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ABSTRACT

Research was performed to develop a biofilter for the biodegradation of gasoline vapors. The
overall goal of this effort was to provide information necessary for the design, construction, and
operation of a commercial gasoline vapor biofilter. Experimental results indicated that relatively high
amounts of gasolinc vapor adsorption occur during initial exposure of the biofilter bed medium to
gasoline vapors. Biological removal occurs over a 22 to 40°C temperaturce range with removal being
completcly inhibited at 54°C. The addition of fertilizer to the relatively fresh bed medium used did
not increase the rates of gasoline removal in short term experiments. Microbiological analyscs
indicated that high levels of gasoline degrading microbes arc naturally present in the bed medium and
that additional inoculation with hydrocarbon degrading cultures does not appreciably increase gasoline
rcmoval rates. At lower gasoline concentrations, the vapor removal rates were considerably lower
than those at higher gasoline concentrations. This implics that system designs facilitating gasoline
transport to the micro-organisms could substantially increase gasoline removal rates at lower gasoline
vapor concentrations. Test results from a field scale prototype biofiltration system showed volumetric
productivity (i.e., average rate of gasoline degradation per unit bed volume) values that were
consistent with those obtained with laboratory column biofilters at similar inlet gascline
concentrations. In addition, total benzene, tolucne, ethyl-benzene, and xlyene (BTEX) removal over
the operating conditions employed was 50 to 55%. Removal of benzene was approximately 10 to
15% and removal of the other membess of the BTEX group was much higher, typically >80%.
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Removal of Gasoline Vapors from Air Streams by
Biofiltration

1. INTRODUCTION

1.1 Objective

The U.S. Department of Encrgy (DOE), other government agencies, and private industrics have
recognized needs for treatment technologies targeting remediation of hydrocarbon contaminated
subsurface soils. Vapor vacuum extraction (VVE) technologies are becoming a preferred method for
remediation of this type of contamination. While effective in removing large quantitics of volatile
organics, such as gasoline hydrocarbons from the subsurface, VVE technologies produce an off-gas
stream heavily ladened with the extracted hydrocarbons. As a result, the off-gas stream must often
be treated before it can be relcased into the environment. Current off-gas treatment technologics
consist of either sorption of the volatile vapors onto activated carbon or incineration. Both of thesc
methods are economically unfavorable and constitute a significant portion of the operating expenscs
associated with a VVE system.

Biofiltration offers an alternative for the treatment of VVE off-gases. This report summarizes
pertinent results from a hydrocarbon biofilter development and demonstration effort performed as
a part TTP No. ID121701, "Removal and Degradation of Hydrocarbon and Halocarbon Vapors by
Biofiltration." The information contained below supplements earlier information contained in a July
1992 study report® that summarized in detail the laboratory portion of this cffort.

This development and demonstration effort was performed under a Cooperative Rescarch and
Devclopment Agreement (CRADA) with an industrial partner, EG&G Rotron, playing a key role.
The work performed under this CRADA began in March 1992 after funding was received from
DOE’s Office of Technology Development. The hydrocarbon biofilter demonstration phase of this
project was finished in November 1992 with the successful completion of a hydrocarbon biofilter
demonstration at a ficld remediation sitc in Rcading, Massachusetts. EG&G Rotron has alrcady
commercialized the biofilter that resulted from this project, and the first commercial production
biolilter was shipped to a customer in Texas in Fcbruary 1993.

Based on the successful outcome of this project, EG&G Rotron and EG&G Idaho, Inc./Idaho
National Engineering Laboratory (INEL) have decided to continue the CRADA relationship and
develop a halocarbon biofilter, which is scheduled for demonstration mid-summer of 1993.

a. Letter from W. A. Apcl to D. T. Maiers, "Study Report - TTP No. 1D-1217-04, Removal and
Degradation of Hydrocarbon and Halocarbon Vapors by Biofiltration,” EG&G Idaho, Inc., WAA-76-
92, July 31, 1992



1.2 Background

The use of gas/vapor phase-grown micro-organisms to remove organic components {rom gas
strcams is a technology currently under active development.  Initial information indicates that
gas/vapor phase bioreactors may be suitable for sclective removal of a number of different gases and
vapors from gas strcams and play a major role in efficacious, cost-effective remediation of volatile
pollutants from a number of diffcrent environmental media. This view is supported by the work of
rescarchers in the United States together with the results from ficld applications of gas and vapor
bioprocessing in Europe, particularly in Germany and the Netherlands.'2%+5¢  Most of these
European applications have employed a particular type of gas/vapor phase biorcactor known as a
biofilter. '

In concept, the biolilter design is relatively simple. The biofilter consists of a filter bed within
a physical container, often a box or a column, that may be closed or open (see Figure 1). A gas
distribution system is present to route the gas/vapor strcam through the bed. The bed usually consists
of a soil or soil/compost mixturc that supports the growth of micro-organisms capable of metabolizing
the gas or vapor to be treated. During operation, the bed is maintained in a moist but nonsaturated
condition that enhances growth of the microbes and forms a thin biofilm on the surface of the bed
mcdium allowing maximum gas transport to the bed. The gas or vapor strcam to be treated is passed
through the bed where the microbes present in the biofilm metabolize the gas or vapor. The end
products ol this metabolism arc typically carbon dioxide, water, additional microbial biomass, and
depending on the composition of the gas stream treated, inorganic salts.

As many as 500 biofilter applications are believed to be active in Europe. Many of these
applications are directed towards odor control from a varicty of sources including agriculture, food
processing, slaughter houses, sewage treatment, and rendering plants.  Other applications include
control of volatile toxic compounds from chemical plants, coating operations, and foundrics.

Biofiltration ideally complements the VVE technology, which is becoming widely accepted for
the remediation of volatile contaminants from both vadose and saturated soil zones. VVE operations
resull in a vapor-rich off-gas strcam that often requires further treatment before release into the
atmosphcre.  This treatment typically consists of filtration of the off-gas strcam through activated
carbon or incineration. While cffective, both of these treatments are expensive and may constitute
up 1o 50% of the cost of an ongoing VVE operation.  Biofiltration is an alternative VVE ofl-gas
treatment (sce Figure 2) because numerous VVE olf-gas components, such as hydrocarbons and
halocarbons, can be attacked and degraded microbiologically.

Hydrocarbon degradation by both pure cultures and consortia of micro-organisms is well
documented. Under acrobic conditions, microbes can minceralize to CO, essentially all hydrocarbon
volatiles, including aliphatics and aromatics, following the typical Michaclis-Menton reaction
kinctics.™ The goal of the rescarch reported in this document was (0 generate the information
nceessary to design, construct, and operate a prototype commercial biofilter using these organisms
to remove gasoline vapors from VVE off-gas streams.
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2. MATERIALS AND METHODS

2.1 Bed Medium

The bed medium used for serum vial and column experiments was a proprictary blend that was
developed to minimize gas flow channeling while facilitating the growth of micro-organisms. In all
the experiments, sufficient water was added to the bed medium blend to create a soil suction of
10 centibars as measured with a 2100F Soilmoisture probe (Soilmoisture Equipment Corporation,
Santa Barbara, California).

2.2 Terminology

Using commercial VVE terminology, gasoline vapor concentrations are rcported in parts per
million.  Unless otherwise specified, parts per million concentrations were determined based on
volume-to-volume comparisons.

2.3 Optimum Temperature

Four temperatures were screened for maximum gasoline vapor removal rates: 22, 30, 40, and
54°C. Five grams of bed medium were added to 120 mL serum bottles, and the bottles were scaled
with 20 mm Teflon-lined rubber stoppers securcd with aluminum crimp rings. Gasoline was added
to the secrum bottle headspace at a concentration of 400 ppm. Headspace samples of 1.0 mL were
analyzed using gas chromatography (GC) for total hydrocarbon content over time. Likewisc, samples
of 0.25 mL were analyzed using GC to monitor changes in O, and CO, concentrations in the
hcadspace. This and all other serum bottle experiments reported in the following sections were
conducted in triplicate, and the results were averaged unless otherwisc stated.

2.4 Inocula Testing

Two commercially available hydrocarbon degrading microbial cultures and a bed medium
lcachate were tested for enhancement of hydrocarbon removal in the biofilter medium.  Once
commercial culture, Solmar L-103, was obtained {rom the Solmar Corporation, while another
commercial culture, Tesoro PES-31, was obtained from the Tesoro Petrolcum Distributing Company.
The leachate was obtained from percolation of water through the bed medium. This was
accomplished by filling a closed 3 x 36-in. glass column with bed medium and recirculating a gasoline-
in-air mixturc through the column in an upflow direction while simultaneously circulating a water drip
through the column in a downflow direction. Gasolinc and oxygen levels in the recirculating gas
mixture werc monitored with time using GC, as described below, and a fresh gasoline-in-air mixture
was reinjected into the column whenever cither the gasoline or oxygen vapor concentration
approached depletion. At the end of 2 wecks, lcachate from the recirculating water drip was
collected and used as a gasoline enrichment inoculum in subsequent experiments. All inocula were
added to the bed medium as liquid cultures. Before addition, cultures were adjusted to a density of
approximately 1.0 x 10? cells mL™, and 0.26 mL of inoculum were added per gram of bed medium.
The two commercial inocula were exposed to gasoline vapors for approximately 10 days before
addition to the bed medium. All inocula were tested for gasoline vapor removal versus uninoculated



controls using scrum vial cultures, described in Section 2.3, and incubated statically at 30°C. Gasoline
levels in the headspace of the serum vials were followed with time using GC analyscs.

2.5 Nutrient Addition

A 0.5% solution ol Miracle Gro [ertilizer was added to the bed medium mixture to determine
whether the addition of macronutrients (e.g., nitrogen, phosphorous, ctc.) and trace clements had an
clfect on hydrocarbon degradation. The Miracle Gro was »dded to the bed medium in liquid form
as reccommended by the manufacturer to cnsurce cven distribution of the nutrieats.  The Miracle
Gro-supplemented bed medium was then placed in serum vials as described in Scction 2.3. Gasoline
was added to the headspace, and the samples were incubated at 30°C. Samples were analyzed using
GC for hydrocarbon remaining in the hcadspace.

2.6 Adsorption Isotherm

The ability of the bed medium to sorb gasoline hydrocarbons abiotically was determined at 3()
and 40°C. At 40°C, testing was done in a concentration range of 50 to 2,000 ppm gasoline-in-air.
A concentration range {rom 400 to 25,000 ppm gasoline-in-air was tested at 30°C. The gasoline
concentration in the headspace of samples at 30°C was monitored using GC analyses at 30, 60, and
90 minutes to determine when adsorption was complete as denoted by a decrease in the rate of
hydrocarbon loss. The gasolinc concentration in the headspace of the vials incubated at 40°C was
analyzed using GC after incubation for approximately 3 hours. Indigenous microbes in the bed
medium used at both temperatures had been inhibited by the addition of 500 pg of HgCl, g of bed
medium.  Adsorption isothcrms were generated from the resulting data using previously described
standard techniques.’

2.7 Serum Bottle Kinetics Testing

After an optimal temperature range was determined, kinetic experiments were conducted in
scrum vials using the techniques described in Section 2.3, Gasoline removal was monitored in a
concentration range {rom 400 to 25,000 ppm gasoline-in-air. The experiments were run at a
temperature of 30°C and analyzed using GC for concentration of gasoline hydrocarbons in the
hcadspace at 48 hour intervals.

Scrum vial experiments were also run to determine the cffect of the amendment clays on
gasoline removal. The serum vials were prepared in the manner described in Section 2.3. One sct
of vials containcd bed mcdium that had been amended with organophilic clays to enhance
hydrocarbon sorption and physical characteristics of the bed. A sccond set of vials contained
unamended bed medium. The experiment was run at 30°C and sampled approximatcly cvery
24 hours. The bed medium used for the experiments had been acclimated to gasoline before the test
began.



2.8 Column Studies
2.8.1 Kinetic Studies

Continuous flow studies were done using 3.5-in. x 3-ft glass columns containing 1.5 kg of the
bed medium.  The columns were operated in a downflow mode at a flow rate of 1,000 mL min™'.
Gasoline vapor was added to the columns by sparging air through liquid gasoline that was then diluted
in air using a gas proportioner. The liquid gasoline stock was regularly replaced to maintain a
constant feed of the more volatile components. The resulting gasoline vapor-in-air mixture was then
fed directly through the columns. The columns were operated in a concentration range from
approximately 100 to 15,000 ppm gasolinc-in-air. Moisture addition was achicved by manual addition
ol water 1o the vapor strcam. The columns were sampled using an automatic sampling systcm
consisting of two 16 valve actuators connccted to a three-way valve. The sample lines were 1/16-in.
fuscd silica-lined stainless steel tubing. The samples were injected into the GC using a six-way gas
sampling valve equipped with a 1.0 mL sample loop. Samples were drawn by application of a vacuum
to the sample lines.

2.8.2 Bed Medium Longevity Studies

Longevity of the bed medium was determined using columns that were set up and sampled in
the same manner as stated in Scction 2.8.1. The columns were sampled at different time periods
throughout a 7 month period. The columns were opcrated in a concentration range {rom
approximately 250 to 500 ppm gasoline-in-air. Each column was monitored primarily for the percent
removal of the benzene, toluene, ethyl-benzene, and xylene (BTEX) related compounds.

2.9 Prototype Bioreactor

Ficld studies with a full scale prototype biofilter were conducted at a VVE installation located
at a full service gasoline station site that had been in operation since 1928 (sce Figure 3). Subsurface
soils and groundwaters were contaminated at this site with high gasolinc levels that were found in
samples taken from monitoring wells.  The biofilter consisted of a skid mounted, cylindrical stecl
vessel, 1.52 m in diameter x 2.13 m in height (sce Figure 4). Five stainlcss stcel plenums supporting
2.8 m* of bed medium were spaced at even intervals throughout the vessel. A gas stream consisting
ol gasoline vapors in air was rcmoved from the VVE well by a blower system (EG&G Rotron,
Saugertics, New York) and passed through a humidifier/flow conditioner (EG&G Rotron, Saugertics,
New York) before passage in an upflow direction through the biofilter.  Bed temperature was
maintained between 25 and 35°C. The gas stream {low rate was 20 cfm. Inlet gasoline concentration
varied from 2 to 2000 ppm (total petroieum hydrocarbons), while inlet relative humidity varied from
3 to 100%. Gasoline levels in the inlet and outlet gas strecams were monitored as described below.

2.10 Analytical Methods
2.10.1 Serum Bottle and Column Studies

Headspace gasoline concentrations of the vials were determined by GC analysis using a Hewlett-
Packard 5890 Series 11 GC. For data collection, the GC was connected to a Compaq Deskpro 486
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computer running Hewlctt Packard 3365 Chemstation software. Onc mL samples of the vial
hcadspace gases were injected into the GC that was cquipped with a Restek 30 m, 0.32 mm (inside
diameter). The Rtx-5 column contained a (.25 um film thickness of crossbonded 95% dimcthyl and
5% diphenyl polysiloxane. Following sample injection, the GC was maintained for 6 minutes at 30°C
after which the temperature was increased to 150°C at a rate of 10°C min”. The injector
temperature was 225°C, and the flame ionization detector (FID) temperature was 275°C. Helium was
used as the carrier gas at a flow rate of 1.6 mL min™! at a split ratio of 1:8.

Oxygen and carbon dioxide in the headspaces were analyzed using a Gow Mac Series S50P GC
cquipped with a thermal conductivity detector and an Alltect. CTRI column. Helium at a flow rate
of 60 mL min’! was the carrier gas, the injector and column temperatures were 30°C.

2.10.2 Prototype Field Biofilter Studies

Gasoline concentrations in the inlet and outlet gas stream of the prototype biofilter were
analyzed chromatographically using an EG&G Chandler Engineering GC equipped with an FID. The
GC was connected to a Spectrophysics SP4400 integrator. Column temperature was 80°C while inlet
and detector temperatures were both 85°C. The column used was a 10-ft 5% SP1200 and 1.75%
Bentone 34 on Chromosorb W-AW 80/100. The carrier gas was N, at a low rate of 30 mL min™'.
The unit was calibrated using Scott standards for BTEX and n-alkanes (C, - C,).



3. RESULTS AND DISCUSSION

The adsorption isotherms generated at 30 and 40°C with inhibited bed medium show gasoline
adsorption as a function of gasoline concentration in the headspace at equilibrium. Linear sorption
patterns were noted over the gasoline concentrations tested. At 30°C, the isotherm is described by
the equation of y = 1.02 x 105 x with an R? = 0.98 (scc Figure 5). At 40°C, it is described by the
cquation y = 1.19 x 10”x with an R? = 0.99 (see Figurc 6). These data indicate that in the absence
ol microbial activity, the bed medium has a appreciable gasoline sorptive capacity and by itself can
remove significant amounts of gasoline vapors from gasoline/air mixtures. Over the gasoline
concentration range tested, gasoline sorption increased as a fui.ction of gasoline concentration in the
headspace with approximately 60 pg of gasoline being adsorbed per gram of bed medium ata S g
(m*)! gasoline concentration in the headspace at 40°C. The sorption rates appeared to be
comparable at both temperatures and would not be expected to vary significantly over the
temperature range employed in these experiments or that anticipated with the field biofilters to be
tested.

Gasoline vapor removal as depicted in Figure 7 further illustrates the sorptive capacity of the
bed medium. Over the gasolinc concentrations tested, an initial sharp decrcase in headspace gasoline
levels was observed. It is hypothesized that this initial decrease was due primarily to adsorption
working in conjunction with biodegradation, after which a more gradual, prolonged decrease in
headspace gasoline levels was noted. This gradual decreasc was believed to primarily correspond to
biodegradation of the gasolinc by microbes indigenous to the bed medium because corresponding
gasoline loss in control vials was negligible. Studies with fresh bed medium showed >10° colony
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Figure 5. Adsorption isotherm for gasoline vapors by bed medium at 30°C.
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forming units per gram that were capable of growing in a gasoline atmosphere on agar mincral salts
platcs.  This bed medium appeared to have an adequate indigenous gasoline degrading microbial
population so that an cxogenous inoculum was not required for gasoline degradation.

The effects of clay amendments on gasoline removal rates in serum vials are shown in Figure 8.
Overali gasoline removal was shown to be slightly inhibited by the addition of the amendments. In
general, BTEX removal by the compost was not affected by the addition of the amendments.
Virtually 100% of all BTEX compounds werc removed within the f{irst 24 hours, with the exception
of benzene, of which approximately 95% was removed. The organophilic clays did inhibit removal
of the light chain hydrocarbons found in gasoline.

In similar column experiments comparing amended and unamended compost based bed medium,
light chain removal in the unamended columns was superior to that obscrved for the amended bed
medium during the initial phase of the experiment. However, after approximately 14 days of exposure
to gasoline, the light chain removal in the unamended column began to drop, eventually becoming
similar to that exhibited by thc amended column. Light chain removal in the amended column
showed no appreciable changes during the entire test period. No differences were noted in BTEX
removal for both amended and unamended bed medium.

Studies with fertilizer-supplemented bed medium revealed no detectable increase in microbial
activity. Thesc studies were performed with fresh bed medium, and further studies will be conducted
to determine whether fertilizer supplementation has a positive influence on microbial removal rates
of aged bed medium that may be depleted of some cssential nutrients.

Experiments conducted with bed medium inoculated with two commercial consortia of
hydrocarbon degrading microbes and an INEL consortium of hydrocarbon degrading microbes
confirmed that no inoculation is nccessary. The bed medium inoculated with these three exogenous
inocula showed no increase in degradation rates versus uninoculated bed medium containing only
indigenous microbes.  This confirms that no inoculation is necessary upon start up duc to the
substantial levels of hydrocarbon degrading bacteria naturally contained in the bed medium. In a
commercial bioremediation application, this is significant because culturing and addition of a stabic,
exogenous, gasoline degrading inoculum could be a significant complication during start up and could
add apprcciable expense and uncertainty to the operation,

Figure 9 supports this vicw and illustrates that within approximatcly 2 weeks, the bed medium
can become further acclimated to gasoline vapors with a significant increase in gasoline degradation
rates occurring after this acclimation period. After exposure for 2 weeks to 400 ppm gasoline in air,
respiking of the same bed medium-containing vials with similar gasoline-in-air concentrations results
in significantly increased (i.c.. four times) gasoline vapor removal rates. Subscquent respikes do not
lcad to appreciably more rapid gasoline removal rates, and as a result, the bed medium appears to
be fully conditioned to provide the most rapid rates of gasoline removal achievable after the initial
2 week conditioning period.  This effect is believed to be the direct result of an increased population
of gasoline degrading micro-organisms present in the bed medium after the 2 weck initial exposure
period and has been demonstrated previously in soil microbial populations that become adapted to
organic vapors.'?

12
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Thesce data indicate that during startup of a biofilter under ficld conditions, a signilicant amount
of gasoline removal should be noted initially both from adsorption and biodegradation, with removal
rales potentially increasing for a period of days to wecks following startup.  As a result, it may be
possible to cstablish a rclatively low gasoline feed rate during the startup/conditioning phase and after
conditioning, to increase this feed rate four to five times without any loss in gasoline removal cfficacy.
This concept needs to be further tested in the ficld-scale biofilter to ascertain how rapidly the
conditioning occurs in a full-sized biofilter opcrated under field conditions.

Figure 10 shows gas chromatograms illustrating removal and degradation of various gasoline
components by biofiltration using the bed medium in scrum vials. In gencral, with the analytical
mcthod employed (see Scction 2), higher molecular weight fractions of the gasoline vapor appear at
longer retention times on the gas chromatograms shown. In the serum vial batch systems, it is clear
that biofiltration tends to remove the higher molecular weight constitucnts more quickly than the
lower molecular weight constituents. The BTEX (i.c., benzeng, toluenc, cthylbenzene, and xylenc)
components were removed in a relatively rapid fashion with benzene being more recalcitrant to
removal than the other members of this group. Based on the physical propertics of the bed medium,
it is rcasonable to hypothesize that this differential removal of gasoline components is a property of
the sorptive nature of the blend and subsequent degradation by the micro-organisms as opposed (o
a physiological inability of the microbes to metabolize the lower molecular weight components. This
suggests that to rapidly remove the lower molecular weight and more volatile gasoline components,
cither additional exposure time or a modified bed medium with greater sorptive properties will be
necessary.

Temperature studies showed that micro-organisms indigenous to the bed medium actively
degrade gasoline vapors over a 22 to 40°C temperature range (sce Table 1). There was very little
difference in observed gasoline degradation rates over this range; however, no degradation was
observed at 54°C. From a practical standpoint, these data are encouraging when considering the
operation of a gasoline vapor biofilter in the ficld because the 22 to 40°C temperature range more
than cncompasses the operating temperature range anticipated under ficld conditions. As such, the
biofilter is expceted to be robust relative to anticipated temperature fluctuations, and as a result,
operating temperature should not be a factor requiring rigid control during licld operation.

When considering biofilter sizing for lield applications, it is pertinent to calculate the volumctric
productivity of the biofilter at the substrate concentrations that will be encountered under actual
operating conditions.  This information in turn can be used to size the biofilter as a function of
substrate feed rate. The volumetric productivity values obtained in scrum vial experiments over a
range of gasoline concentrations cncompassing those expected to be encountered in actual ficld
applications arc shown in Figurc 11. Similar data for the columns run at a flow rate of 1,000 mL
min! and arc shown in Figurc 12. The 1,000 mL min"! flow rate was chosen because in the column
system used; it mimics the superficial gas feed velocities desired in actual ficld applications. In the
column experiments, at a relatively high gasoline concentration [c.g., 65 g gasoline (m? of inlet gas
strcam)™!}, the volumetric productivity is approximately 1200 g gasoline (m* bed medium)?! b,

Extended performance of the bed medium is shown in Figure 13 as a function of BTEX
removal. After 1 month of operation, toluene and xylene removal is at the maximum, but the micro-
organisms arc not yet removing the benzene. Overall removal of BTEX appcars to rcach a maximum
of approximately 62% after 4 months and then levels off at approximatcly 50% removal at month
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Table 1. Influence of temperature on gasolinc removal rates by micro-organisms indigenous to the
bed medium.

Temperature Gasoline removal
(°C) lbg () 0]
22 7.1 x 10°
30) 7.6 x 10}
40 6.3 x 10°
54 None detected

seven. After 6 months of operation, the xylene removal has dropped to ncar 709%. The fact that the
bed medium shows significant removal after 7 months of exposure to gasoline is promising. A
biofilter that requires low maintenance during an extended VVE remediation operation will be very
cost ctfective. Typical maintenance of a bed medium that loses degradative ability after a short time
period would be complete bed medium replacement or addition of inorganic nutrients.

Data from the ficld scale prototype biofilter are similar to the results obtained in the laboratory.
Figure 14 shows hydrocarbon removal in terms of volumetric productivity. These data represent the
lower end of the inlet gasoline concentrations tested in the laboratory, but volumetric productivity
values are comparable o those obtained with the continuous flow laboratory columns at similar inlet
concentrations.

Figurc 15 depicts total BTEX removal as a function of BTEX inlct flow rate. These data show
that under the operating conditions cmployed, approximately 50 to 559 of the BTEX compounds
were removed. However, removal of toluene, cthylbenzene, and xylene were typically >80% while
benzence, as predicted by the laboratory data, exhibited much lower removal rates of 10 to 15%.

The reaction rates of the biolilter systems tested at lower gasoline concentrations are probably
considerably below those theorctically achievable duc to substrate (i.c., gasoline vapor) limitations
versus limitation related to insufficient microbial activity.  The volumetric productivity data strongly
indicate that to increasc the reaction rates at working (i.c., lower) gasoline concentrations,
optimization of biofilter design and/or the composition of the bed medium to increase contact
between the gas stream and microbes may be nccessary.  If the biofilter design/bed medium
composition can be optimized while maintaining current or even higher levels of biological activity
per unit bed volume, the gasoline removal rates could be substantially increased. Clearly, however,
the first step to achieving increased gasoline removal rates is to develop a biofilter system in which
increased gasoline transport to the microbes takes place.
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Figure 11. Volumetric productivity for gasoline removal by bed medium in scrum vials at 30°C.
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Figure 12. Volumetric productivity for gasoline removal by bed medium in continuous flow columns
at 30°C.
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Figure 14. Volumctric productivity for gasoline removal by the field scale prototype biofilter.
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