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ABSTRACT
Remediation of petroleum hydrocarbons in groundwater was the primary focus in the initial
application of in-situ bioremediation which, from its development in the 1970s, has grown to
become one of the most promising technologies for the degradation of a wide variety of organic
contaminants. The degradation of contaminants in subsurface soils is the current new focus of the
technology. While the need for improvements in the technology does exist, the indisputable fact
remains that this technology is by far the least expensive and that it has the capability to provide
long term reduced levels of contaminants or long term complete remediation of contaminated sites.
The aim of this paper is to disclose pertinent information related to current conditions and current
feelings in the area of new research, novel applications, new government regulations, and an
overview of new topics on the horizon that relate to the over all technology.

I. INTRODUCTION
The word, bioremediation, originates from two other words, namely biology and remedy.
Bioremediation, therefore, is a remedy for cleaning up petroleum and other forms of contaminants
by employing a biological process. The major sources of contaminants that pollute the soil and
subsurface ground water are illustrated in Figure 1. Tests have proven that most of these
contaminants are known or suspected carcinogens.
Groundwater is the only source for drinking water for many people around the world,
especially in rural areas. In the United States groundwater supplies 42.4% of the population served
by public water utilities. More than half of the population of the United States relies upon a
groundwater source for drinking water (Kuzelka 1995). The most powerful and efficient process,
that will bring some remedy to the mammoth amounts of hazardous wastes, that plague
groundwater and soils at sites within and around many cities and communities, is best identified as
a natural biological process of enzymes. Enzymes are complex proteins that are produced by living
cells and are responsible for catalyzing specific biochemical reactions such as the degradation of
organic contaminants. Microorganisms, mainly bacteria, use enzymes to degrade organic
contaminants simply by digesting them. This process appears to be a basic characteristic of the
microorganism's archeological history.
The immediate need for the remediation of contaminated groundwater and soils is apparent
from the latest report of the National Research Council (1993). The report discloses that well over
400,000 sites across the nation have contaminated groundwater and will require remediation.
Biological degradation has been used over the past few decades to clean up contaminated
groundwater. In-situ soil and groundwater remedial procedures, or simply in-situ bioremediation,
is one of the progressive technologies for the remediation of contaminated groundwaters and
subsurface soils by stimulating the microflora (habitat of microorganisms) with the addition of
carbon and energy sources and trace mineral elements in place. Therefore, the contaminated system
is not physically moved from its original geographical location. Total treatment occurs on site.
While other on site remediation processes have been tested and examined for contaminated soils
such as in-situ vitrification (Cole and Fields 1989 & 1993), in-situ bioremediation continues to be
the most economical method of remediation. The total treatment is a commercial venture, the cost
of which is determined by the volume and type of contaminant at the site, the location of the
contaminant in the subsurface, and the concentration of the contaminant. In-situ bioremediation is
a way to manage the subsurface bioreactor to carry out biological degradations of contaminants. A
successful implementation of bioremediation should include a complete aquifer characterization,
removal of contaminant source and free product, plume containment, laboratory feasibility studies,
installation and operation of biostimulation controls, and continuous monitoring (Alveraz-Cohen
1993). The various soil divisions where contaminants are usually found is shown in Figure 2.
Typical in-situ bioremediation systems for treatment of the vadose zone and the saturated zone are

shown in Figures 3 and 4. Since the inception of the first process in the early 70's (Raymond
1974), in-situ bioremediation has undergone many evolutionary changes in its overall procedure,
general design, and range of effectiveness (Rittmann 1993, Matthews 1994, and Ritter 1995).
In general, bioremediation processes degrade organic contaminants to nontoxic and less
harmful products. The degrading reaction, call oxidation-reduction, is initiated by microorganisms
such as bacteria or fungi. The degradation process has the usual oxidation reaction mechanism.
Typical oxidation reactions are the combustion of alkanes, such as octane (CgHis). As shown
below in equation (1) for the typical hydrocarbon, octane, a two mole sample of octane (228
grams), requires exactly twenty five moles of molecular oxygen (800 grams) for its quantitative
oxidation to give sixteen moles of carbon dioxide (704 grams) and eighteen moles of water (324
grams).
2QH18

+

25 O 2

->

16CO 2

+

18H2O

(1)

Similarly, Phenol (CgHgO), another common contaminant, also undergoes oxidation to give the
same products as shown by equation (2).
C6H6O

+

7O2

-»

6CO 2

+

3H 2 O

(2)

Degradation processes of hydrocarbons that require molecular oxygen (aerobic oxidation-reduction
reactions) yield products of gaseous or dissolved carbon dioxide (CO2), bicarbonate ion (HCCV),
water, and new cell matter (regenerated microbes). Microorganisms that consume contaminants
without the need of oxygen (anaerobic oxidation-reduction reactions) give products that may
include methane gas (CH4), nitrogen gas (N2), hydrogen sulfide (H2S), and reduced forms of
metals such as iron (Fe 2+ ), and manganese (Mn2+). For example, the anaerobic degradation of
benzene (C 6 H 6 ) by denitrification, as shown in equation (3), gives the following products.
2 C6H6

+

10 NO;

->

5 N2

+

12 CO2

+

6 H2O

(3)

Microbial degradation (also referred to as microbial transformation) of organic and some
inorganic contaminants takes place because the microorganisms can use the contaminants for their
own growth and reproduction. Bacteria, the microorganisms focused on in this paper, go through
phylogeny in the kingdom called Monera and belong to the class, Schizomycetes. Bacteria are
classified as microscopic plants because earlier taxonomists found that they had a rigid cell wall.
These cellular microscopic plants range from 0.5 to 35.0 p.m in length or diameter depending on
their shape. Figure 5 shows a comparison of the bacteria size with the sizes of some commonly
occurring microscopic particulates. Bacteria have round, rod like, spiral, or filamentous shaped

bodies (Figure 6). They are considered single celled (or noncellular bodies) and often aggregate
into colonies. They are either motile by means of flagella, or nonmotile. Bacteria live in soil, water,
organic matter, or the bodies of plants and animals. Figure 7 shows a comparison of microscopic
images of sperms, yeast cells, coccus bacteria, and bacillus bacteria. Some of the characteristics of
typical bacteria active in contaminant remediation are gathered from various sources and are listed
in an alphabetical order in Table I. Table I provides important data for researchers on bacterium's
type, size, living environment, fluorescence capability, and references for further information.
Microorganisms responsible for biological degradation of contaminants have rates of reaction
that are extremely sensitive to a number of different conditions, such as temperature, pH, oxygen,
and nutrients (Rittmann 1993, Matthews 1994, and Ritter 1995). The most favorable conditions
for bacteria feeding and digestion are pH values between 6.0 and 10.0, temperatures ranges of 25
°C to 35 °C and a ratio of organic carbon to nitrogen and phosphorus of 300:15:1.
Nutrient requirements are based on a number of different variables. In most cases, the
contaminated region has the required amount of nutrients essential for the growth and maintenance
of the desired bacteria. This of course represents the ideal scenario, called intrinsic or natural
bioremediation, where the contaminated region has sufficient indigenous microbes, nutrients, and
required oxygen or other electron acceptors for the natural biodegradation of contaminants.
II. APPROACHES TO ENHANCE THE RATE OF IN-SITU BIODEGRADATION
A. Surfactant-Enhanced Biodegradation
One of the major difficulties often encountered in the persistence of potentially biodegradable
contaminants in the environment is their nonavailability to the microflora. Occasionally, the
microorganisms themselves may be capable of producing a surfactant which enhances the
solubility of the contaminants, and this alone may suffice for obtaining sufficient quantities in an
available form (Ying et al. 1989). Surfactants are a general class of chemicals whose molecular
structure generally consist of a hydrophobic group (water hating) and a hydrophilic group (water
loving). Surfactants are usually used to enhance the effectiveness of in-situ treatment processes by
improving both the detergency of aqueous solutions applied to subsurface soil and the efficiency
with which organics may be transported by aqueous solutions from the subsurface to the surface.
For example, by preferentially wetting the solid surface, an aqueous solution can partially or
completely displace an adsorbed organic fraction. The preferential wetting ability by the solution is
the result of the surfactant's detergency action that decreases the interfacial tension between the
aqueous phase and the solid phase. This in turn makes the contaminant available for
microorganism consumption. Research is being conducted to optimize the geochemical aspects of
surfactant-enhanced subsurface remediation (Edwards et al. 1991, Rouse et al. 1993, Pennel et al.
1993, Shiau et al. 1994, and Sabatini et al. 1995).

Sanseverino et al. (1994) have performed batch equilibrium tests on coke waste solids to
determine which surfactants would promote bioremediation of the known contaminant, [ 14 C]phenanthrene. The results showed that each of five surfactants studied could solubilize [ 14 C]phenanthrene from the waste material. The extent of solubilization as a function of concentration
varied. Table II gives the results of the nonionic surfactants studied. Surfactant, Tween 85,
showed the best solubilization characteristics in the lower dose range, where 0.2 percent
solubilized 6.1 percent of the [14C]-phenanthrene. In general, a minimum of 0.2-0.5 percent
surfactant was required to begin solubilizing the contaminant from the coke waste.
The surfactants, Alfonic 180-60 and Novel II1412-56 (Vista Chemical Company, Austin
Texas) were reported to increase the desorption of phenanthrene from soil and, at concentrations of
10 |ig/g soil, increase the extent of biodegradation of phenanthrene (Aronstein, et al. 1991).
Results of studies on Tween 85 (Sigma Chemical Company, St. Louis, Missouri) have suggested
that this surfactant may modify the rate of hydrocarbon solubilization and therefore promote
microbial oil degradation (Lupton and Marshall, 1979). The enhance microbial degradation of
decane with the application of the surfactant, Neodol 23-3/23-9 (Shell Chemical Company,
Houston, Texas) has also been reported by Bury and Miller (1991).
Surfactant-enhanced subsurface remediation has proven to be an effective tool for in-place
treatment systems. However, according to a report by Krebbs-Yuill et al. (1995), the process is
not economically feasible without a means for surfactant-contaminant separation and surfactant
reuse. The recycling of surfactants was the major focus of a study by Lipe et al. (1996). This
research evaluated micellar-enhanced ultrafiltration (MEUF) along with air stripping for surfactantcontaminant separation and surfactant recovery. The objectives of the research were: (1) to evaluate
critical factors affecting the performance of MEUF and air stripping processes for surfactantcontaminant separation and surfactant recovery and reuse in groundwater remediation efforts, and
(2) to modify existing design equations to incorporate these effects and to validate these models
against experimental data. Micellar-enhanced ultrafiltration (MEUF) refers to the increased ability
of ultrafiltration membranes to remove surfactants and contaminants from a waste stream due to the
colloid-sized surfactant micelle. The micellar contaminant and surfactant are therefore retained by
the ultrafilter while surfactant monomer and aqueous (extra-micellar) contaminant pass through the
membrane.
The results of their study revealed that MEUF effectively concentrated the surfactantcontaminant system (93 to 99 percent retention) into a reduced volume, but surfactant-contaminant
separation did not occur. Optimization of the process involves consideration of the contaminant
type as well as careful surfactant selection. An economic analysis specific to each application will
be necessary to identify the optimum combination of surfactant selection, unit process, and
treatment train order for the integrated surfactant-enhanced subsurface remediation process.

B. Enhancement of Biochemical Mechanism
Substrate augmentation
Very often, microbes have the ability to degrade a contaminant even though the contaminant
can not serve as the primary energy source for the organisms. The growth and maintenance of the
microbes is supported by the presence of other compounds called primary substrates (Wilson and
Wilson 1985). Similar conditions of multiple substrates and cosubstrates and a consortia of
microbes exist in contaminated soil systems. These may create an environment where chemicals are
degraded that are otherwise resistant to degradation in single-chemical-single-species assays (Keck
et al. 1989). Cooxidation and cometabolism are two terms that have been used to identify the
degradation of a recalcitrant substrate when and only when a growth producing substrate is also
present.
Cooxidation of contaminants is a condition where recalcitrant hydrocarbons are oxidized
when present as cosubstrates in a medium in which one or more different hydrocarbons are added
for bacterial growth (Foster 1962a & 1962b). Several researcher have identified cooxidation for the
degradation of recalcitrant hydrocarbons (Horvath 1972, McKenna 1976, Perry 1979, and Sims &
Overcash 1983).
Cometabolism of contaminants is a transformation where an enzyme of a microorganism,
growing on a compound, recognizes another compound as a substrate and transforms it to a
product. This transformation is limited, because the next enzyme of the organism that should attack
in sequence, has a higher specificity and does not recognize the new product as a substrate. For
pure cultures, cometabolism is not effective. For mixed cultures, the initial cometabolic
transformation could provide subsequent attacks by other organisms (Atlas & Bartha 1980).
The addition of auxiliary carbon and energy sources (substrates) to a contaminated area is
often necessary to stimulate the microflora to initiate the biodegradation of recalcitrant contaminants
such as carbon tetrachloride (DiStefano et al. 1991, Doong & Wu 1992, and Gibson & Sewell
1992). Experimental results show that the rate of microbial activity can be enhanced by the addition
of different primary substrates. For example, significant rate enhancements of carbon tetrachloride
degradation were observed with the supplement of different substrates to the microbial community
under anaerobic conditions (Doong 1995). While all substrates enhanced the degradation rates,
optimum rate enhancements were observed from the addition of acetate, relative to glucose and
humic acid. Ferrous ion (Fe2+) was the reducing agent and nitrate ion (NO3~) was supplied as the
electron acceptor.
Aerobic in-situ biotransformation of chlorinated aliphatic hydrocarbons with phenol and
toluene as primary substrates has also been reported by Hopkins & McCarty (1995). In a simulated
test representing a groundwater travel time of less than 2 days, removal efficiencies for 250 (J.g/L
of trichloroethylene and 125 (ig/L of cis-l,2-dichloroethylene were greater than 90%, and that of
125 jxg/L trans-1,2-dichloroethylene was about 74%, when either 9 mg/L toluene or 12.5 mg/L
8

phenol was used. The substrates, phenol and toluene, were removed to below 1 jig/L. Vinyl
chloride was removed to greater than 90%. Both hydrogen peroxide and pure oxygen had the same
efficiencies as the required electron acceptors in these experiments.
Additional information has also been reported on the effects of substrates (acetates, methanol,
and some short-chain organic acids and alcohols) on the dechlorination of polychlorinated
biphenyls (Nies & Vogel 1990), 2,4,5-trichlorinated biphenyl (Gibson & Suflita 1990),
chloroanilines (Kuhn, et. al. 1990), and tetrachloroethlyene (Fateherpure & Boyd 1988, Bagley &
Gossett 1990, and Gibson & Sewell 1992). These findings show great improvements in the
consumption of contaminants by bacteria as a result of multisubstrate use.
Control of soil oxygen
Anaerobic (without oxygen) biodegradation processes are orders of magnitude slower than
aerobic (with oxygen) biodegradation processes and are much more difficult to accelerate,
optimize, and control (Carberry 1994). For example, the microbial degradation of chlorinated
aromatic hydrocarbons was investigated by several researchers. Zacharias et al. (1995) have
reported on the aerobic and anaerobic biodegradation of a mixture of chlorinated aromatic
hydrocarbons. The experiment used semi-scale plants which served as models for a contaminated
industrial site (concept of slow sand filters). The plants consisted of columns filled with
contaminated soil from the industrial site. Containers of the actual contaminated water from the site
were also used. Biodegradation by a natural biocoenose of microorganisms was demonstrated
using either pure oxygen, air, or nitrogen. The operating parameters for each of the four pilot
plants are shown in Table III. After 110 days, in all aerated columns more than 99% of
chlorobenzenes, 96% of the chlorophenols, and 94% of the absorbable halogens were degraded.
In comparison, respectively only 82%, 78%, and 49% of these compounds were degraded in the
nitrogen-supplied column. Clearly, the rates of degradation are much faster in the aerated columns
(aerobic biodegradation) relative to rates in the nitrogen-supplied columns (anaerobic
biodegradation). Furthermore, the total bacteria cell counts of water and soil were approximately
ten times higher in the aerated columns compared to the anaerobic or sandfilled columns. Microbial
activity measured as respiration in the fixed beds showed the same profile. Other studies of
microbial aerobic degradation of chlorinated aromatic hydrocarbons have been reported in the
literature, but most of these studies have been done on a laboratory bench scale. For example,
Menke and Rehm (1992) investigated biodegradation of phenol and monochlorophenols in
laboratory test systems, Haigler et al. (1992) and Sander et al. (1991) isolated and described
bacteria degrading of several chlorinated benzenes. Biodegradation pathways of the halogenated
aromatic hydrocarbons are reviewed by Chaudhry and Chapalamadugu (1991). These
investigations all indicate that rates of biodegradation are oxygen dependent.

Air sparging is currently being used with excellent success to control oxygen in
bioremediation (Figure 8). Air is injected into the groundwater to remove volatile chemicals and
deliver oxygen, which promotes microbial growth. Bioventing, a somewhat similar process,
circulates air through the subsurface to bring about similar results as air sparging. Volatile
contaminants are removed and the circulating oxygen stimulates microorganisms to degrade
remaining contaminants. Bioventing has, likewise, proven to be quite successful and is, according
to many researchers in the field, the hottest commercially used item today in bioremediation
technology.
Control of soil moisture
The influence of soil moisture on microbial activity has been reported by several different
researchers (Hilling 1976, Ying et al 1989, and Kulshrestha 1992). A specific case study showed
that pendimethalin [N-(l-ethylproply)-3,4-dimethyl-2,6-dinitroaniline] was biodegraded by
microorganisms at a much faster rate in test samples containing 92% water relative to those
containing 22% water (Kulshrestha 1992).
Moisture optimization is demonstrated in experiments that measured carbon mineralization
(degradation) at different moisture levels for soil containing 15,000 ppm oil and 35,000 ppm oil
(Ying et al, 1989). The results indicated a peak in microbial activity at a 15% moisture content
(TablelV). These studies show that contaminant biodegradation becomes the highest for a soil
moisture content of about 15%. Furthermore, they show that increasing the soil moisture content
above 15% would actually decrease the biodegradation of the contaminant.
Nutrient augmentation
Nutrient requirements are not easy to predict for a given contaminated site. Nutrients already
exist at the site in the subsurface materials, the groundwater, the indigenous bacteria as fixed
nitrogen, and from dead bacteria (Norris 1994). However, specific nutrients are sometimes
required to be supplied to a contaminated area in in-situ bioremediation systems (see Figures 3,4,
and 8). Samples of the contaminated regions usually undergo laboratory studies to verify that
indigenous organisms are present to degrade the contaminants that are present. From these
laboratory tests, the optimum nutrient levels are also determined.
Laboratory tests must consider if the site is aerobic (oxygen rich) or anaerobic (oxygen free).
Most hydrocarbon contaminants such as benzene, toluene and other alkylbenzenes are readily
degradable in aerobic (oxygen rich) surface water and soil systems (Gibson & Subramanian 1984
and Ridgway et al. 1990). Contamination by organic compounds in the subsurface environment,
however, results in the total consumption of available oxygen by indigenous microorganisms
which results in the development of anaerobic (oxygen free) conditions. Yeh and Novak (1994)
have demonstrated the type of in-depth study usually performed to identify the specific nutrient
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requirements for an anaerobic specific contaminated site. Their study evaluated the biodegradation
of methyl tertiary butyl ether (MTBE), ethyl tertiary butyl ether (ETBE), and tertiary butyl alcohol
(TBA)—three chemicals used as gasoline additives. The anaerobic biodegradation under sulfate
reducing, methanogenic and denitrifying conditions were measured in static soil and water
microcosms using soils of different origin and varying characteristics. Potassium nitrate (KNO3)
and potassium sulfate (K2SO4) were added to stimulate denitrification and sulfate reduction,
respectively. The specific objectives of their study were to evaluate the biodegradation potential of
TBA, MTBE, and ETBE in soils previously uncontaminated with fuels; study the effect of site
variation on degradation; and determine the environmental factors that influence TBA, MTBE, and
ETBE biodegradation. The inorganic nutrient amendment consisted of KH2PO4, Na2HPC>4,
NH4CI, and mineral solution (NaCl, CaCl2, MgCl2 + 6H20). The results indicated that TBA was
the easiest compound to biodegrade, whereas MTBE was the most recalcitrant. With nutrient
addition, TBA degradation increased to the same level in soils from all sites under both denitrifying
and methanogenic conditions. Degradation of MTBE and ETBE occurred only in the soil with the
lowest organic matter content. The addition of nutrients had very little effect on increasing the
biodegradation of MTBE and ETBE in organic-rich soils. Therefore, the degradation of MTBE and
ETBE are expected to be difficult in a groundwater system contaminated by fuels.
In general, metal salts such as ammonium sulfate, disodium phosphate, monosodium
phosphate, sodium carbonate, magnesium sulfate and ferrous sulfate are typical ingredients that
may exist in nutrient mixtures (Ritter and Scarborough 1995). The essential nutrients of nitrogen
and phosphorus, are stoichiometrically related to the amount of contaminant present. Three pounds
of oxygen are approximately required to convert one pound of hydrocarbon mass to carbon dioxide
and water. The nutrient requirements based on the mass of hydrocarbon to be consumed are
approximated by a ratio of carbon to nitrogen to phosphorus of 100:10:1 (Norris 1994). Other
ratios of carbon to nitrogen to phosphorus have been reported to be 120:10:1 and 300:15:1 by
Sims et al. (1990) and Ritter & Scarborough (1995), respectively.
C. Microbial Transport
Influence of ionic strength and pH
Microbial transport can have an extreme influence on the rate of contaminant degradation. For
a microorganism to be useful for in-situ bioremediation it must be readily transported from the
point of application to the zone of contamination. A large number of studies have therefore focused
attention on bacteria transport in porous media. Jewett et al. (1995) have reported on the influence
of ionic strength and pH on the transport of the bacterium, Pseudomonas Fluorescens P17. Their
experiments were performed in porous media using continuous-flow laboratory columns and a
rapid screening technique in which radio labeled cells were applied to large-pore, glass-fiber filters.
They used colloid-filtration theory developed from the one-dimensional filtration equation (Yao et
11

al. 1971) to interpret P17 transport results in the two systems. The ionic strength of the carrying
solution had a direct relation to the retention time of the bacteria and to the value, a, the collision
efficiency. The collision efficiency, a, is the ratio of the number of bacteria removed by the
collector to the number of bacteria-collector collisions, or the probability that a collision results in
an attachment. Therefore, as the value of a decreases, the retention time decreases, and bacterial
transport increases. Decreasing the ionic strength (based on ionic concentration) from 10"1 to 10"5
M (where, M is the molarity) caused the bacteria collision efficiency to decrease about 90% (from
0.18 to 0.026 in screening experiments and from 0.12 to 0.015 in column experiments) as a result
increasing their transport (see Table V). Bacteria transport, however, was unaffected by changes in
pH in the range of 5.5 < pH < 7.0 in both systems (see Table V). The influence of ionic strength
on transport parameters of other microorganisms have also been reported by Hilbert (1992), Logan
et al. (1993), and Kinoshita et al. (1993) with results similar to the findings of Jewett et al (1995).
Values of bacteria collision efficiencies, a, have been calculated for Pseudomonas aeruginosa with
a glass surface by Martin et al. (1991). Value of a has also been estimated on 40-mm glass beads
using radiolabeled P. fluorescens P17 by Gross et al. (1995). The bacterial collision efficiency
values, a's, reported by these investigators are in direct agreement with the results of Jewett et al.
(1995).
Influence of microbial motility on transport
It has been shown that bacterial motility facilitates advective transport through natural aquifer
sediments by changing the attachment-detachment kinetics to reduce retardation. The studies by
Bales et al. (1995) showed that the time scale of attachment was twice as long for bacteria at 4 °C,
a temperature at which they were not motile, than for the same bacteria at 18 °C, a temperature at
which they were motile. Attachment was reversible at both temperatures. Their results suggest that
motility enhances transport of bacteria, even in a system that is dominated by advection. Analysis
of complete breakthrough curves using a nonsteady, kinetically limited, transport model suggested
that motile bacteria traveled twice as far as nonmotile bacteria before becoming attached to sediment
grains. Once attached to the soil particles, nonmotile bacteria detached on a time scale of 9-17 days
versus 4-5 days for the motile bacteria.
D. Augmentation of Microbes
In-situ bioremediation is concerned with stimulating the indigenous subsurface microflora to
degrade the contaminants in place, although in some cases genetically engineered microbes with
specialized metabolic activity have also been used. Given sufficient time and proper physical and
chemical conditions, most organic and some inorganic compounds can be degraded biologically
(Bandyopadhyay 1994). Two basic methods are currently used for the procurement of the
Microorganisms necessary to initiate bioremediation.
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1. Bioaugmentation, which involves the inoculation of adapted and genetically coded toxicantdegrading microorganisms (Figure 9).
2. Biostimulation, which involves the inoculation of the necessary nutrients to stimulate the growth
of indigenous microorganisms.
Microorganisms are able to survive for prolong periods of time in a dormant stage in the soil
system, much like a wild bear during long winter months. They are, however, able to grow and
function when favorable nutritional and environmental conditions occur. In some contaminated
sites, the required microorganisms that are specific degraders for the contaminants that are present,
may not be available. This was the condition at the site in Conroe, Texas, where EPA and Rice
University personnel used microorganisms in a disposal pit contaminated with creosote
compounds to degrade five of these compounds (Bandyopadhyay 1994).
Burns et al. (1995) have investigated bacterial strains capable of biodegrading atrazine and
simazine in surface water. The bacteria (SL1: Rhodococcus rhodochrous and WTl: Acinetobacter
junii) were inoculated into pilot-scale fixed beds of granular activated carbon (GAC, 1 m depth, 15
min empty bed contact time). The results showed that inoculation of GAC with bacterial species
SL1 reduced the build up of atrazine and simazine adsorbed to GAC over the six month study.
Indigenous WTl and laboratory-produced WTl biodegraded the bacteria to the same extent in a
simple batch test. Therefore, to increase biodegradation (and reduce adsorbed and eluted SL1)
inoculation must load significantly larger numbers of WTl on the GAC relative to naturally
occurring numbers of indigenous WTl. Other studies of microbial inoculation have been reported.
Biodegradation of s-triazine was increased to 53% atrazine and 58% simazine in 20 days at 15 °C
by inoculation of fixed bed granular activated carbon with s-triazine-degrading bacteria with
influent concentration of 10 jig /L of both s-triazine (Feakin et al. 1995). Inoculation of granular
activated carbon fixed beds to increase biodegradation was also reported to be successful at
laboratory scale (Speitel et al. 1989). Inoculation may not be successful, however, in full-scale
granular activated carbon beds due to displacement and wash out following competition with
indigenous species (Ramadan et al. 1990) or due to operational parameters such as backwashing
and flow rate (Servais et al. 1991)
The rates of biodegradation of benzene, toluene, and xylene by indigenous microorganisms
in a natural aquifer sand were investigated by Corseuil and Weber (1994). The results of this study
confirmed that sufficiently large populations of indigenous organisms were capable of degrading
the targeted contaminants in short periods of time under favorable growth conditions and in the
presence of adequate amounts of oxygen. The results also confirmed that the low population of
microorganisms, typically present in subsurface systems, may require the augmentation of those
microbes to prevent the significant delays, observed in their study, before onset of measurable
biodegradation even under highly favorable oxygen and nutrient conditions. Such delays were
found to vary inversely with the number of contaminant-specific microorganisms initially present
13

in the indigenous consortia, suggesting the need for attainment of critical biomass concentrations.
Critical biomass concentrations here means sufficiently large enough to ensure good survival in the
presence of competition from indigenous bacteria. The overall research results strongly suggest
that attention should be given to the potential need for augmentation of indigenous microbial
populations to increase rates of contaminant bioremediation (Corseuil and Weber 1994). Other
observations of success and failure with respect to inoculation of microbes having specific
metabolic capabilities have also been reported by Lehtomaki & Niemela (1975), Edgwehill & Finn
(1983), Crawford & Mohn (1985), Aamand et al. (1989), and Oldenhuis et al. (1989).
E. Vegetative Uptake
This review has focused on microorganisms as the major contaminant destroyer of toxic
organic chemicals. However, well-defined contaminated sites containing high concentrations of
toxic organics may require intervention with sophisticated and costly soil cleaning or water filtering
equipment. This is done in order to quickly mitigate human exposure and prevent additional
environmental damage. Once energetic remediation techniques have initially reduced contaminant
sources, less expensive approaches are then employed to minimize the financial burden of the longterm remediation processes. Usually microbes are used for the long-term treatment. However,
plants have been considered and have shown to be a promising approach for in-situ bioremediation
of the rhizosphene by Lee and Banks (1993), and Radwan et al. (1995).
While plants have not been studied extensively for bioremediation, they possess the
tremendous potential for facilitating contaminant removal and destruction. Many of the same
enzymes found in animals and microorganisms are also found in plants. Plant enzymes have been
found to be responsible for the metabolic deactivation of herbicides and the detoxification of fungal
pathogens. Plants also have additional contaminant inhibiting capabilities not found in microbes.
Plants have extensive root systems that are ideal for absorbing both organic and inorganic
contaminants. The roots contribute to the symbiotic growth of bacteria and fungi in the upper
regions of the unsaturated zone (rhizosphere), which both enhances the health of the plant and
increases the population of the contaminant-consuming microorganisms (see Figure 2). The results
is a duel operation of both plants and microorganisms, working together, as an in-situ
bioremediation system.
Donaldson and Luster (1991) have reported on the accumulating evidence indicating that
there is a multiplicity of cytochrome P-450 enzymes in plants. These enzymes have been implicated
in the metabolic degradation of sterols, terpenes, gibberellins, and xenobiotics. Their results show
that cytochromes P-450 enzymes are involved in the detoxification (degradation) of certain
herbicides.
Plant species can be selected to extract and assimilate, or extract and chemically decompose,
target contaminants through phytoremediation (Nyer and Gatliff 1996). Many inorganic chemicals
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considered environmental contaminants to humans are, in fact, vital nutrients to plants that can be
absorbed through the plant's root system for use in growth and development. Heavy metals can be
taken up and bioaccumulated in plant tissues. Organic chemicals, notably pesticides, can be
absorbed and metabolized by plants, including trees.
III. SITE POTENTIAL FOR IN-SITU BIOREMEDIATION APPLICATIONS
The determination of the nature and extent of the contamination at a site involves a complete
and through understanding of the focused area both in terms of the natural state of the site and the
contamination problem. Some of the factors that are important with regard to the natural state of the
site are listed below.
• Site hydrogeology should be examined and thoroughly understood. The rate of remediation of
petroleum hydrocarbons is usually always controlled by the rate of the distribution of oxygen and
nutrients. Therefore aquifer hydrogeological properties such as the rate of groundwater
recirculation are critical. A 24-hour pump test and groundwater flow models are helpful in site
hydrogeology studies.
• Other potential contaminants that are not biodegraded, such as heavy metals, should be identified.
A combination of several remedial technologies may be required for such a site.
• Conditions that affect bacteria growth and metabolism at a given contaminated site must be taken
into account when in-situ bioremediation plans are being considered. Lang & Viedt (1994) have
shown that microbial activity is critically hampered at in-situ sites (macro- or micro-) with phenolic
chlorinated hydrocarbon concentrations of about 30 micromole per liter or higher in the soil
solution. At sites contaminated with a mixture of nonphenolic and phenolic chlorohydrocarbons,
the dissolved concentration of the phenolic compounds can be critical for the biodegradation of all
chlorohydrocarbons. Specific test can be made to determine the extent of microbial population
support.
The following factors should be considered when evaluating the nature and extent of the
contamination at a potential site.
• The concentration of contaminants on aquifer solids is extremely important, especially for
petroleum hydrocarbons with low or poor solubilities.
• The presence and extent of oily phase materials should be carefully determined. Pretreatment to
remove such heavy contamination may be required before in-situ bioremediation should be applied.
The method used to determine the potential for bioremediation at a specific site relies heavily
on the results of modeling techniques. It has become the common practice to conduct aquifer tests
and apply computer models to evaluate the feasibility of bioremediation at a particular site (Rafai
and Bedient 1987). The applications of models will be discussed more later in another section.
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IV. NOVEL APPLICATIONS
In-pore transport processes in homogeneous and heterogeneous porous media have been
investigated using novel 3D imaging techniques at our laboratories (Rashidi & Milanovich 1994,
Rashidi 1995, Rashidi & Rinker 1996, Rashidi & Dickenson 1996, Rashidi et al. 1996a, Rashidi
et al. 1996b, Rashidi 1996). The experimental setup consists of a clear column packed with clear
particles and a refractive index-matched fluid seeded with fluorescent tracer microparticles (for
flow measurements), an organic dye (for contaminant concentration measurements), or
fluorescently stained bacteria (for bacteria concentration measurements). As shown in Figure 10,
the column is illustrated by an Argon-ion laser sheet and a CCD camera is used to record the
experimental runs.
The refractive index-matching yields a transparent porous medium, free from any scattering
and refraction at the solid-liquid interfaces, thus allowing direct optical probing at various vertical
planes within the porous system. The system is automated to image through the porous medium
for collecting microscopic values of velocity, concentration, and grain geometry at high accuracy
and high resolution. Various geometric, flow, and transport quantities have been obtained in a full
three-dimensional volume within the porous medium.
Figure 11 shows the distributions of microscopic velocity, concentration, and flux for t = 30
minute into an experimental run at several corresponding cross-sections in the column. As seen
here, contaminant transport can be visualized and analyzed at a very high resolution and accuracy.
These plots show that the contaminant zone moves faster through the higher porosity regions. It is
also observed that near the contaminant front the microscopic velocities and concentrations are
highly correlated. In other words, the high velocity regions are seen to be correlated with the
regions of high chemical concentration and vice versa. Furthermore, it is observed that there is no
such a thing as uniform flow/transport front within the porous regions. Due to the complexity of
pore structure, contaminant transport becomes very complex phenomenon. As early as minute 30,
one can observe saturated regions at the end of the test section while the average contaminant front
is half way in the test section. These 3D microscopic plots provide an unprecedented insight to the
problem of contaminant migration and bioremediation in natural porous media.
These results show the importance of micro-scale observations and measurements in
understanding of contaminant migration in soil or other natural porous media. These experimental
tools are extremely valuable in bioremediation problems since microscopic particle-contaminantbacterium interactions are the key to understanding and optimization of these processes.
In another unique approach, an in-situ microbial filter technology has been developed for
remediating subsurface groundwater contaminated with trichloroethylene (Taylor et al 1993,
Knapp et al. 1995, and Taylor & Hanna 1995). This new technology eliminates problems
associated with the common method of directly pumping a quantity of nutrients into the subsurface
to stimulate growth of indigenous microbes. Direct injection of nutrient stimulation packages not
only results in the displacement of the soluble contaminants, but also does not selectively
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encourage the growth of the most efficient microbial degraders. These problems are circumvented
with the application of the 2-dimensional in situ microbial filter strategy (Taylor & Hanna 1995).
The process design is based on the use of nondividing (resting-state) cells, Methylosinus
trichosporium OB 3b, that are produced in bioreactors, harvested, resuspended in a buffer or clean
groundwater, and then injected underground to form an attached biocatalytic filter (i.e., injected
microbes attach to the soil and form a fixed-bed biofilter). The potential feasibility and
effectiveness of an attached resting-cell filter strategy over extended periods of time has been
demonstrated for degrading tirchloroethene flowing through a saturated homogeneous quartz sand
(Oklahoma) by Taylor et al. (1993), Shonnard et al (1994), Hanna & Taylor (1995), and Knapp et
al (1995). This special method of allowing contaminants to flow through resting state microbial
filters is, therefore, a great benefit in the technology. The problem of displacement of contaminants
and microbes usually results when volumes of microbes are directly injected into the contaminated
site. This displacement problem does not occur in the in-situ microbial filter technology.
In addition, Wilson (1995) and Neal (1995) have shown that zero-valent metals, in particular
iron, are capable of environmental remediation using oxidation-reduction reactions on
chlorohydrocarbons. It appears that toxic trichloroethene undergoes biodegradation in the presence
of metal iron filings. The contaminated groundwater of a manufacturing plant in Sunnyvale,
California, has been completely remediated of toxic trichloroethene by exploiting two hundred
twenty tons of zero-valent iron filings buried underground (Wilson 1995). The general reaction of
a chlorinated solvent, such as trichloroethene, and a pure metal, such as iron, results in the
reduction of the solvent (RX to RH) and the oxidation of the metal iron (Fe to Fe(II)).
Fe°

+
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+

H+

-*

Fe 2+

+

RH

+

X-
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The technical procedure at the Sunnyvale site involved placing permeable underground
barriers containing an iron and sand mixture. Contaminated groundwater seeps through at a rate of
one foot per hour. Researchers have reported that the rate of degradation increases with increasing
ratio of iron surface area to solution volume. The metal iron does dissolve during the remediation
process but scientists have concluded that the disappearance is so slow that the constructed
remediation barriers will remain effective for decades (Wilson 1995).
Other studies have shown that while iron is an excellent degrader for many chlorinated
aliphatics, it nevertheless, has little effect on such compounds as polychlorinated biphenyls (PCBs)
which are serious environmental contaminants.
V. MODELING
Bioremediation modeling or more commonly referred to as groundwater contamination
modeling grew out of the need to predict the fate of contaminants flowing in groundwater moving
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streams. Models provide a basic structure of ideas for a systematic ordered arrangement of
information about contaminated sites. Model users develop complete and total awareness of the
contaminant behavior because they are required to confront and understand details such as the mass
of contaminants, their chemical properties, and their interactions with site hydrogeochemical
characteristics.
Basic modeling strategies have evolved over the years for a number of possible
contamination scenarios. Physical, chemical, and biological postulates are currently being used to
construct bioremediation models. The actual development of a model begins with the step of
translating or describing a real physical problem in terms of mathematical equations that capture the
total, critical aspects of the real problem. When the required information is available and is
correctly integrated into the proper model, modeling predictions become useful tools for managing
field sites and evaluating bioremediation.
The actual mixing of contaminants with selected bacteria can be a major problem that affects
the rate of degradation. Consequently, high microbial mobility is advantageous, since the success
of remediation procedures depends on the ability to transfer bacteria to the contaminated area.
Therefore, the rate of mass transport in porous media has been and continues to be the focus of
attention in a number of publications ranging from the results of actual experiments to the
development of numerical models. The aim is to gain better understanding and insight to problems
related to colloidal transport in porous media (Rashidi et al. 1996a & b).
Modern groundwater contamination models are multicomponent models. Modeling has
proven to be the cure to the problem of quantifying biodegradation in the subsurface. Models
combine physical, chemical, and biological processes to supply quantitative information
concerning microbial kinetics, contaminant and microbial transport, instantaneous reactions, and a
number of other interactions related to bioremediation. A full and comprehensive discussion of
models has been reported by the National Research Council (1990).
Transport problems have been challenging and have focused on such complex systems as
layered aquifer or fractured medium. Tang and Aral (1992a) have reported on the analytical
solutions describing the fate of a solute in a layered aquifer system. In a second paper by Tang and
Aral (1992b), the analytical solutions are utilized in solution of several problems to demonstrate the
range of problems that may be analyzed using their procedure. They have described the limitations
and the general description of the mathematical model utilized in the analysis and its analytical
solution.
Prediction of field scale contaminant transport in the vadose (unsaturated) zone is essential
for the management of potentially hazardous chemicals in the ecosystem. This information is
valuable in developing methods to minimize the pollution of the drainage water in underlying
groundwater supplies. Russo (1995a) has derived closed-form analytical expressions for the
longitudinal and transverse components of the velocity variance and for the asymptotic values of
18

the transverse components of the displacement covariance for saturated flow and transport. The
applicability of this approach for modeling flow and transport in the vadose zone (unsaturated
zone) is then tested (Russo 1995b) by the use of the stochastic theory of Yeh et al. (1985a & b) for
unsaturated flow. Results of these analyses strongly suggest that this model may predict flow and
transport in vadose regions if heterogeneity scale in the mean flow direction is smaller than about a
tenth of the characteristic length scale of unsaturated flow (Russo 1995b).
Jennings and Manocha (1994) provide a more historical perspective and explore the state of the
art in modeling soil bioremediation under saturated flow conditions. The application of the models
under unsaturated conditions is also discussed in their article. Hu and Brusseau (1995) have
examined the effect of solute size on transport in structured porous media. The dual-porosity
mobile-immobile model was used to attempt to quantify the solute size effect. Solutes examined
were pentafluorobenzoate, 2,4-dichlorophenoxyacetic acid, hydroxypropyl-B-cyclodextrin, and
tritiated water (3H20). The experimental breakthrough curves obtained in the aggregated and
stratified media were compared to the predicted curves simulated with the first-order, dual-porosity
mobile-immobile transport model. In most cases, the predicted simulations matched the
experimental data quite well. The results of the work demonstrated that the dual-porosity mobileimmobile model can be used to approximate solute transport in aggregated and stratified media, at
least for systems similar to those in the study.
The potential significance of sedimentation as a mechanism for bacterial transport has also been
examined by Wan et al. (1995). A simple model was developed to predict the behavior of particle
(bacterial or inorganic colloids) sedimenting through granular porous media under hydrostatic
conditions. Their experimental results demonstrated that sedimentation within pore waters may be
an important mechanism for downward transport of bacteria in groundwater.
VI. ESSENTIAL EQUIPMENTS
A. In-Situ Bioremediation Systems for Contaminated Soil Treatment
The components required for in-situ bioremediation of contaminated soil generally include
delivery systems (to supply water, nutrients, oxygen, inorganic and organic matter, and specialized
microorganisms) and run-on and run-off controls (for moisture control and waste containment)
(U.S. EPA 1984 & 1990). Table VI discloses some ranges of critical environmental conditions that
affect aerobic and anaerobic activity of soil microorganisms . Equipment required to control and
modify these conditions usually is part of the equipment package.
The major problems in the application of in-situ bioremediation to unsaturated subsurface
soils is the delivery of required nutrients, cooxidation-oxidation substrates, electron acceptors or
other necessary enhancers of microbial growth. It appears that gravity and forced hydraulic
delivery and venting systems are the techniques presently used for the delivery. Other approaches
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such as hydraulic fracturing, radial drilling and cyclic pumping are still in the development stage
(Sims et al. 1993).
B. In-Situ Bioremediation Systems for Contaminated Aquifers
In-situ bioremediation systems for aquifers usually consist of injection wells, galleries,
and/or trenches and also recovery wells as shown in Figure 3 (Norris 1994). The most common
design provides treatment of recovered groundwater, typically using an air stripper tower. The
recovered treated groundwater is amended with nutrients and is re-injected. Usually oxygen or
hydrogen peroxide are added by injection in the injection well. The common design can be
modified to introduce oxygen by air sparging (Figure 8) or by bioventing, both of which
introduces air directly within the aquifer.
Nutrients can be added a number of different methods. In the case of shallow aquifers, for
example, with sandy material, nutrients can be introduced from the surface, allowing percolation of
rain water or added water to carry the supply of nutrients into the aquifer.
Most groundwater recirculation systems have designs that are best done by employing a
groundwater flow model. A two-dimensional analytical flow model will be sufficient for most
contaminated sites. The most favorable design concept can be selected and evaluated by the model.
Monitoring wells should be incorporated in the general design of an in-situ bioremediation
system. Monitoring wells are essential to the continuous day-to-day functions of the system.
Important information such as oxygen and nutrients distributions, pH and other groundwater
chemistry parameters, groundwater elevations, and changes in contaminant concentrations are
provided by monitoring wells. Figures 4, 8 and 9 show the process of in-situ bioremediation with
added systems for addition of required materials.

VII. CURRENT MAJOR PROBLEMS
One of the major problems in bioremediation is the lack of ability to quantitatively evaluate
the technology. Its benefits can not be realized unless it is clearly evaluated and shown that these
processes do actually work. Therefore, there is an essential need to observe microscopic
interactions, measure the pore-scale quantities, and analyze the overall processes systematically
(see Rashidi et al. 1996a & b). Rittmann et al. (1993) suggest more research and education to
improve the ability to evaluate bioremediation technologies. They provide a three-part strategy for
proving that bioremediation has worked in the field.
Similarly, Alvarez-Cohen (1993) reports that the biggest challenges associated with the
application and managing a subsurface bioreactor for in-situ bioremediation are evaluating its
progress in the field and determining when sufficient contaminant destruction has occurred to
warrant discontinuation of the biostimulation.
Hutter and Vandegrift (1992) have suggested that the major limitation of in-situ
bioremediation technologies concerns the inability to transport sufficient oxygen and nutrients to
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the subsurface contaminants which is required for the maintenance of biological activity. The
problem of transport of sufficient oxygen, however, has been circumvented with the application of
bioventing. Bioventing supplies large quantities of oxygen directly to contaminated site thereby
insuring the degradative activity of microorganisms.
VIII. NEEDS IN RESEARCH
The following represents needs for additional or continued research cited directly from recent
literature related to in-situ bioremediation.
• There is a need for a database on kinetic parameters of biodegradation. Information on
biodegradation kinetics is essential in the design of bioremediation treatment systems and during
the process of establishing limits on the release of organic contaminants to the environment.
• More pilot scale experiments are required for the microbial degradation of chlorinated aromatic
hydrocarbons.
• Parameters are greatly needed for the quantitative modeling of transport of microorganisms in
porous media that would establish functional relationships between surface characteristics of the
media and cell transport, and of other solids in the media and cell transport.
• An improvement in the method for the inoculation of microorganisms with regard to better
determination of the optimum inoculum density requirement; the required contact time between the
bacteria and the target compound (contaminant or substrate) for complete or even partial
mineralization.
• Protocols need to be developed for the evaluation of in-situ bioremediation. The protocols should
focus on a range of contaminants and site characteristics.
• Mathematical models should be improved and also developed to give better understanding to
chemical, physical, and biological phenomena.
• Improved technical methods of monitoring the degradation progress in the field are required.
• Research to improve site characterization techniques is required.
• Improved methods for quantifying metabolic activity and cellular constituents in microbes are
required.
• There is a need to replace mono-species toxicity tests with ecologically oriented tests which
consider bioconcentration, tropic interactions, and varied endpoints. New biomonitoring
techniques should be developed based upon existing knowledge of thermodynamics, statistical
mechanics, ecology, hydraulics, and information theory.
• Methods to increase rates of in-situ bioremediation of dense nonaqueous phase liquids (DNAPLs)
are needed. Research should focus on quantitative bench-scale studies of methods to increase the
bioavailability of contaminants (use of surfactants, or biosurfactants) to directly increase rates of
biodegradation of DNAPLs.
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• Research should be conducted on biostimulation and bioaugmentation for the remediation of
mixtures of chlorinated solvents. The work should be on quantitative bench-scale studies
addressing the mixtures of chlorinated solvents, primarily pentachloroethane, trichlorioethene and
carbontetrachloride. The expected outcome of this research is an increased understanding of
biodegradation rates and efficiency, and better control of in-situ bioremediation processes for the
destruction of mixed chlorinated solvents.
• Biotreatment technologies for toxic inorganics and radionuclides should include quantitative
bench-scale studies of concepts for mobilization, concentration and subsequent recovery of toxic
elements and radionuclides in the subsurface, which can not be readily removed by groundwater
pumping or soil washing.
• Rapid methods to detect in-situ biodegradation products should be developed and used for
determination of the performance and extent of bioremediation and fate of contaminants.
• Last but most importantly, a series of detailed microscopic experiments should be performed on
observation, measurement, and analysis of contaminants-site particles-bacteria interactions. These
experiments will answer many questions and unknowns that exist about the processes of in-situ
bioremediation as never done before.
IX. NEEDS IN EDUCATION
There is a strong necessity for developing educational programs to prepare people who will
work on bioremediation projects. Academics, students, and practitioners should be directly
involved in the debate concerning the preparation of students to work in bioremediation (Grady
1994).
Because bioremediation is multidisciplinary, the focus of the program should be on those
students with undergraduate degrees in environmental engineering, chemical engineering,
geohydrology, microbiology, and soil science.
In addition, all components of society should be educated about what bioremediation is and
what its capabilities and limitations are. The following needs in education should be placed in focus
and means of establishing a method of implementation should be considered.
• Training courses are required that selectively extend the knowledge bases of the technical
personnel involved with the application of in-situ bioremediation.
• Training courses and educational programs are required to formally educate the next generation of
technical personnel.
• Communications should be improved between all directly and indirectly involved in the
technology.
• The Department of Energy's education mission of Environmental Management (EM) should be
implemented in order to achieve its goals with a strong focus on bioremediation.
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X. CONCLUDING REMARKS
In-situ bioremediation processes have been described in light of recent applications. It has
been shown that although a great deal is known about these processes, there is still an essential
need for more research and education in this field.
Research should be directed such that there are more systematic interactions of laboratory,
field, and modeling investigations. Detail laboratory experiments should be conducted on
microscopic and macroscopic observation and measurement of contaminant-bacterium-soil
interactions. These studies should compliment field measurements and modeling developments.
New sensors are needed for detail, dynamic, multicomponent measurements of subsurface
parameters. New micro and macromodels are also needed for numerical simulations of subsurface
processes.
Education should be provided to scientists and technicians by academic institutions and
government agencies (e.g., EPA, DOE, and DoD) in the form of courses, conferences, and
data/case documentations. This should be done to improve scientific interactions and collaborations
among the investigators.
As a result of these improvements, we will not only answer the crucial questions related to
the complex problem of in-situ bioremediation, but also solve some significant general problems in
the field of sensors, transport, biology, medicine, and numerical simulations.
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Table I. Characteristics of Bacteria
BACTERIA

TYPES

SIZFS ((im)

ENVIRONMENT

FLUORESCENCE

Acinetobacter
calcoaceticus

Gram-negative
Neisseriaceae
Spheres

Diameter =
1.0-1.2

Found in soil, water and
associated with man and
animals. Aerobic.
30-32 °C,pH= 7.0

No fluorescent
pigment

Aquaspirillum
anlus

Gram-negative
Spirillaceae rods

Width =1.4-1.5
Length = 7-15

Strict aerobe

Fluorescent pigment

organic acids, alcohols, amino
acids

Aquaspirillum
benxal
Aquaspirillum
itersonii
Aquaspirillum
serpens
Arthobacter
sepedonicum

Gram-negative
Spirillaceae rods
Gram-negative
Spirillaceae rods
Gram-negative
Spirillaceae rods
Gram-positive
Asperogenous
rods

Width = 0.9-1.2
Length = 5.2-22
Width = 0.4-0.6
Length = 2.0-7.0
Width = 0.5-1.0
Length = 5-35
Width = 0.4-0.8
Length = 1-6

Aerobic to microaerophilic

Fluorescent pigment

Strict aerobe

Fluorescent pigment

Strict aerobe

Fluorescent pigment

Abundantly distributed in
soil, Strict aerobes

No Fluorescent
pigment

organic acids, alcohols, amino
acids
organic acids, alcohols, amino
acids
organic acids, alcohols, amino
acids
pentachiorophenol, carbfiirem,
isopropyl N-phenylcarbamate,
carbaryl beniocarb, carbosulfan

Azomonas
agilis

Gram-negative
Azomonas rods

Diameter = 2.0

Found in soils and water
bodies. Aerobic
pH 7.0-78.5,20-30 °C

White fluorescent
pigment

carbohydrates

Azomonas
insignis

Gram-negative
Azomonas rods

Diameter = 2.0

Found in soils and water
bodies. Aerobic
pH 7.0-7.5,20-30 °C

No fluorescent
pigment

carbohydrates

Azomonas
marcocytoenes

Gram-negative
Azomonas rods

Diameter = 2.0

Found in soils and water
bodies. Aerobic
pH 7.0-7.5,20-30 °C

White fluorescent
pigment

carbohydrates, mannitol

Azotobacter
beijerinckii

Gram-negative
Azotobacter rods

found in soils and water
bodies. Aerobic
pH 7.0-7.5, 20-30 °C

No fluorescent
pigment

carbohydrates

Azotobacter
chroococcum

Gram-negative
Azotobacter rods

Diameter = 2.0

Found in soils and water
bodies. Aerobic
pH 7.0-7.5,20-30 °C

No fluorescent
pigment

carbohydrates, mannitol

Azotobacter
paspali

Gram-negative
Azotobacter rods

Diameter = 2.0

Found in soils and water
bodies. Aerobic
pH 7.0-7.5,20-30 °C

Green fluorescent
pigment

carbohydrates

Azotobacter
vinelandii

Gram-negative
Azotobacter rods

Diameter = 2.0

Green fluoresecnt
pigment

Mannitol, rhamnose

Bacillus
anthracis

Gram-positive
Bacillaceae rods

Fluorescent-antibody
stain

chitin, amygdaline

Gulf Oil Corp,U.
of Houston;
Houston, TX

Kalishetal. (1964)

Bacillus
cereus
Bacillus
megaterium
Bacillus
subtils

Gram-positive
Bacillaceae rods
Gram-positive
Bacillaceae rods
Gram-positive
Bacillaceae rods

Fluorescent-antibody
stain
Fluorescent-antibody
stain
Fluorescent-antibody
stain

chitin, amygdaline

Gulf Oil Corp.
Houston, TX
Gulf Oil Corp.
Houston. TX
U. Southern Cal.
Los Angeles, CA

Kalish etal. (1964)

Cellumonas
flavigena

Gram-positive
Asorogenous rods

Clostridium
thermoaceticum
Corynebacterium
sepedonicum

Gram-positive
Streptoeoccus rods
Gram-positive
Asoorogenous
rods
Gram-negative
Enterobacteriaceae
rods
Gram-negative
Flavobacterium
rods

Diameter = 2.0

DEGRADES
CONTAMINANTS
polychlorinaled biphenyl's,
trichloroethylene, ammonium
salts, acetate, butyrate, pyruvate

CASE STUDIES

REFERENCES

Rice University,
Houston, Texas

Thomas etal. (1989)

Bergey's Manual of
Determinative
Bacteriology. 8th
Edition. (1974)
N/A
CRC Hand Book of
Microbiology
2nd Edition (1977)
N/A
CRC Hand Book.
(1977)
N/A
CRC Hand Book
(1977)
N/A
CRC Hand Book
(1977)
Cornell University Edgehill et al. (1983)
Ithaca, N.Y.
Central Rice Res. Ramanand et al.
Inst.
(1991)
Cuttack, India
N/A
CRC Hand Book
(1977)
Bergey's Manual
(1974)
CRC Hand Book
N/A
(1977)
Bergey's Manual
(1974)
N/A
CRC Hand Book
(1977)
Bergey's Manual
(1974)
N/A
CRC Hand Book
(1977)
Bergey's Manual
(1974)
N/A
CRC Hand Book
(1977)
Bergey's Manual
(1974)
N/A
CRC Hand Book
(1977)
Bergey's Manual
(1974)
N/A
Bergey' s Manual
(1974)

Found in soils and water
bodies. Aerobic
pH 7.0-7.5, 20-30 °C
Found in cattle. Aerobic.
Width =1.0-1.2
Length= 3.0-5.0 pH 7.0-7.4,15-40° C
(opt 37° C)
Width =1.0-1.4
Food poison Facultatively
Length = 3.5-12 aerobic. 37 °C
Width = 1.6-2.0 Found in soils Strictly
Leneth = 3.7-9.7 aerobic
Width = 0.9-1.05 Found in air, dust, and
Length = 1.8-4.8 brack water. Aerobic.
50 °C,pH 5.5-8.5
Found in soil. Aerobic to
Width = 0.5
Length = 0.7-2.0 anaerobic. p H 7 . 0 , 3 0 ° C

No Fluorescent
pigment

Width = 0.3-1.5
Length = 1.3-14
Width = 0.4-0.6
Length = 0.8-1.2

Found in soil, in marine
and fresh water sediments
Found in soils. Aerobic to
anaerobic. 20-23 °C

No fluorescent
pigment
No fluorescent
pigment

Found in lower part of the
Width = 0.4-0.7
Length = 1.0-3.0 intestine of warm blooded
animals. Anaerobic
Flavobacterium
Width = 0.4-1.0 Found in soil and in water
sepedonicum
Length = 0.7-6.0 bodies, including sewage
and sea. Facultatively
anaerobic
Gram-negative
Ktesbsiella
Found in soil and ground
Width = 0.3-1.5
Enterobacteriaceae Length = 0.7-6.0 water. Facultatively
pueumoniae
rods
anaerobic. 35-37 °C,
pH7.2
Methanobacterium
Gram-positive
Width = 0.35-0.6 Found in sewage sludge.
thermoautotrophicum Methanobacteria- Length = 3.0-7.0 Strictly anaerobic.
ceae rods
pH 7.2-7.6,65-70 °C
Gram-positive
Methanosarcina
Diameter = 1.5-2 Found in sewage sludge
Metbanobacteriabarken
and mud. pH7.0
ceae cocci

No Fluorescent
pigment

carbon tetrachloride, diesel fuel, U. of Oklahoma,
and crude oil
Norman, OK

Reynolds et al.
(1989)

No Fluorescent
pigmnet

4-(2,4-dichlorophenoxv)-buryric
acid, pentachloropbenol,
chlorophenol

U. of Idaho,
Moscow, Idaho

Stormoetal. (1992)

No Fluorescent
pigment

diesel fuel, crude oil, phenol,
2,3-butanediol,

U. of Calgary,
Alberta, Canada

Macleodetal. (1988)

No Fluorescent
pigment

1,1,1-trichloroediane, carbon
dioxide

N/A

No Fluorescent
pigment

carbon tetrachloride, carbon
dioxide

N/A

Escherichia
coli

31

chitin, amygdaline
chitin, amygdaline

n-alkane C-20 to C-25, cellulose
carbohydrates, organic and
amino acids
carbon tetrachloride
p-nitrophenol, polychloinated
biphenyl's

Kalish etal. (1964)
Jang etal. (1983)

N/A

CRC Hand Book
(1977)

N/A

CRC Hand Book
(1977)
Zaidietal. (1989)

Cornell U. Ithaca
N.Y.

Zinsser
Microbiology,
20 th Edition (1992)
CRC Hand Book
(1977)

No Fluorescent
pigment

carbontetrachloridejetrachloroe LLNL, Livermore,
CA
thane.Trichloroethene
ORNL, OakRidge,
TN
N/A
naphthalene, phenanthrene,
fluoranthrene, pyrene,
nitropyrene, methylchloanthrene, 6-nitrochrvsene
CNRS, Bordeaux
chlorophenol
Cedex, France
Aga Khan U.
chlorophenol
Karachi, Pakistan
N/A
paraffins, C2-C io

Methylosinus
trichosporium

Gram-positive
Methanobacteriaceae cocci

Diameter = 0.250.5

Found in soil sewage
sludge, and mud. pH 6.0
-8.0(opt 6.8-7.5)

Micrococcus
roseus

Gram-positive
Micrococcaceae
cocci

Diameter = 0.53.5

Found hi fresh water and in No Fluorescent
soils. pH 5.2-6.5 (opt 6.2) pigment
25 °C. Aerobic.

Mycobacterium
bovis
Mycobacterium
leprae
Mycobacterium
paraffinicum
Mycobacterium
sepedonicum

Acid-fast Mycobccteriaceae rods
Acid-fast Mycobacteriaceae rods
Acid-fast Mycobacteriaceae rods
Acid-fast Mycobacteriaceae rods

Width = 0.2-0.6
Length = 1-10
Width = 0.3-0.5
Length = 1.0-8.0
Width = 0.5-0.7
Length = 3.0-7.0
Width = 0.2-0.6
Length= 1.0 10.0

Aerobic, 37 °C

Mycobacterium
tuberculosis
Mycobacterium
ulcerans
Nitrosomonas
europea

Acid-fast Mycobacteriaceae rods
Acid-fast Mycobacteriaceae rods
Gram-negative
Nitrobacteriaceae
rods

Width = 0.3-0.6
Aerobic, 37 °C
Length =1.0-4.0 i H = 6.0-7.6 (opt7.0)
Width = 0.5
Aerobic
length = 1.0-8.0
Temp = 30-33 °C
Width = 0.8-0.9
Areobic, 25-30 °C,
Length = 1.0-2.0 pH 7.5-8.0

No Fluorescent
pigment
No Fluorescent
pigment
No Fluorescent
pigment

Oceanospirillum
beijrinckii
Photobacterium
phosphoreum

Gram-negative
Spirilliaceae rods
Gram-negative
Vibrionaceae rods

Width = 0.4-0.6
Length = 4-30
Width = 0.4-1.0
Length =1.0-2.5

Fluorescent pigment

1,2,3-trichloropropane,
trichloroethene, 1,1,2trichloroethane.chloroethane,
trichloromethane,dichloromethane, 1,1-dichloroethane
chitin

Luminescent

chio'n

No Fluorescent
pigment

proteins, aminopolysaccharides

Fluorescent pigment

dichloromethane, diesei fuels,
crude oil, creosote, o-diphenol,
2,4, 6-trichlorophenol, toluene,
hexadecane, heptadecane,
octadecane, nonadacane
Petroleum hydrocarbons, diesei
fuels, o-diphenol, arabinose,
saccharate, verlerate, phenyl
acetate
2,4,6-tttchlorphenol, 2,4-, 2,6and 3,4- dichlorophenol, herbicide, 2,3-butylene glycol, mhydro benzoate, aliphatic acid
C2-C10
o-diphenol, saccharates.valerate,
ethanol

Proteus vulgaris

Pseudomonas
aeruginosa

Aerobic, 37 °C
Found in liquid minerial
salt medium. 37 °C
Aerobic, 37 °C

Found in sea water and
marine animals
Found in sea water and in
marine animals.
Anaerobic. pH 6.0-9.0
(opt = 7.0), 20-30 °C
Gram-negative
Found in intestinal and
Width = 0.5-1.0
Enterobacteriaceae Length = 1.0-3.0 urinary tract. Facultatively
rods
Anaerobic 37°C.
Gram-negative
Width =0.5-0.8 Moist environments, even
PseudomonadLength = 1.5-3.0 in distilled water. Aerobic.
aceae rods
10-42° C (opt 35° C )

No Fluorescent
pigment
No Fluorescent
pigment
No Fluorescent
pigment
No Fluorescent
pigment

Pseudomonas
aureofacien

Gram-negative
Pseudomonadaceaerods

Width = 0.7-0.8
Aerobic, 30 °C
Length = 1.9-2.8

Fluorescent pigment

Pseudomonas
cepacia

Gram-negative
Pseudomonadaceae rods

Width = 0.8-1.0
Aerobic, 30-35 °C
Length = 1.6-3.2

No fluorescent
pigment

Pseudomonas
chloraphis

Gram-negative
Pseudomonadaceae rods
Gram-negative
Pseudomonadaceaerods
Gram-negative
Pseudomonadaceaerods
Gram-negative
Pseudomonadaceaerods

Width = 0.7-0.8
Length = 1.5-3.6

Aerobic, 30 °C

Fluorescent pigment

Width = 0.8-1.0
Aerobic, 30 °C
Length = 0.2-3.5

Fluorescent pigment

Width = 0.7-0.8
Found in soil and water.
Length = 2.3-2.8 Aerobic to facultive
anaerobic, 25-30 °C
Width = 0.5-1.5
Found in soils
Length= 0.7-1.4 Aerobic

Fluorescent pigment

Gram-negative
Pseudomonadaceae rods
Gram-negative
Pseudomonadaceaerods
Gram-negative
Pseudomonadaceaerods
Gram-negative
Enterobacteriaceacerods

Width = 0.7-1.1
Length = 2.0-4.0

Pseudomonas
cichorii
Pseudomonas
Fluorecens
Pseudomonas
paucimobilis

Pseudomonas
putida
Pseudomonas
sepedonicum
Pseudomonas
syringae
Salmonella
emeritidis
Salmonella
typhimurium
Shigella
lexneri
Staphlococcus
aureus

Gram-negative
Enterobacteriaceacerods
Gram-negative
Enterobacteriaceace rods
Gram-positive
Staphlococcus
rods

pyrene, 2-methyl
naphtfaalenephenanthrene,
fluoranthene. chlorophenol
glucose, glycerol, chlorophenol
chlorophenol

N/A
Howard Hughes
Med. Inst. NY
N/A
N/A

Dubaetal. (1996)
Palumbo et al. (1995)
Bergey's Manual
(1974)

Venisse et ai. (1995)
Hussain et al. (1995)
Bergey's Manual.
(1974)
CRC Hand Book
(1977)
Quemadetal. (1995)
Zinsser
Microbiology. (1977)
Bergey's Manual
(1974)

N/A

CRC Hand Book
(1977)
U. S. Dep. of Agri. Bentonetal. (1995)
and Envi. Toxi.
Res., Oxford, MS
Gulf Oil Corp, and Kalishetal. (1964)
U. of Houston,
Houston, TX
Kalishetal.(1964)
Gulf Oil Corp.
Houston, TX

N/A

CRC Hand Book
(1977)

Universite Rene
decartes,
Paris, France

Tomasietal.(1995)

U. Rene decertes,
Paris, France

Tomasi et al. (1995)

o-diphenol, glucose, succinate,
L-alanine, DL-lactate,
DL-arginine
naphthalene, chromium (VI),
o-diphenol

U. Renedacertes,
Paris, France

Tomasietal.(1995)

No fluorescent
pigment

chloro- & methyl aromates
p-nitrophenol, o-diphenol

Cornell University Gannon etal. (1991)
Ithica,NY

Width = 0.7-1.2
Aerobic
Length= 1.5-3.0 25-30 °C

Fluorescent pigment

Width = 0.9-1.0
Length = 1.0-2.4

Found in man and animals.
37 °C

No Fluorescent
pigment

o-diphenol, carbohydrates,
organic & amino acids,
succinate, L-alanine
diesei fuel, crude oil

Width = 0.9-1.0
Length = 1.0-2.4

Found in animals.
37 °C

No Fluorescent
pigment

Non-motile rods
not encapsulated

Found in animals

No Fluorescent
pigment

Width = 0.5
Lengths 1.5

Found in human skin.
Anaerobic

No Fluorescent
pigment

Width = 0.5-1.0
Length= 1.5-4.0

Found in soil and water
Aerobic
25-30 °C
Aerobic

Non fluorescent
yellow pigment

Fluorescent pigment

Birklandetal. (1985)
Agri. U. of
Norway,
Olso, Norway
polycylic aromatichydrocarbons, U. S. E. P. A.
Mueller etal. (1990)
fluoranthrene, anthracene, benzo Gulf Breeze,
[b] fluorene, naphthalene,
Florida
1-methynapluhalene,
2-methyl naphthalene
Cornell University Madsenetal. (1982)
trichloroethene, naphthalene,
Ithica,NY
phenol, toluene, o-diphenol

diesei fuel, crude oil
chlorophenol, trimethylamine
oxide
diesei fuel, crude oil, mannitol,
dulcitol
diesei fuel, crude oil, manitol

N/A

Zinsser
Microbiology. (1992)

N/A

Zinsser
Microbiology. (1992)

U. of South
Alabama
Mobile, AL
U. of South
Alabama
Mobile ,AL
N/A

Lin etal. (1995)
Lin et al. (1995)
CRC Hand Book
(1977)

Table II. Nonionic Surfactant Desorption of [14C]-Phenanthrene from Coke Waste
(Sanseverino et al. 1994)
Surfactant

Dose (percent volume)
0.2
0.02

Alfonic 810-60

1.8

Novel E 1412-56

0.5

1.0

0.6

—

19.3

1.2

2.2

—

30.7

Tween 85

1.2

6.1

—

31.1

Brij 30/Brij 35 (1:1)

2.3

—

9.4

20.7

16.6
32.3
Neodol 23-3/23-9 (3:1)
1.9
Data are presented as percent [14C]-Phenanthrene solubilized into the aqueous phase.

Table III. Plant Operating Parameters (Zacharias et al. 1995)
Parameters
Plant 1
Plant 2
Plant 3
Plant 4

Gas supply

N2
O2
Air
Air

Delivery
(1/h)

Flow rate
(m/h)

Retention
(h)

Fixed Bed

5
5

0.283
0.283

6.4
6.4

Soil/gravel
Soil/gravel

5
10

0.283
0.566

6.4
3.2

Soil/gravel
Sand/gravel

Table IV. Microbial Degradation of Oil to CO2 (mg/100 gm Soil) (Ying et al 1989)
Soil with 15,000 ppm Oil (nutrient/glucose supplemented)
5% moisture

6.9 ± 0.3

10%moisure

52.2 ± 1.2

15% moisture

56.4 ± 0.6

20% moisture

46.5 ± 3 . 9

Soil with 35,000 ppm Oil (nutrient/glucose supplemented)
5% moisture

1.8 ± 0.0

10% moisture

19.2 + 1.2

15% moisture

30.0 ± 6.0

20% moisture

28.8 ± 5.4

Table V. Influence of Ionic Strength and pH on Collision Efficiency: Experimental Conditions
and Results (Jewett et al. 1995)
Experiment

Ionic Strength (M)

PH

FP

a

1

0.10

7

0.11 (±0.04, n= 14)

0.18 (0.16-0.22)

2

0.01

7

0.15 (±0.04, n=4)

0.17 (0.15-0.20)

3

0.001

7

0.25 (±0.04, n=4)

0.12 (0.11-0.14)

4

0.00001

7

0.52 (±0.04, n=4)

0.026 (0.052-0.066)

5

0.10

5

0.13 (±0.04, n=8)

0.20 (0.17-0.22)

6

0.10

6

0.08 (±0.03, n=8)

0.23 (0.20-0.27)

F p is the mean fractional cell penetration, 95% confidence interval for F p and number of
experiments conducted (n) in parenthese.
Bacterial collision efficiency, a, range of a's for 95% confidence interval of F p in parentheses.

Table VI. Critical Environmental Factors for Microbial Activity (Sims et al. 1990)
Environmental Factor

Optimum Levels

Soil Moisture

25-85% of water holding capacity; -0.01 MPa

Oxygen

Aerobic metabolism: Greater than 0.2
mg/L dissolved oxygen, minimum
air-filled pore space of 10% by volume;
Anaerobic metabolism: O2 concentration
less than 1% by volume.

Redox potential

Aerobes and facultative anaerobes:
greater than 50 millivolts;
Anaerobes: less than 50 millivolts .

pH

5.5-8.6
(also suggested 6.5-8.5; Ritter, 1995)

Nutrients

Sufficient nitrogen, phosphorus, and
other nutrients for microbial growth
(Suggested C:N:P ratio of 120:10:1)
(also suggested 300:15:1; Ritter, 1995)

Temperature

15-45 °C
(also suggested 27 °C - 35 °C; Ritter 1995)

Sewage Water
Release

Figure 1. Source of contamination in ground water.

37-

Unsaturated
(Vadose)
Zone

Satuarted
Zone

Figure 2. Various soil zones where contaminants penetrate.

Hydrogen Peroxide

Nutrients

Ground Water Treatment

Figure 3. In-situ bioremediation of saturated and unsaturated zone. Recovered ground water is treated typically
using an air stripper tower. It is amended with nutrients and is injected back in soil. Oxygen or hydrogen peroxide
is supplied into the soil using the injection well.

Ground Water System
Air Stripper
Vent System

Mist Ring
Water Flow

Catalytic
Oxidizer

Packing
Air Row

Exhaust
Nutrient
Tank

Peroxide
Tank
Injection Well

Vent Well
\

vent Well
Injection Well

Figure 4. An integrated in-situ bioremediation system.
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Figure 5. Comparison of bacteria size with size of some common materials.

Beach Sand

Round (coccus)

Rod-shaped (bacillus)

Figure 6. Typical shapes of bacteria.

Spiral (spirillum)

(a)

(b)

(c)

Figure •?. Fluorescent images of (a) sperms, (b) yeast cells, (c) coccus bacteria, and (d) bacillus
bacteria.

Monitoring
Probe

Vapor Extration
Well

Air Sparger
Well

Nutrient
Injection
Ground Surface

Figure 8. Conceptual view of air sparging system used in bioremediation processes.

Microbes, Nutrients,
& Oxygen Source

Makeup
Water

I

Clarifier

Bioreactor

Ground Surface

Figure 9. Bioaugmentation of Microbes in in-situ bioremediation.

Planar laser beam

_ 0 > Piano-cylindrical lenses

Water bath

Translation
stage

VCR

Video camera

Microcomputer

Syringe pump

Laser Beam

Imaged Data Slices

Test Section

Flow
Translation Stage

Figure 10. Measurement apparatus. Top view: Experimental setup; Bottom view: Imaging configuration.
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axial fluxes (mm s) for t = 30 minute. Here, flow direction is from bottom to top and
concentrates & fluxes are divided by saturated concentration values

