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PREFACE -

This report was prepared by the USEPA, P.O. Box 1198, Ada, OK 74820, USAF
MIPR No. MIPR-N92-16, for the Armstrong Laboratory Environics Directorate ,
(AL/EQ), Suite 2, 139 Barnes Drive, Tyndall Air Force Base, Florida 32403-5319.

This technical objective of the research described in this final report
was to test whether above-ground, fixed-film bioreactors can biodegrade
complex mixtures of chlorinated aromatic compounds in groundwater. ,
Specifically, the project was designed to test the metabolic capabilities of
Pseudomonas Strain JS150 in the field. The approach involved a preliminary
field study at Robins AFB GA using two above ground, fixed-film bioreactors,
one colonized with Pseudomonas JS150 and one colonized with indigenous
groundwater bacteria to measure degradation of chlorinated aromatic compounds.
Independent variables measured included temperature, pH, dissolved oxygen, and
fluctuations in microbial populations. Results from the bench-scale column
study indicated that the JS150 isolate had the greatest number of desirable
qualities and would be the best selection to utilize in a biofilm reactor.
Results from the study indicate that both reactors provided substantial
chlorobenzene removal (greater than 95%). Data indicate that bioreactor

‘inoculation may be useful for reducing startup time. No degradation

intermediates were detected from either the inoculated or uninoculated
reactors. '

The AL/EQM project officer was Catherine M. Vogel.
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EXECUTIVE SUMMARY

A. OBIJECTIVE

The purpose of this field study is to demonstrate the ability of a biological treatment system
to remediate ground water contaminated with chlorobenzene.

B. BACKGROUND

Due to widespread industrial use, halogenated solvents are frequently released into the
environment and become sources of ground water contamination. Often, an engineered
remediation system will employ some form of pump-and-treat technology which may include
air-stripping and carbon adsorption to treat the withdrawn ground water. - Because many types of
halogenated compounds are resistant to microbial transformation, biological treatment is often
overlooked when developing treatment system options. This is unfortunate because some of the
commonly used solvents, such as chlorobenzene, are amenable to bioremediation. Reduced
cleanup costs may be realized with bioremediation because biological treatment has the potential
to provide complete destruction of pollutants at a fraction of the cost of the other options.

C. SCOPE

This report discusses the three objectives of this project: inoculum selection, field
performance evaluation of pilot-scale reactor, and biomass development. Section I provides an
overview of the background material and description of the field site. Section II discusses the
initial bench-scale packed-column experiments which were conducted to select the most suitable
microbial strain for use in the pilot reactor. The pilot-scale reactor and field study evaluation is
described in Section III. Section IV discusses the microbiology monitoring conducted
throughout the field study evaluation. Section V lists study conclusions, and Section VI provides
recommendations.

D. METHODOLOGY

Bench-scale packed-columns were utilized to evaluate four microbial strains of
chlorobenzene degraders to compare their ability to colonize the packing material and overall
chlorobenzene removal. One isolate was then selected for field trials as the inoculum in a pilot-

- scale reactor. The pilot study examined the ability of a biological system to aerobically treat

chlorobenzene-contaminated site water under actual field conditions at Robins AFB, GA.
Treatability of secondary contaminants and influence of pH and dissolved oxygen (DO) on the
removal efficiency were evaluated. Biomass growth and displacement of the inoculated
microbial strain were monitored throughout the field evaluation.

E. =~ TEST DESCRIPTION

The strains employed for the bench-scale evaluation include Pseudomonas sp. strains
JS150, 1604, 1627B, and 1640B. Chlorobenzene concentrations and solution pH were
monitored to evaluate microbial colonization of the packing material. Flow rate, inlet
concentration, and rate of air addition were varied to compare the removal efficiencies of four



microbial strains. Based on the results of the bench-scale evaluation, one microbial strain was
selected as the inoculum in a pilot-scale reactor.

For the field study, two 120 liter, up-flow, packed-bed reactors were operated in parallel to
allow comparison of the removal efficiencies of the indigenous population of ground water
microbes and the selected inoculant. Flow rate, DO, pH, and contaminant concentrations were
monitored throughout the course of the field trial. In addition to the primary contaminant,
secondary contaminant concentrations of benzene and m-dichlorobenzene were monitored.

Monitoring of the microbial makeup of the reactors was accomplished by periodically
shutting down the column operation to allow aseptic sampling of the packing material. A fixed
amount of the packing material was plated on agar spread plates to determine microbial
population, chlorobenzene utilizer population, and presence of Pseudomonas sp. strain JS150.

F. RESULTS

Bench-scale results showed a single inoculation of the Pseudomonas sp. strain JS150
isolate resulted in significant chlorobenzene removal within eight days. The three Pseudomonas
sp. strains from Kelly, AFB (1604, 1627B, and 1640B) required multiple inoculations and did
not develop significant chlorobenzene removal ability for at least 12 days. All microbial strains
provided >95% chlorobenzene removal when the columns were operated with empty bed
residence times (EBRT) > 30 min. At higher flow rates, increasing the loading rate decreased the
removal efficiency for each microbial strain except Pseudomonas sp. strain JS150 which
remained at >80%. At the higher loading, the column inoculated with Pseudomonas sp. strain
JS150 exhibited a utilization rate almost 50% greater than the rate observed for the other three
columns. Based on the rate of colonization and utilization capacity, Pseudomonas sp. strain
JS150 was selected as the reactor inoculum for the pilot-scale field trial.

Results from the field study showed the inoculated reactor exhibited immediate
chlorobenzene removal capacity of >95%. The uninoculated reactor required eight days of
operation before equaling the removal capacity of the inoculated reactor. At a45-min EBRT
flow rate, the inoculated and uninoculated reactors displayed steady-state removal efficiencies of
86% and 83%, respectively, when inlet pH was maintained between 6.8 and 7.2. The outlet DO
was > 4.0 mg O,/L. During the specified operating conditions, the corresponding outlet
concentrations averaged 1.31 ppm chlorobenzene in the inoculated reactor and 1.59 ppm
chlorobenzene in the uninoculated reactor. '

Microbial monitoring demonstrated the top port of the uninoculated reactor originally
contained no chlorobenzene degraders at Time 0. Throughout the first 16 days of operation an
increase in chlorobenzene degraders was observed at both top and bottom ports. By Day 16, the
numbers of chlorobenzene degraders had risen to 100% of bacteria present. In the inoculated
reactor, the top port contained 1.0 x 10° and the bottom port contained 4.47 x 10° chlorobenzene
degraders per gram of pellets at Time 0. The number of chlorobenzene degraders increased
throughout the reactor during the first 16 days of operation. By Day 16, the indigenous
chlorobenzene degraders had increased to make up 37% and 47% of the population in the top and
bottom ports, respectively. Pseudomonas sp. strain JS150 was not detected after Day 16, but the
overall chlorobenzene-degrading population increased for the top port and declined at the bottom
port by Day 36.

vi




G. CONCLUSIONS

Results of the laboratory- and pilot-scale studies indicate chlorobenzene can be
successfully remediated with biological treatment. The Pseudomonas sp. strain JS150 was an
effective inoculant for biological reactor systems for the treatment of chlorobenzene-
contaminated ground water. The Pseudomonas sp. strain JS150 readily populates the Manville
Celite support material, and, once established, the Pseudomonas sp. strain JS150 displays
tolerance and rapid recovery to temporal pH shifts. The DO content is directly related to the
chlorobenzene utilization rate and becomes limiting when effluent concentrations fall below the
4.0 to 4.5 mg O,/L range. Use of the caustic buffer solution to adjust solution pH limited the
maximum removal efficiency which could be attained in the field study. Inoculating a reactor
with a selected strain provides the benefits of immediate and rapid contaminant removal ability.
This suggests that inoculation may be useful for reducing start-up time for reactors in the field.

H. RECOMMENDATIONS

The presence of high iron concentrations within the ground water at the Robins AFB site
possibly precludes the use of any in-situ aerobic treatment option and may limit treatment
schemes to above-ground systems. Biological treatment can effectively reduce chlorobenzene
concentrations and should be considered as a possible treatment option. Inoculation of the
reactor prior to use with an isolate like the Pseudomonas sp. strain J S150 is encouraged in order
to provide immediate chlorobenzene treatment capacity and minimize startup time at the site. A
less caustic buffering solution should be employed to encourage more biomass growth and
enhance the removal efficiency. Additionally, utilization of the recycle stream during the flow-
through operation would provide greater resistance to upsets. Complete removal of the
secondary contaminants could not be achieved with this particular packed bed reactor
configuration and further treatment will be required (especially for benzene). A second
treatment process, such as activated carbon, is needed to reduce the benzene concentrations to
acceptable levels. However, use of a bioreactor as a pretreatment could result in at least an order
of magnitude reduction in the contaminant loading onto the carbon and greatly reduce the carbon
usage rate. Alternatively, use of a fluidized-bed or expanded-bed reactor may provide higher
treatment capacities and also be resistant to system upsets. Further study would be required to
determine whether a different reactor configuration would eliminate the need for a secondary
treatment system, such as an activated carbon unit. An overall economic analysis would be
required to properly size a minimum cost treatment system.
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SECTION I

INTRODUCTION

A. OBIJECTIVE

The objective of this research project was to evaluate the potential of biological treatment
in the remediation of chlorobenzene-contaminated ground water. Bench-scale column
experiments were conducted to select a microbial strain most suitable to biofilm formation and
removal of chlorobenzene. Once microbe selection was completed, a pilot-scale reactor was
prepared and transported to a selected field location for a series of field evaluations. The
removal efficiency of the inoculated reactor was compared to the removal efficiency obtained
from a reactor populated with an indigenous population. Biomass growth and displacement of
the inoculated microbial strain were monitored throughout the field evaluation.

B. BACKGROUND INFORMATION

Chlorobenzene is a commonly used industrial solvent and is used in the production of
other chemicals. Primary uses of chlorobenzene include: solvent for pesticide formulations,
manufacture of diisocyanate, diphenyl oxide, and phenylphenol; intermediate in the synthesis of
other halogenated organics; and degreasing automobile parts (1). Due to its common usage,
there will inevitably be soil and ground water contamination in areas where these compounds are
manufactured, stored, used, and disposed. Chlorobenzene has been identified as one of the most
commonly occurring contaminants at National Priorities List hazardous waste sites (1).

Contacting contaminated ground water with activated carbon is a common remediation
technique for organic contaminants. Unfortunately, activated carbon systems are typically
expensive and merely shift the contaminant burden onto the carbon. The spent carbon must be
managed, either by incineration or storage in a waste disposal facility. Biological removal is one
treatment alternative which can destroy the contaminant rather than transferring the compound to
another medium. Low concentrations of substituted benzenes are effectively treated by
wastewater treatment facilities (2,3), but high loading rates can result in low removal efficiencies
for the haloaromatic compounds (4,5). Various studies have reported the ability of isolated
microorganisms to utilize aromatic and haloaromatic compounds as sole carbon sources (6 - 14).

Efficient biological removal of haloaromatic contaminants at high loading rates may be possible
if the microbe population includes selected bacteria capable of mineralizing haloaromatic
compounds. Field studies have displayed successful removal of other halocarbon compounds
with both selected isolates and indigenous mixed populations (15-18). Targeting the population
to the contaminant is reported to be more efficient at contaminant removal than the traditional
activated sludge systems of industrial wastewater treatment (19). Targeting a biological
treatment process to specifically remove chlorobenzene may result in an efficient and economical
treatment system.




C.  SITE DESCRIPTION

Robins AFB, Warner Robins, GA, was chosen as a suitable location for the field study.
An area of ground water contaminated with solvents and heavy metals was identified on a 40
acre tract within the base boundary. The identified area was once the sitz of a Fire Protection
Training Area, a landfill, and a laboratory chemical disposal area. The training activities and
waste disposal practices were eventually discontinued, and the area was reclaimed for
recreational activities. Soils within this area are characterized as relatively heterogeneous with
discontinuous regions of interlayer sand, silt, clayey sand, and clay. The surface soil in the area
of contamination is composed of a sand to silty sand layer which varies in thickness from 3 to 6
meters. The aquifer lies within this surface soil unit, and the water table varies from 1.5 to 3
meters below the surface. A large clay unit underlies this area and defines the lower boundary of
the aquifer. A Resource Conservation and Recovery Act (RCRA) Facility Investigation report
(20) revealed the presence of a plume of chlorobenzene within the water table aquifer. The
plume was separate from the heavy metal contamination identified in the area, and secondary
organic contaminants were present in negligible amounts as compared to the chlorobenzene
concentrations. A well was installed within the area of highest contaminant concentration to
provide the source water for this field study. Figure 1 shows the location of the extraction well
with respect to the area monitoring wells (20). Analysis of this well water confirmed
chlorobenzene was the major contaminant, (approximately 10 ppm), with trace amounts of
benzene, o-xylene, toluene, and dichlorobenzenes. Table 1 summarizes the characteristic
parameters of the site waters.

TABLE 1 INLET WATER PARAMETERS

Parameter Value EPA Drinking Water Standard
Maximum Contaminant Level

Dissolved Oxygen 1.59 mg O,/liter

pH 6.04
Temperature 22.5°C
Iron 10.0 mg/liter
Calcium 8.0 mg/liter
Chlorobenzene 9.670 mg/liter 0.1 mg/liter™®
Benzene . 0.11 mg/liter 0.005 mg/liter®"
m-Dichlorobenzene 0.088 mg/liter
p-Dichlorobenzene Not Detected 0.075 mg/liter®”
o-Dichlorobenzene <0.01 mg/liter 0.6 mg/liter (tentative)®”
Toluene <0.01 - 0.86 mg/liter 2.0 mg/liter (tentative)®”
o-Xylene <0.01 - 0.094 mg/liter 0.44 mg/liter®
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D.

SCOPE OF STUDY
This project consisted of a combination of three objectives:

1. Selection of a microbial strain to populate the bioreactor.
Conduct a field study to compare removal efficiency of the selected microbe
with the indigenous ground water microbes.

3. Monitor the development of biomass within reactors and examine for possible
displacement of selected microbes by indigenous populations by monitoring
cell numbers throughout the duration of the experiment.




SECTION I
SELECTION OF MICROBIAL STRAIN
A. OBIJECTIVE

Chlorobenzene is identified as one of the most commonly occurring contaminants at
National Priorities List hazardous waste sites (1). The purpose of this study was to develop
information to select the most efficient microbial strain for use in a future field test to evaluate
the biological treatment of chlorobenzene in a fixed-film reactor. Biofilms of four microbial
strains of known chlorobenzene utilizers were evaluated, under varied loading conditions, for
their ability to remove chlorobenzene from ground water.

B. INTRODUCTION

Biofilms are composed of microbial communities that have colonized onto a solid support.

Biofilms play an important role in removing pollutants from natural aquatic environments (23)
and also provide the cleansing mechanism for trickling filters, rotating biological contactors,
biological activated carbon, biofilters, etc., in water and wastewater treatment (24). Formation of
a biofilm is controlled by the transport of organic matter and microbes to the support surface,
microbial attachment to the support, bacterial growth and cell maintenance, and the partial
detachment and wasting of the biofilm (25). The amount of biomass which can develop depends
on the concentration of the limiting substrate and rate of biofilm wasting. For steady-state
biofilms, growth of the biomass equals the amount lost from wasting, and substrate utilization is
equal to the rate of substrate diffusion into the biofilm. The rate of wasting reportedly varies for
different species of microbes (26) and increases for increasing thickness of the biofilm (27).
Substrate uptake in a biofilm is commonly limited by mass transfer (28-31). The mass transfer is
a combination of diffusional resistance through the liquid phase and diffusional resistance into
the biofilm. The amount of liquid-phase diffusional resistance is partially dependent upon the
flow rate of the contaminant stream through the reactor. Alternatively, biofilm resistance to
substrate diffusion is species-dependent, and microbes with high specific growth rates may
exhibit diminished growth rates within a biofilm if diffusional resistance is great (32).

_Engineered biofilms with single or selected species populations are commonly utilized in
industrial fermentations and water treatment systems to target a specific product or recalcitrant
contaminant. Typical examples include glucose to ethanol fermentation (33), glucose to acetone-
butanol-ethanol fermentations (34), sulfide removal (35), 2-chlorophenol removal (36),
methanotroph removal of halogenated and aromatic solvents (37), removal of chlorinated
aliphatics (15), and organophosphate/organochlorine removal (16). Often several microbial
strains are available that are capable of utilizing the same substrate but display varying utilization
efficiencies. Selection of microbial strains based on comparison of kinetic parameters such as
the specific utilization rate (k), half saturation concentration (K,), etc., may not result in the most
efficient process. Kinetic parameters are typically determined from suspended growth in batch
reactors or flow-through chemostats. The type of reactor system used for the kinetic
determinations affects the observed values of the kinetic parameters (38, 39). Additionally, these
systems do not address the potential species variations in the rate of fixed-film wasting or



diffusional resistance of substrate into the biofilm. Both the rate of wasting and the diffusional
resistance influence the eventual thickness and amount of biomass which can form in a reactor.
The overall rate of substrate removal by a biofilm depends on the total biomass in a system (40).
Selection of a miicrobial strain based on the ability to form a biofilm and accumulate biomass
may be a better criteria than comparison of individual kinetic parameters. Biofilm formation can,
in turn, be indirectly monitored by observing the overall substrate removal within a reactor.

C. METHODS AND MATERIALS
1.  Equipment

Samples were analyzed for chlorobenzene with a Varian 3400 gas chromatograph
(GC) equipped with a DB624, 75-meter (m), 3.0-micrometer (um) megabore column and an
flame ionization detector (FID). Gas samples were directly injected onto the column and liquid
samples were purged with a Varian LSC-2000 purge-and-trap concentrator. High-purity helium
was utilized as the carrier gas at a flow rate of 24 milliliters (ml)/min. The injector and detector
were maintained at 190°C. A temperature program for chlorobenzene analysis was the
following: 70°C initial oven temperature, hold 2 min, 15°C/min ramp to a 170°C final
temperature and hold for 2 min. Samples were quantifiable down to 85 micrograms (ug)
chlorobenzene/liter (L) air for gas samples and 24 pg chlorobenzene/L water for aqueous

samples.
The reactor columns were constructed of borosilicate beaded process pipe with an

inner diameter of 3.81 centimeters (cm) and an overall length of 30.48 cm. Distance between
inlet and outlet ports was 26.7 cm which provided an empty bed volume of 304 ml. F igure 2
provides a detail of the column assembly and location of sampling ports. Each column was filled
with approximately 175 grams (g) of a diatomaceous biocatalyst support material (Manville
Celite Biocatalyst carrier, R635). Each pellet is cylindrical in shape, 6 millimeters (mm) in
diameter and approximately 13 mm in length. The carrier has a mean pore diameter of 20 um
and a surface area of 0.27 m*g. Height of the packing in each column was 25.4 cm, and the
gravity drained pore volume varied between 92 and 98 ml. The sample tubes were constructed of
stainless steel capillary tubing. Figure 3 presents the entire system of pumps and columns. The
laboratory air supply was filtered and passed through an activated carbon tube to provide a clean
air source to the columns. GC analysis of the air stream confirmed no detectable contaminants
were present. All transfer lines and connector materials were either Teflon® or stainless steel.

2.  Sampling Method

Gas samples (250 microliter (ul) volumes) were gathered from the desired stream
locations with a gas-tight syringe and directly injected onto the GC for determination of
chlorobenzene concentration. Aqueous samples were gathered in 4.8 ml Teflon®-capped vials
and stored at 4° C until time of analysis. The samples were then allowed to warm to room
temperature before determination of chlorobenzene content by purge-and-trap analysis following

EPA method 604.
Samples gathered for pH determination were collected in 24-ml volatile organic
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analysis (VOA) vials and measured immediately. During batch operation, the 24 ml volumes
drained from the columns for pH determination were replaced with fresh minimal salts medium,
MSB (41).

3.  Solutions

MSB was employed as the aqueous solution for the flow-through trials. The solution
was autoclaved prior to usage to minimize addition of outside microbial sources to the columns
during a trial. Batches of chlorobenzene-contaminated solution were prepared by dilution of a
concentrated aqueous stock solution of chlorobenzene with MSB to the desired concentration.
The concentrated stock solution was prepared in an aluminum foiled screw-top Erlenmeyer flask
by dissolving 300 pl of chlorobenzene (Kodak chemicals, GC grade) in one liter of MSB. The
concentration of the resulting stock solution was approximately 300 mg chlorobenzene per liter.
Additional flow-through trials were conducted with uncontaminated ground water from the field
study site. The site water was pretreated by filtering through a 0.2-um filter to remove
particulates and iron present in the water. Desired concentrations of chlorobenzene in site water
were prepared following the same procedure as used for the previous trials.

4.  Microbial Strains

The four strains of chlorobenzene utilizers examined in this study were obtained from
Tyndall AFB, FL. The strains include: Pseudomonas sp. strain JS150, a modified strain
developed and characterized at Tyndall AFB (42) and three strains isolated from a chlorobenzene
spill site at Kelly AFB, TX (Pseudomonas sp. strains 1604, 1627B, and 1640B).

5. Column Operation

a. - Startup - A column inoculum was prepared for each microbial strain by
transferring an agar plate colony growing on chlorobenzene vapor to a dilution tube of 4.5 ml
trypticase soy broth solution. The inoculum was incubated at 30°C for several days until the
solution appeared cloudy. Each designated column was inoculated by adding the inoculum to the
top of the column packing and then filling the remaining column volume with MSB solution.
The columns were operated as a batch system by introducing chlorobenzene vapor and air into
the bottom of the column at a rate of 20 ml/min. Chlorobenzene concentrations in the gas stream
and pH of the solution were monitored daily. The initial inlet chlorobenzene concentration was
maintained at 2300 - 2500 pg/L air. The inlet concentration was incrementally increased to
10,000 pg/L air in response to the increasing microbial utilization so the exiting gas stream
concentration was close to zero. The initial pH of the column solution was 7.2, and the solution
was replaced when the pH was observed to decrease below a range of 6.4 to 6.6.

b.  Trials - The columns were operated in a once-through, up-flow basis for both
the inlet aqueous stream and the inlet air stream. Aqueous stream flow rates were varied to
provide different contaminant loadings and residence times within the columns. Air flow rates
were maintained between 20 to 25 ml/min. Flow-through experiments were conducted




throughout the day, and the columns were switched to a batch operation overnight.
Chlorobenzene was added to the columns via the air stream during overnight operations to
maintain the biofilm activity. The contaminant solution was regulated through the columns by
chemical metering pumps, and all lines and connections were assembled from stainless steel or

Teflon®.
D. RESULTS
1. Development of Biofilms

Typical results from monitoring pH and chlorobenzene utilization during biomass
development are illustrated in Figure 4 for the Pseudomonas sp. strain 1604. The biomass was
assumed to be a biofilm; however, the thickness was not measured. Difficulty was encountered
in maintaining a steady chlorobenzene inlet concentration and air flow rate. Each of these factors
greatly influenced the utilization rate and are the cause of the rapid variations in the utilization
rates observed between Days 4 to 6 and 13 to 14. Chlorobenzene removal activity was slow in
developing for Pseudomonas sp. strain 1604, so the column was reinoculated on Day 7 and again
on Day 10. The removal activity was observed to increase, and the pH of the buffer solution
began to decline between Day 11 and Day 12. Chlorobenzene utilization rapidly increased over
the next few days as the microbe population expanded and a rapid drop in pH was observed on
Day 14 when the pH was recorded at 5.7. The entire volume of buffer was replaced, and the pH
again fell to 5.8 within 24 hours. On Day 15, the buffer solution was again replaced and the pH
was observed to immediately begin decreasing. At this time, column operation was switched
from batch to continuous flow to maintain the pH between 6.8 and 7.2. The two other Kelly
Pseudomonas sp. strains, 1627B and 1640B, displayed very similar startup histories. Multiple
inoculations were required before an increasing chlorobenzene removal activity was observed on
Day 12. Both columns displayed the rapid decline in pH over the next few days until column
operations were switched to flow-through operation.

In contrast, the column inoculated with the Pseudomonas sp. strain JS150 isolate
required only one inoculation and displayed much faster biofilm formation. Figure S reveals a
steadily declining pH, beginning the day following inoculation of the column. The
chlorobenzene utilization rate rapidly increased within eight days of inoculation compared to the
12 to 13 days required for the other strains. Again, the decreased utilization recorded between
Days 8 and 9 is a result of variation in the inlet concentration and flow rate. After Day 8, the
column containing Pseudomonas sp. strain JS150 displayed similar rapid decreases in buffer pH
as previously described for the other strains. By Day 10, the biofilm activity was sufficiently
established to allow the column operation to be switched from batch to continuous flow.

Monitoring the column startup revealed the Pseudomonas sp. strain JS150 to be the
most efficient isolate at forming a biofilm. The more rapid biofilm development by
Pseudomonas sp. strain JS150 indicates a greater growth rate and matrix attachment affinity than
the strains 1604, 1627B, or 1640B. Inoculation of a field-scale unit with the Pseudomonas sp.
strain JS150 would minimize the startup time required to populate the reactor. Greater rate of
growth and attachment ability also suggest that the Pseudomonas sp. strain JS150 may be better
able to withstand possible displacement by indigenous microbes under actual ground water

treatment conditions.
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The four strains were also maintained as individual streak plate cultures on MSB agar
plates and a carbon source. The cultures were exposed to individual carbon sources, and the
relative rates of growth were subjectively observed for each strain. Averages of the growth rate
observations are presented in Table 2 for the various carbon sources.

TABLE 2 RELATIVE GROWTH OF STRAINS FOR VARIOUS CARBON SUBSTRATES

1604 1627B 1640B IS150
Benzene ++ + ++ +++
Chlorobenzene ++ + ++ 4+
Toluene +++ + +++ -+
Naphthalene ++ + ++ +++
o-Dichlorobenzene ++ + +H+ ++
0-Xylene + ++ - +

+ growth observed
- no growth observed
Control plates MSB agar plates without carbon sources.

Similar to the results observed during the column startup, the Pseudomonas sp. strain
JS150 exhibited the most vigorous agar plate growth rate of the four strains. Streak plate growth
also showed that the Pseudomonas sp. strain JS150 could utilize a wide range of substrates, as
has been previously reported (42). The ability to utilize both chloro- and methyl-substituted
aromatics is generally considered uncommon (12). Two of the three Pseudomonas sp. strains
from Kelly AFB, 1604 and 1640B, displayed the ability to also grow on a wide variety of
substrates, although not as vigorously as the Pseudomonas sp. strain JS!50. Further growth
experiments would be required to confirm substrate utilization ability.

2.  Effect of Flow Rate on Utilization and Removal Efficiency

After development of batch mode biofilms, MSB solution was continuously
circulated through the columns while vaporous chlorobenzene was introduced through the air
stream. The columns were operated at 10 ml MSB solution/min and 20 to 25 ml air/min
containing 9 to 10 mg chlorobenzene/L for five days. Similar operating conditions were
maintained for each column to allow comparison of biomass production. Day-long, flow-
through trials were then conducted to examine the dynamic removal of chlorobenzene from the
aqueous stream. During the trials, the input of chlorobenzene was switched from an air stream
vapor to chlorobenzene dissolved in the aqueous phase. The characteristic chlorobenzene
removal capacity of each column was measured to provide an indirect indication of microbial
substrate affinity and the amount of biomass present. Inlet chlorobenzene concentration and
aqueous flow rate were varied to examine the removal efficiency of each column. Results of the
individual removal trials are presented in Table 3. The flow trials found all the biofilms were
capable of removing 98% or more of the inlet chlorobenzene for EBRTs greater than 15 min.

13



TABLE 3 FIXED-FILM UTILIZATION OF CHLOROBENZENE

EBRT* Inlet Loading Rate Outlet Utilization Rate % Removal
“Concentration Concentration
minutes png/L pg/min ug/L pg/min
1604
43.4 7312 51 24 51 99.7
43.4 11369 80 39 79 99.7
38.0 17153 137 153 136 99.1
33.8 5127 46 <24 46 >99.5
6.1 8242 412 1560 334 81.1
5.8 11475 597 3887 395 66.1
1627B
46.9 6465 42 <24 42 >99.6
38.0 - 6031 48 <24 48 >99.6
6.3 6941 333 1730 250 75.1
6.1 5961 298 4507 73 24.4
6.0 13292 678 5458 400 58.9
1640B
42.2 20004 144 717 139 96.4
40.5 6215 47 39 46 99.4
32.0 10330 98 43 98 99.6
14.5 10664 224 809 207 92.4
10.9 16744 469 3560 369 78.7
6.3 8106 389 1788 303 77.9
6.3 8960 430 1121 376 87.5
5.8 11777 612 5501 326 533
53 9864 562 1474 478 85.1
JS150
50.7 2819 17 <24 17 >99.1
43.4 8900 62 46 62 99.5
35.8 7846 67 124 66 98.4
10.5 12589 365 2374 296 81.1
6.6 13153 605 2441 493 81.4
6.1 8904 445 1761 357 80.2
6.1 8952 448 3901 253 56.4
5.6 13812 746 2272 623 83.6
5.5 12549 690 2493 553 80.1

* Empty bed residence time

The observed removal efficiency was independent of the inlet concentrations employed and
higher inlet concentrations produced greater utilization rates. This indicates the chlorobenzene
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addition was less than the removal capacity of each biofilm. In later trials, the flow rates were

. increased to minimize the liquid transport resistance and ensure a reaction-controlled removal.
Additionally, the shorter EBRTs magnified the differences in the chlorobenzene removal ability
between each biofilm. As shown in Figure 6, the amount of chlorobenzene utilized by each
column was similar at the longer EBRTs, but the differences in column utilization became much
more pronounced for shorter EBRTs. Higher flow rates increase the convective transport and
decrease the diffusive resistance. The shorter EBRT data presented in Figure 6 show a much
wider range of chlorobenzene utilization than observed for flow rates with longer EBRTs. The
chlorobenzene loading approached the saturation capacity of each biofilm and magnified the
variations in the utilization capacities of each microbial strain. Decreased removal efficiencies
are also a result of shorter EBRTSs due to decreased contact times within the column. Figure 7
displays the removal efficiencies observed at EBRTSs greater than and less than 15 min. In some
cases, the removal efficiencies were also observed to be affected by the inlet concentration at the
shorter EBRTs. This further suggests that the amount of chlorobenzene utilization was
approaching the saturation capacity of the biofilm.

3. Effect of Inlet Concentration on Utilization and Removal Efficiencies

The effect of the inlet concentration on the removal efficiency was most pronounced
during the high flow rate trials (6-min EBRT). Figure 8 provides a comparison of the removal
efficiencies and the amount of utilization observed for each biofilm at two inlet concentrations.
The figure reveals the biofilms had similar removal ability at the lower inlet concentration range
of 6900 to 8900 g chlorobenzene/L. Removal efficiencies ranged from 75% to 88% of the inlet
chlorobenzene during the lower concentration trials in which the biofilm of strain 1627B
produced the smallest reduction of chlorobenzene and the biofilm of strain 1604 produced the
largest. The high inlet concentration range of 11,500 to 13,300 pg chlorobenzene/L produced
large reductions in the removal efficiencies for all biofilms except the biofilm of Pseudomonas
sp. strain JS150. As shown in Figure 8, the removal efficiency of the Pseudomonas sp. strain
JS150 biofilm remained constant at 80% removal, while the removal efficiencies of the other
three columns dropped from 15 to 35 percentage points. Examination of the utilization rates in
Figure 8 reveals the rate of chlorobenzene utilization was greatest in the column containing the
Pseudomonas sp. strain JS150 for both concentration trials. Under the conditions examined, the
Pseudomonas sp. strain JS150 was either able to develop a greater biomass or possessed faster
removal kinetics than the biofilms of the other strains. In either case, the saturation capacity was
greater for the column with Pseudomonas sp. strain JS150 than the other three columns
evaluated.

4. Concentration Profiles

Further continuous-flow trials were conducted with the column containing the
Pseudomonas sp. strain JS150 to resolve the longitudinal concentration profile within the
column. The change in the chlorobenzene concentration was determined from samples gathered
along the column via the sample tube clusters illustrated in Figure 2. The column activity was
maintained by operating the column as a batch system between profile trials. Switching the
modes of operation maintained a constant biofilm activity with a similar amount of biomass and
biofilm distribution for all trials. Results of the profile delineation for three separate flow trials

15
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are presented in Figure 9. The first profile trial examined the saturated removal capacity of the
biofilm by operating at a high inlet concentration and a short EBRT. Under saturated conditions,
the concentration profile provided an indirect representation of the biomass distribution. As
shown in Figure'9, a similar rate of removal was exhibited from the Inlet position to Port 3
during the 5.6 minute EBRT trial. The discordant value observed at Port 1 was interpreted as
caused by preferential flow between the inlet and the sample port. The shape of the profile
suggests the greatest amount of biomass to be within the initial 7 to 10 cm of the column. This is
typical of a packed column in which the density of a steady state biomass decreases from the
inlet to the outlet in response to the decreasing substrate concentration. For the second trial, the
flow rate was reduced to produce a long EBRT. Allowing greater contact times should produce a
steeper short-term concentration profile if the removal mechanism is still reaction-controlled.
The profile developed for the 40-min EBRT trial shows the rate of decline of the concentration is
less than the rate observed for the previous trial. In this instance, the removal mechanism had
switched from a controlled reaction to a transport-limited system. The third profile trial
examined a midrange flow rate at a high inlet concentration and a stoichiometrically adjusted air
flow rate. As shown in Figure 9, the change in the concentration profile for the 10.5-min EBRT
between the inlet and Port 2 produces a utilization rate nearly equal to the rate observed for the
5.6-min EBRT profile. The removal was again controlled by the rate of reaction. Observing the
same amount of removal for two separate flow trials suggests the removal capacity of the biofilm
was saturated, and the observed removal behaves as a zero order system. Removal observed
between Port 2 and the outlet during the 10.5-min EBRT trial was much less than expected.
Reduction of the air flow rate to produce a more stoichiometric amount of oxygen possibly
induced an oxygen limitation which reduced the substrate removal. The air flow was greater
than the estimated requirement for complete removal of the chlorobenzene. However, it was less
than the total oxygen demand which would also include oxygen for endogenous respiration and
undissolved oxygen which was unavailable.

5. Site Water Treatability

Results of the site water treatability trials are listed in Table 4. Air flows were
optimized to 2.1 to 3.8 ml/min during the site water trials in order to provide a more
stoichiometric amount of oxygen for chlorobenzene degradation. Comparing the removal results
of the site water trials to the previous trials which utilized MSB solution (Table 3) reveal the site
water may have contributed to a reduction in the biofilm activity in two of the six trials. Similar
rates of utilization were observed for trials with similar loading rates for the biofilms of the
Pseudomonas sp. strains 1604, 1627B, and 1640B. The Pseudomonas sp. strain 1604 biofilm
utilized 136 and 170 pg chlorobenzene/min at loading rates of 137 and 201 pg
chlorobenzene/min during trials with MSB solution and site water. The removal efficiency was
slightly less during the site water trial (84.6% verses 99.1%), due to the higher loading rate and
shorter contact time employed. Utilizations of 250 and 229 ug chlorobenzene/min were
observed for the biofilm of Pseudomonas sp. strain 1627B during loadings of 333 and 316 pg
chlorobenzene/min during MSB solution and site water trials, respectively. In this case the
removal efficiencies are also very similar for both solutions. The site water trials of the
Pseudomonas sp. strain 1640B biofilm produced utilization rates of 143 and 187 ug
chlorobenzene/minute from loadings of 145 and