along with some more re- 
cent data. Beveridge et al. (14), in addition to 
reviewing metal-microbe interactions, give a 
very useful guide to the various methods which 
are now available for their study and a good in- 
troduction to the problems of metal speciation, 
which will always influence the data and their 
interpretation and makes accurate comparisons 
between the reports of dfferent laboratories 
very dfficult (91). However, some generaha- 
tions are possible. 

Dead biomass often sorbs more metal than 
its live counterpart (20, 119) and thus may be 
particularly suited to treatment of highly toxic 
waste streams. In many cases, the sorbing bio- 
mass (biosorbent) comprises the waste from an- 
other process, adding considerably to the eco- 
nomic attractiveness, even though the absolute 
metal sorption capacity may be less than that 
of a more attractive biomass that has to be 
grown for the purpose. This is not always the 
case; Avery and Tobin (10) noted that a labora- 
tory strain of Sacckaromyces cerevisiae removed 
less strontium from solution than a brewery 
strain, possibly because of properties of the ex- 
tracellular polymer that are desirable for good 
flocculation of the yeast after fermentation. 
Postharvest treatments, including powdering 
of dry biomass (109) and the application of de- 
tergents (97), have been reported to improve 
biosorption, exposing additional metal-bind- 
ing sites. Autoclaving after fermentation can 
also affect the biomass surface properties (102), 
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as can washing (93). New approaches for im- 
proving metal uptake have included the appli- 
cation of electrical pulses, which increased both 
the initial rate of binding of uranyl ions to yeast 
biomass and its capacity, from 70 to 140 mg of 
uranium/g of biomass (22) ,  a value comparable 
to that of the filamentous fungi (1 18). 

Biosorption is generally rapid and unaf- 
fected over modest temperature ranges and in 
many cases can be described by isotherm 
models such as the Langmuir and Freundlich 
isotherms (118). Gadd and White (37), how- 
ever, noted that more complex interactions are 
difficult to model because the adsorption ofsol- 
utes by solids is affected by factors including 
dffusion, heterogeneity of the surface, and pH. 
An additional isotherm, the Brunauer-Em- 
mett-Teller (BET) isotherm, which assumes 
multilayer binding at constant energy, has also 
been used to describe metal biosorption (8,28). 
This model assumes that one layer need not 
necessarily be completely filled before another 
is commenced. Further insight is offered by 
Andres et al. (8), who summarize: “each ad- 
sorption layer of the BET model can be re- 
duced to Langmuir behavior with homogene- 
ous surface energy, in contrast to the adsorption 
energy requirements of the Freundlich iso- 
therm.” Other studies have used complex mul- 
tistage kmetic approaches to model biosorption 
(112, 127). 

Ultimately, however, the amount of resid- 
ual metal remaining in solution at equilibrium 
is governed by the stability constant of the 
metal-ligand complex (69), and the only way 
to change the equilibrium position is to modify 
the binding ligand to one which has a greater 
bindmg affinity for the given metal or to trans- 
form the metal from a poorly sorbing species to 
one which has a higher ligand-binding affinity, 
e.g., by a change of metal valence. Alterna- 
tively, some new studes have applied the tools 
of molecular biology to enhance metal sorp- 
tion, and they do warrant attention. For exam- 
ple, a mouse metallothionein was targeted to 
the outer membrane of a metal-resistant Ral- 
stonia eutrophu isolate (116). The engineered 
strain accumulated more Cd2+ than its wild- 

type counterpart and offered tobacco plants 
some protection from Cd2+ when inoculated 
into contaminated soil (1 16). A surface display 
technique has also been used successfully to 
generate ZnO-binding peptides fused to fim- 
briae on the surface of cells of Escherichia coli 
(51). Finally, gram-positive bacteria (staphylo- 
cocci) have also been engineered to produce 
surface-exposed peptides able to bind H 2 +  
and Cd2+ (100). Enhanced uptake ofcadmium 
and mercury by E. coli expressing a metal-bind- 
ing motif has also been reported (87). Future 
studies could usefully compare the perfor- 
mance of such engineered systems with that of 
other, more traditional biosorbents. However, 
it has been noted that despite the relatively long 
time during which biosorption has been exam- 
ined, and despite considerable early interest, 
there has been reduced interest in commercial- 
izing this type of technology, and we are aware 
of no current commercial applications of this 
type of technology. 

Metabolism-Dependent 
Bioaccumulation 
Energy-dependent metal uptake has been 
demonstrated for most physiologically impor- 
tant metal ions, and some toxic metals and 
radionuclides enter the cell as chemical 
“surrogates” using these transport systems. 
Monovalent cation transport, for example, K + 

uptake, is linked to the plasma membrane- 
bound H+-ATPase via the membrane poten- 
tial and is therefore affected by factors that in- 
hibit cell energy metabolism. These include the 
absence of substrate, anaerobiosis, incubation 
at low temperatures, and the presence of respi- 
ratory inhibitors such as cyanide (1 29). The re- 
quirement for metabolically active cells may 
therefore limit the practical application of this 
mode of metal uptake to the treatment of met- 
als and radionuclides with low toxicity and ra- 
dioactivity. For example, in the study of White 
and Gadd (1 29), increasing metal concentra- 
tions inhibited H+ pumping, potentially de- 
energizing the cell membrane and reducing 
cation uptake. Although the presence of multi- 
ple transport mechanisms of differing affinities 
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may cause added complication, metal influx 
frequently conforms to Michaelis-Menten ki- 
netics (18). 

Once in the cell, metals may be sequestered 
by cysteine-rich metallothioneins (44, 114) or, 
in the case of fungi, compartmentalized into 
the vacuole (37, 81). In this context, it should 
be emphasized that the uptake of higher-mass 
radionuclides, e.g., the actinides, into micro- 
bial cells has been reported sporalcally and re- 
mains poorly characterized (54, 55). Metabo- 
lism-dependent bioaccumulation of metals by 
microorganisms has not been used commer- 
cially for bioremediation purposes. 

Enzymatically Catalyzed 
Biotransforrnations 
Microorganisms can catalyze the transforma- 
tion of toxic metals to less soluble or more vola- 
tile forms. For example, the microbial reduc- 
tion of Cr(V1) to Cr(III), Se(v1) to Se(O), V(V) 
to V(III), Au(II1) to Au(O), Pd(I1) to Pd(O), 
U(V1) to U(IV), and Np(V) to Np(1V) results 
in metal precipitation under physiological con- 
ditions and has been reviewed in detail recently 
(52). In many cases, the high-valence metal can 
be used as an electron acceptor under anoxic 
conltions. A good example here is the reduc- 
tion of soluble U(V1) to insoluble U(1V) by 
Fe(II1)-reducing bacteria (66), which has been 
harnessed recently to remelate sediments con- 
taminated with uranium in situ (see Box 8.3). 
Metal detoxification is also possible through 
biotransformations of toxic metals. The biore- 
duction of Hg(I1) to relatively nontoxic Hg(0) 
is perhaps the best-studied example and is dis- 
cussed in further detail below. Finally, in addi- 
tion to redox biotransformations, biomethyla- 
tion may also increase the volatility of metals, 
with the methylation of mercury, cadmium, 
lead, tin, selenium, and tellurium recorded 
(3 1). These mechanisms could also offer poten- 
tial use for the in situ remelation of contami- 
nated soil (59). 

In common with some examples of bioac- 
cumulation, enzymatic biotransformations of 
metals can be described by Michaelis-Menten 
kinetics. This allows, for example, the descrip- 

tion of a flowthrough bioreactor using an inte- 
grated form of the Michaelis-Menten equation 
(73,111,132). It is therefore possible to predict 
the degree of biomass loading or the opera- 
tional temperature needed to maintain metal 
removal at a given efficiency within the con- 
straints set by the reactor volume available, the 
background ionic matrix, and flow rates re- 
quired (e.g., for bioprecipitation [70] of U [73] 
and La [111] and for bioreduction ofTc [53]). 

Another advantage of using a single en- 
zyme-mediated transformation over, for exam- 
ple, energy-dependent processes (e.g., bioac- 
cumulation) is that nongrowing or even 
nonliving biomass with enzymatic activity may 
be utilized to treat radiotoxic effluents, yielding 
a waste material with a low organic content. 
The high metal and radioresistance of several 
enzymes, potentially useful for the bioremedia- 
tion of toxic waste streams, has been confirmed 
(53; L. F. Strachan, M. R. Tolley, and L. E. 
Macaskie, paper presented at the 201st Meeting 
of the American Chemical Society, Atlanta, 
Ga., symposium on biotechnology for waste- 
water treatment, 1991). For many biological 
reductions [e.g., Cr(VI), U(VI), or Tc(VI1) re- 
duction], simple, cheaply available electron do- 
nors such as hydrogen, acetate, or formate can 
be supplied, negating the requirement for co- 
factor regeneration. 

As mentioned above, microbes have 
evolved sophisticated approaches to deal with 
toxic metal (21), often involving redox trans- 
formations of the toxic metal. Perhaps the best- 
studied metal resistance system is encoded by 
genes of the mer, or mercury resistance, operon 
(45). Recent studies have confirmed the bio- 
technological potential of this widespread resis- 
tance determinant. Hg(I1) is bound in the per- 
iplasm of gram-negative bacteria by the MerP 
protein, transported into the cell via the MerT 
transporter, and detoxified by reduction to rel- 
atively nontoxic volatile elemental mercury by 
an intracellular mercuric reductase (MerA) . 
Mer proteins are expressed under the regula- 
tion of the activator protein, MerR, which 
binds Hg(I1) and activates gene expression. 
Mercury-resistant bacteria and the proteins that 



298 LLOYDETAL. 

they encode have been used recently for the 
bioremediation of Hg-contaminated water 
(Box 8.1, case study) and in the development 
of biosensors for bioavailable concentrations of 
Hg(I1) (16). Such sensors may prove very useful 
in identifting the need for metal remehation, 
which will be dictated in many cases by the 
concentration of bioavailable toxic metals in a 
given soil or water matrix, and also in defining 

the end point for bioremediation efforts. With 
a focus on Hg biosensors, several different 
components of the mer system have been used 
in prototype sensors, including the NADPH- 
dependent mercuric reductase (MerA) in an 
enzyme-linked biosensor (30), the mer regula- 
tory region in a whole-cell biosensor (38), and 
the MerR protein in a capacitance biosensor 
(17). 

BOX 8.1 
Case Study: Using Mercury-Resistant Bacteria To Treat Chloralkali Wastewater 

Mercury-resistant bacteria have been used recently 
to detoxify Hg(I1)-contaminated water at laboratory 
and pilot scale (Box Fig. 8.1). Wagner-Dobler and 
coworkers at the German Research Centre for Bio- 
technology in Braunschweig, Germany, captured re- 
duced elemental Hg in a 20-ml immobilized cell bi- 
oreactor, inoculated with a mercury-resistant Pseu- 
domonasputida strain and subsequently colonized with 
other mercury-resistant strains (124). A companion 
study demonstrated successful removal of H 2 +  &om 
chloralkali electrolysis water at laboratory scale (121), 
prior to development of a pilot plant for Hg(I1) re- 

moval using this technology (125). In the latter study, 
a 700-liter reactor was packed with pumice granules 
(particle size, 4 to 6 mm) and inoculated with seven 
mercury-resistant Pseudomonas species. Acidic waste- 
water from a chloralkali factory was neutralized and 
amended with sucrose and yeast extract prior to in- 
troduction into the bioreactor. Concentrations of up 
to 10 mg of Hg liter- were successfully treated with 
a retention efficiency of 95%, although influent 
spikes above this concentration had a deleterious (if 
reversible) effect on reactor performance. When the 
reactor was operated in combination with an activa- 
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BOX FIGURE 8.1.1 Flow scheme (left) and photograph (right) of a pilot plant for removal of 
mercury fiom wastewater by mercury-resistant bacteria. The plant includes pH adjustment to pH 7, 
nutrient amendment, the bioreactor (volume, 1 m3). a buffering tank, and a polishing carbon filter. 
Continuous automated Hg measurement is performed at the inflow, after the bioreactor, and at the 
outflow. pH is measured before and after adjustment to pH 7. Other parameters determined continu- 
ously are chlorine concentration (Clz), oxygen concentration (OJ, redox potential (R), conductivity 
(C), and temperature (T). Figures were kindly provided by Dr. Irene Wagner-Dobler. 
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BOX 8.1 (continued) 

BOX FIGURE 8.1.1 (continued) 

ted carbon filter, which also became colonized by 
bacteria, further removal of Hg to below 10 kg  
liter- was reported. Very high loadings of Hg were 
retained in the reactor, conservatively estimated at 
31.5 kg for the 700-liter vessel. 

Long-term performance of the reactors has been 
studied, with no loss of the entrapped Hg(0) from 
the system over 16 months (123). Although the 
reactors were sensitive to mechanical and physical 
stresses (e.g., shear from gas bubbles and increased 
temperature over 41"C, respectively), the system 
seems robust and able to adjust to elevated Hg(I1) 
concentrations (up to 7.6 mg liter-') within several 
days (123). With a continuous selection pressure 
for mercury resistance, a stable and highly active 
mercury-reducing microbial community is estab- 

lished within the bioreactors; this was confirmed 
by PCR-based techniques targeting the intergenic 
spacer region of DNA coding for 16s to 23s rRNA 
(16s to 23s rDNA) and a functional gene target 
for Hg(I1) reduction, MzevA (122). The Performance 
of the reactor system has also been studied in re- 
sponse to the oscillation of the mercury concentra- 
tion in the bioreactor inflow (120). At low mercury 
concentrations, maximum Hg(I1) reduction oc- 
curred near the inflow at the bottom of the bioreac- 
tor. At higher concentrations, the zone of max- 
mum activity migrated to the upper horizons. 
Molecular analysis of the microbial communities 
showed an increasing microbial diversity along a 
gradient of decreasing mercury concentrations 
(120). 
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Another area where direct bioreduction of 
high-valence metals may prove useful in the 
future is in the biorecovery of precious metals 
from spent automotive catalysts. Platinum 
group metals are routinely used in automotive 
catalysts for atmospheric protection, but recy- 
cle technology lags behind demand. There is 
no available “clean technology,” and leach so- 
lutions (e.g., aqua regia) to solubilize noble 
metals from scrap are usually highly aggressive. 
A microwave-assisted leaching method has 
been developed which gave 80% metal recov- 
ery, with the leach time reduced from 2 h to 
15 min using 50% (aqueous) diluted aqua regia 
to give potentially a more biocompatible leach- 
ate (136). Dexuljovibrio desuljuhcans reduces sol- 
uble platinum group metals to cell-bound in- 
soluble base metals [e.g., Pd(I1) + Pd(O)] via 
the activity of hydrogenase (58, 134, 135), 
which is, surprisingly, stable at pH 2 to 3 for 
several hours (I. Mikheenko, unpublished 
data). The role of the hydrogenase is to mednte 
the formation of nucleation sites of Pd(0) on 
the cell surface. After nucleation, reduction of 
more Pd(I1) to Pd(0) occurs autocatalytically 
via the deposited Pd(0) clusters (135). For use, 
biofilm was immobilized on a Pd-23% Ag 
solid alloy membrane which delivered H. to 
the cells with H supplied via an electrochemical 
chamber at the back side (136). The biomass- 
coated Pd-Ag alloy electrode was used in a 
flowthrough reactor for recovery of Pd, Pt, and 
Rh  from aqua regia leachates (PH 2.5) of spent 
automotive catalysts with up to 90% efficiency 
at a flow residence time of 15 min. Free cells 
did not reduce platinum group metals from the 
leachates, but the electrobioreactor did so using 
biofilm cells preloaded with Pd(0). Reactors 
lacking biomass or reactors with heat-killed bi- 
ofilm removed less platinum group metal, via 
electrochemically synthesized H. reductant 
alone. The use of an active biofilm layer in a 
flowthrough electrobioreactor provides a sim- 
ple, clean, and rapid potential recycle technol- 
ogy. Furthermore, the biorecovered Pd(0) 
pio-Pd(O)] has high catalytic activity, since 
metal is deposited on the cells as supported na- 
noclusters. As examples, hydrogen release was 

promoted rapidly from hypophosphite at room 
temperature (135), Cr(V1) was reduced to 
Cr(II1) under conditions where biomass alone 
or chemically reduced Pd(0) was ineffective 
(68), and Bio-Pd(0) reductively dehalogenated 
polychlorinated biphenyls (PCBs), which are 
recalcitrant to degradation and not attacked by 
chemically reduced Pd(0) alone (12). The latter 
is noteworthy since PCBs are not water soluble 
and the Bio-Pd(0) was able to access the sus- 
pension of nonaqueous PCB in water. The 
high potential of the new biomaterial in indus- 
try is also illustrated by a test hydrogenation 
reaction, in which the addition of hydrogen 
across the double bond of itaconic acid to form 
methyl succinic acid (an industrial test reaction) 
was comparable to that of a 5% Pd on carbon 
commercial supported palladium catalyst (N. J. 
Creamer, J. Wood, and L. E. Macaskie, un- 
published data). The latter are excellent exam- 
ples of a sustainable technology, where the ma- 
terials recovered from a bioremediation process 
have applications in other industrial or envi- 
ronmental sectors, which would greatly in- 
crease the economic competitiveness of the 
new biotechnologies. 

Biomineralization via Microbially 
Generated Ligands 
Microorganisms are able to precipitate metals 
and radionuclides as carbonates and hydroxides 
via plasmid-borne resistance mechanisms, 
whereby proton influx countercurrent (anti- 
port) to metal efflux results in localized alkalin- 
ization at the cell surface (29, 117). Alterna- 
tively, metals can precipitate with enzymatically 
generatedligands, e.g., sulfide (1 1) or phosphate 
(72). The concentration ofresidual free metal at 
equilibrium is governed by the solubility prod- 
uct ofthe metal complex (e.g., to lop3’ 
for the sulfides and phosphates, higher for the 
carbonates). Most of the metal should be re- 
moved from solution ifan excess ofligand is sup- 
plied. This is difficult to achieve when chemical 
precipitation methods and dilute solutions are 
used. The advantage ofmicrobialligand genera- 
tion is that high concentrations of ligand are 
achieved in juxtaposition to the cell surface, 
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which can also provide nucleation foci for the 
rapid onset of metal precipitation; effectively, 
the metals are concentrated “uphill” against a 
concentration gradent. This was demonstrated 
by using the gamma isotope 241Am supplied at 
an input concentration of approximately 2.5 
ppb; approximately 95% of the metal was re- 
moved as biomass-bound phosphate (74), with 
the use ofgamma counting permitting detection 
at levels below those ofmost analytical methods. 
In many cases, the production of the ligand can 
also be fine-tuned by the application ofMichae- 
lis-Menten kinetics. 

Sulfide precipitation, catalyzed by a mixed 
culture of sulfate-reducing bacteria, has been 
utilized first to treat water cocontaminated 
by sulfate and zinc (11) and also soil leachate 
contaminated with sulfate alongside metal and 
radionuclides (T. Kearney, H. Eccles, D. 
Graves, and A. Gonzalez, paper presented at 
the 18th Annual Conference of the National 
Low-Level Waste Management Program, Salt 
Lake City, Utah, 20 to 22 May, 1996). 
Ethanol was used as the electron donor for 
the reduction of sulfate to sulfide in both 
examples. A later study has confirmed the 
potential of integrating the action of sulfur- 
cycling bacteria (130). In the first step of 
a two-stage process, sulfur-oxidizing bacteria 
were used to leach metals from contaminated 
soil via the generation of sulfuric acid, and 
in the second step the metals were stripped 
from solution in an anaerobic bioreactor con- 
taining sulfate-reducing bacteria. The ubiqui- 
tous distribution of sulfate-reducing bacteria 
in acid, neutral, and alkali environments (89) 
suggests that they have the potential to treat 
a variety of emuents, while the ability of 
the organisms to metabolize a wide range of 
electron donors may also allow cotreatment 
of other organic contaminants. Recent work 
by Paques BV of The Netherlands has con- 
firmed the potential of sulfate-reducing bacte- 
ria to treat metal waste in ex situ bioreactors 
for the treatment of a wide range of metal- 
contaminated waters (Box 8.2). 

Bioprecipitation of metal phosphates via hy- 
drolysis of stored polyphosphate by Acineto- 

bucter spp. is dependent upon alternating aero- 
bic (polyphosphate synthesis) and anaerobic 
(polyphosphate hydrolysis and phosphate re- 
lease) periods (19). This group of obligately 
aerobic organisms is fairly restricted in the 
range of carbon sources utilized, but the pre- 
ferred substrates (acetate and ethanol) are 
widely and cheaply available. The best-docu- 
mented organism for metal phosphate biomin- 
eralization, a Citrobacter sp. (now reclassified as 
a Servatiu sp. on the basis ofmolecular methods, 
the presence of thephoNphosphatase gene, and 
the production of pink pigment under some 
conditions [86]) ,  grows well on cheaply avail- 
able substrates, and viable cells are not required 
for metal uptake since it relies on hydrolytic 
cleavage of a supplied organic phosphate donor 
(72). The expense of adding organic phosphate 
was calculated to be the single factor which 
limited the economic viability of this approach 
(95); moreover, organophosphorus com- 
pounds are often highly toxic. A possible alter- 
native phosphate donor, tributyl phosphate 
(TBP), is used widely as a cheap solvent and 
plasticizer, but its degradation is more difficult 
because this compound is a phosphate triester, 
with three cleavage events per mole required 
to liberate 1 mol of phosphate. TBP is biode- 
gradable; this activity was unstable (108), but 
biogenic phosphate from TBP hydrolysis was 
harnessed to the removal of uranium from so- 
lution in a flowthrough system (107). This fol- 
lowed an earlier study which suggested that 
TBP could support metal removal by the 
metal-accumulating Servatiu sp. (79). However, 
in this case the total amount of phosphate re- 
covered was small (85), a result which could be 
attributed to phosphotransferase activity which 
recycled the liberated phosphate back onto the 
liberated alcohol (3 mol of alcohol coproduct 
per mol ofphosphate [49]). The enzymatic ac- 
tivity responsible for TBP hydrolysis remains 
obscure, but a recent study of TBP hydrolysis 
by enzymatic degradation used cell extracts of 
Sewatiu odonieru (13). Jeong et al. (49) also iden- 
tified a new class of TBP-hydrolyzing (photo- 
synthetic) organisms, the potential ofwhich for 
metal bioremediation has not yet been exam- 
ined. 
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BOX 8.2 
Case Study: Ex Situ Bioremediation of Metals Using Sulfate-Reducing Bacteria 

The ability of sulfate-reducing bacteria to precipitate 
metals as insoluble metal sulfides has been used by 
Paques BV of The Netherlands in ex situ bioreactors 
for the treatment of metal-contaminated water. The 
patented reactor configurations, marketed under the 
regwered trademark Thiopaq, can also be adapted to 
treat other waste streams containing sulfur com- 
pounds, including hydrogen sulfide. 

Early development work focused on the Budel 
Zinc BV refinery at Budel-Dorplein in The Nether- 
lands. Over 200,000 tons ofzinc is produced annually 
at the refinery, which has been operated since 1973. 
However, zinc was refined by various companies at 
this site for more than 100 years, resulting in contami- 
nation of soil and groundwater with heavy metals 
and sulfate. In 1992, Paques designed and installed a 
system to treat water extracted from strategically lo- 
cated wells around a hydrogeological containment 
system installed to protect local drinkmg water sup- 
plies. The bioreactor system and a flow sheet of the 
process are shown in Box Fig. 8.2.1. In the first stage, 
water is passed to an anaerobic bioreactor containing 
sulfate-reducing bacteria that couple the oxidation of 
ethanol to the reduction of sulfate to sulfide. This 
leads to the precipitation of insoluble metal sulfides: 

H2S + ZnS04 -+ ZnS (precipitate) + H2S04 

Excess toxic sulfide is then oxidized to elemental sul- 
fur in an aerobic reactor, and tilted plate settlers and 
sand filters are used as final polishing steps to remove 
solids. Metal sulfides and elemental sulfur are re- 
turned to the plant for metal recovery and sulfuric 
acid production, respectively. Performance of this 
system is summarized in Box Table 8.2.1. 

Since 1999, this type of technology has also been 
employed at Budel-Dorplein to treat process streams 
containing sulfate and zinc produced by the conven- 
tional roast-leach-electrowin process operated at this 
site. These streams were previously treated conven- 
tionally by neutralization with lime, resulting in the 
production of 18 tons ofgypsum day-'. However, re- 
cent legislation prohibited further production of solid 
residues from July 2000. The high-rate Thiopaq bio- 
logcal sulfate reduction bioreactor, supplied with hy- 
drogen as the electron donor, was, however, able to 
convert zinc and sulfate into zinc sulfide (10 tons 
day- '), which is recycled at the refinery. Paques notes 
that this is now the first gypsum-free zinc refinery. 

Paques has also used Thiopaq to remove metals 
from an alkaline slag dump leachate at Kovohute Pri- 
bram lead waste recycling facility in the Czech Re- 
public. An alkaline carbonate-buffered sodium sulfate 
leachate, containing lead, zinc, tin, and high concen- 
trations of arsenic and antimony, is treated with hy- 

BOX FIGURE 8.2.1 Aerial photograph 
(right) and flow sheet (facing page) of the 
Paques BV Thiopaq zinc-sulfate treatment 
process at the Budel Zinc BV refinery at 
Budel-Dorplein in The Netherlands. TPS, 
tilted plate settler. With permission from 
Paques BV. 
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BOX 8.2 (continued) - Anaerobic reactor Aerobic reactor TPS 

Ethanol 

ZnS Air 

BOX FIGURE 8.2.1 (continued) 

BOX TABLE 8.2.1 Performance of-Thiopaq 
metal-sulfate treatment process at Budel-Dorplein 

Component Influent Emuent 

Flow 300 m3 h-' 300 m3 h-' 
Zinc 100 mg liter-' <0.3 mg liter-' 
Sulfate 1,000 mg liter-' <200 mg liter-' 
Cadmium 1 mg liter-' <o.OI mg liter-' 

Sand filter 

drogen sulfide that is produced in a separate bioreac- 
tor from the reduction of sulfur. Ethanol is used as the 
electron donor for sulfur reduction. The hydrogen 
sulfide is passed into gas-liquid contactors, where it 
reacts with leachate that has been acidified by waste 
battery acid, leading to the precipitation of arsenic 
and antimony as sulfides. In a second stage, the re- 
maining metal sulfides are precipitated at neutral pH. 
Paques reports that this technology significantly out- 
performs lime treatment due to the lower solubility 
of metal sulfides as opposed to hydroxides. 

Since the mechanism of TBP hydrolysis is 
as yet poorly characterized, and since three en- 
zymatic cleavages are involved, the metal accu- 
mulation based on single-step glycerol 2- 
phosphate cleavage by the stable phoN 
phosphomonoesterase (acid phosphatase) pro- 
vides a good model system to demonstrate the 
industrial feasibility of this approach and to de- 
velop models for bioreactor activity to assist 
in scale-up. Thus, a Michaelis-Menten model 
could be applied to describe metal removal effi- 
ciency by a flowthrough column containing 
immobilized biomass held as a biofilm on a 
foam matrix carrier (73). In a real situation, 
however, other metal ions would be present, 
in addition to excesses of ligands such as sulfate 
(acidic mine waters) or nitrate (nuclear waste 
solutions). These ligands act as competitive in- 
hibitors to the mediating phosphatase, but use 
of the model enables predictions of the in- 
creased flow residence time or additional sub- 

strate required to overcome these constraints to 
be made (131, 133). Indeed, the method per- 
formed exactly as predicted in the remedation 
of real uranium mine waters at low pH in the 
presence ofan excess ofsulfate (76), and applica- 
tion ofthe model can therefore reduce the need 
for extensive pilot testing. This is especially im- 
portant in the case of nuclear wastes, for which 
urgency, radiotoxicity, and the need for mini- 
mum human exposure discourage extensive 
empirical development using real wastes. 

As an alternative to TBP and glycerol 2- 
phosphate, the possibility of harnessing phytic 
acid-degrading organisms to metal accumula- 
tion exists. Phytic acid, widely and cheaply 
avadable as a natural plant product, accounts 
for up to 50% of the total organic P in soils 
(94). The addtional advantage of phytic acid 
is that it contains 6 phosphates mol-I (cf. 1 
phosphate/mol in TBP and glycerol 2-phos- 
phate). Several phytases have been cloned and 
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characterized, including one from the related 
organism E. coli (43), with the phytase reaction 
mechanism described previously (83, 84). Pre- 
liminary studies have suggested that the E. coli 
phytase can be applied to metal removal (M. 
Paterson-Beedle, B. Azair, and L. E. Macaskie, 
unpublished results). 

MECHM 
Microbially enhanced chemisorption of heavy 
metals (MECHM) is a generic term to describe 
a class of reactions whereby microbial cells first 
precipitate a biomineral of one metal (“priming 
deposit”). The priming deposit then acts as a nu- 
cleation focus, or “host crystal,” for the subse- 
quent deposition of the metal of interest (target 
metal), acting to promote and accelerate target 
metal precipitation reactions (75). The priming 
deposit is made initially by the sulfide or phos- 
phate biomineralization routes described above. 
With addition of Fe as the precipitant metal to 
sulfate-reducing bacteria producing H2S, cell- 
bound FeS then acts as a sorbent for target metals 
(32, 126; J. H. P. Watson and D. C. Ellwood, 
paper presented at the International Conference 
on Control of Environmental Problems from 
Metal Mines, Roros, Norway, 1988). The use 
ofFeS is notable because this provides the mech- 
anism for rapid biomass separation from the liq- 
uor via the magnetic properties of Fe in a high- 
gradient magnetic separator. 

Metal phosphate can also be used as the 
priming deposit, in two ways. LaP04 prede- 
posited onto a metal-accumulating Citvobacter 
sp. via biogenic phosphate release can be used 
as the priming deposit for subsequent deposi- 
tion of actinide phosphates (74) (see below). 
Also, by use of a priming deposit with an ap- 
propriate, well-defined crystalline lattice, the 
target metal can be intercalated within the host 
lattice, effectively by a mechanism of bioinor- 
ganic ion exchange, which is well established 
as a chemical process (26,88,90) and best char- 
acterized biologically in the case of Ni2+ re- 
moval into biomass-bound HU02P04.nH20 
(15). Hydrogen uranyl phosphate consists of 
sheets of uranyl phosphate ions separated by 
water molecules, creating a regular network of 

hydrogen bonds (26,47). The overall outcome 
of this highly organized crystal lattice is a high 
mobility of protons in the interlamellar space 
(88), which gives rise to the ion-exchange in- 
tercalative property (47). Other than as a use 
for uranyl phosphate produced as a solid waste 
from remediation of nuclear wastewaters, there 
would be no market for this outside the nuclear 
industry, since uranium is both toxic and radio- 
active. Other metal phosphates such as Zr (26) 
can perform similar ion-exchange reactions, 
but attempts to substitute nontoxic zirconium 
or titanium as the priming metals in MECHM 
have met with only limited success to date (G. 
Basnakova and L. E. Macaskie, unpublished 
data), since these tetravalent metals are not re- 
moved in the correct crystal structure to act as 
a host lattice for intercalation; some posttreat- 
ment of the loaded biomass would be neces- 
sary, which would inactivate the enzyme per- 
forming the primary deposition reactions and 
rule out the possibility of biomass recycle (G. 
Basnakova and L. E. Macaskie, unpublished). 

Within the context of nuclear waste reme- 
diation, the approach of MECHM, using bio- 
genic hydrogen uranyl phosphate as the “host” 
matrix and either intercalative ion exchange or 
cocrystallization, has been applied to the re- 
moval of Cs, Co, and Sr from “surrogate” solu- 
tions (M. Paterson-Beedle and L. E. Macaskie, 
paper presented at the International Biohydro- 
metallurgy Symposium 2003: A Sustainable 
Technology in Evolution, Athens, Greece, 14 
to 17 September 2003) and removal of the iso- 
topes 13’Cs, 6oCo, and ”Sr from real nuclear 
wastes in South Korea (M. Paterson-Beedle, 
L. E. Macaskie, and C. H. Jee, unpublished 
results). 

Metal Remediation through 
Biodegradation of Associated Organic 
Compounds 
Citrate has found use as a chelating agent in 
decontamination operations, forming highly 
soluble metal-citrate complexes which can 
be degraded by microorganisms, resulting in 
subsequent reprecipitation of metals (35). Early 
work suggested that the type ofcomplex formed 
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between the metal and citric acid plays an im- 
portant role in determining its biodegradability; 
binuclear uranium-citrate complexes were re- 
calcitrant to microbial degradation (35), but 
subsequent photodegradation was possible for 
these problematic complexes. This opened up 
the way for a multistage process for the biodeg- 
radation of mixed metal-citrate complexes via 
microbiological and photochemical steps (35). 
Cultures ofPseudomonas aevuginosa and Pseudom- 
onus putida were also able to grow using a range 
of metal-citrate complexes as carbon sources, 
with metal precipitation promoted by the addi- 
tion ofinorganic phosphate (105). A unique as- 
pect of this study was the use of P. putida to treat 
Ni-citrate waste generated by cleaning a bioin- 
organic ion-exchange column previously used 
to remove Ni. Another industrial chelating 
agent, EDTA, also forms very strong complexes 
with di- and trivalent metals that are degraded 
by a mixed microbial population (106) and by 
bacterialstrainDSM 9103 (101). The biodegra- 
dation of toxic organotin compounds used as 
biocides and antifouling agents has also received 
recent attention (e.g., the degradation oftributyl 
tin to &- and monobutyl tin reviewed in refer- 
ence 36). Degradation oftriphenyl tin by a small 
soluble extraceuular compound secreted by a 
fluorescent pseudomonad has also been re- 
ported (48). Organoleads are not now widely 
used as gasoline additives, but biodegradation of 
trialkyl lead by an Avthvobactev sp. and by the 
wood decay fungus Phaeolus schweinitzii, which 
is better known for its ability to methylate ar- 
senic, was observed (71). 

IN SITU VERSUS EX SITU 
REMEDIATION 
Although most of the processes described thus 
far have been developed primarily for ex situ 
treatment of contaminated water (highlighted 
in the case studies described in Boxes 1 and 2), 
in situ remediation offers the potential for low- 
cost treatment of groundwater contamination 
with metals. Ex situ remediation strategies such 
as pump-and-treat systems remain a method of 
choice for metal-contaminated sites and can be 
effective at removing significant quantities of 

contaminant metals from heavily contaminated 
(and highly concentrated) areas. However, 
pump-and-treat-based strategies can be 
plagued by low extraction efficiencies and long 
treatment times, particularly at sites containing 
low contaminant concentrations. For low con- 
taminant concentration scenarios, in situ im- 
mobilization of contaminants has been pro- 
posed as an attractive potential treatment 
option (1-3, 33, 66). However, subsurface bi- 
oremediation of metals and radionuclides at the 
site of contamination (in situ bioremediation), 
particularly of contaminants found in mixed 
waste, has yet to gain widespread use, although 
much research is going into efforts to develop 
this technology for U. S. Department of En- 
ergy contaminated sites (77). 

Immobilization of metals and radionuclides 
can occur through reduction to an insoluble 
form; for example, Cr(V1) to Cr(III), U(V1) to 
U(IV), Pu(V, VI) to Pu(II1, IV), and Tc(VI1) to 
Tc(1V) can be immobilized by being maintained 
in a reduced state (80). Immobilization also may 
be enhanced by sorption to biomass (4). If re- 
ducing conditions can be maintained by the ad- 
dition of substrate and suitable nutrients, inor- 
ganic contaminants will remain in their highly 
insoluble, immobile forms (80). Laboratory tests 
have indicated that the immobilization ofmetals 
and radionuclides by bioremediation could be 
very effective, with removal of contaminants 
from the mobile aqueous phase to below critical 
values (1 13). Nevertheless, contaminant immo- 
bilization caused by bioremedation must be re- 
garded as the retardation of contaminant migra- 
tion rather than as a permanent solution to the 
problem (80). 

In situ immobilization of Contaminant met- 
als relies on the stimulation of anaerobic micro- 
bial communities within the subsurface. As 
discussed above, anaerobic microorganisms en- 
zymatically reduce contaminant metals such as 
uranium, chromium, technetium, and vana- 
dium and metalloids such as selenium, thereby 
converting these metals to less soluble forms (5, 
24, 57, 64, 82). Stimulation of metal reduction 
within the subsurface offers a relatively simple 
method to remove metal Contaminants from 
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groundwater, thereby limiting or greatly re- 
ducing further transport of contaminants dow- 
ngradient (5, 63, 66). Efforts to understand and 
control in situ metal reduction are currently 
active areas of research within the U. S. De- 
partment of Energy (http://www.lbl.gov/ 
NABIR/), particularly in light of the recent 
focus on the potential ecological impacts of ex 
situ remedation practice (128). 

A key issue in the development of in situ 
bioremediation systems for metal contaminants 
is the identification of target groups of micro- 
organisms within the subsurface whose known 
physiology has the potential to affect contami- 
nant metal mobility. Both Fe(II1)- and and sul- 
fate-reducing organisms are known to enzy- 
matically reduce contaminant metals such as 
U(VI), Cr(VI), Co(III), and Tc(VI1) in labora- 

tory cultures (23, 39, 40, 56, 57, 60, 62, 65, 
66, 104), but for remediation purposes it is nec- 
essary to demonstrate that the appropriate mi- 
croorganisms are present within the contami- 
nated subsurface. Members of the family 
Geobactevaceae (S-proteobacteria) are of particu- 
lar note, as these organisms have been identi- 
fied as a dominant group within sediments 
upon the stimulation of Fe(II1)-reducing con- 
ditions (7, 33, 46, 103) and in contaminated 
sediment where Fe(II1) reduction is a dominant 
process (6, 27, 96). Members of the Geobacteva- 
ceae were also recently detected within the 
groundwater of a uranium-contaminated aqui- 
fer during a test of stimulated in situ U(V1) 
reduction (7) (case study, Box 8.3). Geobacteva- 
ceae, while best known as dissimilatory Fe(II1)- 
reducing bacteria, also couple the oxidation 
of simple organics to the reduction of contami- 

BOX 8.3 
Case Study: In Situ Uranium Biorernediation through Bioreduction 

Recent field trials on uranium d tailings remedial 
action (UMTRA) sites in the United States demon- 
strate the considerable potential ofin situ remediation 
techniques for metal contamination. Laboratory stud- 
ies of uranium-contaminated aquifer sediment col- 
lected from UMTRA sites in Colorado and New 
Mexico indicated that acetate addition stimulated an- 
aerobic conditions and the loss of soluble U(V1) from 
solution (33). Loss of soluble U(V1) occurred in live 
sediments only, coincident with Fe(I1) production and 
prior to observedlosses ofsulfate (33). These results are 
consistent with the loss ofU(V1) fromsolution occur- 
ring under stimulated Fe(II1)-reducing conditions. 
More detailed analyses of the stimulated microbial 
community using 16s rDNA-based techniques re- 
vealed that the stimulated loss ofU(V1) from solution 
occurred as the microbial community shifted towards 
organisms known to reduce both Fe(II1) and U(V1). 
In these studies, members ofthe Geobacteraceae, known 
Fe(II1)- and U(V1)-reducing microorganisms, were 
greatly enriched (up to 40% of the detected bacterial 
community) in sedments exhibiting a loss of soluble 
U(V1) relative to control sediment incubations (46). 
These results indicated that the addition of acetate to 
the subsurface of uranium-contaminated aquifers 
would result in the removal of soluble U(V1) from 
groundwater under Fe(II1)-reducing conditions, con- 

sistent with the known ability of Geobartevaceae to re- 
duce soluble U(V1) to insoluble U(IV) (Box Fig. 
8.3.1). This hypothesis wasrecently testedatfieldscale 
at the Old Rifle UMTRA site in Rifle, Colo. (1 15). 

Acetate addition to the subsurface of the Old Rifle 
UMTRA site stimulated the loss of U(V1) from 
groundwater. A test plot consisting of an acetate in- 
jection gallery composed of 20 injection wells in two 
offset rows of 10 wells each and a total of 18 monitor- 
ing wells was installed within a 16- by 24-m portion 
of the Old R d e  site (Box Fig. 8.3.2) (7). Initial 
groundwater sampling indicated U(V1) concentra- 
tions of approximately 0.4 to 1.4 pM, well above 
the established UMTRA contaminant limit of 0.18 
p M  for this site. A sodium acetate solution (100 mM) 
containing a bromide tracer (10 mM KBr) was pre- 
pared from site groundwater, sparged with nitrogen 
gas, and stored anaerobically under nitrogen pressure 
(0.1 atm) within a stainless steel tank (2,081-liter ca- 
pacity) housed within a storage shed erected on site. 
Acetate solution flowed from the storage tank to a 
manifold spanning the entire width of the injection 
gallery to 60 injection ports within the 20 injection 
wells (three ports per well) delivering acetate to three 
different depths within the saturated subsurface (7). 
Each injection port was fitted with a flow meter set to 
provide acetate to the subsurface at a rate of 1 to 3 ml 
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Injection 
gallery 

BOX 8.3 (couztinued) 

Monitoring 
well 

n 

min-', which corresponded to a calculated volume 
addition to the aquifer of 1 to 3% per day (in situ 
acetate concentration, 1 to 3 mM). Upon the initia- 
tion of acetate injection, soluble uranium concentra- 
tions decreased rapidly within the monitoring well 
field, resulting in removal percentages averaging 70% 
of initial concentrations over a period of approxi- 
mately 50 days. Loss of soluble U(V1) occurred coin- 
cident with the arrival of acetate and the production 
of Fe(I1) and prior to any observed loss of sulfate. 
Furthermore, 16s rDNA-based analyses of the 
groundwater indicated a microbial community 
greatly enriched in Geobacteraceae, up to 89% of the 
detected bacterial community. Phospholipid fatty 
acid analyses of groundwater using lipids specific for 
Geobacteraceae also inmcated an increase in Geobactev 
biomass. These results are consistent with the previ- 
ous laboratory studies inmcating a stimulated removal 
of soluble U(V1) from groundwater via the in situ 
stimulation of Fe(II1)- and U(V1)-reducing Geobactev- 
aceae (7, 33, 46). 

Metal-reducing conditions were not sustained 
within the Old Rifle site over 50 days, and it was 

BOX FIGURE 8.3.1 Sche- 
matic showing the removal of 
soluble U(V1) from contaminated 
groundwater under Fe(II1)-reduc- 
ing conditions, stimulated by the 
addition of acetate to the subsur- 
face. aq, aqueous phase; s, solid 
phase. 

thought that acetate-oxidizing sulfate-reducing bac- 
teria became dominant when Fe(II1) was depleted in 
the vicinity of the injection gallery and the terminal 
electron accepting process shifted to sulfate reduc- 
tion. Indeed, a complete loss of acetate (limiting 
under sulfate-reducing conditions in this aquifer) was 
accompanied by a nearly stoichiometric loss of sulfate 
from the groundwater. Analyses of the microbial 
community detected within the groundwater also in- 
dicated a shift from a community dominated by 
Fe(II1)-reducing organisms to a community domi- 
nated by organisms known to reduce sulfate (Desuljo- 
bacteraceae) (7). The results stress the importance of 
maintaining metal reduction within the subsurface 
or encouraging the growth and activity of sulfate- 
reducing bacteria capable of U(V1) reduction; ace- 
tate-oxidzing sulfate-reducing bacteria have not 
been shown to reduce U(VI), although there is ample 
evidence that lactate-oxidizing, sulfate-reducing bac- 
teria are able to reduce U(V1) using lactate or hydro- 
gen as electron donors (60, 67). Thus, addition of 
these electron donors to the subsurface may stimulate 
U(V1) reduction in situ. 

B O X  8.3 contiizues 



308 W LLOYDETAL. 

BOX 8.3 
Case Study: In Situ Uranium Bioremediation through Bioreduction (continued) 

Injection 

- Wasatch o 

BOX FIGURE 8.3.2 
injection gallery composed of 20 injection wells and 18 monitonng wells installed within a 16- by 24-in area 

Test plot for U(V1) remedlation at the Old Rifle UMTRA site, consisting ofan acetate 

nant metals such as uranium, chromium, tech- 
netium, and vanadium (5, 25, 57, 82). Addi- 
tionally, the product of dissimilatory Fe(II1) 
reduction, Fe(II), is a potential abiotic reduc- 
tion for contaminant metals such as Tc(VII), 
V(V), and Cr(V1) (33, 57, 82). The demon- 
strated enrichment of Geobacteraceae within an 
aquifer during an in situ trial of stimulated 
uranium reduction and the potential abiotic 
benefits of in situ Fe(I1) production suggest 
Geobactevaceae to be a target group of micro- 
organisms within the subsurface for removing 

metals from groundwater. Further investiga- 
tion of stimulated subsurface metal reduction 
will likely reveal other groups ofbacteria, such 
as sulfate reducers, that could also play an im- 
portant role in contaminant metal reduction 
and stabilization within subsurface environ- 
ments. See Box 8.4 for another example. 

FUTURE PROSPECTS 
The bioremediation of metals is a rapidly ma- 
turing research topic, although at present tech- 
nological advances in this area do lag behind 
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BOX 8.4 
Case Study: Water Treatment at the Wheal Jane Mine, United Kingdom- 

Active (Chemical) versus Passive (Biological) Treatment 

The Wheal Jane Mine is located within the Carnon 
River Valley in Cornwall, United Kingdom, and was 
operated as a tin mine from the early 18th century 
until it was closed and abandoned in 1991. Mine 
dewatering operations halted, and in January 1992 
there was a buildup and sudden release of metd- 
contaminated mine water, which contaminated 6.5 
X lo6 m2 of the Carnon River and Fal estuary. 
Emergency pump-and-treatment remediation of the 
site was followed in 1994 by the construction of a 
pilot passive treatment system and later, in 2000, by 
an active treatment system. The initial performance 
of these two contrasting systems has been reported 
by CL:AIRE (Contaminated Land: Applications in 

Real Environments) (http://www.claire.co.uk), 
providing evidence of the effectiveness of a sequence 
of discrete biotreatment approaches for the treatment 
of metal-contaminated mine waters versus chemical 
alternatives. Aerial photographs ofthe site and a sche- 
matic of the passive treatment processes are shown 
in Box Fig. 8.4.1, while the average composition of 
the mine water is shown in Box Table 8.4.1. 

Active Chemical Treatment System 
An active treatment plant was commissioned in 2000 
based on a three-step high-density sludge system (mix- 
ing of water and sludge, aeration, and then clarifica- 
tion). After clarification, the treated water is diverted 

BOX FIGURE 8.4.1 Aerial photograph (above) of the Wheal Jane Mine in Cornwall, United Kingdom, 
and a schematic of the passive treatment processes (next page) installed for the bioremediation of mine waste- 
waters (with permission from CLAIRE). 

BOX 8.4 continues 
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BOX 8.4 
Case Study: Water Treatment at the Wheal Jane Mine, United Kingdom- 

Active (Chemical) versus Passive (Biological) Treatment (continued) 

Aerobic cells 

Mine 
water 

Rock filters 

+ ToFal 
Estuary Camon river 

BOX FIGURE 8.4.1 (continued) 

to the Carnon River, and the metal-bearing sludge is 
removed to a holding tank for disposal. With pH con- 
trol (raising the pH to 8.5 in the initial step), this active 
treatment system was capable oftreating 12 X lo6 m3 
of water in the first 22 months of operation. During 
this time, approximately 3,200 tons of metal was re- 
moved at an efficiency of 99.2%. It is against this 
benchmark that bioremediation processes must com- 
pete. 

Passive Biological Treatment Systems 
Three pilot passive processes were installed, allowing 
a range ofbiotreatment strategies to be tested in series. 

BOX TABLE 8.4.1 Average composition of 
Wheal Jane tin mine water (1995 to 1998) 

Parameter Value 

Fe .................................................. 150 mg liter-' 

cu .................................................... 0.5 mg liter-' 
Mn .................................................. 20 mg liter-' 
Al.... ............................................... .50 mg liter-' 
SO4'- ............................................ 300 mg liter-' 
pH .................................................... 3.9 

The processes consisted offlowthrough aerobic artifi- 
cial reed beds, anaerobic cells supporting sulfate-re- 
ducing bacteria, and finally shallow rock filters sup- 
porting algal growth. Pretreatment regimens to raise 
the pH ofthe influent waterwere compared, including 
lime dosing (to pH 4.5) and passage through an anoxic 
limestone drain, versus a no-pretreatment control 
stream. 

Aerobic Cells (Artificial Reed Beds) 
Five aerobic cells containing artificial reed beds were 
used to facilitate the initial precipitation of Fe(II1) 
hydroxide/oxydroxide, which in turn sorbed arsenic 
present in the waters. The cells were plantedwith a 50: 
50 mix of Phragmites and Typha, with Scivpus used in 
some additional cells. Growth of the plants was good 
with the anoxic limestone drain pretreatment (influent 
to aerobic cells, pH 6.0), and the Fe(II1) deposits were 
associated with the plant root systems in these cells. 
Here, the average Fe removal rate was 7.6 g m-' 
day-', with 90% removal in the first cell alone. The 
more acid streams from the lime dosing step inhibited 
plant growth dramatically, but there was still iron re- 
moval in all aerobic cells. With the lime dosing pre- 
treatment, the average rate ofFe removal was 4 g m-' 
day-', while no pretreatment supported a rate of 5.8 
gm-'day-'. Inall cases, microbial oxidationofFe(I1) 
by moderately acidophilic bacteria played an impor- 
tant role in precipitation ofthe Fe(II1) hydroxide-oxy- 
droxides. 
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Anaerobic Cells (Compost Bioreactors) 
Underground chambers were filled with straw and 
sawdust as long-term sources oforganic carbon to pro- 
mote sulfate reduction, while manure was added as an 
inoculum for sulfate-reducing bacteria. This form of 
anaerobic metabolism was used to increase alkalinity 
and precipitate dissolved metals as insoluble sulfides. 
Thisprovedsuccessfulifa conditioningphasewas used 
to allow the reactors to stabilize, as identified during a 
12-month shutdown ofthe compost bioreactors when 
the main mine water feed pipe fractured in 2001. After 
this shutdown, the pH ofthe effluent was consistently 
between 6 and 7, with concentrations of sulfide, Zn, 
and Fe below levels of detection, even without pre- 
treatment ofthe mine water. Without the initial con- 
ditioning phase, the anaerobic cells did not operate ef- 
fectively, even in the lime dosing or anoxic lime drain 
pretreatment streams. 

Shallow Rock Filters (Algal Biofilms) 
A series of 10 shallow pools filled with small granite 
pebbles was also tested as a final polishing step, to pro- 

m 
BOX 8.4 (continued) 

- 

developments for the bioremediation of organ- 
ics discussed in other chapters of this book. 
However, driven by the realization that large 
areas of land contaminated with metal and ra- 
dionuclides cannot be economically remediated 
by conventional chemical approaches, signifi- 
cant resources have become available for this re- 
search area. Of particular note have been sub- 
surface research programs (e.g., the U.S. 
Department of Energy NABIR program) that 
have supported fundamental studies on metal- 
microbe interactions. Supported by genomics- 
enabled studies ongoing in many laboratories 
worldwide (61), we can expect this research area 
to develop further in the near future, delivering 
more robust technologies for the bioremeha- 
tion of metal-contaminated waters and land. 
Exciting developments in the use ofmicroorga- 
nisms for the recycling of metal waste, with the 
formation of novel biominerals with unique 
properties, are also predicted in the near future. 
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PREEMPTIVE BIOREMEDIATION: 
APPLYING BIOTECHNOLOGY FOR 

CLEAN INDUSTRIAL PRODUCTS 
AND PROCESSES 

Mike Gnzths and Ronald M.  Atlas 

INTRODUCTION 
A combination of economic, environmental, 
and social pressures, the so-called “triple bot- 
tom line,” is driving companies in a wide spec- 
trum ofindustries to explore and use alternative 
manufacturing processes and to develop novel, 
environmentally friendly products. In essence, 
industry is turning to preemptive bioremedia- 
tion as a strategy to reduce potential environ- 
mental problems and liabilities and make in- 
dustrial products and processes more sociably 
acceptable in an age of ecoactivism. Preemp- 
tive bioremediation aims at producing materi- 
als that are less likely to persist in the environ- 
ment and cause harm, processes and products 
that are based upon renewable resources, and 
processes that require less energy, i.e., using 
biotechnology for clean products and processes 
that result in the formation of fewer pollutants. 
There have been several reviews of the current 
and potential uses of biocatalysis to reduce pol- 
lution and to produce chemical products of in- 
dustrial value (52, 59, 69). 

Although the implementation ofpreemptive 

bioremediation strategies has been slower than 
expected, biotechnology is providing a rapidly 
expanding tool kit so that new product andpro- 
cess creation can be expected to accelerate. In 
this chapter, we describe some of these new de- 
velopments, identify the barriers faced by the 
new technology, and indicate how they might 
be overcome. In addition, we will highlight the 
contributions to be made by the latest research 
and development. Later in the chapter, we will 
examine how companies assess their various op- 
tions and make decisions concerning the intro- 
duction of novel products and processes. 

The applications of so-called “white” bio- 
technology (25,26) (application ofbiotechnol- 
ogy to industrialprocesses, as hstinct from “red” 
[the application to med~cine] and “green” [the 
application to agriculture]) fall conveniently 
into two distinct groups: 

the replacement of fossil fuel raw materials 
by renewable (biomass) raw materials, and - the replacement of a conventional, nonbiol- 
ogical process by one based on biological 
systems, such as whole cells or enzymes, 
used as reagents or catalysts. 

Mike Gr$ths, Mike Griffiths Associates, St. Non, Pleasant 
Valley, Stepaside, Narberth, Pembrokeshire SA67 8 N Y ,  
United Kingdom. Ronald M. Atlas, Graduate School, Univer- 
sity of Louisville, Louisville, KY 40292. 

Renewable Materials 
George Washington Carver is remembered as a 
pioneering developer of industrial products 
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from plants. Carver’s work resulted in the crea- 
tion of 325 products from peanuts, more than 
100 products from sweet potatoes, and 
hundreds more from a dozen other plants native 
to the southern United States. These products 
contributed to rural economic improvement by 
offering alternative crops to cotton that were 
beneficial for the farmers and for the land (35). 

In 1941, Henry Ford, who was reputed to 
wear clothes made from soybean-based fibers 
(6), demonstrated a handmade car with a body 
made entirely from plant-derived plastic. Un- 
fortunately, he never managed to make it com- 
pete economically with conventional plastics. 
There are those who believe we are entering 
a “carbon-constrained world” where the pro- 
duction of carbon dioxide will have a signifi- 
cant cost, but in the short term the commercial 
fate of bioproducts will hinge on the price of 
crude oil. 

Many industrial chemicals and products of 
chemical manufacture in common use are car- 
bon based and derive from fossil carbon 
sources, primarily crude oil and natural gas, 
which are finite resources. When these manu- 
factured materials reach the end of their useful 
life, if they cannot be recycled, they are often 
incinerated or left to degrade, giving rise to 
C 0 2  and other polluting compounds. 

The parallel universe of chemical and mate- 
rial production, based on biomass raw materials 
and separate entirely from that based on fossil 
carbon, is being explored to a much lesser ex- 
tent, in part because of the complex chemistry 
involved but also because of the relative costs 
of the raw materials. Nonetheless, a wide range 
of nonfood products are currently derived from 
biomass. To give just a few examples: produc- 
tion of cotton for fibers exceeds that of all syn- 
thetic fibers; natural rubber competes in quan- 
tity with synthetics; starch is used as an additive 
in paper and textiles and as an adhesive; vegeta- 
ble oils are made into soaps and detergents; and 
biomass-based ethanol is a significant replace- 
ment for gasoline. 

Bioprocesses 
Currently, bioprocesses account for commer- 
cial production of more than 15 million tons 

of chemical products per year, including or- 
ganic and amino acids, antibiotics, industrial 
and food enzymes, fine chemicals, active ingre- 
dients for crop protection, pharmaceutical 
products, and fuel ethanol. These products ac- 
count for almost $10 billion in annual sales at 
the bulk level but are largely unrecognized by 
consumers, who buy them as ingredients or 
components of products with other names. In 
adhtion, biotechnology is finding uses in in- 
dustries as diverse as pulp and paper, textiles, 
and metal extraction. 

Building upon an Organization for Eco- 
nomic Cooperation and Development 
(OECD) study, the Biotechnology Industry 
Organization (BIO) (12) has produced a report, 
with primary focus on the United States, enti- 
tled “New Biotech Tools for a Cleaner Envi- 
ronment.” The BIO report is intended to in- 
spire corporate leaders and policy makers but 
will be of relevance to nongovernmental orga- 
nizations and the general public. 

By way of illustration, Table 9.1 from BIO 
(12) gives just some applications of industrial 
biotechnology. The implementation of micro- 
bial technology in the decades 1960 to 1990 
has led to the development of the current appli- 
cations of industrial enzymes in detergent com- 
positions and the manufacture of high-fructose 
corn syrup and the like. 

Perhaps a few hundred different enzymes 
are now used commercially, derived primarily 
from microorganisms that can be cultured in 
the laboratory. Enzymes can be remarkably 
specific or very nonspecific: proteases, for ex- 
ample, may operate on an individual peptide 
bond in but one protein or, like the enzymes 
involved in protein degradation, can attack a 
wide range of substrates. The other characteris- 
tic is the high levels of rate acceleration they 
achieve-the protease-catalyzed reactions can 
be as much as 10l6 times faster than the uncata- 
lyzed equivalent reactions (67). Many enzymes 
can accept unnatural substrates, and genetic en- 
gineering can alter their stability, broaden their 
substrate specificity, and increase their specific 
activity. 

The primary impact of genetic engineering 
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TABLE 9.1 Some industrial biotechnology applications by industrial sector‘ 

Biological fuel cells 
Fine and bulk chemicals 
Chiral compound synthesis 
Synthetic fibers for clothing 
Pharmaceuticals 
Food-flavoring compounds 

Biobased plastics 

Biopolymers for automobile parts 

Bioethanol transportation fuel 
Nutritional oils 

Oil and gas desulfurization 
Leather degreasing 
Biohydrogen 
Biopolymers for plastic packaging 
Coal bed methane water treatment 
ChemicaUbiological warfare agent 

Pulp and paper bleaching 

Biopulping (paper industry) 

decontamination 

Specialty textile treatment 
Enzyme food processing aids 

Metal ore heap leaching 
Electroplating/rnetal cleaning 
Rayon and other synthetic fibers 
Metal refining 
Vitamin production 
Sweetener production (high-fructose 

Oil well drill hole completion 
(nontoxic cake breakers) 

Road surface treatment for dust 
control 

Textile dewatering 
Vegetable oil degumrning 

SFUP) 

a Taken from reference 12 

so far has been to make improvements in the 
economics of enzyme production and en- 
hancement of enzyme functionality. Much at- 
tention in biocatalyst design is on increasing 
the useful lifetime of biocatalysts and having 
them operate under conditions not usually 
found in nature. The process engineer is un- 
likely to favor a delicate catalyst that must be 
replaced every few hours. 

Problems slowing the development of these 
biotechnological processes include the expen- 
sive nature of current raw materials which are 
food and feed alternatives, while the enzymes 
and enzymatic processes require considerable 
research and development expenditure and 
long lead times. The first difficulty may be 
overcome by using the large amount of waste 
biomass left over after processing for higher- 
added-value products. Nevertheless, stimu- 
lated by the increasing use of biofuels, biore- 
fineries may take their place alongside petro- 
leum refineries. This additional raw material 
base will change the prospects of agriculture, 
especially in developed countries. 

Sustainability 
Biotechnology can be used to increase the en- 
vironmental friendliness of industrial processes 
and to encourage a shift in companies’ empha- 
sis from end-of-pipe cleanup to inherently 
clean processes. There are many examples of 
companies moving back up the pipe by, for 

example, introducing closed-loop water supply 
systems; it is a smaller step than replacing chem- 
ical conversion with biocatalysis but is still a 
useful contribution. 

One factor limiting the potential of biotech- 
nology has been the absence of techniques for 
comparing the overall long-term sustainability 
of alternative processes. In the 1970s and ear- 
lier, sustainability was one-dimensional; it was 
equated with the profit necessary for the long- 
term survival of the company. Later, environ- 
mental concerns were added, and in the 1990s 
a third dimension was added: societal concerns. 
Hence, the triple bottom line. More and more 
companies are beginning to adopt the princi- 
ples of sustainable development in their every- 
day activities and to see that doing so does not 
generate extra cost but, rather, can be an eco- 
nomic advantage (see the Cargill Dow LLC 
website,http://www.cargdldow.com/corporate 
/life-cycle) . Environmental considerations are 
thus not being addressed in isolation but are 
being integrated with the economic and social 
aspects of the business. 

Until recently, two major questions posed 
by industrialists have remained unanswered 
could biotechnology provide a cheaper option 
to conventional industrial processes, and could 
economic improvements and environmental 
friendliness go hand in hand (50, 51)? A steady 
stream of innovation is emerging from aca- 
demic biotechnology laboratories, but it will 
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not necessarily be taken up by industry unless 
it is clearly demonstrable that there is a cost 
advantage. Cost reduction can be l rec t  (lower 
material and/or energy inputs, waste treatment 
costs, reduced capital expenditure) or indirect 
(lower risk to the general public, fewer obliga- 
tions in the way of eventual cleanup, reduced 
global pollution levels, improved downstream 
recycling). 

Environmental assessment should be applied 
to all products and processes, large or small, 
and in companies of all sizes. All stages of the 
life cycle of a product or process may affect the 
environment, and consequently the design of 
industrial processes must take into considera- 
tion everything from choice and quantities of 
raw materials utilized to reuse of wastes. Envi- 
ronmentally friendly processes will consume 
less energy and raw material and markedly re- 
duce or even eliminate wastes. Biotechnology 
is capable of providing tools that help achieve 
these goals and in the process ensure that indus- 
trial sustainability is in fact being achieved. 

RENEWABLE RESOURCES 
Plant and animal sources have provided indus- 
trial raw materials, such as timber, paper, vege- 
table oils, tallow, and many others, for centu- 
ries. Following the first production of crude 
oil, however, this abundant and cheap resource 
quickly became the principal raw material for 
a burgeoning chemical industry. Only in times 
of conflict, when resources take on a strategic 
importance, has there been any significant re- 
turn to natural raw materials. Today, with in- 
creasing attention being paid to greenhouse 
gases (GHGs) and global warming, renewable 
raw materials may once again have a role to 

Perhaps the most attractive feature of plant 
biomass, which is a lignocellulosic material, is 
that it is a product ofphotosynthesis and as such 
is a C02-neutral, renewable resource. As plants 
grow, they take in C 0 2  from the atmosphere, 
and this carbon is largely retained (sequestered) 
until the plant is used. It is this principle that 
makes the planting of forests a “sink” for atmo- 
spheric carbon. When plant raw material is 

Play. 

used in any industrial process, it can give off 
only as much C02 as it took in in the first 
place. Only the fossil fuels that may also be 
used in the process, in transport, for example, 
contribute to the buildup of greenhouse gases. 

Chemicals from Plants 
Extracts from plants, such as sugars, starch, and 
oils, are the major raw materials for both food- 
stuffs and chemicals. Sucrose from sugarcane 
and sugar beet is a major resource for ethanol 
production; dextrose (glucose) from cornstarch 
is a basis for chemicals such as lysine and lactic 
acid. Oils from soybean and rapeseed (canola) 
have a wide range of industrial uses. Cargill, a 
major corn wet-miller, has seen the possibilities 
in widening the use of its resources and has 
based several joint ventures, with CSM of The 
Netherlands to make lactic acid, with Mitsubi- 
shi to make erythntol, and with Degussa to 
make lysine (Box 9.1), at its major facilities in 
Nebraska. The company’s latest development 
is a plant to make polylactide (PLA) in a joint 
venture with Dow (see below). In addition, 
Cargill has a joint venture with Roche to make 
vitamin E from a soy oil waste product. 

Soy is a particularly important renewable re- 
source. Several hundred industrial products 
made from soybeans were developed in the 
1930s and 1940s, including adhesives, rubber 
substitutes, printing inks, and plastics. Amides, 
esters, and acetates of biohydrocarbons are cur- 
rently being used as plasticizers and bloclung or 
slip agents and mold release agents for synthetic 
polymers. Biohydrocarbons linked to amines, 
quaternary ammonium ligands, alcohols, phos- 
phates, and sulfur ligands are used as fabric sof- 
teners, surfactants, emulsifiers, corrosion inhib- 
itors, antistatic agents, hair conditioners, ink 
carriers, biodegradable solvents, cosmetic 
bases, and perfumes. Complexes with alumi- 
num, magnesium, or other metal compounds 
have produced greases and marine lubricating 
oils. 

Soy protein and sugars may be used in the 
production of polyurethane foams for packing, 
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BOX 9.1 

Lysine Feed Additive 

Midwest Lysine LLC, a joint venture between Car- 
gill and Degussa-Huls, has built a plant in Blair, 
Nebr., to produce 75,000 metric tons ofthe amino 
acid lysine per year. Based on dextrose as raw mate- 
rial, the lysine will be used as a feed additive to 
increase the nutritional value of plant proteins. 

Lysine has been produced for many years by fer- 
mentation, using Corynebacterium or Bvevibncterium 
spp. The conventional product is L-lysine-HC1, 
which is produced by a multistep process. When 
Degussa decided to become a producer, it was red- 
ized that the “conventional” process would be very 
expensive both because of the large amounts of 
waste and bacterial biomass that are made as by- 
products and because of the loss of product during 
downstream processing. 

A new product, Biolys 60, was developed, and 
a new process which reduces the by-products and 
the wastes almost to zero was invented and patented 
by Degussa. Degussa changed raw materials and fer- 
mentation process so that the fermentation broth 
contains lysine and by-products in such a ratio that 
the product has 60% lysine when dried. Because 
such a fermentation broth is very dificult to dry, a 
special technique that results in a granulated, dust- 
free product had to be developed. In comparison 
to the conventional process, the new process is very 
environmentally friendly because no wastes are 
produced. This is an example of a low-value bulk 
product which would never have been economic 
without such savings. 

The $100 million plant, which employs 70 peo- 
ple, began operations in June 2000. 

Source: Degussa 

insulation, and padding. Using these materials 
to replace expensive polyalcohols improves the 
biodegradability of these materials and also re- 
duces the need for environmentally undesirable 
fluorocarbon foaming agents. Coextrusion of 
soy protein with polyvinyl chloride produces 
a silk-like fiber, with greatly increased weddry 
tensile strength, while retaining wearing com- 
fort, as a result of the hydrophilic nature of the 
protein fibers. A DuPont company is using soy 
protein for coated paper and paperboard, adhe- 
sives, and inks (see soypolymers.dupont.com). 

A number of steroid hormones are derived 

via bioprocesses from the natural phytosterols 
in soybean, conifers, and rapeseed. Schering 
has made androstendione and androsta-diene- 
dione on a 200-m3 scale using Mycobacteviurn 
mutants (71). 

Use of a larger number of plant species is 
also occurring. For example, natural rubber is 
currently derived from only one tree genus, 
Hevea. There are, however, more than 300 
other genera producing isoprenes, many yet to 
be exploited. 

The structural components of biomass vary 
from source to source, but lignin, cellulose, and 
hemicellulose are always present. The U.S. 
pulping industry produces 20 million tons of 
lignin as a by-product of papermaking. Vir- 
tually all of this lignin-the second most abun- 
dant biological polymer on Earth-gets 
burned as waste. Wood scientists, who think 
of wood as three-dimensional biopolymer 
composites, want to see this resource become a 
supply of high-technology materials, including 
plastics. Lignin’s complicated and only partially 
understood chemical structure has so far dis- 
couraged researchers from developing a rou- 
tine chemical basis for its exploitation. How- 
ever, the lignin that emerges from the pulping 
process appears to follow some structural rules. 
For example, lignin components of specific 
molecular sizes link and dissociate in a particu- 
lar order, and with this knowledge it has been 
possible to develop methods for casting films 
made of the lignin biopolymer. 

A number of strategic developments, espe- 
cially those sponsored by the U.S. Department 
of Energy (DOE), are occurring in this area 
(62) (Box 9.2). Three- and four-year projects, 
the result of an April 2002 solicitation for 
projects for “Biomass Research and Develop- 
ment for the Production of Fuels, Power, 
Chemicals and Other Economical and Sustain- 
able Products,” are part of a 4-year, $20-mil- 
lion-per-year program intended as a major 
component of sugar platform research for the 
next several years. Projects were chosen to be 
minimum-50%-cost-shared, multidisciplinary 
plans leading to commercialization of biomass 
fuel, power, or product technologies. Six pro- 
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I 
BOX 9.2 

Biorefineries 
O n  6 October 2003, DuPont and the U.S. DOE’s 
NREL announced a joint research agreement lead- 
ing towards the development of the world’s first 
integrated “biorefinery” that uses corn or other re- 
newable resources, rather than trahtional petro- 
chemicals, to produce a host of valuable fuels and 
value-added chemicals. 

The $7.7 million Cooperative Research and De- 
velopment Agreement calls for DuPont and the 
NREL to collaboratively develop, build, and test a 
biorefinery pilot process that will make fuels and 
chemicals from the entire corn plant, including the 
fibrous material in the stalks, husks, and leaves and 
the starchy material in the kernels. 

The agreement is part of the larger $38 million 
DuPont-led consortium known as the Integrated 
Corn-Based Bioproducts Refinery (ICBR) project. 
The ICBR project-which includes DuPont, 
NREL, Diversa Corp., Michigan State University, 
and Deere & Co.-was awarded $19 million in 
matching funds from the DOE in 2002 to design 
and demonstrate the feasibility and practicality of 
alternative energy and renewable resource tech- 
nology. 

The initiative will develop the world’s first fully 
integrated biorefinery, which will be capable of 
producing a range of products from a variety of 
plant material feedstocks. Several biorefineries cur- 
rently produce a range of products mainly from 
starch-rich or protein-rich biomass, while other bi- 
orefineries start with a variety of vegetable oils. 

Source: DuPont 

jects were selected from 23 full proposal sub- 
mittals invited from 190 preproposals, ofwhich 
two are as follows. 

- The $26 million Cargill Dow LLC project 
entitled “Makmg Industrial Biorefining 
Happen.” In addition to official team mem- 
bers Iogen, Shell Global Solutions, and 
CNH Global NV, Cargill Dow plans to in- 
volve agricultural grower organizations, na- 
tional laboratories, universities, and envi- 
ronmental and social nongovernment 
organizations to develop and build a pilot- 
scale biorefinery that produces sugars and 
chemicals such as lactic acid and ethanol 
from grain. 

. The $18.2 million DuPont project entitled 
“Integrated Corn-Based Biorefinery. ” With 
help from Diversa, the U S .  DOE’s Na- 
tional Renewable Energy Laboratory 
(NREL), Michigan State University, and 
Deere & Co., DuPont will lead the devel- 
opment of a biorefinery concept that con- 
verts both starch (such as corn) and lignocel- 
lulose (such as corn stover) to fermentable 
sugars for production of value-added chem- 
icals (such as 1,3-propanediol [PDO]) and 
fuel ethanol. 

For some time, there has been increased 
interest and very substantial research in the 
production of chemicals using renewable 
feedstocks, particularly in the United States. 
In addition to the environmental attractions 
of using renewable resources, this has been 
driven by concerns about the dependence on 
imported oil. The United States is rich in 
the supply of renewable agricultural feedstocks 
such as corn, which can be used to produce 
low-cost starch raw materials, the cost of 
which has trahtionally been low. On the 
negative side, concern that assumptions for 
industrial biotechnology may not take into 
account what is realistic in terms of the use 
of farmland and the consequent effect on the 
delivered price of biomass raw material has 
been expressed. For example, in the United 
States, soybean consumption outstrips domes- 
tic supply in most years. Further, farmers have 
been educated to return plant residues to the 
soil by tillage to preserve long-term soil struc- 
ture and health and might therefore not be 
willing to see this material used as an industrial 
raw material. 

While the conventional chemical industry 
is often reluctant to adopt biotechnology be- 
cause ofperceived risk and expense, contrary to 
common belief, some renewable raw material 
costs are now reaching a crossover with their 
fossil equivalents (34). The only limitation is 
the technology to convert these materials into 
useful products, and governments are increas- 
ingly willing to support research efforts to 
overcome these hurdles. The U.S. government 
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recently published draft rules to encourage fed- 
eral purchasing of biobased industrial products, 
and it subsidizes the production of bioethanol. 
In 2003, the U.S. government pledged $400 
million in grants to support industrial biotech- 
nology. 

There has been a collaborative project be- 
tween Pacific Northwest National Laboratory 
and the NREL to identify the value-added 
chemicals suitable as targets for biorefineries. 
From a list of more than 300 potential chemi- 
cals, a shortlist of30 was chosen, and these were 
narrowed further to 12 which are three- to- 
six-carbon molecules with multiple functional 
groups with high potential to be converted to 
new families of compounds. 

Genencor and Eastman Chemical, which 
holds a 42.5% stake in Genencor, have devel- 
oped a one-step fermentation for the ascorbic 
acid intermediate 2-ketogluconic acid from 
glucose, replacing four steps in the conven- 
tional synthesis. Replacement of one of the 
four enzymes with an NADP-dependent de- 
hydrogenase recycles cofactors and results in no 
emission of C 0 2  from the process. The firms 
declared their intention to commercialize the 
ketogluconic acid bioprocess several years ago; 
capital costs were estimated to be halfthose for 
the existing process, and low costs could also 
open up new markets, such as use of ascorbic 
acid as a reducing agent. It should be noted, 
however, that during the period of develop- 
ment there has been a significant reduction in 
the price of conventionally produced ascorbic 
acid. 

Genencor has also been collaborating with 
DuPont on a bioprocess for the production of 
PDO directly from glucose (27). In 1998, the 
companies succeeded in genetically engineer- 
ing a microorganism capable of synthesizing 
PDO from glucose in a single step. The tech- 
nology involves inserting four genes taken 
from various species of bacteria and yeast into 
industrial strains of Eschevichia coli. The proteins 
produced from these four genes then subvert 
E. coli’s biochemical pathways, feedmg raw 
materials that would normally be destined for 

other purposes to an enzyme that synthesizes 
PDO. 

The following year, Genencor and DuPont 
achieved a second milestone by developing a 
second-generation organism capable of much 
higher yield, rate, or product concentration in 
water. Yields from the process are such that 
the researchers believed they needed only to 
double the efficiency of the prototype that they 
created in order to have a commercial product. 
The two companies now claim to have far ex- 
ceeded their targets and to be nearing perfor- 
mance suitable for commercialization. In late 
2002, DuPont and Genencor announced that 
their scientists had used pathway engmeering 
to combine DNA from several different micro- 
organisms into one production strain, resulting 
in a 500-fold increase in bioprocessing produc- 
tivity. The PDO monomer is used to make 
DuPont Sorona 3GT polymer (a polyester co- 
polymer of PDO and terephthalic acid), the 
company’s newest and most advanced polymer 
platform (14 October 2002 press release, 
http://www.genencor.com). 

DuPont, jointly with sugar producer Tate & 
Lyle, has now demonstrated large-scale feasi- 
bility of DuPont’s bio-PDO process (56) in a 
200,000-lb year-’ bio-PDO pilot plant at 
Tate & Lyle subsidiary A. E. Staley Manufac- 
turing’s corn wet-mill in Decatur, Ill. Mean- 
while, DuPont is using chemically synthesized 
PDO to build a market for the polyester. Du- 
Pont predicts that lowering the cost of PDO 
will broaden the commercial appeal of 3GT 
and also make PDO an attractive feedstock for 
polyols used in polyurethane elastomers and 
synthetic leathers. 

ChemSystems reviewed the alternative pro- 
cesses for PDO in late 1998 and concluded that 
the biological route could compete with petro- 
chemical routes ifit was back-integrated to glu- 
cose production from corn. DuPont says fur- 
ther improvements have taken the process 
“well beyond the most optimistic case de- 
scribed in that study.” 

Genetic technology will dramatically 
change the materials available from biomass. 
Recent advances in recombinant genetic bio- 
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technology of soybeans have led to ways of 
altering the lipid composition in order to in- 
crease the variety of biohydrocarbons available. 
Additionally, the yield, structure, and degree 
of saturation of the oils from soy and other 
vegetable sources will be modified. 

Bioengineering of crop plants will improve 
the markets for oils and fatty acids. DuPont, 
Monsanto, and Dow are all marketing vegeta- 
ble oils enriched in oleic acids. Crop developers 
hope to manufacture specialty oils for industrial 
applications, although limited funchng for 
product development and higher-than-ex- 
pected costs are slowing development. 

DuPont is exploring application of its high- 
oleic-acid soybean oil, which can be chemi- 
cally epoxidized to form nine-carbon &acids 
for plasticizers, and has cloned the genes 
needed to epoxi&ze fatty acids into the plant. 
It has also cloned the metabolic machinery to 
conjugate fatty acids for coatings or hydroxyl- 
ate them for lubricants. 

Monsanto engineered rapeseed oil for in- 
dustrial uses, enriching the oil with lauric acid 
for surfactants, myristate for making soaps and 
detergents, and medium-chain fatty acids for 
lubricants. However, Monsanto has now given 
these applications a low priority while it con- 
centrates on food and agricultural applications. 

Crop enhancement may eventually cut the 
cost of making a wide range of chemical prod- 
ucts. Several firms are seelung to make high- 
value proteins in crops. Prodigene, for exam- 
ple, has brought to market a plant-derived bo- 
vine trypsin. The company has also commer- 
cialized another maize-based protein, a bovine 
protease inhibitor, aprotinin, used to prevent 
protein degradation during cell culture. Large- 
scale production in corn can greatly lower the 
price, since adding capacity is relatively easy. 
Prodigene is also working with Genencor to 
make industrial enzymes in plants. The compa- 
nies are particularly hopeful about applications 
in which an enzyme-enriched plant could be 
added dn-ectly into an industrial process, elimi- 
nating costly purification steps. 

In addition to production of new chemicals 
from biomass, there exists the possibility of 

using photosynthesis directly, the aim being to 
create an artificial system mimicking photosyn- 
thesis to convert C 0 2  to hydrocarbons and 
other organics. Microbes, both land and sea 
based, remain a huge untapped resource of 
metabolic diversity. In the long term, atmo- 
spheric C 0 2  may be a significant raw material 
for these products. 

While not strictly a plant-derived material, 
a spider silk protein is being produced from 
goat’s milk by Nexia (41; also see http:// 
nexiabiotech.com). This synthetic material 
(brand name BioSteel) has uses ranging from 
body armor to microsurgical sutures. Spinning 
of BioSteel proteins into nanometer-diameter 
fibers has been achieved, and Nexia is now de- 
termining the product specifications for medi- 
cal and microelectronic applications. 

Biodegradable Plastics 
The route to sustainable development lies in 
optimizing the recycling of all materials. Plas- 
tics in particular are so widely used that con- 
siderable interest and effort have gone into 
both drect recycling and the development 
of varieties that can be “recycled” by biodeg- 
radation. 

The structure of a molecule is key to its bio- 
degradability. In general, polymers with mixed 
backbone linkages (carbon-oxygen or carbon- 
nitrogen) show greater susceptibility to hydrol- 
ysis than carbon-carbon backbone polymers. 
Polymers with aromatic components or 
branched regions tend to be more resistant to 
attack than straight-chain aliphatic compo- 
nents. The primary biological mechanism for 
degradation of high-molecular-weight poly- 
mers such as plastics is hydrolysis by extracellu- 
lar enzymes produced by microorganisms. To 
be biodegradable, the polymer chain must be 
flexible and have a stereo configuration that 
allows it to fit into the active site of a degrada- 
tive enzyme. 

A general class of biodegradable plastics are 
the microbially produced polyesters which 
have ester bonds that are susceptible to enzy- 
matic attack. These compounds include poly 
(betahydroxyalkanoates), or PHAs, an example 
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ofwhich is polyhydroxybutyrate (PHB). PHAs 
are synthesized by bacteria as a reserve material, 
and nitrogen and phosphorus limitation can be 
used to enhance intracellular PHA accumula- 
tion. Under the appropriate conditions, the 
bacterium Alcaligenes eutvophus, for example, 
can accumulate an astoundng 96% of its dry 
weight as PHA. 

In the late 1980s, the applied microbiology 
laboratory at Massachusetts Institute of Tech- 
nology became the first research facility to bio- 
engineer PHA biopolymers using recombinant 
DNA, and their technology is licensed to Met- 
abolix (16 May 2001 press release, http:// 
m.monsanto.co.uk). Other researchers 
have successfully transferred the genes for the 
three enzymes involved in the synthesis of 
PHB into E. coli, in which they were expressed. 
A completely biodegradable copolymer, 
poly(3-hydroxybutyrate-3 hydroxyvalerate), 
or PHBV, is produced by some types of bacte- 
ria. In the early 1980s, Zeneca (formerly part 
of ICI) developed a process for growing large 
batches of these bacteria and harvesting the 
PHBV. PHBV is renewable, biodegrades rap- 
idly and completely (to carbon dioxide and 
water) in soil or in a landfill yet remains stable 
in storage, is biocompatible for medical devices 
and personal hygiene products, and can be pro- 
cessed into films and containers by existing 
technology. The material, known as Biopol, is 
so far one of only a very few commercially 
produced bioplastics. Zeneca sold its Biopol 
business to Monsanto, who in May 2001 sold 
the brand to Metabolix. 

Metabolix has developed the most ad- 
vanced, high-throughput microbial produc- 
tion systems in existence today for the produc- 
tion of PHA polymers. These microbial 
production systems can express pathways en- 
coded by upwards of nine genes from a number 
of lfferent species, stably integrated into the 
chromosome with specific productivities sev- 
eralfold greater than those of wild-type sys- 
tems. These integrated pathways enable the 
production of a range of copolymers varying 
widely in properties and serving &verse appli- 
cations with costs well under $l/lb. 

A novel approach to making plastics is either 
to have the plant produce the raw materials or, 
more ra&cally, to make it grow the finished 
product. In 1999, a team at Monsanto used 
rape and cress plants to synthesize a PHA by 
adding bacterial genes from a bacterium, Ral- 
stonia eutvopha, chosen because it produces high 
levels of PHAs, into their experimental plants. 
Workers at Michigan State University have 
grown PHB in Avabidopsis thaliana, a plant of 
the rapeseed family. The plastic-producing 
genes from Alcaligenes eutvophus have been in- 
serted into the plant, which then makes PHB 
granules throughout its leaves, stems, and roots. 
These granules can be recovered for use as a 
raw material for bioplastic production. Current 
research is attempting the transfer to the rape 
plant itself. 

While bacterial PHAs are too expensive 
to be commercially viable, those produced in 
plants should be cheaper. In 2001, Metabolix 
received a $15 million cost-share grant from 
the U.S. DOE to produce PHAs directly in 
green tissue plants, such as switchgrass, to- 
bacco, and alfalfa. PHAs produced directly in 
plants will provide cost-competitive, sustaina- 
ble alternatives to the large-volume, general- 
purpose plastics now in prevalent use. Meta- 
bolix is developing the technology to enable 
this, producing PHAs in specific plant tissues, 
such as seeds or leaves, directly by photosyn- 
thesis using carbon &oxide and water as the 
raw materials. PHAs produced this way will 
not only be low-cost alternatives for many 
of the large-volume plastics such as polyethyl- 
ene, polystyrene, polypropylene (PP), and 
polyethylene terephthalate (PET) now in use, 
but will also be sustainable raw materials for 
a number of important chemicals currently 
based on petrochemical sources. 

BASF has also looked at a related material, 
polyhydroxybutanoic acid from transgenic ca- 
nola (rape), and although it is competitive with 
polypropylene on an ecoefkiency basis, the 
net present value was regarded as too low and 
the scientific risks in development were seen 
as too high. 

The development of PLAs is a good exam- 
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ple of a new process based on renewable 
resources. PLAs are biodegradable plastics 
suitable for packaging applications and fibers. 
They are made by the polymerization of a 
lactide which is produced from lactic acid. 
For many years, lactic acid has been produced 
by both fermentation and chemical routes. 
More recently, developments in the fermenta- 
tion process and particularly in downstream 
recovery appear to have given the bioprocess 
an overall economic advantage as well as the 
environmental benefit of being based on re- 
newable raw materials. Cargill Dow’s 
140,000-tons-per-annum PLA plant began 
operation in late 2001. For background to 
Cargill’s joint venture with Dow, see their 
website (http://www.cargill.com and http:// 
www.cargilldow.com). 

The first-generation PLA is being produced 
from corn (maize) in the United States, while 
in other parts of the world local crops such as 
rice or sweet potatoes will be used. However, 
Cargill Dow is developing conversion technol- 
ogies to utilize lignocellulosic waste materi- 
als-straw and bagasse, for example. 

To compete with polyester and other con- 
ventional petroleum-based polymers, Cargill 
Dow has located its commercial-scale plant 
next to a low-cost dextrose supply, Cargill’s 
corn wet-milling complex. Cargill Dow is fer- 
menting Cargill’s dextrose to lactic acid and 
then chemically cracking the lactic acid into 
three chiral isomers of lactide. Finally, various 
combinations of the lactides are made to gener- 
ate a range of polymers. Cargill Dow currently 
makes Nature Works brand packaging and 
Ingeo brand fibers (44). 

Relying on dextrose ties bioprocesses to 
corn wet-mills in North America and, in 
Europe, to wheat processors, but the ability 
to use a wider range of sugars is developing 
rapidly. Cargill Dow is exploring novel pro- 
cesses that would allow the use of cheaper 
feedstocks than dextrose, a capability that 
would cut the cost of making PLA as well 
as novel products. Cargill Dow’s next plant 
will not be so limited. The enzyme-convert- 
ing technology and the ability to adjust fer- 

mentations to use a wider variety of sugars 
have advanced to the point where corn wet- 
mills will not be needed. 

Processing technology to use sucrose from 
sugar cane, which costs about 5# lb-’ com- 
pared to 10 to 12Glb-I for dextrose, is already 
available. Corn fiber, which corn wet-mills sell 
locally as animal feed for as little as 3# lb-’, 
may be the next major raw material in the 
United States. Corn fiber consists of a range of 
five- and six-carbon sugars, but research and 
development on bioprocesses to ferment these 
sugars is well developed. 

Farm groups in the United States believe 
PLAs are an important new market, given 
slumping commodity prices and concerns over 
the safety of genetically modified foods. Al- 
though Cargill Dow’s process uses fermenta- 
tion, it does not depend on transgenic organ- 
isms because many microorganisms already 
have the capacity to make lactic acid. 

Toyota Motor Corporation (60) became the 
first automaker in the world to use bioplastics 
in the manufacture of auto parts, employing 
them in the cover for the spare tire on a model 
that went on sale in 2003. The bioplastic used 
is made from polylactic acid, which can be used 
in the manufacture of products after being 
heated and shaped. Toyota is building a plant 
to undertake test production of bioplastic at a 
factory in Japan, with production beginning in 
2004. The company expects to produce 1,000 
tons of bioplastic annually, which will be used 
not just in car parts but in many other plastic 
products. 

Mitsubishi Plastics has already succeeded 
in raising the heat resistance and strength of 
polylactic acid by combining it with other 
biodegradable plastics and filler, and the result 
was used to make the plastic casing of a new 
version of Sony Corp.’s Walkman released 
last fall. NEC Corp., meanwhile, is turning 
its attention to kenaf, a type of fibrous plant 
native to tropical areas of Africa and Asia. A 
mixture of polylactic acid and kenaf fiber that 
is 20% fiber by weight produces a plastic that 
is strong enough and heat resistant enough 
to be used in electronic goods. At present, 
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approximately 14 million tons of plastic is 
produced in Japan annually. Though bioplas- 
tics and other environment-friendly plastics 
account for only about 10,000 tons, the mar- 
ket for bioplastics is expected to grow by 
400% by 2005. 

Two key public concerns are fossil fuel use 
and GHG emissions. The importance of these 
mark a shift away from emphasis on the biode- 
gradability of plastic materials. Less fossil fuel 
use and reduced GHG emissions are also in- 

creasingly correlated with better economic 
performance. 

Renewable Fuels 
Since the 1970s, a number of countries have 
been involved in the manufacture of liquid 
fuels based on plant raw materials. Production 
of bioethanol (Box 9.3) continues on a large 
scale in Brazil and the United States, with more 
recent interest in Canada, while a wider range 
of countries are exploring the potential of bio- 
&esel (Box 9.4). 

BOX 9.3 
Bioethanol 

A combination of national security and the need to 
meet targets agreed under the Kyoto Agreement is 
driving a third wave of interest in biofuels and in 
particular bioethanol. Low-carbon-emissions sce- 
narios reflect the emergence of ethanol as a significant 
source of fuel for both the transportation and the 
industrial sectors. In the longer term, a zero-emission 
ethanol fuel could be produced from sustainable agn- 
cultural and biomass sources. Cornstarch (United 
States) and sugarcane (Brazil) are currently the major 
sources ofethanol, which is either blended with gaso- 
line or used on its own. 

Meanwhile, the traditional ethanol fuel industry 
continues to grow. Across the United States, 75 
ethanol plants are now operating and are able to pro- 
duce more than 10.6 billion liters of ethanol per year. 
The 13 plants now under construction will add an- 
other 500 million gallons in production capacity (65). 
There are those who believe this could rise as high 
as 75 billion liters by 2020 (5). 

The European Union wants biofuel, currently 
0.3% oftransportation fuel, to rise to 5.75% by 2010 
to meet Kyoto Agreement targets. This figure repre- 
sents 9.3 million tons of ethanol, the yield of 3.7 
million ha of wheat or sugar beet, but although this 
may seem a huge area, some 5.6 &ion ha are cur- 
rently idle. 

All major vehicle manufacturers warrant their cars 
for use ofE-10 fuel (10% ethanol plus 90% gasoline). 
Many manufacturers are now producing flexible fuel 
vehicles with engines capable of accepting blends of 
up to 85% ethanol. 

The use of cornstarch will always have to compete 
with alternative food and feed uses, and consequently 

most interest is now directed towards the use of cellu- 
lose from waste biomass from forest industries or 
grain production. In the United States, the primary 
potential raw material is corn stover, while in Canada 
wheat straw may be the major source. 

Corn ethanol plants use coal or natural gas to fuel 
their distillation process. The COZ produced by this 
combustion has to be taken into account when emis- 
sions of GHGs in the transportation sector are esti- 
mated. The levels of COz emissions fall dramatically 
when the waste lignin from lignocellulosic raw mate- 
rials is used as fuel. In its 1997 scenarios, the U.S. 
DOE made estimates of C 0 2  emissions from trans- 
portation fuel production (Box Table 9.3.1). 

The Government of Canada’s Action Plan 2000 
on Climate Change expressed its intention to invest 
$394 million over the next 5 years. This, together 
with $625 million which is in the 2000 budget, repre- 
sented a commitment of over $1 billion in specific 
actions to reduce GHG emissions by 65 megatons a 
year. The initiatives outlined in the Action Plan will 
take Canada one-third of the way to achieving the 
target established in the Kyoto Protocol. 

A key sector targeted by Canada is transportation, 
which is currently the largest source (25%) of GHGs. 
Without further action, GHGs from this sector could 
be 32% above 1990 levels by 2010. Canada’s current 
annual gasoline consumption is 25 to 30 billion liters, 
5% of which is E-10. Measures in the Action Plan 
include increasing Canada’s ethanol production from 
250 million liters to 1 bdlion liters, allowing 25% of 
the total gasoline supply to contain 10% ethanol. 

The province of Saskatchewan in Canada estimates 
that it has enough waste biomass at present, some 22 
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BOX 9.3 (continued) 

BOX TABLE 9.3.1 Comparative full-cycle COz emissions" 

Fuel COz emission (kg/gal-') 

Gasoline 11.8 
10.2 

Ethanol from corn (assumes natural gas as fuel) 7.0 
Ethanol from cellulose (assumes lignin as fuel) 0.06 

Ethanol from corn (assumes coal-fired boiler) 

a Data are estimates from the U.S. DOE. 

milhon tons, to produce 8.7 billion liters of fuel 
ethanol. However, using hybrid poplars and other 
agncultural cellulose, this could rise to 50 billion li- 
ters, without any reduction offood grain production. 

Neither corn-based ethanol nor ethanol from cel- 
lulose is economically competitive with gasoline. Be- 
fore the introduction of organisms capable of fer- 
menting multiple sugars, ethanol from biomass was 
projected to cost $1.58/gal (1980s). Today, the cost 
has fallen to $1.16/gal. The program forecasts a fall 
to $0.82 gal in this decade and, as production rises, 
to compete with gasoline. According to a U.S. DOE 
analysis (in 2000 figures), if the enzymes necessary to 
convert biomass to ethanol can be bought for less 
than lo$ per gallon of ethanol, the cost of making 
ethanol could drop as low as 75@. a gallon, a figure 
approaching the production cost of gasoline. Gen- 
encor believes the enzyme cost could be reduced 
to 5$ per gallon of ethanol. Iogen estimates that its 
product could be competitive based on a raw material 
price of $28 per ton, a figure acceptable to Saskatche- 
wan farmers at recent seminars. 

Emissions of volatile organic compounds (VOCs) 
react with nitrogen oxides in sunhght to form 
ground-level ozone, the cause of smog. Because 
ethanol contains oxygen, it reduces smog and local 
air pollution. Accordmg to the US. Environmental 
Protection Agency (EPA), every 1% increase in oxy- 
genate use decreases toxic emissions by 4.5%. 

Chicago has some of the worst levels of air quality 
in the United States, and strategies for reducing smog 
in this region have focused largely on VOCs since 
1970. The leading approach since 1990 has been the 
use of reformulated gasoline (RFG). By a wide mar- 
gin, RFG has been the largest single source of emi-  
sion reduction in the Chicago area. A number of 

other U.S. regions have chosen to use RFG with the 
consequence that, according to the U.S. EPA, one- 
third of all gasoline sold in the United States is RFG. 
RFG contains various compounds containing oxy- 
gen (known as oxygenates). In the Chicago area, over 
90% ofthe oxygenate is supplied as ethanol. In ad&- 
tion to reducing emissions, RFG oxygenates displace 
the carcinogen benzene, which is found in conven- 
tional gasoline. Total VOC emissions in metropolitan 
Chicago fell from ca. 2,000 tons day-' in 1970 to 
801 tons day-' in 1996. Between 1990 and 1996, 
RFG contributed 27% of this drop in emissions. 

In the 1990s, the U.S. DOE National Biofuels 
Program (48) focused on developing new, more ver- 
satile microorganisms to extract more ethanol from 
biomass. The program's mission is to develop cost- 
effective, environnientally friendly technologes for 
production of alternative transportation fuel additives 
from plant biomass. The goal is to develop technol- 
ogy which can utilize nonfood sources of sugars for 
ethanol production. Additionally, the program has 
collected rigorous material and energy balance data 
to give increased confidence to projected perfor- 
mance and cost figures. 

Recent research has focused on cellulase enzymes. 
Work is also targeted at organisms capable of convert- 
ing all the sugars in biomass, especially the pentose 
sugars. Alternative strategies include the use of the 
E. coli workhorse by adding the capability to make 
ethanol to strains which can metabolize a range of 
sugars and by adding sugar metabolism to yeasts 
which produce alcohol. The program is supporting 
work at the Universities of Wisconsin and Toronto 
which is evaluating both a yeast strain and a recombi- 
nant form of the organism Zymomonar developed by 
the U.S. DOE. 
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BOX 9.4 
Biodiesel 

Biodiesel is made by transesterifylng animal fat or veg- 
etable oil with ethanol and can be directly substituted 
for diesel either as neat fuel (B100) or as an oxygenate 
additive (typically 20% p201) (64). B20 earns credits 
for alternative fuel use under the Energy Policy Act of 
1992, and it is the only fuel that does not require the 
purchase of a new vehicle. In Europe, the largest pro- 
ducer and user of biodiesel, the fuel is usually made 
from rapeseed (canola) oil. In the United States, the 
second largest producer and user ofbiodiesel, the fuel 
is usually made from soybean oil or recycledrestaurant 
grease. In 2002, 15 rmllion gallons of biodiesel was 
consumed in the United States. 

E-diesel is a fuel that uses additives in order to 
allow blending of ethanol with diesel. It includes 
ethanol blends of 7.7 to 15% with up to 5% special 
additives that prevent the ethanol and diesel from 
separating at very low temperature or if water con- 
tamination occurs. While the use of E-diesel reduces 
mileage by some 7 to lo%, there are environmental 
benefits such as reductions in particulates, C O  and 
NOx. 

The US. Clean Air Act specifically required the 
use of oxygenated fuels during winter months in areas 
exceeding standards for carbon monoxide and RFG 
in areas exceeding standards for ground-level ozone. 
In order to fulfill the oxygenate requirement, ethanol 
is now blended with gasoline in nearly all the carbon 

monoxide nonattainment areas and is added to a 
modest but growing portion of RFG. 

Although desel fuel regulations do not require the 
use of oxygenates per se, oxygen-containing renewa- 
ble diesel alternatives such as biodiesel (fatty-acid 
methyl ester made fromvegetable oil or animal fat) and 
E-diesel can dramatically reduce emissions from diesel 
engines. Biodiesel used straight or in a typical 20% 
blend with petroleum diesel reduces visible smoke, 
odor, and toxic emissions, as shown in Box Table 
9.4.1. 

In January 2004, Archer Daniels Midland an- 
nounced a partnership with Volkswagen to develop 
biodiesel fuels. 

BOX TABLE 9.4.1 
fuel 

Emissions from biodiesel 

% Change in emissions 

BlOO B20 
Gas or parameter 

Carbon monoxide - 47 -12 

Particulates - 48 - 12 

Air toxics -60-90 - 12-20 

Hydrocarbons - 67 - 20 

Nitrogen oxides +10 +2 

Mutagenicity -80-90 - 20 

The benefits of biomass to ethanol technol- 
ogy (38) include increased energy security, re- 
duction in GHG emissions, use of renewable 
resources, microeconomic benefits for rural 
economies, and development of a carbohy- 
drate-based chemical process industry. 

Unlike starch, which contains homogene- 
ous and easily hydrolyzed polymers, ligno- 
cellulosic plant materials contain cellulose, 
polyphenolic lignins, hemicellulose, and other 
components bound together in complex ways. 
The main challenges are the separation (pre- 
treatment) of this complex to make the use- 
ful components, cellulose and hemicellulose, 
more readily available and to reduce the major 
conversion process costs, including that of the 
enzymes. 

Several physical, chemical, and biological 
pretreatment processes are under investigation, 
potentially applicable to the widest possible 
range of biomass, from wood waste to corn 
stover to domestic paper waste. The criteria 
for successful pretreatment are high yields of 
cellulose and hemicellulose, low lignin degra- 
dation, low capital and energy costs, and re- 
coverable process chemicals. Physical treat- 
ments such as the use of high temperature can 
be of limited effectiveness and expensive, while 
biological processes such as the use of wood- 
rotting fungi require long treatment times. 
Chemical treatments, for example with dilute 
acid or ammonia, may have advantages. A limi- 
tation of all of these is their capital-intensive 
nature. 
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Cellulase enzymes have been, until recently, 
high-cost products with relatively low activi- 
ties. Because of the complex nature of the sub- 
strate, many related enzymes, such as endo- and 
exogluconases, are required to act synergisti- 
cally to achieve complete breakdown of the 
cellulose molecule. 

The Biomass Research and Development 
Act allows the US. DOE to place the same 
emphasis on biomass as a source of raw sugars 
for chemicals as it does on lowering the cost 
of bioethanol fuel. The DOE expects enzyme 
producers to lead the cost improvements. In 
particular, cellulase costs must fall 10-fold, from 
30 to 40$ gal of ethanol produced-’ to less 
than 5$ gal-’, before biomass conversion be- 
comes profitable for large-scale ethanol pro- 
duction. In 2000, the DOE signed 3-year con- 
tracts with Genencor and Novozymes to 
achieve those cost improvements. 

The $17 million grant awarded to Genencor 
by the U.S. DOE in 2000 had the goal ofachiev- 
ing a 10-fold cost reduction for the enzymes, 
particularly cellulase, required to produce 
ethanol. In 3 years, the company exceeded this 
target and developed an enzyme system (tai- 
lored to a dilute acid pretreatment of corn sto- 
ver), a production organism, and a production 
process for the new cellulase. New and im- 
proved enzymes were developed by protein en- 
gineering and directed evolution. In late April, 
Novozymes announced that it had cut the cost 
of the enzymes needed for producing ethanol 
from cellulose by a factor of 20. The gains were 
achieved in part by Novozymes’ advances in en- 
zyme technologies and in part by improved pre- 
treatment processes for corn wastes that were 
developed by the DOE’S NREL. The new pre- 
treatment process allows the use of fewer en- 
zymes per gallon of ethanol produced. 

While glucose can easily be fermented by 
using existing organisms, hydrolysis of cellulose 
and hemicellulose produces a wide range of 
both C6 and C5 sugars. Wild organisms which 
convert these exist, but ethanol yields are not 
sufficient and many by-products which inhibit 
fermentation result. Research into engineering 
of modified microorganisms, includmg ones 

which will combine hydrolysis of the cellulose 
and alcohol production, and novel enzymes 
continues. 

Iogen (http://www.iogen.ca), an enzyme 
company in Ottawa, Canada, is now producing 
fuel ethanol commercially from cellulose. 
Iogen makes its ethanol from wheat straw and 
corn stover and uses steam explosion to free 
the cellulose from hemicellulose and lignin 1- 
gesting the cellulose with cellulase. One ton of 
wheat straw yields 85 gal of ethanol and 200 
kg of lignin, which is burned as an energy 
source. The company’s newly opened demon- 
stration plant has a capacity of 260,000 gal per 
year, and the company plans a 42-million-gal- 
lon plant with an expected completion date 
of 2007. Iogen estimates that the market for 
cellulose alcohol will grow to $10 billion by 
2012 (65). The U.S. DOE expects that ethanol 
could eventually supply 30% or more of the 
U. S. transportation market. 

Like Iogen, Novozymes and Genencor 
make cellulase enzymes for textile and pulp 
processing. Both companies are trying to make 
the currently known cellulases more active but 
are also searching for novel enzymes that could 
assist the process. The intention is to genetically 
engineer all of the necessary steps into a single 
organism. 

The Future for Renewables 
In its report, BIO (12) asks a very pertinent 
question: what ifindustrial biotechnology were 
more widely used? 

These are a few of their answers. 

. Biotechnology process changes in the pro- 
duction and bleaching of pulp for paper re- 
duce the amount of chlorine chemicals 
necessary for bleaching by 10 to 15%. 
If applied across the industry, these process 
changes could reduce chlorine in water 
and air as well as chlorine dioxide by a 
combined 75 tons per year. Biotechnol- 
ogy processes cut bleaching-related energy 
uses by 40%-a savings that has the poten- 
tial to create adhtional pollution reduc- 
tions-and lower wastewater toxicity. 
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- Biotechnology process changes in the tex- 
tile finishing sector reduce water usage by 
about 17 to 18%, cost associated with 
water usage and air emissions by 50 to 
60%, and energy demand for bleaching 
by about 9 to 14%. 

. Biotechnology process changes in plastic 
production replace petrochemical feed- 
stocks with feedstocks made from organic 
material such as corn or even corn stovers, 
thereby reducing demand for petro- 
chemicals by 20 to 80%. Because these 
bioplastics are biodegradable, their use 
could also reduce plastics in the waste 
stream by up to 80%. Waste burdens are 
reduced partly because dsposable food ser- 
vice items such as plates, cups, and contain- 
ers can be composted along with the food 
waste, eliminating the need for separation. 
These bioplastics can be used to make prod- 
ucts ranging from clothing to car parts, all 
of which can be composted instead of dis- 
posed of in landfills or incinerators. - Biotechnology process changes allow for bi- 
oethanol production not only from corn but 
also from cellulosic biomass such as crop res- 
idues; bioethanol from cellulose gener- 
ates 8 to 10 times as much net energy 
as is required for its production. It is 
estimated that 1 gal of cellulosic 
ethanol can replace 30 gal of imported 
oil equivalents. The closed-loop nature of 
using cellulosic biomass to  produce bi- 
oethanol can contribute substantially 
to the mitigation of GHG emissions and 
can help provide a partial solution to global 
warming. 

. Biotechnology process changes in the nutri- 
ceutical and pharmaceutical sector in the 
production of riboflavin (vitamin B,) re- 
duce associated carbon dioxide emis- 
sions by 80% and water emissions by 
67%. Changes in the production ofthe anti- 
biotic cephalexin reduce carbon dioxide 
emissions by 50%, energy demand by 
20%, and water usage by 75%. The mar- 
ket share of the biotechnology method of 

vitamin B2 production increased from 5% 
in 1990 to 75% in 2002. 

According to Craig Venter, making ethanol 
is old-think. New-think would use fuel cells 
supplied with biological hydrogen. This could 
be produced either by organisms such as Cur- 
boxydotherrnus spp., which produce hydrogen 
as a waste product, or by a completely synthetic 
organism in which the sugar-forming pathways 
in photosynthesis have been turned off 

We should not always be fixated on bio- 
technology (63). Researchers at the University 
of Minnesota claimed early this year to have 
discovered a method of producing hydrogen 
from ethanol that is efficient enough to poten- 
tially serve as an economical source of hydro- 
gen. The engineers used an automotive fuel 
injector to vaporize a mixture of ethanol and 
water and then used a catalyst to convert that 
vapor into a mixture of hydrogen, carbon 
&oxide, and other by-products. The research- 
ers claim that a unit small enough to fit in a 
person’s hand would be able to generate 
enough hydrogen to fuel a 1-kW fuel cell, ca- 
pable of powering an average home. 

A major advantage of the University of 
Minnesota invention is its use of a mixture of 
ethanol and water, eliminating an energy- 
costly step needed to separate the two for use 
as a combustion fuel. The efficiency ofthe con- 
version process and the fuel cell add to that 
benefit. “We can potentially capture 50 per- 
cent of the energy stored in sugar (in corn), 
whereas converting the sugar to ethanol and 
burning the ethanol in a car would harvest only 
20 percent of the energy in sugar (65).” 

BIOPROCESSING 
Enzymes have been used on an industrial scale, 
in detergents for example, since the 1950s, but 
their role in biocatalysis has been fully accepted 
at industrial level only in the last few decades 
or so, with the lead coming from the pharma- 
ceutical and fine-chemical industries. Although 
there is ongoing research into the catalytic 
properties of antibodies and also segments of 
DNA and RNA, none of these have found 
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their way into industrial processes. Conse- 
quently, when we speak of bioprocesses we 
mean the use of whole cells, cell fragments, or 
purified enzymes as biocatalysts. 

Since most, if not all, novel technologies go 
through a typical S-curve of development, it 
should be appreciated that industrial biotech- 
nology is still near the foot of its growth curve. 
As chemical products become more diverse, 
the trend is from stoichiometric synthesis to- 
wards using the complexity of biological sys- 
tems-moving from single-reaction biocata- 
lysis to metabolic pathway engineering, from 
single synthetic steps to cascade catalysis in 
which a number of enzymes act in concert, 
without the need to add and remove protective 
groups. Molecules with several functional 
groups pose particular &fficulties for traditional 
organic synthesis but are the natural targets for 
the enzymatic approach. As molecules with 
pharmaceutical action get more and more 
complicated, so their manufacture will increas- 
ingly require a biological approach. 

The ability to manipulate the genetic mate- 
rial of microorganisms has underpinned the 
widening use of enzymes. Genes for individual 
enzymes have been transferred from one or- 
ganism and expressed in another, more suitable 
organism; multiple copies can be made to over- 
produce an enzyme, and enzymes from differ- 
ent organisms can be assembled, in one organ- 
ism, into novel synthetic pathways. 

In parallel with these developments in ge- 
netic engineering have come improvements in 
biochemical engineering which have yielded 
novel commercial reactor and fermentor de- 
signs and operation, improved control tech- 
niques, and downstream separation. These 
have resulted in more rapid delivery of prod- 
ucts to the marketplace. It is no longer the case 
that biotechnological solutions are relevant 
only to high-added-value products, such as 
pharmaceuticals. Bulk chemicals, including 
polymers, and heavy-duty industrial processes 
may have a biotechnological component. 

Biocatalysts 
While some 3,000 enzymes have been de- 
scribed, maybe only 10% of these are available 

on an industrial scale (39). These carry out a 
diverse group of chemical reactions and include 
enzymes that form and break carbon-carbon 
bonds (the ligases and lyases), oxilze and re- 
duce organic compounds (dehydrogenases, ox- 
idoreductases), and hydrolyze or form esters, 
amides, nitriles, peptides, etc., and also have 
more exotic activities such as the expandase 
enzyme, which can expand five-membered 
rings to six-membered rings. These enzymes 
may be used as free or immobilized whole cells, 
crude and purified enzyme preparations, 
bonded to membranes or in cross-linked crys- 
tals. Many are now based on recombinant or- 
ganisms. 

Hydrolysis reactions were among the first 
to be substituted by biological alternatives, but 
reduction reactions are also being replaced. A 
widely used enzyme in this respect is alcohol 
dehydrogenase, originally derived from yeast 
but with more robust, more active versions of 
this enzyme now available from other sources. 
Another functional group transformation orig- 
inally catalyzed by yeast is the reduction of car- 
bon-carbon double bonds (71). 

Almost all the enzymes commercially used 
today come from the small fraction of organ- 
isms that can be grown under controlled condi- 
tions. Early reviews of the use of industrial en- 
zymes are presented by Dordick and Wong and 
Whitesides (23, 71). 

Many more organisms, sources ofnovel bio- 
catalysts, grow in extreme environments, and 
their enzymes have potentially useful proper- 
ties in that they can operate in conditions of 
pH and temperature well away from the norm 
(1, 53). Novel methods for extracting genes 
and expressing them in genetically modified 
organisms have widened the possibilities for 
finding new and useful activities (16). Crude 
enzymes normally contain cell debris, nucleic 
acids, inactive proteins, and pigments. Such 
impurities interfere with purification of the 
final product and make the workup difficult 
and expensive. Immobilized and crystalline en- 
zymes overcome this difficulty, since they are 
heterogeneous catalysts and do not contami- 
nate the product with unwanted protein. An- 
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other serious drawback of crude enzyme 
preparations is the presence in the mixture of 
several competing enzymes. These enzymes 
may have different stereo- and regioselectivi- 
ties and thus reduce the yield and optical purity 
of the final product. These competing enzyme 
activities can be removed by crystallization 
processes. 

Obtaining enantiomerically pure interme- 
hates and products is of utmost importance to 
the pharmaceutical industry and, to an increas- 
ing extent, to the agrochemical industry as 
well. Biocatalytic reactions offer many advan- 
tages, particularly for the synthesis of these 
chemicals. Conventional processes often give 
rise to racemic mixtures of chiral isomers (left- 
and right-handed versions) of the product, only 
one ofwhich is likely to be useful or chemically 
active. The inherent selectivity associated with 
many enzyme-catalyzed reactions means that 
they can lead to the production of a single iso- 
mer, thereby minimizing complicated separa- 
tions in the downstream processing. Esterases, 
lipases, and proteases have been of particular 
importance in this area, and some of these en- 
zymes have the added advantage ofbeing stable 
and active in organic solvents. 

A number of potentially useful syntheses re- 
quire cofactors such as ATP or NADH. Re- 
generation of the cofactor from its reaction 
product is essential for the process to be eco- 
nomically feasible. Use of whole cells rather 
than free enzymes is one route to cofactor re- 
generation (54). 

Restriction of enzymes to aqueous meha 
has limited their industrial possibilities (37). 
Many products and their precursors are insolu- 
ble in water or react with it to give unwanted 
by-products. However, the belief that enzymes 
are denatured in organic solvents derives from 
experiments in aqueous-organic mixtures 
rather than in the pure solvent. In the absence 
of water, proteins are very rigid and lack the 
flexibility to unfold. This increased rigidity has 
been shown to result in improved stability, in- 
cluding thermal stability, in a number of en- 
zymes. 

Recent research has shown that enzymes do 

not need to be kept in aqueous reaction media 
to catalyze technologically useful reactions. 
Water itself is not an ideal medium for syn- 
thetic purposes, since it often participates in 
the side reactions and may complicate product 
recovery. This has led to a new form of enzyme 
biotechnology in which lipases, proteinases, 
and carbohydrases (enzymes which normally 
hydrolyze lipids, proteins, and carbohydrates, 
respectively) are controlled by water depletion 
and persuaded to form the chemical bonds they 
would normally break. For example, lipases, 
esterases, and proteases obviously cannot carry 
out their normal hydrolysis in dry solvents, but, 
in the presence of alternative nucleophiles such 
as alcohols or amines, they can catalyze transes- 
terification and aminolysis reactions and the 
synthesis of esters (the reverse of hydrolysis) 
becomes thermodynamically favorable (72). 
This is the basis of emerging methods for modi- 
fying the functionality and nutritional proper- 
ties of, for example, food fats and the synthesis 
of food emulsifiers and flavors. 

Perhaps the most interesting aspect of en- 
zyme activity in solvents other than water is 
that it is sometimes possible to alter significantly 
the enzyme selectivity merely by switching sol- 
vents. For example, the enantioselectivity of 
chymotrypsin acetylation can be reversed by 
changing from cyclohexane to acetonitrile. 

Hydrolases generally display a substantial re- 
laxation of specificity in anhydrous conditions 
and, as a result, accept a variety of very unusual 
substrates. For example, subtilisin, an enzyme 
whose natural function is protein hydrolysis, 
readily catalyzes the addition of acidic subunits 
to sugars in organic solvents to yield surface- 
active food emulsifiers. 

While many enzymes do not survive in or- 
ganic solvents, and a high proportion of those 
that do become much less active, a few en- 
zyme-catalyzed reactions actually seem to pro- 
ceed better in nonaqueous media than in water. 
Industrial advantages of using nonaqueous 
meha include increased solubility of nonpolar 
substrates and elimination of microbial con- 
tamination. Another incentive to use enzymes 
that can withstand organic solvents is that these 
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solvents make the enzymes more selective with 
respect to the substrates they bind. One reason 
for this change in selectivity is that the changed 
flexibility of the protein chain can &ect the 
way the enzymes select their targets. 

Possible remedies for the lower activity in 
solvents are being dscovered. An important 
factor in enzyme activity in aqueous solutions 
is the pH, something which is meaningless in 
the context of organic solvents. However, it 
has been discovered that enzymes have a pH 
memory-their activity in the solvent is related 
to the pH of the last solution they were in. 
Consequently, lyophilization of an enzyme 
from aqueous solution at its pH optimum can 
increase its activity in a subsequent solvent 
considerably. The reduced flexibility in organic 
solvents is another reason for decreased activ- 
ity, and the addition of solvents capable of 
making multiple hydrogen bonds, such as eth- 
ylene glycol, can increase the flexibility and 
hence the activity. 

There is no natural environment that mim- 
ics an organic solvent and thus is a source 
for appropriate organisms. However, salt, like 
solvents, dehydrates enzymes, sticking to 
them and shielding them from water; there- 
fore, to improve the level of activity in sol- 
vents, research groups are looking at extremo- 
zymes from halophilic (salt-tolerant) bacteria. 
These organisms can survive in water which 
has 30 times the salinity of the sea, and their 
enzymes actually require very salty water to 
function. 

Current Processes 
We can illustrate the rapid increase in the in- 
dustrial uses of biotechnology by examples, all 
of which have emerged in the last few decades. 

In the 1980s, Hoffman LaRoche, in Basel, 
Switzerland, developed a commercial 
process which used baker’s yeast to re- 
duce the double bond of a cyclic a,@- 
unsaturated ketone as the key step. This 
reduction gave a pure chiral ketone while 
making considerable cost savings over 
the existing chemical conversion. 

One of the earliest large-scale uses of en- 
zymes was the manufacture of high-fmc- 
tose corn syrup using xylose isomerase 
(36). 

BASF has used a lipase-based enzymatic res- 
olution of amines since 1993. Several 
chiral amines are being produced in a 
multiproduct facility at scales up to sev- 
eral hundred tons. 

DSM uses amidases from several bacterial 
species to produce a range of nonpro- 
teinogenic amino acids. The genes en- 
coding these amidases have been isolated 
and cloned in E. coli so that overproduc- 
tion occurs, resulting in much-improved 
biocatalysts (14). 

An example of the commercial use of en- 
zymes in organic solvents is the pro- 
duction of enantiopure 2-chloro- and 
2-bromopropionic acids, which are 
intermediates in the manufacture ofsome 
herbicides. These have been obtained by 
an enantioselective butanolysis in anhy- 
drous solvents. BASF has also used en- 
zymes in solvents to manufacture enanti- 
opure amines (31). Eli Lilly has used 
penicillin acylase to synthesize a pure 
enantiomeric antibiotic, and Bristol- 
Myers-Squibb has used a lipase in the ste- 
reospecific synthesis of taxol. 

Whole cells are most often used for reactions 
in which cofactors have to be regener- 
ated. Although this is possible in vitro, 
the use of live cells is usually less expen- 
sive. Kyowa Hakko Kogyo manufactures 
oligosaccharides using whole-cell cofac- 
tor regeneration schemes and recombi- 
nant metabolic pathways in nonviable 
but metabolically active microorganisms 
(40). Both metabolic intermediates and 
cofactors dffuse freely in the reaction 
medmm. Free enzymes can have advan- 
tages over the whole-cell approach, 
which may be more difficult to predict 
and control. Degussa manufactures L- 

leucine in a membrane reactor using en- 
zymatic recycling of NADH. 

Next Page 
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Although this chapter focuses primarily on 
the chemical industry, since this is the major 
user ofbioprocesses, it is worth noting that bio- 
technology is making an impact on a wide 
range of other industrial sectors. The following 
examples, which are not an exhaustive selec- 
tion, are drawn mainly from a recent OECD 
report (50). 

BIOLOGICAL PRODUCTION OF 
ACRYLAMIDE 
Acrylamide is produced industrially as a mono- 
mer for synthetic fibers, flocculating agents, 
etc. The conventional synthetic process in- 
volves hydration of the nitrile with sulfuric acid 
and/or the use of inorganic catalysts. The in- 
clusion of the enzyme nitrile hydratase by Mit- 
subishi Rayon in an alternative route avoids 
several costly steps, was the first case of such 
a replacement, and is possibly the first use of 
biotechnology in the petrochemical industry. 

Advantages of the bioprocess are that the 
production process is simpler and the reaction 
is carried out at ambient pressure and tempera- 
ture; there is no need for a catalysis recovery 
and reactivation process; less energy is con- 
sumed; investment in equipment is lower; the 
production cost is also lower; and the high level 
of selectivity and low reaction temperature re- 
duce the amount and range of by-products. 

PRODUCTION O F  AMMONIUM 
ACRYLATE 
Ammonium acrylate is conventionally manu- 
factured by the chemical conversion of acrylo- 
nitrile to acrylic acid, which is subsequently 
neutralized with ammonia. The first biological 
process, based on two sequential enzyme cata- 
lysts, nitrile hydratase and amidase, had the dis- 
advantage that there existed the possibility of 
a buildup of the toxic intermediate acrylamide. 
A breakthrough came with the lscovery of a 
species of Rhodococcus possessing a nitrilase en- 
zyme which was capable of converting acrylo- 
nitrile directly to acrylic acid without the 
buildup of any intermediate acrylamide. A 
benefit of this catalyst was that it was an excel- 
lent scavenger of acrylonitrile. 

A crucial economic point is that acrylic acid 
made by the conventional route has to be di- 
luted and neutralized with ammonia before it 
is used. The biological route effectively adds 
water to acrylonitrile to make aqueous ammo- 
nium acrylate directly. This represents a sub- 
stantial saving on raw materials. 

The major driver for the project was to mini- 
mize the capital cost ofthe plant to ensure a rapid 
payback. A fed-batch process utilizing free cell 
biocatalyst was found to give the lowest capex. 

BIOBLEACHING OF PULP 
Xylanases are key enzymes in the biobleaching 
process for paper pulp. Originally, they were 
very expensive and very fragile, needing care- 
fully controlled conditions of pH and tempera- 
ture. Additionally, they contained cellulases, 
which are not desirable because they break up 
the cellulose polymer chains, reducing yield 
and pulp strength. Originally, the driver for the 
use of xylanase was the need to reduce chlorine 
at mills where there was insufficient chlorine 
dioxide (C102) to achieve elemental chlorine- 
free status. In the early days of xylanase use, 
the mills absorbed the high cost of the enzyme 
to avoid having to build larger C102 genera- 
tors. Suppliers, such as Iogen, now produce a 
high-purity product which is more robust and 
have now reduced the cost of xylanase to the 
point where they are promoting it on its ability 
to reduce operating costs alone. 

The advantage of xylanase is that it does not 
need any investment because it is added di- 
rectly ahead of the bleaching line. Xylanase is 
not a delignifier; there is speculation that by 
breaking bonds it somehow “activates” the lig- 
nin, and consequently treated pulp requires 
some 10 to 15% less bleaching chemicals. 

One Canadian paper mill achieved environ- 
mental compliance with a 50% margin of safety 
and a bleaching cost that was significantly lower 
in 17 months of intensive trials, having further 
revised brightness targets in most stages. 

GYPSUM REDUCTION IN ZINC 
REFINING 
Budel Zink BV has operated a zinc refinery 
at Budel-Dorplein in The Netherlands since 

Previous Page 
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1973. Over 200,000 tons of zinc is produced 
annually. The conventional roast-leach-elec- 
trowin process produces various wastewater 
streams containing sulfate and zinc. Until mid- 
2000, these streams were treated convention- 
ally by neutralization with milk of lime, result- 
ing in the production of gypsum which was 
stored on-site. The Dutch government indi- 
cated that they would prohibit further storage 
of residues on-site as of 1 July 2000. For this 
reason, alternative wastewater treatment pro- 
cesses were studied in order to arrive at a pro- 
cess in which storage of gypsum is avoided and 
in which an eMuent which complies with 
Dutch legislation can be produced. 

The difficulties in producing a consistently 
high quality of clean gypsum for sale led to a 
decision not to pursue this route, and an alter- 
native in which no gypsum is produced was 
chosen involving use of a high-rate biological 
sulfate reduction technology in which zinc and 
sulfate are converted into a zinc sulfide product 
which can be recycled to the refinery. With 
the successful implementation of this technol- 
ogy, no gypsum is produced and an improve- 
ment of the water quality has been achieved. 

BIOLEACHING OF COPPER 
Copper smelters are inherently heavily pollut- 
ing, with 50% of global smelter capacities oper- 
ating with a sulfur &oxide recovery of less than 
85%. Hydrometallurgical processing, which 
involves transferring the metal constituents of 
an ore into solution, is generally considered to 
be more environmentally acceptable, especially 
for ore containing problem elements such as 
arsenic. Other factors driving development of 
hydrometallurgical processes include the high 
transport costs for shipment of concentrates to 
a remote smelter; the proven success of hydro- 
metallurgy in treatment of gold, zinc, and 
nickel-cobalt sulfide concentrates; and the suc- 
cess of heap leach operations for copper re- 
covery. 

Most of the commercial mineral-processing 
bioreactors are operated with mesophilic bac- 
teria at about 40°C. Activity can be improved 
by using moderate thermophiles such as Thio- 
bacillus caldus and Suyobacillus species, which 

grow optimally at about 45"C, while strains of 
Sulfolobus-like and Metallosphaera-like Archaea 
can be active to at least 85°C. 

Based on comparative costs to achieve 
equally low environmental emissions, bio- 
leaching is competitive compared to smelting 
for treatment of sulfide concentrates. Use of 
themophiles represents a major breakthrough 
in the bioleaching ofbase metal sulfide concen- 
trates, and benefits include a significant im- 
provement in economic performance com- 
pared to that of mesophiles. 

ENZYMATIC DEGUMMING OF 
VEGETABLE OIL 
A prerequisite for physical refining of crude 
vegetable oils is a low phosphatide content in 
the oil entering the final deacidification-deo- 
dorization stage. The content of phosphatides 
is reduced in a degumming step, and one way 
of doing this is enzymatically in a process based 
on the hydrolysis of the phosphatide molecule. 
The enzyme phospholipase A2 catalyzes the 
splitting of the fatty acid ester, and the resulting 
lysolecithin molecule is water soluble and can 
be separated from the oil by centrifugation. 
Ths reaction takes place in an intensive disper- 
sion of the oil with the liquid enzyme solution 
at a mild temperature of 60°C and pH 5. 

A commercial process developed by Lurgi 
uses considerably less caustic soda, phosphoric 
and sulfuric acid as well as water (washing and 
dilution water), and steam than the conven- 
tional chemical degumming method. Although 
a detailed comparison of the cost of the two 
methods is difficult because the plants are engi- 
neered differently, the enzymatic process is 
cheaper in terms of operational cost. The price 
ofthe enzyme solution has a major impact, and 
it will be reduced further by the application 
of biotechnological methods. The enzymatic 
process requires lower capital investment, and 
integration of the new process into existing 
plants is simple. 

BIODESULFURIZATION OF 
GASOLINE 
Conventional hydrodesulfurization of gasoline 
is an expensive and energy-intensive process 
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requiring high temperature and pressure (see 
reference 61). Expensive processes are required 
to generate hydrogen and to convert the main 
by-product, hydrogen sulfide, into elemental 
sulfur. The conventional process saturates ole- 
fins in the gasoline, which results in a lowered 
octane rating. Biodesulfurization (BDS) offers 
potential cost savings because the process oper- 
ates at ambient temperature and pressure and 
produces only nontoxic by-products. Biocata- 
lysis minimizes side reactions such as saturation 
of olefins. Consequently, BDS retains the qual- 
ity and value of the gasoline produced. 

T o  achieve the commercial goals for BDS, 
bacterial strains that produce enzymes that will 
utilize the sulfur in thiophenes and benzothio- 
phenes have been isolated and characterized. 
The genes responsible for the sulfur biotrans- 
formation have been isolated, cloned, and ov- 
erexpressed; the biochemical activity of the de- 
sulfurization enzymes must yet be optimized 
and, if necessary, the genes engineered into a 
gasoline-tolerant host organism. In addition, a 
suitable bioreactor system that permits contact 
between the bacterial cells and the gasoline 
must be developed and a suitable product re- 
covery system must be designed. 

It is anticipated that capital costs will be 50% 
lower and that operating costs will be 15 to 
25% lower than for hydrodesulfurization. The 
application of gasoline BDS in U.S. refineries 
is expected to yield domestic savings of $900 
million in capital equipment and $450 &ion 
in annual operating expenditures. 

Canada’s Prime West Energy Inc. expects 
to begin using sulfur-oxidizing microorga- 
nisms to process sour gas and cut sulfur emis- 
sions in 2004 at its facility at Valhalla in Alberta 
(7). The company plans to use the Shell-Paques 
process to purify its natural gas. This process 
was developed by Shell Global Solutions Inter- 
national and Paques BV. The Shell-Paques 
process is designed to achieve at least 99.8% 
sulfur recovery. This gas treatment technology 
uses sulfur-oxidizing microorganisms to con- 
vert hydrogen sulfide to solid, fertilizer-grade 
sulfur. Besides reducing emission, this process 

reduces costs. Thus, the Shell-Paques process 
satisfies environmental and economic goals. 

Process Development. The decision to 
design and implement one manufacturing pro- 
cess rather than an alternative is always a com- 
plex one involving many parameters and is al- 
most always made on the basis of a less than 
ideal data set. Environmental benefits alone are 
not sufficient incentives for the adoption of 
biotechnology by companies. Decisions are 
much more influenced by economic consider- 
ations, company strategy, and product quality. 
In its approach to such a decision, a company 
needs to decide which parameters to take into 
consideration: economic (cost of production, 
investments, etc.), occupational health, regula- 
tory aspects (product approval), environmen- 
tal, customer perception, company profile and 
values, and many others. It must then gather 
the facts together, making sure it has access to 
comparable data for the alternative processes. 

As the applications widen, so the interna- 
tional marketplace for bioproducts and pro- 
cesses is increasing. Naturally, the lead is com- 
ing from the pharmaceutical sector, in which, 
in 1998, total biopharmaceutical sales reached 
$13 billion, an increase of 17% over the previ- 
ous year. Outside the pharmaceutical sector, 
the industrial enzyme market is estimated to 
double in size from 1997 ($400 million) to 
2004. Nevertheless, according to a survey con- 
ducted in 2000 by the environmental and engi- 
neering consultancy Entec (19 January 2001 
press release, http://www.entecuk.com), in- 
dustry still lacks a clear understanding of the 
meaning of sustainable development. From 
104 companies surveyed in seven industrial 
sectors in the United Kingdom, including 
pharmaceuticals and oil and gas, 45% of direc- 
tors and chief executives had not heard of sus- 
tainable development; 78% of respondents 
thought that pressure for sustainability was 
coming from regulators, demonstrating that 
any moves towards sustainable development 
are likely to be compliance driven; and 41% 
felt that the result of sustainable development 
would be more costs and additional work. 
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The implementation of sustainable biotech- 
nology solutions has been slower than it might 
have been, partly because real-life experience 
of its application is only slowly acquired by and 
disseminated between companies. An underly- 
ing cause is that the change to a biotechnology 
solution seems to have large economic implica- 
tions and the associated risks seem large to the 
industrial manager. 

The problem of management education is 
still one to be faced today. As one company’s 
president has put it, “Sustainability may well 
be understood at the top levels in big compa- 
nies-the problem is application-and middle 
management has other objectives. The average 
manager in a pulp and paper mill, for example, 
joined at 18 to 23 with, perhaps, a bachelor’s 
degree, worked in the plant for the whole of 
his life and is now 53 and only uses his own 
practical experience gained over the last 30 
years. A worry he has is continuity of produc- 
tion process-he doesn’t want to report to the 
board that there have been production prob- 
lems because of the introduction of new tech- 

Stimulus for development may come from 
the marketplace with increasing competition 
or from legislative pressure. Both of these fac- 
tors have driven the move towards pure enan- 
tiomeric pharmaceutical products; environ- 
mental legislation has been a major driver in 
sectors such as pulp and paper and metal extrac- 
tion. Where clean water is an important raw 
material, as in food processing, then limited 
availability may be sufficient stimulus for pro- 
cess development. 

A major difficulty for speciahst biotechnol- 
ogy companies is how to persuade chemical 
engineers of the advantages of the new ap- 
proach. Biocatalysis is still significantly underu- 
tilized in the pharmaceutical industry, for ex- 
ample; the success rate is much higher than 
perceived. In practice, this may mean demon- 
strating a process at large fermentor (small pilot) 
scale. One such company with long-term links 
to major intermediate producers claims that if 
they know a company’s ideal process param- 
eters, they can provide an enzyme to meet 

nology.” 

these needs. The idea of adjusting a process 
around an enzyme tends to put off chemical 
companies, and therefore the enzyme should 
be optimized to the process. What proper- 
ties-stability, specificity, activity in solvent, 
temperature, etc.-are important? It is now 
possible to search for multiple properties simul- 
taneously. 

Many ofthe drawbacks perceived by process 
engineers, i.e., low yields and throughput, high 
dilutions, limited enzyme availability, and low 
enzyme stability, have largely disappeared. It 
is now accepted that water may be a suitable 
mehum for industrial processes, while at the 
same time enzymes are being modified in such 
a way that they can be used in the organic 
media with which chemists are more familiar. 
However, biological systems are usually still 
too sensitive to permit the use of intensification 
technologies such as increased turbulence or 
high temperatures and pressures. Such liniita- 
tions may be removed by using extremophiles, 
especially thermophiles (17). O n  the other 
hand, bioprocesses do have perceived advan- 
tages in that they operate at lower temperature 
and pressure, while chemical processes require 
harsher conditions, and in that enzyme catalysts 
are biodegradable after use but inorganic cata- 
lysts are more hfficult to hspose of. Integrating 
biochemistry with traditional chemistry is often 
the best solution. 

Some problems can be solved by choosing 
a suitable process engineering technology, such 
as immobilization or cross-linking the catalyst 
or engineering the enzyme itself. 

Collaboration. New participants in the 
bioprocessing field include such established 
firms as Celanese and Chevron, who are begin- 
ning work on their own bioprocesses by mak- 
ing agreements with small specialist companies 
which have developed tools for metabolic 
pathway engineering. Celanese, for example, 
has established a research and royalties agree- 
ment with Diversa (55) because the latter has 
the ability to “genetically engineer the nieta- 
bolic processes of an entire cell to perform the 
desired reaction.” Chevron Research and 



340 W GRIFFITHS AND ATLAS 

Technology has entered a 3-year agreement 
with Maxygen to develop bioprocesses to re- 
place chemical processes, including the con- 
version of methane to methanol, and Hercules 
signed on with Maxygen to gain access to the 
latter’s gene-shuffling catalyst optimization 
technology after launching an extensive in- 
house research and development program pur- 
suing bioprocesses for specialty chemicals. 
Maxygen also has commercial links with No- 
vozymes, DSM, Pfizer, and Rio Tinto, while 
Diversa has had simdar arrangements with 
Dow, Aventis, Glaxo, and Syngenta. 

Diversa agreed to work with Novartis to 
commercialize enzymes for use as animal feed 
additives and to develop genes that enhance 
crop plants. It also optimized a heat-tolerant 
enzyme, discovered in a microorganism colo- 
nizing a deep-sea hydrothermal vent, for use 
by Halliburton subsihary Halliburton Energy 
Services, to enhance oil field recovery. Diversa 
is producing the enzyme for incorporation in 
Halliburton Energy Services’ fracturing fluids. 
Maxygen is using its gene-shuang technol- 
ogy, which rapidly generates variants of gene 
sequences, to help Novozymes optimize indus- 
trial enzymes for detergents, food processing, 
and other applications and to improve antibi- 
otic production for DSM. 

Major companies such as BASF and Dow 
turn to specialist biochemical companies for 
their specific expertise. Thus, both of these 
companies collaborate with Integrated Geno- 
mics Inc. in Chicago, Ill., who specialize 
in producing complete genomes of selected 
microorganisms and analyzing biochemical 
pathways, blendmg genome sequencing infor- 
mation with biochemistry, genetics, and physi- 
ology into a model of an organism’s metabo- 
lism. They have developed a database of over 
300 genomes and some 3,500 pathways. 

Dow AgroSciences’ insecticidal product, 
spinosad, is made by fermentation using a natu- 
rally occurring organism. Under an agreement 
with Dow AgroSciences, Integrated Genomics 
would determine the complete DNA sequence 
of the bacterium that produces spinosad and 
predict its capabilities. This information would 

supplement Dow AgroSciences’ ongoing ef- 
forts to improve the spinosad production pro- 
cess. 

Statoil, the last of the commercial methane- 
fermenting companies, has joined forces with 
DuPont. Norferm, a Statoil subsidiary, pro- 
duces protein for the aquaculture market from 
its methane-fermenting facility in Tjeldber- 
godden, Norway, while DuPont has developed 
biobased technologies that use methane as a 
raw material for high-value products. The tar- 
get markets for the joint venture are animal 
feeds and the fermentation industry. 

Possibilities for the Future. The next 
generation of bioprocesses aims to make exist- 
ing big-volume chemicals and polymers and 
will compete head-to-head with petroleum- 
based production. Bioprocess plants will then 
need to be considerably less costly to run 
than conventional chemical units (28). Bio- 
processes are becoming competitive with con- 
ventional chemical routes, but industry ex- 
perts believe that further improvements in 
enzymatic catalysis and fermentation engi- 
neering may be required before other compa- 
nies are prepared to announce world-scale 
bioprocessing plants. Competitive economics 
may ultimately come from the development 
of bioprocesses that use cheap biomass feed- 
stocks such as agricultural wastes, rather than 
the dextrose that is the currently preferred 
renewable raw material. 

More-versatile enzymes will provide the 
basis for improved biocatalysis and increased 
yield, rate, and selectivity of bioprocesses while 
retaining the advantages of sustainable chemis- 
try. Improved catalysts will better target desired 
chemical reactions and will allow better use of 
lower-cost feedstocks from biomass. Achieving 
these advances will involve overcoming chal- 
lenges in the following areas. 

. New enzymes must be isolated from the 
currently unexplored realms of microbes 
being discovered through studies of biodi- 
versity. 
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. Substrate specificity (a biocatalyst’s prefer- 
ence for a specific molecular structure, from 
among many similar structures, as its raw 
material) and activity of known enzymes 
must be enhanced. 

. Sequential enzymatic pathways (metabolic 
pathways) that perform multiple synthetic 
steps in industrial microorganisms must be 
engineered to make new products through 
lower-cost and more efficient processes. 

It must not be forgotten that biotechnology 
does not claim inevitable superiority in each 
and every case. Biotechnology may well be best 
used as one of a series of tools and when inte- 
grated into other processes. The comparative 
analysis which is recommended here may well 
reveal that nonbiological approaches have 
strong support. BASF, for example, chose to 
make indigo via chemical synthesis rather than 
a bioprocess on the basis of a detailed ecoeffi- 
ciency analysis. Also, ongoing research into in- 
organic catalysis provides strong competition. 
Enzymes have stimulated chemists to design 
organic and inorganic mimics which operate 
in harsher environments and are more robust. 
It is also the case that choice of a renewable 
feedstock does not in itself guarantee sus- 
tainability. This is particularly true if fossil fuels 
are used during the manufacturing process. 
Also, oil, rather than biomass, may be a more 
economic source of complex monomers. 

For a new molecule entering the develop- 
ment phase, the need to produce kilo quantities 
quickly may outweigh economic considera- 
tions. It follows that the manufacturing process 
used at this stage may be modified in the course 
of optimizing against other parameters, such as 
economic cost. In a recent development of a 
chiral intermelate for a US.-based pharma- 
ceutical company, three alternative approaches 
were used: biocatalysis, asymmetric hydroge- 
nation, and crystallization, all of which gave 
product of acceptable quality. The enzyme 
process was used to make tens of kilograms for 
early supply, but one of the other processes is 
likely to be chosen as the final manufacturing 
process. 

Many major companies are hoping that 
bioprocesses will enable them to produce 
compounds that are currently beyond the 
reach of industrial chemistry. DuPont, for 
example, has a wide range of industrial bio- 
technology research and development projects 
under way. The company, in addition to 
internal activities, has a $%-million, 5-year 
alliance with the Massachusetts Institute of 
Technology. DuPont says it is in the process 
of selecting a follow-up project for large-scale 
development now that bio-PDO is well on 
the way to commercialization. For example, 
it has engineered another biocatalyst for a 
different polymer intermediate, dodecandioic 
acid, which is produced directly from dode- 
cane. 

Altus Biologics Inc. has developed a pro- 
prietary platform technology (Crystalomics) 
that transforms crude enzyme mixtures into 
pure, stable, heterogeneous catalysts with high 
activity by crystallizing the target enzyme and 
then chemically cross-linking the molecules to 
form a CLEC (cross-linked enzyme crystal). 
The resulting material is insoluble yet porous, 
so the substrate can access all the active enzyme 
sites. With this technology, the material retains 
the catalytic activity of the enzyme while gain- 
ing the structural integrity to withstand ex- 
tremes of temperature and pH, proteases, and 
an extensive range of solvents. These cross- 
linked protein crystals can be thought of as a 
novel type of organic zeolite. This technology 
is applicable to virtually any enzyme. To date, 
more than 15 enzymes have been produced in 
CLEC form. These include alcohol dehydro- 
genases, asparaginase, elastase, esterases, lipases, 
luciferase, lysozyme, penicillin acylase, subti- 
lisin, thermolysin, and urease. CLEC catalysts 
are heterogeneous and can be really isolated, 
recycled, and reused many times. Normally, 1 
to 2 orders of magnitude in stabilization against 
heat and more than 3 orders of magnitude in 
stabilization against water-miscible organic sol- 
vents over soluble enzymes can be achieved. 
The synthetic crystalline enzyme is so stable 
that it can be recycled thousands of times, using 
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1/20 the amount of enzyme used in traditional 
methods. 

In addition to carrying out reactions in or- 
ganic solvents, enzymes have been shown to 
function in supercritical fluids and even in the 
gas phase. In the latter case, the enzyme is im- 
mobilized and the substrate is adsorbed onto 
the solid surface. This technology has been 
proposed for the analysis of volatile pollutants 
in process off-gases. There may eventually be 
procedures based on nonaqueous whole-cell 
catalysis for conducting multistep processes. A 
number of solvent-tolerant bacterial strains 
have been identified (21). 

Further development activities include such 
interesting possibilities as enzyme bindmg to 
glass (in which the enzyme is contained in small 
pores in the glass) and “dry state” enzymes (the 
enzyme is immobilized on, e.g., glass wool and 
operates on molecules in the vapor phase). 

In addtion to being adsorbed onto chro- 
matographic column materials, solubilized en- 
zymes have been incorporated into growing 
polymers to yield immobilized preparations 
(68). This technique can yield polymer beads, 
for example, for use in packed-bed reactors. 

Research and Development. In the 
documents emerging from the Vision 2020 
process, the chemical industry has gven an im- 
portant lead to biotechnology research and de- 
velopment, believing that biobased industries 
utilizing biocatalysts will be imperative for car- 
bon sequestration and energy conservation to 
address greenhouse concerns and environmen- 
tal pollution issues. “New Biocatalysts: Essen- 
tial Tools for a Sustainable 21st Century 
Chemical Industry” is available on the Council 
for Chemical Research Vision 2020 website 
(18). This site also allows access to the chemical 
industry’s document “Technology Vision 
2020: The U.S. Chemical Industry.” 

In particular, this document identifies key 
barriers to be overcome, including: 

- a limited knowledge of enzyme-biocatalyst 
mechanisms; 

. a poor understandmg ofmetabolic pathways 
for secondary metabolites, including path- 
way interactions; . a limited number of methods to engineer 
whole organisms, i.e., metabolic engineer- 
ing; and - the high cost of producing many enzymes 
and cofactors for biocatalyst application. 

The proposed goals for the next two decades 
should be: 

. to increase the temperature stability of en- 
zymes up to 120 to 130°C; . to increase activity by 100- to 10,000-fold 
over current levels (in water or organic sol- 
vents); 

. to achieve enzymatic turnover rates compa- 
rable to those of current chemical catalysts; - to achieve an enzyme lifetime durability of 
months to even years; - to increase the types of enzyme in use (ex- 
pand the toolbox) to include isomerases, 
transferases, oxidoreductases, lyases, and li- 
gases; - to improve robustness of enzymes and mi- 
crobes under immobilized conditions; and 

. to improve molecular modeling to permit 
de novo design of enzyme function. 

The potential for discovering new biocata- 
lysts is largely untapped, since 99% of the mi- 
crobial world has been neither studied nor har- 
nessed to date (4, 22). Recognized today 
through their genetic code (DNA sequence), 
members of the domains Archaea and Eubacteria 
(10, 70) are expected to provide biocatalysts of 
much broader utility as this microbial diversity 
is further understood. In the next few decades, 
the DNA of many industrially important mi- 
croorganisms and plants will be sequenced, 
metabolic pathways will be more fully under- 
stood, and quantitative models will be avail- 
able. Very low-cost raw materials for bio- 
processes will be derived from agricultural and 
forestry wastes and, to an increasing extent, 
cultivated feedstock crops. Known biocatalysts 
will be improved through the application of 
molecular biology. 
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The conventional process to discover en- 
zymes relies upon the isolation and growth of 
cultures of microorganisms. The obvious limi- 
tation here is the need to grow the organism, 
and thus only those organisms which can be 
grown under laboratory conditions can be 
used. However, estimates of the percentage of 
microorganisms which have been cultured vary 
from as little as 0.001% in seawater to 1 to 
1.5% from activated sludge (3). 

Computing is inevitably playing an increas- 
ing part in developing new processes. A French 
company, Metabolic Explorer (http:// 
www.metabolic-explorer.com), worlung with 
a database of metabolic pathways and a com- 
puter model of E. coli and given a starting mate- 
rial and an end product, will assemble the best 
set of pathways, work out how to fit them into 
E. coli, and say which of the existing E. coli 
pathways should be deleted. The company has 
done contract work for several other firms and 
on its own behalf is developing a route to me- 
thionine (an animal feed supplement worth 
$1.4 billion a year). Among other materials, the 
company has developed a route from glucose 
to acrylate. Another company, Bio-Technical 
Resources, has used a simdar technique to 
make glucosamine. 

Two quite different approaches to novel en- 
zymes exist, each with its own band of support- 
ers. One is the rational design approach, in 
which knowledge of existing protein structures 
is used to prelct and design molfied enzymes. 
The second is directed evolution, in which 
many mutations and recombinations are made 
and screened for selected properties. The com- 
bination of these techniques, together with de- 
tailed sequencing of the genomes of a range of 
organisms, is giving rise to tailored microbes 
capable of producing many new and existing 
products for which only chemical routes have 
previously been available. 

Rational Design. Protein engineering per- 
mits the alteration of the amino acid se- 
quences of enzyme proteins in such a way 
that their folded three-dimensional structure 
acquires new properties, such as improved 

stability under industrial conditions, and/or 
confers an altered substrate preference closer 
to commercial needs. For example, the en- 
zyme xylose isomerase is inactivated by a 
chemical reaction between glucose (its sub- 
strate) and the secondary amino groups of the 
amino acid lysine which are critical to its 
three-dimensional structure. Researchers at 
Gist Brocades found a way of molfjring the 
gene for the enzyme so that the lysine units 
are replaced by less reactive groups (arginine 
units), which will still hold the enzyme struc- 
ture together. The consequence is that the 
glucose no longer reduces the catalytic activity 
of the enzyme. 

Measurement methods and data in the pro- 
tein spectroelectrochemistry area that will lead 
to improved understanding of intra- and inter- 
protein electron transfer processes have been 
developed. This understanlng helps industrial 
biocatalyst development by allowing for more 
efficient utilization of carbon sources (e.g., re- 
newable resources) and nutrients and in devel- 
oping new ways to drive organic syntheses 
(47). 

The metabolic pathway by which microor- 
ganisms and plants convert glucose to aromatic 
amino acids is a current focus of the biother- 
modynamic measurements. This metabolic 
pathway is under investigation by several large 
chemical companies as an environmentally 
friendly source of aromatic hydrocarbons. 

Researchers at the California Institute of 
Technology in Pasadena have devised a com- 
puter technique that can investigate the possi- 
ble sequences of, say, 100 amino acids and score 
them according to a set of rules, the sequence 
with the highest score being the winner (4). 
The first rule is that the sequence must lower 
the energy barrier to the formation of interme- 
diate states, i.e., behave as a catalyst. Another 
r u l e  ensures that the protein can fold up in a 
biologically plausible way. This would nor- 
mally be an immensely complicated calculation 
but, using the so-called dead-end elimination 
theorem, a systematic reduction in the com- 
plexity of the calculation is achieved by throw- 



344 W GRIFFITHS AND ATLAS 

ing away many of the wrong answers right at 
the begmning. 

Using thioredoxin, a protein with no cata- 
lytic effect, the researchers modified the amino 
acid sequence until a new protein with enzy- 
matic activity emerged. Synthetic DNA de- 
rived from the new enzyme was inserted into 
a bacterium and the enzyme was expressed, al- 
lowing its activity to be measured. The next 
step will be to refine the computational method 
so as to improve the enzyme’s activity and to 
examine more interesting reactions. These re- 
searchers have now founded a company, 
Xencor, to exploit this work. 

The number of possible amino acid se- 
quences is far in excess of the capability of cur- 
rent search techniques. The role of rational de- 
sign may therefore be to narrow down the areas 
for subsequent combinatonal search. The ulti- 
mate step will be to specify a biocatalyst from 
scratch, and already the first halting steps are 
being taken in this direction (11). 

Divected Evolution. While protein engi- 
neering based on site-specific mutagenesis has 
considerably increased the knowledge of en- 
zyme catalysis, it has had little success as a basis 
for designing enzyme variants, largely because 
of lack of understanding of the exact protein 
structure required for a particular reaction (8). 

There exist protein superfamihes, which are 
groups ofproteins with dstinct chemical func- 
tions and recognizably sirmlar amino acid se- 
quences and three-dimensional structures. Ge- 
nomic and proteomic searches can identify 
these superfamilies through their amino acid 
homologies (33). This sometimes allows the 
activity of an unknown protein to be estab- 
lished. There may be sufficient conservation of 
sequence in these families of enzymes that the 
activity of a novel biocatalyst may be revealed 
by its amino acid sequence. 

However, the goal of enzyme engineering 
is often to develop properties not found in the 
natural sequences, and although specialist com- 
panies have developed technologies to substi- 
tute amino acids one at a time and screen all 

possible variants, these properties are often not 
related to any small subset of amino acid resi- 
dues; rather, residues widely separated in the 
protein molecule may be making an important 
contribution. 

Such problems may be overcome by a com- 
bination of random mutagenesis, gene recom- 
bination, and high-throughput screening, so- 
called directed evolution (2,49). Quite a num- 
ber of specialist companies now have proprie- 
tary technology in this area. By specifying the 
screening conditions, new enzymes can be se- 
lected with multiple traits at the same time. 
Degussa, for example, is currently evaluating a 
whole-cell catalyst containing such a modified 
enzyme for the commercial production of L- 

methionine. 
If it were possible to capture all the DNA in 

a given sample, all the enzymes would; in the- 
ory, be available. Diversa’s technology allows 
large fragments in a sample to be cloned and am- 
plified. DNA libraries are then constructed and 
used as source material for enzyme discovery 
(Box 9.5). Diversa claims that its library collec- 
tions contain genetic material from over 2 mil- 
lion microorganisms, compared with the ca. 
10,000 species described in the literature. Their 
ultrahigh-throughput screening technologies 
are capable of screening 1 billion genes per day. 

The biggest challenge for the industrial bio- 
technology sector is to prove that their methods 
represent a commercially viable alternative to 
traditional chemical manufacturing (46). Accor- 

I 
BOX 9.5 

A Screening Example 

A DNA library based on a soil sample taken from 
an alkaline desert was screened for esterase-lipase 
activity. Some 120 unique enzymes belonging to 
21 protein f a d e s ,  which represent only 16% of 
the theoretical amount of DNA in the sample, were 
discovered. The implied microbial diversity was 
confirmed by 16s RNA analysis which revealed 
the existence of DNA from at least 5,000 different 
genomes (45). 

Source: Diversa 
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ding to Diversa, success in chemical markets 
means “having a robust, high-activity enzyme 
that is not just effective, but cost-effective . . . 
Green is nice, but it’s just a feature.” 

Using computational design and directed 
evolution, researchers at Duke University (24) 
have transformed ribose-binding protein, a 
protein with no catalytic abibties, into a highly 
active enzyme. In this research, ribose-bindmg 
protein was transformed into an enzyme with 
triose phosphate isomerase activity. This dem- 
onstrates the power of computational biology 
combined with directed evolution. The latter 
can identify beneficial mutations far from the 
active site which can be difficult to find by 
computation but which are important for op- 
timizing the catalytic process. In principle, the 
design tools are general and may be used to 
design many different enzymes at will. 

DNA shuffling, in which gene libraries are 
created by recombination of parent genes, can 
combine genes from multiple parents and even 
different species to generate not only improved 
enzymes, but also ones with properties not 
present in the parents and not known to exist 
in nature. 

Genes encoding enzymes of a complete 
metabolic pathway can be transferred to more 
suitable hosts. These pathways can then be op- 
timized or new pathways can be created in 
order to synthesize novel products. This tech- 
nique underpins the new process developed by 
DuPont and Genencor to make PDO. 

Directed evolution of enzymes using ran- 
dom genetic mutation and recombination fol- 
lowed by screening for a desired trait has been 
a more successful approach to the modification 
of enzyme properties. In this technique, no a 
priori knowledge of protein structure-function 
relationships is required. For example, an aldol- 
ase from E. coli which synthesizes only D-SUgarS 
and requires a phosphorylated substrate was 
evolved into a new form which does not re- 
quire a phosphate and can synthesize both D- 

and L-sugars. It is worth noting that none of 
the six  mutations that arose in order to reach 
the new form is in the enzyme’s active site (29). 

Gene shuffling, in which DNA is denatured 
and then annealed in novel recombinations, 
can give unexpected results. For example, 
starting with 26 sources of a protease enzyme, 
shuffling has given rise to a library of 654 var- 
iants, 5% ofwhich are better than the best par- 
ent. In one case, DNA shuffling has given in- 
creases in enzyme activity of nearly 200-fold, 
and in another example a 30-fold increase in 
yield of an antibiotic was achieved in just 9 
months. Activity is one target, but solubility, 
production conditions, substrate cost, and sub- 
strate specificity are also important. The princi- 
ple is to develop a library of enzymes-Maxy- 
gen, for example, claims to have some 400 
variants of nitrilases. In another case, shuming 
produced a progeny enzyme with properties 
possessed by none of the parents, in this case a 
heat-stable lipase. 

The most exciting example took the genes 
for just two enzymes differing by only nine 
amino acids. In the recombinant library pro- 
duced from these two were enzymes with ac- 
tivities increased by 2 orders of magnitude and 
some entirely novel catalytic activity. 

For a further discussion on directed evolu- 
tion, see the work of Arnold and Georgiou (9). 

Extremozymes 
Organisms with alien biochemistries have been 
collected from the very harshest environments 
on earth-in the depths of oil wells, in arctic 
ice, in desiccating salt marshes, and from ther- 
mal vents on the deep ocean floor. The en- 
zymes, known as extremozymes, from these 
organisms are of interest because while we have 
yet to devise a conventional catalyst as selective 
as an enzyme, the operational stability of en- 
zymes under practical condhons still requires 
enhancement. Process engineering is looking 
to these extremozymes to combine exquisite 
precision with the robustness needed to survive 
in industrial processes. 

As Diversa has shown, extremophile organ- 
isms are very useful sources for the raw material 
of genetic manipulation. Reduced cooling 
costs, reduced medmm viscosity, increased sol- 
ubility of reactants, reduced contamination by 
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mesophiles, greater resistance to solvents and 
detergents, increased protein stability, and pos- 
sible extra resistance to mechanical stress are 
just some of the improved properties which 
are emerging from studies ofjust one class of 
extremophiles, the thermo- and hyperther- 
mophiles (17, 19, 20). (Thermophiles grow 
optimally between 65 and 85"C, while hyper- 
thermophiles grow at temperatures in excess of 
85°C.) Very few hydrothermal vent sites have 
been sampled for microorganisms, and most of 
them are chemically unique, suggesting the ex- 
istence of equally unique organisms with 
widely different metabolic capabilities (58). 

The unusual properties of extremozymes 
may lead to entirely novel chemical processes. 
For example, while attempting to express the 
gene for an enzyme from a heat vent organism 
in E. coli, it was found that the gene coded for 
a much larger protein which was inactive at 
low temperatures but which split apart, sponta- 
neously producing new enzymes and three 
other fragments that spliced themselves when 
heated to form a further enzyme. 

Where might biotechnology go next? The 
possibilities opened up by the new techniques 
of genetic direction and manipulation are end- 
less. However, there is also the possibility of 
entirely new chemistry. For example, there is 
increasing interest in the biochemistry of sili- 
con (13) and the emergence of a silicon bio- 
technology, one of the targets of which is the 
development of new materials and synthetic 
methods. These new materials might be poly- 
mers with surface-active properties, nano- 
structured composites such as a chitosan-silica 
hybrid with uses in enzyme immobilization, 
porous ceramics, and electrochemical sensors, 
and small molecules which may display unusual 
inhibitory activity towards enzymes significant 
in disease mechanisms. Even further down the 
line is the combination of biotechnology with 
nanotechnology, an area in which Genencor is 
already collaborating with Dow Corning. 

In 1986, it was discovered that DNA coded 
for a 21st amino acid (selenocysteine), and in 
2002 a group from Ohio State University (32) 
hscovered a 22nd genetically encoded amino 

acid. These discoveries suggest that the genetic 
code may be more versatile than once thought 
and that it may be further manipulated to make 
new industrial enzymes. 

PROCESS ASSESSMENT AND 
SUSTAINABLE DEVELOPMENT 
Deciding whether or not to adopt a new indus- 
trial process, be it based on biotechnology or 
conventional physics and chemistry, requires a 
number of important decisions. However, the 
point at which these decisions are made is only 
the crossroads at which many different pieces 
of information converge and from which the 
process will travel down one of a number of 
alternative routes. 

An essential rationale for the use of biotech- 
nology is that it is thought to bring increased 
sustainability and lower environmental impacts 
to industrial processes. However, this raises the 
joint problems of how to demonstrate that 
these changes actually occur and to compare 
and contrast alternative processes while they 
are still on the drawing board. Ultimately, what 
is required is a framework or methodology, 
preferably internationally accepted, to evaluate 
biotechnology and bioprocess technologies 
with respect to economic and environmental 
costs and benefits (i.e., their contribution to 
industrial sustainability) . 

While environmental considerations are an 
important subset of the parameters to be con- 
sidered in any process analysis, they are just 
that-a subset. Other areas such as operating 
costs or process control are in principle equally 
important, although, starting in the early 1990s, 
the weighting of risks began increasing. 

Techniques adopted for comparing alterna- 
tive products and processes need to address 
economic considerations such as capital ex- 
penhture and operating costs, supplies of raw 
materials (availability and security of supply), 
processing considerations such as the ease with 
which a new process element can be integrated 
into an existing operation or onto an existing 
site, the nature of the marketplace, and the ac- 
tivities of the competition. Is there, for exam- 
ple, a need for world-scale plants, or could the 
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market be better served by smaller modules 
more conveniently located? 

Process profile analysis, as used by DSM in 
The Netherlands, is one example of a tech- 
nique which may be used in an early stage of 
process development, permitting the win- 
nowing of maybe 10 ideas to give two or three 
for further development. This technique allows 
analysis of development possibilities for an ex- 
isting process or rating of one’s own process 
against that of a competitor. It can equally be 
used for several alternatives on one site or for 
the same process at different locations. 

Process profile analysis requires that a set of 
agreed parameters, which are given different 
weightings for each market sector, be chosen. 
These might be, for example, operating costs, 
capex, process control, and internal and exter- 
nal risks. Each of these can be further subdi- 
vided; internal risks, for example, might be 
waste streams and health risks, while external 
risks might be availability of key materials, new 
laws and regulations, and patentability of ideas. 

BASF has developed a similar process, called 
ecoefficiency analysis (http://www.corporate 
.basf.com), which is used to compare related 
processes and products. So far, the company 
has conducted over 100 analyses, including 50 
in conjunction with their customers. This 
technique takes into account the views of the 
end user, life cycle assessment (LCA) (see 
below), total costs and environmental burden 
and affects strategy, marketing, research and 
development, and even politics. 

One example compared the manufacture of 
polyhydroxybutanoic acid from transgenic ca- 
nola with bacterial fermentation and also with 
chemically synthesized PP. The evaluation fac- 
tors and their respective weightings were as fol- 
lows: energy consumption, 20%; materials, 
20%; land, 10%; emissions, 20% (air, 50% 
[GHG, 50%; ozone depletion, 20%; photo- 
chemical ozone, 20%; acidification, lo%]; 
water, 15%; waste, 15%). On the emissions 
side, the fermentation had the worst score; 
comparing overall environmental burden, the 
PP and canola-sourced material had high scores 
and fermentation had the lowest. On a cost 

basis, the PP was just better than canola. BASF 
did not proceed with the canola route because 
the net present value was too low, the scientific 
risk was high, and the time to market was too 
long. 

In any analysis, all alternatives should have 
a level playing field, so that like is compared 
with like. Thus, alternatives should be imag- 
ined as being on the same site manufacturing 
the same quantities of product. The principles 
are simple and are relevant to all activities and 
sizes of company. It is the level of detail that 
should always be adjusted to ensure fitness for 
purpose. 

Economic Comparisons 
Biotechnology products must succeed by com- 
peting economically. Being environmentally 
preferable is not enough. PLA, for example, is 
being brought to market strictly on price and 
performance since Cargill Dow cannot rely on 
the public to pay a premium for the greener 
product. 

Genencor learned the limits of green mar- 
keting while researching bioroutes to indigo, 
which is conventionally produced via a harsh 
chemical process that generates carcinogens 
and toxic wastes. Genencor successfully modi- 
fied the metabolic pathways in E. coliby adding 
a gene from another bacterium to make the 
enzyme naphthalene dioxygenase. However, 
by the time bio-indigo was ready for market, 
competition from China had eroded the price 
of indigo by more than 50%. Fabric mills were 
not willing to pay the premium price Genencor 
needed to just$ investment in a commercial- 
scale operation. Genencor has included this 
type of price deflation into its future projects, 
including the bioprocess for ascorbic acid. 

While it is clear that all the major companies 
recognize that products must succeed by com- 
peting economically, advances in genomics and 
genetic engineering, coupled with increasing 
environmental pressures, mean that the com- 
petitive position of bioprocessing will continue 
to improve. Perhaps even bio-indigo will re- 
turn to the marketplace. 

Case histories of the development of a num- 
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ber of biotechnological processes are contained 
in a recent OECD report (50). The key mes- 
sages of the case studies in this report are that 
the use of bioprocesses is invariably more envi- 
ronmentally friendly than the conventional 
processes they replace and that they are also 
more economic. However, the economic as- 
pects were always given priority by their devel- 
opers. 

A simple first estimate of process feasibility 
might be based on overall production levels 
and the volumetric activity of the enzyme. 
Thus, a rule of thumb is that for products val- 
ued at less than $20 kg-*, production should 
exceed 1,000 tons per year. Improving biocata- 
lyst stability and activity reduces medmm costs 
and the size of reactor vessels. Even products 
valued at $2 to 5 kg- are worth considering 
if the target production is more than 50,000 
tons per year. A detailed analysis of production 
costs for the bio-oxidation of n-alkanes has 
been published, which showed that product 
costs, whether manufactured in batch or con- 
tinuous process, would be on the order of $8 
kg-* based on a production scale of 10,000 
tons per year (42). 

There are processes in which the enzyme is 
cheap enough or the final product is of suffi- 
ciently high added value that a single use with- 
out recovery is economically acceptable, but 
most biocatalysts are used in an immobilized 
form so that they can be recovered and reused. 

Other Analysis Techniques 
Several tools exist for evaluating the influence 
of technical products and processes on the en- 
vironment. If both the damage to the local en- 
vironment and the total pollution load on the 
global environment are to be assessed, appro- 
priate tools have to be applied. 

Environmental management systems focus 
on auditing management systems and to some 
extent on the environmental performance of 
organizations and companies. 

Risk assessment calculates the likelihood 
that environmental safety limits may be ex- 
ceeded or that adverse effects may occur. It 
usually combines the degree of sensitivity of 

the environment with the intensity of the dis- 
turbance to which this environment is exposed. 
It is often used to assess the risk of adverse ef- 
fects on human health and the environment 
which are associated with specific hazardous 
activities or substances, e.g., use oftoxic chem- 
icals. Risk assessment does not assess global en- 
vironmental problems, such as the greenhouse 
effect, and it does not cover the entire life cycle 
of a product or service. 

Technology assessment reveals the likeli- 
hood of social, economic, and environmental 
effects associated with technologies, e.g., nu- 
clear power generation, and is an attempt to 
establish an early warning system to detect, 
control, and direct technological changes and 
developments in order to maximize the public 
good while minimizing the public risks. Tech- 
nology assessment is a tool to support the deci- 
sion-making process at a political level. 

Environmental impact assessment identifies 
and evaluates local impacts on the physical and 
social environment of a specific project or ac- 
tivity, e.g., the building of a new production 
plant. As a project-oriented tool, the environ- 
mental impact assessment does not include all 
the steps of the life cycle of a product or service. 

Life Cycle Analysis (LCA) 
Of all of the methodological approaches to as- 
sessment, one of the most promising has been 
identified as that of LCA, also called life cycle 
analysis. LCA is a way of evaluating the envi- 
ronmental impact of alternative products and 
processes in terms of their energy and materials, 
takmg into account the entire life cycle of a 
product or process “from the cradle to the 
grave.” A good example of such an assessment 
has been published for the Cargill Dow PLA 
product, Nature Works (66). 

The LCA process consists offour steps: defi- 
nition of aims and scope, inventory analysis 
(collection of the relevant inputs and outputs), 
impact assessment (including weighting, which 
is the most disputed aspect of LCA because it 
requires judging of the relative importance of 
dfferent factors, e.g., C 0 2  emissions versus 
mercury pollution of soil), and interpretation. 
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There is a high degree of consensus on the 
methodological framework, which has been 
published by the International Standards Insti- 
tute (see below). 

This type of analysis offers a way to: 

decide whether a product, process, or ser- 
vice is in fact reducing the environmental 
load or merely transferring it upstream to 
resource suppliers or downstream to treat- 
ment or disposal stages; 
determine where in a process the most se- 
vere environmental impact is felt; and 
make quantitative comparisons of alterna- 
tive process options and competing technol- 
ogies. 

The analysis is often used to reveal the most 
hazardous steps in the life cycle of a product 
and to decide which of several product alterna- 
tives is associated with the least potential impact 
on the environment. Potential effects are 
recorded, as it is not possible to obtain the data 
required to predict actual effects on the envi- 
ronment. If industrial products and processes 
are to be subjected to a critical appraisal from 
the viewpoint of sustainability, the attractive- 
ness of LCA lies in its: 

use of the life cycle concept for products 
and systems; 
description of impacts on the ecological 
system; 
opportunity for ecological optimization, in- 
cluding feedback between parts of the life 
cycle chain; 
possibility of objective or fair comparisons 
of ecological systems; and 
easier objective communication of ecologi- 
cal problems. 

LCA studies also have limitations, which 
should not be disregarded. They cannot: 

determine the overall impact of a product 
or a group of products on the environment; 
evaluate parameters, such as availability and 
renewability of raw materials; 
compare products produced for different 
purposes and/or under lfferent conditions; 

. provide generalizations on methods of l s -  

. determine decisions (although they can sup- 
posal; or 

port decision makers). 

Although LCA was developed a quarter of a 
century ago, it has so far had little impact in the 
bioprocess and bioproduct sectors. Only re- 
cently have concerted efforts been made to har- 
monize the methods involved to give greater 
credibility to and confidence in LCA. The use 
ofLCA, particularly by small companies, may be 
hindered by cost and time constraints and by the 
amount of resources required to analyze com- 
plex products. Inventory calculations are made 
difficult because the energy and raw material in- 
puts and waste outputs are usually not controlled 
by a single company, and it may be impossible 
to obtain the relevant data. 

The environmental impact of a product or 
process is of primary concern. To assess this, 
it is necessary to identify what information is 
required, how it can be collected, and how 
reliable it is. Goals that need to be borne in 
mind are the preservation or efficient use of 
natural resources and the reduction or optimi- 
zation of pollution by emissions and waste. 
These goals concern the environment as a 
source and a sink, and they comprise both the 
minimization of pollution and its optimization 
in cases where the minimization of one param- 
eter is coupled with the increase of another. It 
is precisely with regard to such considerations 
that the importance of LCA studies emerges. 

By its very nature, the use of biotechnology, 
and especially of renewable raw materials, gives 
rise to a number of specific problems. Factors 
such as the use of a delcated crop for manufac- 
ture rather than food use and the effect ofwide- 
spread monoculture on biodiversity need to be 
considered. Any detailed analysis may need to 
include production inputs to agriculture, such 
as seeds, ferthzers, pesticides, cultivation, crop 
storage, and farm waste management. Possible 
damage to soil by removal of corn stover is not 
something that would occur, for example, to 
the average chemical process engineer. 

Although LCA offers great promise, the 
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unique environmental and social issues peculiar 
to biotechnology require special consideration. 
While ethical issues, risk assessment, and the 
economic aspects of decisions are not strictly 
part of an LCA, any analytical tool, if it is to 
be useful, must include these considerations. 

While the ideal way of comparing the envi- 
ronmental impact of different processes is by 
elaborating detailed assessments for each alter- 
native, at the early stages ofprocess development 
the level ofaccuracy and detail required by a tra- 
ditional LCA can be too high and therefore too 
costly to generate, and much ofthe information 
required may not be available. Instead, a qualita- 
tive approach using a relatively short list of pa- 
rameters can provide valuable feedback. 

The Society of Environmental Toxicology 
and Chemistry (57) has an advisory group and 
many publications on LCA. 

LCA TECHNIQUES 
An LCA can be conducted at hfferent levels, 
depending on the purpose and application. At 
its simplest, an assessment of environmental as- 
pects can be based on limited and usually quali- 
tative inventory. A so-called screening LCA or 
streamlined LCA covers the whole life cycle, 
with the aim of providmg essentially the same 
results as a detailed LCA, but with a significant 
reduction in expense and time. In order to en- 
sure that the overall result gives a true picture 
of the impact, a quality check of the data is 
necessary. 

Roche has carried out a simplified LCA on 
their product riboflavin (Box 9.6). 

Nowadays, computer software packages or 
programs, such as SimaPro 4.0 (a software tool 
developed by PRt: Consultants BV, Amers- 
foort, The Netherlands, to simplifj the work 
ofLCA [http://www.pre.nl/]), are available to 
ease the task of performing a full LCA. The 
International Standards Organization (ISO) has 
published a number of documents relating to 
detailed LCA methodology ( I S 0  14040 to 
14043 cover principles and framework, goal 
and scope definition and life cycle inventory 
analysis, life cycle impact assessment, and life 
cycle interpretation) (http://www.iso.org). 

I 
BOX 9.6 

LCA of Riboflavin Manufacture 

Roche has carried out an in-house LCA of the 
chemical and biologcal processes for the manufac- 
ture of vitamin B2 (riboflavin). 

Raw Materials 
The biological process requires 1.5 times as much 
raw material overall but only a quarter of the nonre- 
newable raw materials. 

Water Consumption 
The amount of process and waste treatment water 
in the chemical process is seven times as large. The 
biological process requires about double the water, 
but the greater part of this is for cooling and is not 
purified. 

Energy 
The two processes use about the same quantity of 
energy. The proportion of high-value electricity for 
stirring, cooling, and evaporation is about double in 
the biological process, but the steam and natural 
gas consumption is reduced and hence the COZ 
emissions from fossil fuel combustion are also re- 
duced. 

Emissions 
Particulates from product formulation are compara- 
ble. Solvents are emitted at each stage ofthe chemi- 
cal process, and in total these are double the ethanol 
emitted by the biological process. The latter also 
gives off odors which are reduced to the necessary 
level by scrubbing and adsorption. The chemical 
process gives rise to three times the emissions in 
water of the biological process. The wastewater 
from the biological process contains inorganic salts 
and residues from easily biodegradable biomass, 
while the waste from the chemical process addition- 
ally contains organic chemicals. 

Solid Waste 
The solid waste from the biological process is exclu- 
sively biomass, which is returned to the soil as a 
nutrient after composting. The compost contains 
the predominant part of the nitrogen and phospho- 
rus nutrients used in fermentation. The chemical 
process produces, in addition to a reduced amount 
of biomass, solid chemical wastes (distillation and 
filter residues) which have to be incinerated. 

Source: Roche 
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There are a number of other software pro- 
grams for LCA available, each with its own 
strengths and weaknesses. They are useful tools 
for mapping out the overall environmental im- 
pacts of production from cradle to grave and 
can help to reveal the crucial steps in the pro- 
duction process for environmental improve- 
ment. The databases, however, may include 
data from only one region and may reflect the 
practices of that region. 

It must be kept in mind that the calculations 
for a complete life cycle are done on the basis 
of a range of assumptions and different data 
sources. In particular, comparisons assume that 
alternative manufacturing routes are investi- 
gated and compared at the same level of detail. 

Sometimes, no data on the environmental 
loadmg of the process are available. They are 
in practice assumed not to exist. This can be 
important for the results and conclusions of a 
comparative LCA, if the gaps of one alternative 
are more important than those of the other. 
The important gaps then may be filled either 
by additional data gathering or by obtaining 
the mass and energy balance through process 
simulation. 

LCA BOUNDARIES 
The beginning and end points in the LCA pro- 
cess are called the LCA boundaries. Their posi- 
tion is a matter of choice when an analysis is 
made and may be determined by any number 
of external factors. This is particularly relevant 
for biological processes, such as forestry, which 
may be considered either as part of the envi- 
ronment or as part of the economic system. 
When considered as part of the economic sys- 
tem, sunhght, C02,  H20, etc., are environ- 
mental inputs, but biomass is the input when 
biological processes are considered as part of 
the environment. The main question is which 
activities and processes are to be considered 
part of the production system, and which are 
part of the environment? 

Questions arise as to the extent to which the 
assessment should look upstream of the process; 
assessment of natural feedstocks or their pro- 
duction may reveal unsuspected problems at 

the cradle stage, as in the case of the production 
of biodiesel from oilseed rape (15). Apart from 
product cleanliness in use and the utilization of 
by-products (oil cake and glycerol), very large- 
scale cultivation raises two potential upstream 
problems: widespread pollen allergenicity and, 
because brassicaceous plants rarely form my- 
corrhizal associations, possible soil impoverish- 
ment and loss of mycorrhizal inocula from the 
soil following prolonged cropping. 

LCA is confined to the material and energy 
balances of an activity; sociopolitical and eco- 
nomic criteria, which are also important for 
decision makers, do not fall within its scope. 
However, because of its quantitative nature, 
LCA may enable a trade-off between environ- 
mental impact and other elements, includmg 
cost components (30). Clean technology is 
often equated with reduced risk as well as re- 
source efficiency and waste minimization. To 
what extent, then, should risk assessment be 
incorporated into LCA? LCA does not cover 
the intrinsic risks of processes. Risk assessment, 
in contrast, deals with low-frequency, high- 
impact events. 

Products and processes can be hazardous; 
that is, they may be injurious to human health 
and/or the environment. All process steps, in- 
cluding extraction of materials, processing of 
materials, manufacturing of a product, use of a 
product, and waste management following the 
use of a product, must be taken into account 
in assessing the impact on the environment. 

An exhaustive analysis of a product’s life 
cycle has to take into consideration not only 
the mass and energy flows linked to raw mate- 
rial acquisition and production processes, but 
also those related to transportation, use, and 
dlsposal. 

ASSESSMENT IN PRACTICE 

Bleach Cleanup of Textiles. Novo- 
zymes has published data on their process for 
removing residual hydrogen peroxide after 
bleachmg prior to dyeing (bleach cleanup). 
This step uses the enzyme catalase, which has 
the following advantages: it has no adverse ef- 
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fects on dyestuffs, there is no need to heat or 
rinse prior to dyeing, there is no risk of harmful 
overdosing, and there is no formation of by- 
products in wastewater. Catalase is biodegrad- 
able and is not toxic for aquatic organisms. 

A comparison of the amount of water used 
in the bleach cleanup process shows that by 
using the enzyme, the dye house saves 6,300 
to 19,000 liters of water per ton of textiles. By 
substituting the enzyme for a reducing agent 
in a hot rinse, additional energy savings of 1.6 
to 1.8 GJ ton of textilesp1 can be made, and, 
owing to the reduced energy consumption, re- 
lease of C 0 2  is lowered by 100 to 120 kg ton 
of textiles produced-’. 

Stonewashing of Jeans. The “stone- 
washed look” is one of the many available ap- 
pearances ofjeans. This is achieved by locally 
removing the indigo color by a process in 
which pumice stone is added to the washing 
drum to abrade the garment. Enzymes can be 
used to facilitate the abrasion of the indigo dye 
from the yarn surface. In practice, three wash- 
ing methods are used: stonewashing with pum- 
ice only, stone-free washing with enzymes 
only (“biostoning”), and washing with a com- 
bination of pumice and enzymes. 

LCA was performed on these methods. Of 
the various process steps used in a jeans finish- 
ing center, three specifically relate to the pro- 
duction of stonewashed jeans, namely; stone- 
washing, wash off (removal of the stones), and 
wash (cleanup of the garment). Only these 
three steps were covered by the LCA con- 
cerned. The boundaries for the LCA included 
the mining of the pumice, the production of 
the cellulases, transport, and finally the jeans 
finishing process. The main inputs and outputs 
for the LCA were defined as the energy, raw 
materials, aiding compounds, and releases that 
contribute to the product’s environmental im- 
pact. 

The LCA results show that the biostoning 
method scores best in almost all respects. On 
the basis of the LCA, it seems justified to con- 
sider the biostoning process more environmen- 
tally friendly than the pumice stoning process. 

However, this was not the driving force behind 
the industrial success of this process; instead, 
the traditional process was replaced for reasons 
of economics and quality. 

Bioethanol Production. The produc- 
tion of bioethanol has been compared with that 
of synthetically produced ethanol. Synthetic 
ethanol is produced from ethylene by catalytic 
hydration with sulfuric acid, and the resulting 
ester is hydrolyzed. The data for synthetic 
ethanol production have been obtained from 
industry. Bioethanol is made from sugar, which 
may be derived from crops such as sugarcane, 
sugar beet, or maize. When made from sugar- 
cane, the cane is crushed and the sugar is ex- 
tracted with water. The residue, known as ba- 
gasse, may be used to generate steam for the 
subsequent processes. Yeast is used to ferment 
the sugar, and the ethanol is removed by dstil- 
lation. Burning the bagasse for fuel means that 
the part of the ethanol production process from 
the cane-crushing stage to lstillation is self- 
sufficient in energy. 

Ethanol production from renewable raw 
materials requires very large amounts of energy 
which are, however, predominantly renewa- 
ble. In the case of sugarcane, the energy supply 
was assumed to be self-sufficient and to require 
only small quantities of fossil energy. The de- 
mand for fertilizer, transportation, and machin- 
ery is approximately 6 MJ kg of ethanol-’. 
Synthetic ethanol production uses crude oil 
and natural gas as the carbon source. The pro- 
cess steps-refinery, steam cracker for ethylene 
production, and actual synthesis-consume 62 
MJ of fossil energy per kg of ethanol. In terms 
of C 0 2  emissions, biotechnological produc- 
tion has major advantages: bioethanol acts as a 
C02 sink, with sugarcane even more than for 
grain. 

In a study on the sustainability of bioetha- 
nol, the U.S. NREL concluded that the process 
needs nonfood biomass and new technology 
to hydrolyze cellulase and hemicellulose and 
ferment unusual sugars. An LCA made by 
NREL was used to compare bioethanol based 
on corn stover in Iowa and petroleum, the re- 



9. CLEAN INDUSTRIAL PRODUCTS AND PROCESSES 353 

sult of which was an 86% drop in fossil energy 
input and a 69% drop in petroleum use when 
bioethanol was used. This fossil energy reduc- 
tion translates lrectly into reduction of GHGs. 
However, bioethanol is not cost-effective: it 
needs the new enzymes from Novozyme or 
Genencor; fluctuations in the price of oil are 
important, and collecting a too-high propor- 
tion of the stover will damage soil. 

L-Carnitine by Chemical and Bio- 
chemical Routes. A comparison of L-car- 
nitine by chemical and biochemical routes was 
made by Lonza (43), whose need for a new 
process arose from intellectual property and 
quality issues and cost aspects. The chemical 
route, which is based on epichlorhydrin with 
a final-stage optical resolution, is inefficient be- 
cause D-carnitine cannot be racemized. The 
biosynthetic route to the optically pure mate- 
rial starts with 4-butyrobetaine, which in turn 
is made from y-butyrolactone, which is cheap 
and available, using a four-step (but one-pot) 
reaction. 

The first-generation process was continu- 
ous, one stage only, and had high productivity 
but only 95% conversion. The second genera- 
tion was also continuous, had two stages, and 
had high productivity and high conversion 
(99.5%) but high process complexity. The in- 
dustrial solution was a simple fed-batch pro- 
cess, with high conversion and lower capex. 
This version was robust but had lower produc- 
tivity. 

In the economic comparison, the bio route 
is better by more than 20% and the purity is 
far higher. On a sustainability basis, wastewater, 
total organic carbon, and waste for incineration 
are all significantly reduced. 

Scouring of Cotton Fiber. The cotton 
fiber is a single cell. In the scouring process, 
the outer wax and cuticular layers are removed, 
leaving the pure cellulose. Novozymes devel- 
oped a new product known as BioPreparation 
containing the enzyme pectic lyase. In practical 
tests of the enzyme route at two mills making 
yarn or knit cloth, water use is down 35 to 

50%, energy is down by 20 to 45%, effluent 
cost is reduced, product yield and plant 
throughput are up, and there are improve- 
ments in product quality. 

CONCLUDING REMARKS 
The drive for cleaner production and the paral- 
lel rise of biotechnology as a production indus- 
try are still in relative infancy. However, there 
is a major economic driver in that production 
methods based upon biotechnology can reduce 
energy costs. Also, biodegradable products are 
attractive to an ecologically conscious public. 
Thus, one expects reasonable growth of envi- 
ronmental biotechnology-based industries that 
can reduce the need for environmental cleanup 
by producing cleaner products and by using 
cleaner production processes. 

An interesting comparison can be drawn be- 
tween development of the electronics and bio- 
technology industries. Before the mass sales of 
the personal computer in the 1970s, it was pre- 
dicted that biotechnology and the electronics 
industries would enjoy relatively similar devel- 
opment to market. However, the biotechnol- 
ogy industry has lagged far behind. The issue 
centers on the use of living material. Defining 
the limits of performance of a silicon chip is 
relatively straightforward compared to the 
same analysis for a biocatalyst. Sensitivity to the 
external environment, short lifetime and shelf 
life, greater variability in tolerances, greater 
variability in responses, and need for cofactor 
regeneration all conspire to make biotechnol- 
ogy products more difficult to construct and 
deploy than electronic products. The manufac- 
turing process for electronic goods is also sim- 
pler: writing source code for a computer pro- 
gram is a different proposition from purifying 
the genetic code of a gene for use in a biopro- 
duct. On top of this are the ethical and safety 
issues surrounding the release of biological ma- 
terials to the environment. 

Nevertheless, the examples given in this 
chapter show that large corporations have seen 
the benefits of a lean, green biotechnology in- 
dustry to the extent that they have been willing 
to put their money behind promising biotech- 
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nologies. That this will continue in the future, 
in spite of technical, regulatory, and stock mar- 
ket variables, is a given. The lure of, for exam- 
ple, replacing complex and dfficult organic 
synthetic chemistry with a highly specific bio- 
technology solution with a small number of 
steps, all at low temperature and pressure, is 
too tantalizing for big industry to ignore. 
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Stonewashing of jeans 352 

Streeter-Phelps model 17 

Subtilisin   334 
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 characterization of, in contaminated land 63 
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