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Semprini

The transformation of 1,1,1 -trichioroethane (1,1,1 -TCA) and 1,1 -dichioroethene (1,1 -

DCE) was evaluated in a continuous flow column reactor using a mixed culture that grew

on butane. The column was packed with aquifer materials and groundwater obtained

from the in-situ bioremediation test site at Moffett Field, CA. The pore volume of the

column was 38 ml and the dispersion coefficient was 1.93E-3 cm2/sec, based on the

results of the bromide transport experiment. The 1,1,1 -TCA transport test prior to

biostimulation showed a retardation coefficient of 3.2.

The inoculum for bioaugmentation was a butane-utilizing Rhodococcus Sp.

culture used in the Moffett Field experiments. The total mass of cells added was 0.9 mg

on a dry mass basis. Three days after bioaugmentation, with the continuous addition of

dissolved butane, dissolved oxygen, and l,1,l-TCA (200 ug/L), decreases in all three of

these solutes began. A maximum removal of 1,1,1 -TCA of 84% was achieved 10 days

after bioaugmentation and remained fairly constant for a period of 20 days. The ratio of

dissolved oxygen to butane consumption during this period was 4.5 mg 02: 1 mg Butane.
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The influent concentration of 1,1,1 -TCA was then doubled, while dissolved oxygen and

butane addition was maintained constant. The transformation of 1,1,1 -TCA during this

period fluctuated between 24%-84%. Upon restoring the 1,1,1 -TCA concentration back

to 200 ug/L the transformation stabilized at 59% removal. The butane-utilizers were then

tested for their dependence on butane by turning the butane pulse off. The dissolved

oxygen concentration doubled during this period and a residual transformation activity of

22% was observed. On restarting butane addition, 1,1,1 -TCA transformation of 69% was

achieved. In the final phase, l,1-DCE was injected at 130 ug/L along with l,1,l-TCA,

dissolved butane and oxygen. The butane-utilizing culture transformed 70% of 1,1 -DCE;

however, the presence of 1,1 -DCE inhibited 1,1,1 -TCA transformation and

approximately 50% of the butane injected was not consumed. The concentration of

dissolved oxygen in the column also increased, which also indicating that 1,1 -DCE

transformation inhibited butane and dissolved oxygen utilization and 1,1,1 -TCA

transformation. Real-time PCR analysis conducted by Li (2004) indicated that during

periods of low biotransformation of 1,1,1 -TCA, bioaugmented cell densities observed in

the column effluent was high. This corresponded to a period of anoxic conditions, which

may have caused cell detachment from the aquifer solids.

The column reactor results were simulated using a combined biotransformation-

transport model that uses MonodlMichaelis-Menten kinetics along with first-order

sorption kinetics, to predict substrate utilization and chlorinated solvent transformation

(Semprini and McCarty, 1992). The culture parameter values used to simulate

biotransformation in the model were obtained from laboratory culture experiments

conducted by Kim et al (2002) and Mathias (2002). Transport parameters (dispersion



coefficient, porosity) were determined from modeling breakthrough test data with the

CXTFIT2 transport model prior to bioaugmentation and biostimulation. Simulations of

the colunm data using the transport and biotransformation parameters demonstrated that

the model was able to simulate biotransformation of 1,1,1 -TCA fairly well. The model

also indicated that 1,l-DCE transformation was toxic to the butane-utilizing culture and

predicted the decreases in consumption of butane, and dissolved oxygen and in 1,1,1 -

TCA transformation.

This study showed that column experiments conducted on a small scale in a

laboratory could be used to study the biotransformation capabilities of bioaugmented

microorganisms. On the whole, the results suggest that the butane-utilizing culture could

be successfully used in-situ for bioremediation, however transformation of mixtures of

1,1 -DCE and 1,1,1 -TCA could prove difficult.
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Aerobic cometabolism of 1, 1, 1-Trichioroethane and 1, 1-Dichioroethene by a

bioaugmented butane-utilizing culture in a continuous flow column

Chapter 1:

Introduction and literature review

Groundwater is a source of drinking water for many people around the world. In the

United States, more than half the population relies on groundwater for their drinking

water needs. Contamination of soil and groundwater with chlorinated aliphatic

compounds (CAHs) such as the l,l,1-trichloroethane (1,l,1-TCA) and 1,1-

dichloroethene (1,1 -DCE) has been of concern due to their toxicity (Bedient et al., 2000).

These compounds are prevalent due to their use as degreaser and solvents (Fetter, 1993).

Their improper disposal in landfills, leakage from underground storage tanks and

discharge in industrial wastewaters has resulted in subsurface contamination.

Contamination in aquifers by these compounds is further aggravated by their relatively

high solubility and low affinity for sediment sorption, resulting in their transport through

the porous media and the development of extensive plumes.

According to the Environmental Protection Agency (EPA), minor exposure to

1,1,1 -TCA and 1,1 -DCE results in headaches, nausea, dizziness and irritation/burning of

the eyes, throat and nose. Exposure to 1,1-DCE also causes damage to liver, kidneys, and

nervous system. Long term exposure to high doses of 1,1 -DCE might also result in cancer

(Fetter, 1993). Thus, the EPA regulates the concentrations of these compounds in
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drinking water. The maximum contaminant levels (MCL) for 1,1,1 -TCA and 1,1 -DCE

are 0.2 mg/L and 0.007mg/L respectively.

Remediating groundwater contaminated with 1,1,1 -TCA and 1,1 -DCE is more

exacerbated by their chemical and physical properties shown in Table 1.1. These

compounds are immiscible with a specific gravity greater than water, thus, are defined as

dense non-aqueous phase liquids (DNAPLs), which have a greater relative mobility in the

subsurface. DNAPLs migrate to the bottom of the aquifers and are difficult to locate and

remediate. Furthermore, due to their high vapor pressure, they are volatile aiding them to

pass from a solid or a liquid to a vapor state, in the process contaminating groundwater.

The high solubility of these compounds poses an extra challenge in treatment to meet the

drinking water standards. Physical removal of these contaminants from the groundwater

is governed by the heterogeneity of the aquifer, sorption-desorption kinetics and diffusion

into inaccessible regions (MacDonald and Kavanaugh, 1994).

Table 1.1: Physical and chemical properties of l,l,l-TCA and 1,1-DCE

Compound Mol. Wt. Specific Water Vapor MCL

(g/mol) Gravitya Solubilityb Pressure b (WL)

(mg/L) (mm Hg@ 20°C)

1,1,1-TCA
133.4 1.35 1500 123 200

(CH3CC13)

1,l-DCE
96.94 1.218 2250 600 7

(CH2=CC12)

a. Fetter (1993) b. US EPA (1990) c. US EPA (2001)



However, bioaugmentation of microorganisms into the subsurface could be an

effective method to treat contaminants trapped in inaccessible locations. This technology

provides a cost effective method to remediate contaminated aquifers as it precludes the

excavation and disposal costs (Bedient et al. 1999). Successful treatment for in-situ

bioremediation of CAHs is enabled by transporting or delivering substrates into the

contaminated aquifer I study matrix (Ginn et al. 2002; McCarty and Semprini 1993).

Thus, understanding matrix properties such as the porosity, dispersion coefficient and

retardation factors of the substrates, as well as the contaminants, is required in order to

achieve effective bioremediation (Freeze and Cherry 1979; Domenico and Schwartz

1990; Fetter 1993; Bedient et al., 1999). Vogel (1996) outlined some important

parameters required to successfully conduct in-situ bioremediation and bioaugmentation

successfully, which are contaminant characteristics, such as bioviability, concentration

and microbial toxicity; microbial stability; and inoculating methodology.

In the environment, 1,1,1 -TCA is transformed through various biotic and abiotic

processes. One transformation pathway for 1,1,1 -TCA is via dehydrohalogenation to

form 1,1-DCE (Vogel an McCarty, 1987). 1,1,1-TCA can also be transformed

biologically under aerobic conditions by the process of cometabolism (McCarty and

Semprini, 1994). Cometabolism is the metabolic transformation of a chemical (or

contaminant) by a microorganism while another substrate serves as a primary energy and

carbon source. In cometabolic transformations the microorganisms usually do not get

energy from the process (McCarty and Semprini, 1994).
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Research in the field of cometabolism suggested that aerobic cometabolism is an

effective treatment technique for the transformation of the CAHs in groundwater

(Hopkins and McCarty, 1995; McCarty et al., 1998). Numerous studies have been

conducted in order to induce aerobic cometabolism using substrates such as methane

(Broholm et al., 1990; Strand et al., 1990; Chang and Alveraz-Cohen 1996); propane

(Keenan et al., 1993; Tovanabootr and Semprini 1998); ammonia (Hopkins et al. 1993b)

and phenol (Hopkins et al. 1993a, b; Hopkins and McCarty 1995). Hopkins and McCarty

(1995) also found that the presence of 1,l-DCE, a recalcitrant compound in groundwater

systems poses a challenge to the microorganisms transforming a mixture of CAHs as its

transformation products induce toxicity.

Studies have shown microorganisms grown on butane as a substrate have the

potential to transform a variety of chlorinated solvents. Hamamura et al. (1997) reported

that chloroform could be transformed by using butane-utilizing bacteria. Jitnuyanont et al

(2001) demonstrated that a butane-utilizing culture could be successfully bioaugmented

into microcosms to transform 1,1,1 -TCA up to a concentration of 8 mg/L with most

effective butane utilization and 1,1,1 -TCA transformation observed when mineral media

was added to the soil microcosms.

Further research indicated that these butane-utilizing microorganisms could

effectively transform mixtures of l,1,1-TCA, l,1-DCE and 1,1-DCA together (Kim et al.,

2000, 2002 and Mathias, 2002). Mathias 2002 used butane-utilizing culture that was

grown by feeding butane and oxygen in a batch microcosm. Kim et al (2002) showed

that different inhibition kinetics exist between the chlorinated compounds and butane.
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The butane-utilizers transformed 1,1-DCE faster than l,1,1-TCA and 1,1-DCA. The

maximum substrate utilization rates for 1,l,1-TCA, 1,l-DCE and 1,1-DCA were 0.2, 2.8

and 0.49 umol/mg/hr respectively. Hopkins and McCarty (1995) found the concentration

of electron donor quickly increases after the addition of 1,1 -DCE into a subsurface test

zone. It was reported that the transformation products of 1,1 -DCE affect microorganisms

thereby reducing their transformation and oxygen uptake abilities.

Some of the cometabolic growth substrates studied previously, such as phenol and

toluene, are regulated due to their toxicity. Hence, the introduction of these substrates

into the subsurface poses as an extra challenge. However, butane is not harmful and thus

not controlled by the regulatory agencies. The transformation of 1,1,1 -TCA and 1,1 -DCE

by butane-utilizers is initiated by butane mono-oxygenase enzymes (Hamamura et al.

1997; and Kim et al., 2000). The pathway of butane metabolism by butane-grown

microorganisms requires oxygen (Arp 1999). Thus, the delivery of oxygen along with the

primary growth substrate, butane, is inevitable.

In a small-scale colunm study conducted with aquifer solids from Moffett Site,

effects of bioaugmentation on aerobic cometabolism was tested by injecting substrates

and contaminants (Munakata-Marr et al., 1996). Bioauginentation was conducted by

injecting the specific culture (genetically altered Burkholderia (Pseudomonas) cepacia

G4 and PR1) into the influent port of the colunm. This method of bioaugmentation

distributed the added microorganisms in the column and could transform injected

contaminants effectively. Effective transformation of the contaminant was observed even

when the primary substrate was not injected into the column. The column test results



indicated that field comparable data can be obtained when operated under similar

conditions. Addition of nutrients such as lactate, formate and acetate into the injected

feed solutions enhanced the transformation ability of the microorganisms.

Successful predictions of the fate and transport of solutes in the experiments

conducted here depends in part on the accurate determination of the transport parameters.

Modeling the transport of the contaminants and substrates thus aids in determining soil

matrix properties (Van Genuchten and Wagenet 1989; Van Genuchten et al., 1994; Burr

et al., 1994; Semprini and McCarty 1991, 1992). The model used to obtain transport

parameters in this study is CXTFIT2 Version 2.1, which is an extended and revised

version of the transport code developed by Van Genuchten et al. 1984. This model can be

used to simulate one-dimensional (1-D) transport of dissolved substances in soils and

groundwater. The model uses a non-linear least-squares parameter optimization method

and the convection-dispersion equation (CDE) to estimate unknown transport parameters

based on the results of 1 -D column experiments.

The biotransformation model used to simulate transformation of the contaminants

in this study is a non-steady-state model for estimating the microbial population and their

transformation abilities in saturated porous media when an electron donor and electron

acceptor is added (Semprini and McCarty 1991, 1992). This model uses Monod kinetics

and competitive inhibition kinetics for simulating growth and substrate utilization. The

biomass is assumed to be attached to the aquifer solids with no mass-transfer limitations.

The model presents linear or uniform flow and boundary conditions that allow pulsing of
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dissolved butane (electron donor) and dissolved oxygen (electron acceptor), useful to

model the transport and degradation of the concerned contaminants.

Based on the successful research and studies conducted using butane-utilizers for

the transformation of 1,1,1 -TCA and 1,1 -DCE, this study was developed. Previous

column studies that were conducted to evaluate the performance of microbial cultures to

transform chlorinated solvents included addition of nutrients into the feed systems

(Munakata-Marr et al. 1996) or using a synthesized media for the growth of the culture

(Mathias 2002). In our study, we attempted to recreate Moffett Field conditions to

simulate transport of the compounds of interest and analyze transformation capability of

a butane-utilizing culture towards 1,1,1 -TCA and 1,1 -DCE with the native nutrient

conditions. The studies, with indigenous microorganisms present in the Moffett Field

aquifer solids, showed that they do not possess the ability to degrade 1,1,1 -TCA and 1,1 -

DCE under native or biostimulated conditions (Lim 2003). Thus, we studied the

bioaugmentation of a culture that possessed good transformation abilities.

One of the crucial issues in the determination of the bioaugmented culture's

performance is its presence (and cell densities) in the reactor for the transformation of

contaminants. Several traditional methods are available to track microbial populations,

such as culture plating and most probable number (MPN), which are selective, time

consuming and inaccurate. Current developments in this field allow us to quantify

microorganisms by molecular based techniques using 1 6S rDNAIrRNA genes (Fenell et

al., 2001; Dojka et al., 1998). The molecular technique used to determine the

concentration of microbial population in this study was by assessing column effluent



using a real-time PCR (Polymerase Chain Reaction) method (Li 2004). Real-time PCR

analysis allowed detection and quantification of PCR product during amplification which

were correlated to a standard of known target cell densities allowing quantification of the

target microbial population present in the sample (Heid Ct al., 1996).

This study was conducted to determine the transformation ability of a butane-

utilizing culture that was bioaugmented into a continuous flow colunm reactor.

Specifically, the objectives of this study were:

To determine the transport of chemicals (1,1,1 -TCA and 1,1 -DCE ) and

substrates (dissolved butane and dissolved oxygen) in the continuous flow

colunm reactor and estimate porosity, dispersion coefficient, and retardation

coefficients

To bioaugment the column with a butane-utilizing culture, maintain a viable

population by feeding pulses of dissolved oxygen & dissolved butane and

detect whether the culture was capable of transforming 1,1,1 -TCA effectively

To evaluate the performance of the butane-utilizing culture when exposed to

increased concentrations of 1,1,1 -TCA

To evaluate the transformation of a mixture of 1,1 -DCE and 1,1,1 -TCA

To evaluate long term performance of butane-utilizers when exposed to 1,1,1 -

TCA



To mathematically simulate the transformation of 1,1,1 -TCA (and 1,1 -DCE)

with the combined transport and biotransformation model developed by

Semprini and McCarty, 1991 and 1992.
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Chapter 2:

Materials and laboratory methods

The materials and methods used for the laboratory column experiments are presented in

this section. The column was packed with aquifer material obtained from Moffett Field,

CA. Prior to bioremediation experiments, transport analysis was conducted with bromide

1,1,1 -TCA and butane. All these experiments were carried out with groundwater obtained

from Moffett Test Site, CA. The groundwater was refrigerated until used. Inorganic

compounds present in this groundwater are presented in Table 2.1 (Roberts et al., 1990;

Hopkins et al., 1993). The nitrate concentration present in the groundwater is sufficient

for bioremediation. Thus, no additional nitrogen source was added.

Table 2.1: Groundwater Composition

Inorganic Constituents Concentration

Cations:

Calcium 10.0 meq/L

Magnesium 8.2 meq/L

Sodium 2.8meq/L

Potassium <0.1 meq/L

Anions:

Sulfate 15.6 meq/L

Bicarbonate 4.4 meq/L

Chloride 1.2 meqlL

Nitrate 0.1 meq/L
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Chemicals Sources:

Butane gas (? 99%) was purchased from Airgas (Corvallis, OR). Compressed

oxygen (99%) and compressed nitrogen (? 99%) were procured from Industrial Welding

Supply, Inc. (Corvallis, OR). I,l,l-TCA (99.5% anhydrous) and l,l-DCE (99%) were

acquired from Aldrich Chemical Co. (Milwaukee, WI). Potassium bromide, used for the

tracer experiment, was obtained from J. T. Baker Chemical Co., (Phillipsburg, NJ).

Saturated solutions of 1,1,1 -TCA and 1,1 -DCE were used to make the desired

influent solutions. The saturated solutions in deionized water were made by adding an

excess amount of pure l,l,l-TCA or l,l-DCE (-3ml) into 120m1 crimp top glass vial.

Deionized water (1 lOmis) was added and sealed by crimping. Saturation was achieved by

shaking the vial overnight and then allowing it to sit for six hours prior to use.

Column reactor set-up:

Packing of column:

A glass column (Internal dimensions: 2.5 cm diameter; 30 cm length; Volume = 150 mL)

(Kontes, NJ) was packed with aquifer material obtained from several core samples

obtained from Moffett Field test site. Figure 2.1 illustrates the procedure in which

packing was conducted. The core samples used for packing of the column are listed in

Appendix A. The soil was first homogenized and then wet sieved using a US sieve #50

(opening size: 297 microns). Solids retained on this sieve were used to pack the column.

The column was packed by flowing Moffett test site groundwater at a flow rate of

O.2ml/min in an up-flow mode through the column. The column was packed in 1-1.5 cms
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intervals. For each interval, a layer of aquifer material was added and the solids were

compacted by tamping using a sterilized glass rod and hand vibrating. Additional layers

were added to fill the colunm to top, while visually ensuring that the layers had no

trapped air bubbles. Each layer was tamped and hand vibrated for a period of 1-2 mm

before adding groundwater through the column. This process of adding solids to the top

of the column in a counter current manner washed out fine solids and silts in the aquifer

material.

- -t Clear column: 1
Ainch diameter, 30
cm long

J
1-1.5cm layer
compacted by
tam ping and
vibrating

Piston Pump
Flow rate = 0.2 mI/mm

Groundwater
from Moffett

test site

Figure 2.1: Illustration of column packing
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Preparation of injection solution for the bromide tracer experiment:

Bromide ion was used to determine the porosity and dispersion coefficient of the packed

column. A bromide stock solution of 1 000mg/l was first prepared in deionized water

using potassium bromide (KBr). This stock solution was further diluted to obtain bromide

ion concentration of 25mg/l in site groundwater. The feed solution (25mg/l) was injected

into the column by maintaining upward flow using a piston pump (Fluid metering Inc.,

NY, model #: QG6) at a rate of 0.2 mi/mm. The column set-up for the bromide tracer

experiment was same as in Figure 2.1, but with a completely packed column.

Preparation of injection solutions for bioremediation experiments:

The injection system for bioremediation experiments was constructed to alternatively

pump from two reservoirs, one containing groundwater with dissolved oxygen (DO), and

another with groundwater containing dissolved butane. This was achieved by coupling

the pumps to an electronic timer (ChronTrol, CA; model: ChronTrol XT series timer)

which turns one piston pump ON at a given time, thereby enabling to pulse the required

volume of DO solution or butane solution along with 1,1,1 -TCA and 1,1 -DCE (Figure

2.2). The DO and butane groundwater reservoirs were connected to the dual piston

pumps (Fluid metering Inc., NY, model #: QG6) using tygon tubing (Fisher Scientific,

U.S.A) and steel tubing (V.W.R International, U.S.A; size: 1/8"). The solutions were fed

at pulse cycles of 30 minutes of butane solution and 120 minutes of DO solution, since

about 4.0-4.5mg of oxygen is consumed for every mg of butane.
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The experiments involving 1,1,1 -TCA, and 1,1 -DCE were conducted at a flow

rate of O.2m1/min. DO and butane reservoirs were prepared by dissolving gaseous oxygen

and butane in to site groundwater. This was accomplished by purging groundwater with

either oxygen or butane, and then filled into two separate metallized-flim gas sampling

bags/reservoirs (Chromatography Research supplies, U.S.A; size: 9"*9", volume = 1 .6L)

respectively. These gas sampling bags were equipped with polypropylene fitting for

septum and an On-Off dual valve for use with the 1/4" tygon tube.

To prepare a dissolved oxygen (DO) solution, 1 .5L of groundwater was taken in a

2L container and sparged with compressed oxygen for about an hour to obtain dissolved

oxygen concentration nearly equal to its saturation (-.-'4Omg/l). The DO solution was then

transferred into a metallized-fllm gas-sampling bag, which served as the injection

solution reservoir using 1/4" tygon tube (Fisher Scientific, U.S.A). Sparging was

continued while transferring the solution to the gas-sampling bag. The pressure exerted

by compressed oxygen was sufficient to push the oxygenated solution into the reservoir.

Groundwater with dissolved butane was prepared as follows: nitrogen gas was

first sparged for 30 minutes into 600 ml of groundwater in a 1L glass media bottle (to

remove oxygen). Oxygen removal reduces the potential for growth of butane utilizers in

the reservoirs and the delivering tubes. The dc-oxygenated water was then sparged with

butane for about 5 to 8 mm and then left on a stir plate for 45mm to ensure the

dissolution of gaseous butane. The above procedure was repeated two more times. The

aqueous concentration of butane was determined using a gas chromatograph. If the



Figure 2-2. Column reactor set-up showing the dual pump injection system used for delivering

dissolved oxygen, butane, 1,1,1 -TCA and 1,1 -DCE along with the flow through DO probe
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concentration is less than what was desirable, butane gas was sparged again until

the preferred aqueous of butane was obtained. As with the DO solution, butane was also

transferred into the reservoir with the pressure that is exerted on top of the liquid surface

by pure butane gas.

Measured amounts of 1,1,1 -TCA and 1,1 -DCE saturated in deionized water were

added to both DO and butane reservoirs through the polypropylene septum fitting using a

ass syringe (Hamilton Co., NV, U.S.A.), to achieve injection concentrations of

-200g/l or -400 p.g/l of l,1,1-TCA and -430 tg/l of 1,1-DCE.

Sample Collection:

Samples (lml) were collected from both the influent and effluent sampling valves in

1 .5m1 polypropylene vials (Fisher Scientific, U.S.A) for the bromide tracer experiment.

Samples for dissolved butane, 1,1,1 -TCA and 1,1 -DCE concentration measurements were

acquired in 2m1 crimp top glass vials (VWR Scientific, U.S.A). Headspace analysis was

used to determine the concentration of these compounds. Thus, a lml sample was

collected in the 2m1 crimped vial. To ensure the accuracy of the volume of samples

collected, vials were weighed.

The detection limits on the gas cbromatographs indicated that butane could be

detected well using head space analysis on the flame ionization detector (FID) and 1,1,1 -

TCA and 1,1 -DCE were best detected with an electron capture detector (ECD). Thus, two

samples each from influent and effluent sampling port were obtained, one for the butane

headspace analysis and the other for 1,1,1-TCA and 1,1-DCE analysis.



17

The microbial samples were collected for the real time PCR analysis in 500m1

autoclaved bottles. The bottle was connected at the effluent end of the colunm after the

DO probe (Figure 2.2).

Analytical methods:

Anion (bromide) analysis:

Bromide concentrations were determined using Dionex (Sunnyvale, CA) 4000i

Ion Chromatograph equipped with an auto sampler and a 4270 integrator. This anion

analyzer contained a Dionex lonpac AS4A column, which utilized a regenerant that

contained sulphuric acid (H2SO4) and an eluant consisting of sodium carbonate (Na2CO3)

and sodium bi-carbonate (NaHCO3). The eluant was pumped at a flow rate of 1 .5m1/min.

Samples were analyzed by dispensing aqueous samples into Dionex Polyvials with filter

caps for the use on the auto sampler. The method was calibrated using external standards.

Head space analysis for 1,1, 1-TCA, Butane and 1, ]-DCE:

Butane, 1,1,1 -TCA and 1,1 -DCE concenfrations were determined by collecting 1 ml

aqueous samples in 2ml crimp sealed vials (weighed for volume accuracy). Each vial was

equilibrated at 20°C using a vortex mixer for 3 minutes at a speed setting of 7. Gaseous

concentrations were determined using calibration curves obtained for that compound. The

liquid concentrations in the column were then determined by mass balances using

published Henry's constants for butane, l,1,1-TCA andl,1-DCE which were 95.9, 2.8

and 1.16 KPa m3 / mol respectively (Mackay and Shui; Gossett, 1987).
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Gaseous concentrations of butane, 1,1,1 -TCA and 1,1 -DCE were determined by

injecting 1 OOpi of the headspace sample into each of the gas chromatograms. These gas

chromatograms were calibrated for the desired concentration range by using external

standards prepared in deionized water.

The butane gas concentration was determined with a Hewlett Packard

(Wilmington, DE) 6890 gas chromatograph (flame ionization detector - FID). Separation

was obtained with a GS-Q 30m x 0.53mm PLOT column (J&W Scientific, Folsom, CA).

The colunm was operated at a constant temperature of 180°C. Carrier gas was helium at

a flow rate of 15 mL/min.

1,1,1 -TCA and 1,1 -DCE were measured using a Hewlett Packard (Wilmington,

DE) 6890 gas chromatograph equipped with a 63Ni electron capture detector (ECD).

Chromatographic separation was achieved using a HP-624 capillary, 30m x 0.25mm x

1.4 nmi film thickness. This column was operated isothermally at 90°C. Helium was

used as a carrier gas at a flow rate of 1.2 mL/min with an argon/methane mixture

(95%:5%) used as a make-up gas.

DO analysis:

A continuous oxygen probe method was used to measure DO concentrations at the

effluent end of the column. A microelectrode DO probe was plumbed in-line and

connected to a dissolved oxygen meter. The DO meter was a Microelectrodes Inc., NH

(model #: 16-1730 Flow-thru oxygen electrode). The calibration method for this DO

meter is presented in Appendix B. The calibrated DO meter and the electrode was

plumbed into the tubing system after the effluent sampling valve (Figure 2.2).
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Bioaugmentation ofButane-Utilizers into the Column Reactor:

The butane-utilizing culture (Rhodococcus Sp.) bioaugmented into the column reactor

was grown in batch culture by adding butane and oxygen (Mathias 2002). The

concentration of the cells in the media was 361 mg/L. 2.5 mLs of this culture as added in

increments of 0.5 mLs in a span of 2.0 hours using a plastic syringe (VWR Scientific,

U.S.A) into the influent port of the column reactor. The total mass of the cells added was

0.9 mg on a dry mass basis. Upward flow with butane and dissolved oxygen was

maintained to ensure that the culture dispersed well in the packed soil column.
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Chapter 3:

Results and discussion

This chapter presents the results obtained from the biotransformation experiments and

modeling simulations of transport experiments. Modeling results for the

biotransformation experiments are presented in the Chapter 4. Bioaugmentation was

conducted using a butane-utilizing culture, enriched from the culture of Kim et al. (2002)

that uses oxygen as an electron acceptor. The butane-utilizing culture was found to be a

Rhodococcus sp., as it had 100% identity over 1000 base pairs (bp) to the 16S rDNA

gene of Rhodococcus sp. USA-ANOIZ (Li, 2004). Prior to conducting the

bioaugmentation and biotransformation experiments, the transport of dissolved butane

and oxygen was studied and the results are presented in this chapter.

Transport study:

Experiments were conducted to determine transport characteristics of the packed column

prior to the bioaugmentation and biotransformation experiments. Bromide (25 mg/L) was

added as a conservative tracer to the groundwater that was continuously injected at a flow

rate of 0.2 mi/mm. The resulting normalized breakthrough curve of the effluent bromide

concentration to the influent concentration (C/C0) is shown in Figure 3.1.

The C/Co value of 0.5 represents one pore volume of fluid flow (Domenico and

Schwartz, 1990) for advective-dispersive transport. Based on the tracer test flow rate and
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total internal volume of the column (150 mis), the porosity (n) was estimated as 26%.

The length of the input pulse interval of bromide was 3.95 porevolumes. In order to

predict the dispersion coefficient, the CXTFIT2 model, version 2.1 (Van Genuchten,

1981) was used to fit the data to advection-dispersion equation. The input for the model

to simulate bromide tracer test is given in Appendix C (Table C. 1). Simulation resulted

in a good fit (R2 >0.99) to the bromide data, yielding a porosity of 26% and a dispersion

coefficient of 1 .93E-3 cm2/sec corresponding to a dispersivity of 0.75 cm. This

dispersivity value corresponds to a sandy-gravel aquifer material (Domenico and

Schwartz, 1990). Any evidence of dead zones or rate-limited transport were not

indicated, since a very good fit was obtained without using a model with dead zones. The

model fit the elution of bromide from the column very well.

Figure 3.1: Elution data of bromide from the column and model fit at a flow rate of
0.2m1/min
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The transport of l,l,l-TCA was modeled using the values of dispersion

coefficient and porosity obtained from bromide tracer experiment. 1,1,1 -TCA was

injected into the soil column at an influent concentration of 200ug/L using a peristaltic

pump (flow rate = 0.2 mi/mm). The number of pore volumes to achieve 50%

breakthrough was 2.6, showing the retardation of l,1,l-TCA compared to the bromide

tracer. 1,1,1 -TCA transport data, however, did not fit the simple 1- dimensional (1 -D)

equilibrium convection-dispersion equation (CDE) that was used to fit bromide data

(Figure 3.2). A chemical and physical non-equilibrium CDE transport model with

retardation was observed to fit well (Figure 3.2). The model input values are given in

Table C.2 in Appendix C. This indicated the presence of mobile and immobile zones

within the packed reactor and non-equilibrium sorption, which resulted in more

dispersion and extended tailing in the breakthrough curve. Table 3.1 presents a

comparison of modeling results obtained from CXTFIT.

In order to start the bioremediation phase of the experiment, it was necessary to

ensure that 1,1,1 -TCA was not transformed. Thus, 1,1,1 -TCA was continuously added for

a period of 42 days at an influent concentration of 200 j.ig/l. The effluent concentrations

matched the influent (Figure 3.3), indicating minimal biotic or abiotic transformation of

1,1,1 -TCA was occurring. The results also demonstrate our ability to maintain constant

1,1,1 -TCA concentration in the influent fed to the column.

A transport study of butane and oxygen (electron acceptor) were also conducted

in the packed column. The breakthrough curve along with the CXTFIT model fit of
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dissolved oxygen is as shown in Figure 3.4 (Model Input Data: Table C.3, Appendix C).

Dissolved oxygen was delivered to the column at an input concentration of 17.6 mgIL

Figure 3.2: 1,1,1-TCA breakthrough curve fit to equilibrium and non-equilibrium CDE
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Figure 3.3: Long-term breakthrough of 1,l,l-TCA prior to bioaugmentation and

biostimulation.
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(flow rate = 0.2 mi/mm). The initial decrease in concentration likely indicated a

preexisting dissolved oxygen distribution in the colunm. Unlike bromide, dissolved

oxygen concentrations did not reach the injected values during the test, possibly

indicating some consumption of oxygen during transport through the column. The

effluent dissolved oxygen data was modeled using CXTFIT (1-D equilibrium CDE). The

modeling results suggest that oxygen is retarded. However, in the absence of biological

transformations, dissolved oxygen was considered to be conservative. The retardation of

dissolved oxygen may be due to trapped gas bubbles, which affects transport. If bubbles

were present, compounds can be retarded based on their Henry's coefficient given by

Equation 3.1 (Fry et al., 1995). The retardation factor for dissolved oxygen was predicted

to be 2.19 by the CXTFIT2 model. Based on retardation model presented by Fry et al.,

1995, an estimate can be made for the amount of trapped gas present in the column.

Based on a Henry's dimensionless constant of 30.3 for oxygen, as little as 4% of the void

space filled as bubbles could result in a retardation factor of 2.2.

R =l+H1V/

(Equation 3.1)

Where R = Retardation present in the column

H' = Dimensionless Henry's constant

Vg = Volume of trapped gas per volume of pore space

Vw = Volume of water per volume of pore space
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Figure 3.4: Dissolved oxygen breakthrough: Column effluent data fitted to l-D CDE
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The butane transport test was conducted at a flow rate four times higher than the

other experiments. Butane was added as a pulse to ensure no biostimulation of butane-

utilizers prior to bioaugmentation. The butane breakthrough data is shown in Figure 3.5.

99.95% of the mass injected into the column was recovered, indicating butane utilization

was not occurring. The model fit to butane transport data revealed that butane was more

retarded than dissolved oxygen or l,l,l-TCA, with a retardation factor of 6.5. As

reported earlier, the retardation may have been due to the presence of trapped gases.

Butane's dimensionless Henry's constant of 38.05 is in the range of oxygen (30.3), thus it

would also be retarded by approximately a factor of 2.0 if gas bubbles were present.

Furthermore, the retardation factor for butane was greater than 1,1,1 -TCA. The octanol

water partitioning coefficient for butane (776) is higher than 1,1,1 -TCA (320).

Compounds with high octanol water partitioning coefficient would be expected to be

more strongly sorbed to the aquifer material. Thus, the butane results are consistent with



greater retardation. The combined effects of partitioning into gas bubbles and sorption

onto aquifer solids could potentially have resulted in a retardation factor for butane of

6.5, as obtained from CXTFIT2 model simulations. Table C.4, Appendix C presents input

values used to simulate butane transport and Table 3.1 presents the modeling results

obtained for bromide, 1,1,1 -TCA, dissolved oxygen and butane. The partitioning

coefficient and mass transfer coefficient fit to 1,1,1 -TCA and butane elution curves

indicate the presence of mobile and immobile zones that exist within the colunm pack.

The lower mass transfer coefficient for butane compared to 1,1,1 -TCA may be associated

with higher flow velocity of the butane test. If gas bubbles represent 4% of the void

space, the actual porosity of the colunm would be around 0.30 compared to the 0.26 value

obtained from bromide tracer test.

Figure 3.5: Pulsed butane breakthrough data through the soil column
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Table 3.1: Simulated transport parameters for bromide (conservative tracer) and 1,1,1-
TCA

Parameter Bromide 1,1,1-TCA Butane Oxygen

low rate [mi/minI: 0.2 0.2 0.8 0.2

1: Porosity [-]: 0.26 0.26 0.26 0.26

): Dispersion coefficient [cm2/sec] 1 .96E-03 1 .96E-03 1.1 7E-2 1 .96E-03

L: Length of the column [cm]: 30 30 30 30

': Avg Groundwater velocity [cmlsec]: 2.60E-03 2.60E-03 1 .04E-02 2.60E-03

: Retardation Factor [-1 1 3.17 6.5 2.19

: Partitioning Coefficient [-I
- 0.48 0.50

o: Mass Transfer Coefficient [-] - 1.37 0.15

: Dispersivity [cm] 7.50E-01 7.50E-01 7.50E-01 7.50E-01

Bioremediation study:

Phase I: Bioaugmentation and Biostimulation Study

Prior to bioaugmentation, the flow through the column was kept constant for a

period of 7 days at a flow rate of 0.2 mi/mm. This flow rate provided for a fluid residence

time in the column of 3.2 hours. During this time, 1,1,1 -TCA influent concentration (200

jig/I) matched the effluent concentration demonstrating no transformation was occurring.

On day 7, the column was fed with a two-hour pulse of dissolved oxygen (-24 mg/L)

followed by half hour pulse of dissolved butane (18 mg/L). The pulses were cycled

continuously with the feed piston pumps and timer (as shown in Figure 2.2). On day 8,

the butane-utilizing culture was added at the column influent via the sampling port. The



butane-utilizers used for bioaugmentation were grown in batch culture on butane and

oxygen (Mathias, 2002). About 2.5 mis of culture was added in increments of 0.5 mis

over a span of 2.0 hours. The total mass of the cells added was 0.9 mg, on a dry mass

basis.

After bioaugmentation of the colunm no significant decrease in 1,1,1 -TCA

concentration was observed for a period of about 2 days. During the first few days,

butane was detected in the column effluent (Figure 3.6 b), after which, butane was

removed below detection levels (around day 10). Upon the removal of butane to low

levels, 1,1,1 -TCA transformation was initiated. The concentration of dissolved oxygen

decreased dramatically after the cyclic pulsing of DO and butane was initiated on day 7

(Figure 3.6 c). A further reduction in the effluent DO concentration was observed after

bioaugmentation (days 12-16), which corresponds to the stimulation of the butane-

utilizers. DO concentration in the column effluent follows changes in the influent butane

concentration. The lowest values were obtained at the higher influent butane

concentration (11-16 days) and then increased when butane influent concentration were

lowered after day 16. The decrease in l,1,l-TCA concentration coincided with the

decrease in oxygen and the stimulation of the butane-utilizing population. The ratio of

DO to butane consumption during this period of time was 4.5 mg 02: 1 mg butane. This

is in the range expected for the oxidation of butane to CO2 and H2O.

A maximum 1,1,1 -TCA removal efficiency of -84% was achieved about 8 days

after bioaugmentation (day 16). The flow and influent concentration characteristics were

kept fairly constant for a period of 20 days. Butane concentration of the influent pulse
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Figure 3.6: l,l,l-TCA, butane and dissolved oxygen profile during the first phase of

bioaugmentation and biostimulation experiment
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during this time ranged from 20-30 mg/L corresponding to a pulse averaged

concentration of 3.5 mgIL. 1,1,1-TCA concentrations indicated that a steady-state

removal of 80% was maintained from days 16 to 30. During this period butane was

effectively consumed as the effluent butane concentration fell below detection (0.05

mg/L) most of the time. A period of butane breakthrough was observed at 12 to 13 days

that corresponded to a period of low DO concentrations, and high influent butane

concentrations. The decrease in 1,1,1 -TCA concentration stopped during this period, and

resumed when butane was reduced to low concentration. Overall, the transformation

yield during this phase was 0.06 mg of 1,1,1 -TCAJmg of butane.

Phase II: High 1,1,1-TCA concentration Test

Phase I showed that the biostimulated colunm could achieve approximated 80% removal

of 1,1,1-TCA at an influent concentration of 200 ugh. However, to assess the

transformation ability a higher concentration of 1,1,1 -TCA (43 0 ug/L) was fed during

the second phase of the experiment (Figure 3.7 a).

The initial response to the increase in concentration of 1,1,1 -TCA was appreciable

as shown in Figure 3.7 a (days 31 to 35). An increasing trend of the effluent

concentration of 1,1,1-TCA was observed over a period of 18 days (Figure 3.7 a - days

36 to 53). The removal efficiency of 1,1,1 -TCA during the period of the high

concentration influent fluctuated between a high of 84% and a low of 24%. As in the

phase I, the presence of butane at the effluent sampling port induced some perturbations

in the measured 1,1,1 -TCA concentrations at the effluent end (Figure 3.7 b - days 34 to

36 and days 47 to 49). From 47 to 49 days, the DO concentrations were also driven to
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almost anaerobic conditions (Figure 3.7 c). This resulted from the influent DO

concentration being low (data not shown). Nevertheless, even when higher concentrations

of DO were achieved around 50 days, the overall trend shows a decrease in 1,1,1 -TCA

removal efficiency over the period of 30 to 52 days (Figure 3.7 a & c) based on a

percentage removal basis. However, the transformation yield of the butane-utilizing

culture during this period was 0.17 mg of 1,1,1 -TCAImg of butane which is higher that

what was observed during phase I.

To test whether effective transformation could be re-established, the 1,1,1 -TCA

influent concentration was reduced to 200 ug/L on day 53 (Figure 3.7 a). Removal

efficiency was reduced from 84% (average of phase I) to about 59% from day 56 to day

65 and steady-state concentrations could be maintained during this period. During this

period, effective butane removal was achieved, and excess DO was maintained in the

colunm effluent.

The decrease in removal efficiency at the end of phase II compared to phase I was

about 15%. The exact reason for this is not known. One possibility is that native butane-

utilizers were stimulated that did not effectively transform 1,1,1 -TCA. Transformation of

1,1,1 -TCA did improve after the concentration was lowered, on a percentage removal

basis. The mass of l,1,l-TCA injected during the period of days 45-53 (influent

concentration of l,1,l,-TCA 430 ug/L) was 990 ug. Approximated one third (362 ug)

was removed. However, from day 55 to day 63 when the injection concentration was

lowered, an injected mass of 460 ug of 1,1,1 -TCA was added of which 282 ug was

estimated to be removed. This represents about 50% of the 1,1,1 -TCA mass added. The
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Figure 3.7: 1,1,1-TCA, butane, and DO profiles during the second phase of the test. The

concentration of 1,1,1 -TCA was doubled on day 30 and reduced back to 200ug/1 on day

53.
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transformation yield of the culture added during the low 1,1,1 -TCA concentration test

was 0.09 mg of 1,1,1 -TCAI mg of butane. Thus, based on total mass removal and

transformation yield, the biostimulated column was potentially more effective at the

higher concentration, than when the concentration was lowered.

Phase III: Test to demonstrate electron donor (Butane) dependence on the

transformation of 1,1,1-TCA and presence of 1,1-DCE as a co-contaminant

To demonstrate dependence of 1,1,1 -TCA transformation on butane consumption, the

butane addition was turned off on day 66 (Figure 3.8 a) while dissolved oxygen and

1,1,1 -TCA addition continued. This resulted in an increase of the effluent concentration

of 1,1,1 -TCA from days 66 to 79. The 1,1,1 -TCA effluent concentration remained -.22%

lower than influent value, which would correspond to a first-order transformation rate of

0.07 hr', based on a hydraulic residence time of 3.2 hours. In order to check whether this

residual transformation activity was real, the pump delivering DO and 1,1,1 -TCA was

turned off for 48 hours (days 79 to 81) to permit a longer residence time. If first order

removal occurred during this period, the effluent concentration should have decreased to

7 ugh. However, upon initiating the flow (day 81), the measured effluent concentration

was -465 ug/l, indicating that little transformation, had occurred. As expected, the DO

concentrations during this period (days 66-81) increased when butane was not added

(Figure 3.8 c).

On day 85, butane addition was restarted to test whether butane-utilization and

1,1,1-TCA transformation could be restored (Figure 3.8 a - days 88 to 110). Butane-

utilization resulted as indicated by the lack of butane-breakthrough and the reduction in
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Figure 3.8: 1,l,l-TCA, butane and DO profiles during the third phase of the test:

Demonstration of Butane Dependence
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DO concentration. 1,1,1 -TCA concentration decreases were observed coincident

with DO concentration decreases. Steady-state 1,1,1 -TCA removals of 69% were

observed. This removal efficiency, however, was lower than what was observed in phase

I. One possible reason is that the butane influent concentrations were higher during phase

I.

Butane concentrations were therefore doubled (from 93 day to 97). The increase

in butane concentration did not immediately increase 1,1,1 -TCA removal. Thus, the pulse

cycle of butane was increased from 30 minutes to 40 minutes (Figure 3.8a days 97 to

114), which resulted in an increase in the mass of butane added by about 40%. The pulse

averaged concentration of butane during this period was 5.5 mg/L. This resulted in better

l,1,l-TCA removal (days 104 to 111) with a percentage removal of 84%. On day 108,

however butane was detected in the colunm effluent. Consistent with observations in

phases I and II, the presence of butane resulted in increases in 1,1,1 -TCA concentration.

Thus, butane was inhibiting 1,1,1 -TCA transformation. Low DO concentrations were also

observed prior to butane breakthrough, which likely caused the incomplete consumption

of butane. In order to restore DO levels in the column, the butane pulse interval was

lowered by 20 minutes (i.e., 20 minutes of butane and 2 hours of DO) on day 114

resulting in time averaged butane concentration of 2.5 mg/L. This resulted in a decrease

in butane concentrations below detection in the column effluent, and a corresponding

decrease in 1,1,1 -TCA concentrations in the effluent. DO concentration increased from 3

mg/L to 19 mg/L during this period and about 78% removal of 1,1,1 -TCA was observed.

Removal was close to that achieved during the first period of the test.



The last objective was to study the effect of adding of 1,1 -DCE along with 1,1,1 -

TCA to the column. l,1-DCE was injected into the column at an influent concentration of

130 ugh starting on day 120 (Figure 3.9). For the initial period of about 4 days, 1,1 -DCE

was not detected in the effluent, but then an increasing trend was observed (Figure 3.9).

A steady-state removal efficiency for 1,1 -DCE of 74% and a transformation yield of 0.06

mg of 1,1 -DCE/ mg of butane was achieved. With the onset of 1,1 -DCE in the column

effluent, butane was also detected (Figure 3.9 b). Hence, the addition and transformation

of 1,1-DCE proved to inhibit butane-utilization, as shown by Kim et al., 2002. During

this period, butane concentration in the column effluent averaged about 1.5 mg/L, thus

only 50% removal was. The decrease in butane-utilization resulted in a steady increase in

DO concentrations and a more immediate increase in 1,1,1 -TCA concentrations. After 10

days of 1,1 -DCE addition, 1,1,1 -TCA effluent concentration rose to influent levels,

indicating 1,1,1 -TCA was not being transformed.

Real-Time PCR Microbial Analysis:

The column effluent was collected (from days 36 to 135) and tested for the presence of

the bioaugmented Rhodococcus sp. using real-time PCR analysis. Overall, the

bioaugmented culture was maintained for a period of 135 days. Even during days 66-85

when the butane addition was turned-off, the (Rhodococcus sp.) culture was observed in

the column effluent. Cell concentrations ranged from 2.7E+2 to 3.1E+5 organisms per

mL of column effluent. However, the butane-utilizing culture was very sensitive to the

presence of butane and low oxygen concentration. This is evident during days 110-120,

when butane could be detected in the column effluent. This corresponded to a period of



Figure 3.9: 1,1,l-TCA, 1,1-DCE, butane and DO profiles during the third phase
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Figure 3.10: Real-Time PCR Microbial Analysis during biostimulation
a. Real-time PCR Microbial Profile
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low DO concentration in the column (Figure 3.10 c) and high 1,1,1 -TCA concentration.

High cell concentration in the column effluent indicates the possibility that

microorganisms attached to the aquifer solids were detaching resulting in higher

concentrations in the column effluent (Madigan et al., 2000). The results show a fairly

stable amount ofRhodococcus sp. microorganisms in the column effluent throughout the

course of the biostimulation test.

Summary of Biotransformation Column Tests:

The butane-utilizing culture was successfully bioaugmented into the column reactor

packed with aquifer material from the Moffett Field test site. This culture was able to

cometabolically transform 1,1,1 -TCA and 1,1 -DCE using butane as a primary growth

substrate. The transformation of 1,1,1 -TCA was very sensitive to the presence of butane

in the column. However, the mass of butane and dissolved oxygen delivered to the

column by the influent feed system was sufficient to maintain an effective microbial

population to degrade 1,1,1 -TCA effectively. The butane-utilizing culture could

withstand induced perturbations of varying 1,1,1 -TCA, butane and DO concentrations.

But, the transformation of 1,1 -DCE inhibited butane and DO utilization and 1,1,1 -TCA

transformation. These results are consistent with studies of Kim et al., 2000, 2002 and

Mathias 2002.

Table 3.2 presents a summary of the column tests conducted with the percentage

removal of 1,1,1 -TCA (and 1,1 -DCE) and transformation yield of the butane-utilizing

culture in each stage of the experiment. These results suggest that if injected 1,1,1 -TCA,

butane and dissolved oxygen concentrations could be maintained consistently, butane-
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utilizers can transform 1,1,1 -TCA effectively. Based on the transformation yield, the

culture performed better when the concentration of l,l,1-TCA was increased as seen in

Table 3.2. The transformation of l,1,l-TCA was almost as effective at the end of the test

as at the start of the test. This is also indicated in the transformation yield which remained

almost constant except when 1,1,1 -TCA and butane concentrations were increased days

30-53 and 105-1 10, respectively. Introduction of 1,1-DCE along with l,1,1-TCA reduced

the transformation of 1,1,1 -TCA by about 65-70%.

Table 3.2: Summary of Column Tests

Phase Days Removal Efficiency (%) Transformation Notes
Yield

1,1,1-TCA 1,1-DCE mg/mg
hase I

0-30 84 - 0.06 1,l,1-TCA C = 200 ug/L
hase II

30-53 84-24 - 0.17 l,1,1-TCA C 430 ug/L
53-65 59 - 0.09 1,1,1-TCA C = 200 ugIL

hase III
66-81 22 - Butane Pulse Shut Off;

1,1,1 -TCA C = 200 ug/L
85-105 69 - 0.06 l,1,1-TCA C = 200 ug/L
105-110 84 0.04 1,1,1-TCAC=200ug/L
116-120 78 0.05 1,1,1-TCAC=200ug/L
120-135 0-5 75 0.06 1,l,1-TCAC=200ug/L

l,1-DCE C = 130 ugIL
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Chapter 4

Modeling Analysis: CXTFIT2 and Biotransformation-Transport models

The CXTFIT transport model was used to estimate transport parameters including

dispersion coefficient, the porosity of the packed column and retardation of butane,

dissolved oxygen and 1,1,1 -TCA. The transport parameters obtained from CXTFIT were

used later in biotransformation model simulations. The biotransformation model was

used to simulate butane, DO consumption and 1,1,1 -TCA and 1,1 -DCE transformation.

Spatial microbial profile was predicted and the effect of presence of 1,1 -DCE as a co-

contaminant on butane consumption was also simulated. The models used to simulate 1-

D reactive transport are described in the following sections.

CXTFIT code for estimating transport parameters:

CXTFIT 2.1 code is an extended and revised version of the transport code developed by

Parker and Van Genuchten in 1984. This model can be used to simulate 1-D transport of

dissolved substances in soils and groundwater. Equilibrium one-dimensional (1-D)

transport according to the convection-dispersion equation (CDE) was used to simulate the

results of the bromide tracer tests and dissolved oxygen transport data. The model

simulates the 1 -D advective-dispersive equation given in Equation 4.1. The model uses

non-linear regression techniques to estimate unknown transport parameters based on the

results of 1 -D colunm experiments.



R=D9 v
at ax2

pK
where R Retardation factor = 1+ b d

0

Pb = Soil bulk density [MIL3]

= Partition Coefficient [L3IM]

0 = Volumetric water content [-]

= Resident concentration [MJL3]

S = Concentration of the adsorbed phase [M/L3]

D = Hydrodynamic dispersion coefficient {L2IT}

x = Distance [LI

t = Time [T]

v = Average pore water velocity [LIT]
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(Equation 4.1)

The above equilibrium advective-dispersive equation was used for fitting the

bromide tracer and dissolved oxygen transport test results. For the bromide test, the

retardation factor was set equal to 1. The effluent bromide concentration with respect to

the pore volume of flow was used to predict the porosity and the dispersion coefficient.

The total distance of travel was 30 cm (length of the column) and average pore water

velocity was determined using the flow rate, which was kept constant at 0.2 mI/mm.

The 1 -D equilibrium model discussed above did not fit 1,1,1 -TCA and butane

transport well. Thus, the chemical and physical non-equilibrium CDE was used (also

available in CXTFIT) to fit 1,1,1 -TCA and butane transport tests given by Equation 4.2.
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The model assumes that the liquid phase can be partitioned into flowing and stagnant

regions.

[aim + (1 f)pbKd]m = a(Cm Cim) [0imPi,im + (1 f)PbKdPs,im ]Cim + 9 jmYl,jm (x)

+ (1 f)PbYs,im (x) (Equation 4.2)

where the suffixes m and im refer to mobile and immobile liquid regions.

f = fraction of adsorption sites that equilibrate with mobile liquid phase

a = first order mass transfer coefficient [T1]

= First order decay coefficients [T']

y = zero order production terms [T1]

With the assumption that there is no reaction occurring, decay coefficients and

production terms are taken to be zero for the simulations. The model results are presented

in Chapter 3.

Biotransformation-Transport model:

The biotransformation-transport model of Semprini and McCarty (1991, 1992) was used

to simulate the results obtained from the laboratory column experiments after

bioaugmentation. This model has the ability to pulse the electron donor/acceptor as was

done in the column studies. The biotransformation model was used to simulate butane

utilization, DO consumption, and 1,1,1 -TCA and 1,1 -DCE transformation. The biomass

distribution both spatially and with respect to time can be predicted. The non-steady-state
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equations used in the model are presented in Table 4.1. This model of Semprini and

McCarty (1991, 1992) was modified by Mathias (2002) to include inhibition kinetic

terms for growth substrates and chlorinated solvents.

The biotransformation model of Semprini and McCarty, (1991, 1992), uses

Monod / Michaelis-Menten kinetics along with first-order sorption kinetics to predict the

transport and biotransformation of the chlorinated solvents and substrates. Mathias

(2002) incorporated competitive, noncompetitive and mixed inhibition parameters into

the model. The equations for transformation of 1,1,1 -TCA, 1,1 -DCE, substrate utilization

(butane and dissolved oxygen) are presented in Table 4.2. A detailed description of the

equations are provided by Mathias (2002).

Table 4.1: Equations used in the Biotransformation-Transport Model to simulate 1,1,1-

TCA, butane, dissolved oxygen and 1,1 -DCE in the colunm reactor.

Equation 4.3 (a)

1

Km,T Co2dCTCA _DacT Q dCrcAPbf(KC CSTCA) C// JKS.O2 02]dt 2
dx n

+ / K1

KSTCA

1 + Ct//K

CTCA

+ K Ic but TCA + CDc,/K IC,DCE,TCA ) + CTCA
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CDCE

KSDCE

1+ /K + Cb,/K
IC t DCE + CT,/ KIC,TCA,DCE) + CDCE

//' Iu,but

where Q = Average groundwater flow (m3lday)

A = Cross-sectional area of the column = 4.9E-4 (m2)

fk = Mass transfer coefficient (liquid and sorbed phase) (day')

Li = Partition coefficient of 1,1,1-TCA = 0.25 (L/Kg)

CTCA = Aqueous concentration of 1,1,1 -TCA (mg/L)

C, TCA = Concentration of 1,1,1 -TCA in the sorbed phase (mg TCA / Kg soil)

CO2 = Concentration of electron acceptor (Dissolved oxygen) (mg/L)

CbUt = Concentration of electron donor (butane) (mg/L)

X = Concentration of butane utilizing culture (mgIL)

K1, but = Uncompetitive inhibition constant of butane over 1,1,1 -TCA (mg bune/L)

K5,02 = Half saturation constant of oxygen (mg/L)

K, TCA = Half saturation constant of 1,1,1 -TCA (mg/L)

K, DCE = Half saturation constant of 1,1 -DCE (mg/L)

but = Competitive inhibition constant of butane over 1,1,1 -TCA (mg butaIL)

Y = Cell yield (mg cells / mg butane)

b = Decay coefficient (day)

T, TCA = Transformation capacity of 1,1,1 -TCA (mg TCA / mg cells)

K1, TCA = Competitive inhibition constant of 1,1,1 -TCA on butane (mg TcA/L)
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Calibration ofBiotransformation-Transport Model

In order to calibrate the biotransformation model for the column flow conditions, the

transport of 1,1,1 -TCA was modeled. The results from both CXTFIT and

biotransformation models were compared, as shown in Figure 4.1. The dispersion

coefficient and porosity obtained from CXTFIT model were used in the

biotransformation model. The transformation parameter Km,TCA (maximum utilization

rate of 1,1,1 -TCA) was assumed to be zero to simulate 1,1,1 -TCA transport only. The

biotransformation model simulated the transport well, with a retardation factor of 2.69,

and first-order-rate coefficient for sorption (fk=3.0 day'). The combined equation for

transport and biodegradation used by this model to predict liquid concentrations is as

shown in Table 4.2 (a). Since Km,TCA was set equal to zero for the transport simulation,

the last part of equation 4.3 (a) was not used.

Figure 4.1: Comparison of the biotransformation and CXTFIT modeling fit to 1,l,1-TCA
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Biotransformation-Transport Model Fit for the First Phase ofthe 1,1,1-TCA Test:

The biotransformation model was used to simulate the first 30 days of the Phase I

biostimulation with butane. The model simulations during this period are presented in

Figures 4.2 and 4.3. The numerical values used in the model, such as the inhibition

constants, half saturation constants, etc., were obtained from previous work done with the

culture bioaugmented into the colunm reactor (Kim et al 2002; Mathias 2002). These

values are summarized in Table 4.2. The bioaugmented butane-utilizing culture showed

l,l,1-TCA transformation abilities as predicted by Mathias (2002) (Figure 4.2a).

Time zero in the Figure 4.2a represents day 8, i.e., the day when the culture was

injected into the column. In the model an initial uniformly distributed biomass of 0.9

mg/L was used to simulate the column test. The biotransformation model fit 1,1,1 -TCA

transformation laboratory column test well. The model predicted that a residual butane of

approximately 0.5 mg/L would exist in the column effluent (Figure 4.2b). However, the

concentration of butane in the laboratory column data was below detection level (0.05

mg/L). Differences in the model and actual data may be due to high retardation of butane

present in the column as obtained by CXTFIT2. The combined biotransformation

/transport model does not allow retardation of butane and oxygen. The model fit the

dissolved oxygen data from the column effluent well as shown in Figure 4.2c. The high

concentration seen initially in the modeled DO concentrations may be due to the

retardation of oxygen or due to a lag phase in the model for microorganism growth. The

biomass concentrations at the column effluent end (Figure 4.2d) indicated a peak in

concentration at about 6 days. This corresponds to the period after rapid decreases in
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butane were predicted. The biomass then decreases with time as butane is consumed

closer to the column influent. At about the same time, butane was also being consumed

effectively (Figure 4.2 b) and DO and 1,1,1 -TCA concentrations decreased in the column

(Figure 4.2 c). The observations are consistent with the lab data.

The spatial microbial population profile (Figure 4.3d) after 30 days of operation

indicated that the biomass is concentrated within one-third of the column. Thus most of

the transformation of 1,1,1 -TCA was occurring in that zone (Figure 4.3a). This is clearly

evident in the spatial butane and oxygen profiles (Figures 4.3 b and c) where their

concentrations also reduced in approximately the same region. The increase in the DO

concentration seen where 1,1,1 -TCA is transformed and butane is consumed (Figure

4.3c) is due to the dynamic pulsing of butane and oxygen in the model since Figure 4.3

represents a snapshot at a particular time. However, the simulated concentration of 1,1,1 -

TCA increases away from the concentrated biomass region as simulated in Figure 4.3a.

This simulated rebound could be the result of rate limited desorption of 1,1,1 -TCA from

the solids. It may also be associated with the dynamic pulsing of butane and oxygen. The

model predicts that the dynamic alternate pulsing of butane and oxygen containing

groundwater prevented biomass growth at the column influent.
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Table 4.3: Model parameters used for simulating laboratory data

Transvort Parameters
Volumetric Flow Rate 2.88E-4 m3/day
Porosity 0.26 [-1

Cross-Sectional Area 4.909E-4 m2
Bulk Density of Solids 1.6 KgIL
Dispersion Coefficient 0.0169 m2/Day
Partitioning Coefficient
l,l,1-TCA 0.352L1Kg

Biotransformation Parameters
K1, TCA, but 41.79 mg/L

TCA,DCE 2.27 mg/L

K, but,DCE 0.4 mg/L

but, TCA 0.03 mg/L

K1, but, DCE 0.O2mg/L

Km, but 3.48 mg/mg/day

Km, TCA 0.64 mg/mg/day

Km, DCE 6.5 mg/mg/day

Ks,but l.11mg/L

TCA 1.63 mg/L

KS,DCE 0.l4mg/L

K,o2 I mg/L

TCA

Phase I 0.16 mg/mg
Phase II (High Concentration) 0.08 mg/mg
Phase II (Low Concentration) 0.06 mg/mg
Phase III (with DCE) 0.14 mg/mg

DCE

Phase III (with DCE) 0.03 mg/mg
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Biotransformation Model Fit to the Second Phase 1,1,1-TCA Test

a. High 1,1,1-TCA Concentration test:

Model simulations for the high 1,1,1 -TCA concentration test are shown in Figures 4.4

and 4.5. The model parameters used to simulate the phase I of the 1,1,1-TCA test did not

result in a good fit to the laboratory observations for the Phase II high concentration of

1,1,l-TCA (430 ug/L) test. The model predicts more transformation than was observed,

in the column effluent. One possibility is that the performance of butane-utilizers was

affected due to the presence of high 1,1,1 -TCA influent concentrations. In the model,

when the transformation capacity of 1,1,1 -TCA was decreased from 0.16 mg/mg to 0.08

mg/mg (Table 4.2), the model provided a much better match to the effluent

concentrations of 1,1,1 -TCA. The simulated concentrations of 1,1,1 -TCA were fairly

constant when compared to the laboratory column data (Figure 4.3a). Transients in

column operation, such as the low influent DO concentrations, resulting in low DO

effluent values around day 47 (Figure 4.4c) were not included in the model simulations.

Thus, transient changes, such as the high 1,1,1 -TCA concentrations were not simulated.

However, the model simulates the general trends fairly well. Continuous butane

breakthrough predicted by the biotransformation model (Days 35 to 53 in Figure 4.4b)

was not observed in the laboratory column effluent. This may be due to the retardation of

butane in the column as seen in the CXTFIT model simulation of butane transport

experiment. Retardation delays the occurrence of compounds at the effluent end of the

column. In the lab column data, the removal of 1,l,l-TCA decreased during days 45-53.



Figure 4.4: Model simulations of concentration in the column effluent and laboratory data during the Second Phase of
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During this period, butane breakthrough was predicted by the model. Pulses of butane

was also observed in the colunm effluent (Figure 4.4b). This indicated that the presence

of butane inhibited the transformation of 1,1,1 -TCA, consistent with Mathias (2002) and

Kim et al. (2002). Overall, a reduction in removal efficiency was observed in both model

simulations and the experimental results. In this phase, the model simulations of electron

acceptor (dissolved oxygen) was not consistent with the observed data, and over predicts

concentrations.

The decrease in the transformation capacity indicated that the increase in 1,1,1 -

TCA concentration had an impact on butane-utilizing culture performance. However, on

a mass balance basis, more 1,1,1 -TCA was transformed at the higher concentration level,

than the lower concentration level. This increase in the mass removal 1,1,1 -TCA is

evident from the higher butane-utilizing population estimated by the model as seen in

Figure 4.5d.

b. Low 1,1,1-TCA concentration test

Model simulations were performed on the second phase of the test when the

concentration of 1,1,1 -TCA was lowered to 200 ug/L. The results are presented in Figure

4.6 and 4.7. Simulations conducted with the transformation capacity (Tc) used in the first

phase (0.16 mg/mg) did not fit the transformation of 1,1,1 .-TCA observed in the column.

Thus, a new lower Tc value was used (0.06 mg/mg, Figure 4.6a). The results show that

the performance of butane-utilizers was reduced from the previous phases. A reduction in

Tc indicates that the microorganisms ability to transformation of 1,1,1 -TCA, was



Figure 4.6: Model simulations of concentration in the column effluent and laboratory data during the Second Phase (Low
l,1,1-TCA concentration) of Biotransformation Test (Days 53-65)
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reduced. However, according to Mathias (2002) and Kim et al. (2000 and 2002),

transformation of 1,1,1 -TCA is not extremely toxic to the butane-utilizers. Thus, it is

possible that the increase in 1,1,1 -TCA concentration in the previous phase resulted in a

decrease in performance of butane-utilizers in this phase. Another possibility is that two

populations of butane-utilizers exist, one that degrade 1,1,1 -TCA effectively and another

that does not degrade 1,1,1 -TCA very well. The combined transport/biotransformation

model does not have the capability of simulating two different microbial populations. The

aquifer solids used to pack the column can be analyzed to detect other butane-utilizing

cultures that do not degrade 1,1,1 -TCA effectively. However, this is beyond the scope of

this thesis.

As seen in the earlier phases, butane breakthrough was predicted in the column

effluent and DO concentrations are over predicted. Again this might be due to the

retardation of butane and oxygen as explained earlier. Figure 4.7 shows the spatial

distribution of 1,1,1 -TCA, butane, dissolved oxygen, and biomass. The general trends

observed in this phase were similar to those observed in previous phases.

Biotransformation-Transport Model Fit to 1,1,1-TCA and 1,1-DCE Third Phase Test

The last part of the biotransformation test, where 1,1 -DCE was added along with 1,1,1 -

TCA, was also simulated. The results of temporal and spatial simulations are plotted in

Figure 4.8, and 4.9, respectively. On day 120 l,l-DCE was injected into the column. The

model simulations followed the general pattern of 1,1,1 -TCA and 1,1 -DCE removal, as

observed in the experimental data. In the model simulations shown, the transformation of



Figure 4.8: Model simulations of concentration in the column effluent and laboratory data during the Third Phase of
Biotransformation Test when 1,1-DCE was introduced: Tc altered

a .1,1,1 -TCA and 1,1 -DCE c. Dissolved Oxygen

u. --

:

+

121:' 125 130 135
Time (Days)

I 1,1-DCE_data 1,1,1-TCA_data I

I 1,1-DCE_Model 1,1,1-TCA Model

b. Butane

2.5

2

120 123 126 129 132 135

Time (days)

I

Butane_Model B utane_Data

20

15

l0

L)

5

0

4. D

I. .EIDDn
j.jI. U...

U.

120 123 126 129

Time (Days)

DO_Model DODatal

d. Biomass

0.08

0.06

0.04

U
0.02

0

132 135

120 123 126 129 132 135

Timc (days)



Figure 4.9: Model simulations of the spatial distribution in concentration after 135 days of operation in Phase III: Tc altered
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1,1,1 -TCA and 1,1 -DCE was modeled by changing the transformation capacity value in

the biotransformation model. The Tc for 1,1,1 -TCA and 1,1 -DCE were 0.14 mg/mg and

0.03 mg/mg, respectively. The model fit the transformation of 1,1,1-TCA and l,1-DCE

well. The low transformation capacity value of 0.03 mg/mg used to fit the transformation

of 1,1 -DCE and high value used for 1,1,1 -TCA were consistent with the modeling

analysis performed by Mathias (2002) where transformation capacity of 1,1 -DCE was

0.025 mg/mg for the same butane-utilizing culture. This indicated that the transformation

of 1,1 -DCE is more toxic than the transformation of 1,1,1 -TCA (Mathias 2002, Kim et

al., 2000). In the model, a mass transfer rate sorption parameter value of 2 day' and a

sorption coefficient of 0.5 L/Kg were used from Mathias (2002) for 1,1-DCE, as transport

analysis of 1,1 -DCE was not performed prior to the biostimulation experiment. Model

simulations of the butane and dissolved oxygen column effluent concentrations also fit

well. Again, the concentration of dissolved oxygen was over predicted. Butane

breakthrough was predicted as seen in Figure 4.8b. A difference in the simulated and

laboratory data for butane and dissolved oxygen might be due to their retardation

observed in the CXTFIT modeling data (Chapter 3).

The spatial distribution of the chlorinated solvents, substrates, and biomass are

shown in Figure 4.9. The spatial profiles for the substrates and chlorinated solvents

follow similar patterns as observed in Phase I and Phase II (Figure 4.9 a, b, and c). The

decrease in the biomass concentration seen in Figure 4.9d, is the result of toxicity of 1,1 -

DCE.

Overall, the presence of 1,1 -DCE inhibited transformation of 1,1,1 -TCA and

butane. This is consistent with the field experiments conducted at Moffett Site, California
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using phenol and toluene as primary substrates (Hopkins and McCarty 1995). In that

study, it was detected that even at low concentrations, 1,1 -DCE inhibited the

transformation of chlorinated solvents.

Sensitivity Analysis of the Biotransformation Model

The sensitivity of the biotransformation model to different transformation capacities of

1,l,l-TCA and l,1-DCE was tested and the results are presented in Figure 4.10 and 4.11

respectively. The transformation capacity values were varied from 0.05 to 0.2 mg/mg for

both the chlorinated solvents. The sensitivity was tested on 1,1,1 -TCA and 1,1 -DCE

independently, i.e., presence of l,l-DCE was not analyzed for l,1,l-TCA transformation

and vice versa. For 1,1,1 -TCA simulations, the initial biomass of butane-utilizers present

in the colunm was 0.8 mg/L which, was uniformly distributed. However, for l,l-DCE the

initial distributed biomass was used from Phase III: l,l-DCE biostimulation experiment

(Figure 4.9d).

Model simulations for sensitivity tests performed on 1,1,1 -TCA, by

changing Tc (Figure 4.10) indicated that the model is very sensitive to a change in Tc of

1,1,1 -TCA. The microbial concentration predicted by the model for different Tc values

are shown in Figures 4.10 b and c. The 1,l-DCE model simulations with changes in Tc

also showed similar results. As the Tc was decreased, the removal of l,l-DCE was also

reduced. The sensitivity of the biotransformation model also depends on the

concentrations of the chlorinated solvents. The concentrations of 1,1,1 -TCA and 1,1 -DCE

used for the biostimulation tests in the column reactor were used to model sensitivity. For
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this range of concentrations of 1,1,1 -TCA and 1,1 -DCE, the model showed appreciable

sensitivity to the change in transformation capacities.
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Figure 4.10: Sensitivity of the Biotransformation Model for the changes in

transformation capacity of 1,1,1 -TCA
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Figure 4.11: Sensitivity of the Biotransformation model with the changes in

transformation capacity of 1,1 -DCE
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Chapter 5

Summary and Conclusions

The goal of this study was to evaluate the transformation of 1,1,1 -TCA and 1,1 -DCE in a

continuous flow column reactor when a butane-utilizing culture was bioaugmented and

biostimulated by the pulse feeding of groundwater with dissolved butane (electron donor)

and dissolved oxygen (electron acceptor). This was achieved by first studying the

transport of the substrates, butane and oxygen, and 1,1,1 -TCA. Modeling analysis was

performed to understand the processes that determine biotransformation.

Modeling the transport tests with CXTFIT2 indicated that 1,1,1 -TCA, oxygen and

butane had a retardation coefficients of 3.2, 2.2 and 9.1 respectively. Retardation of

oxygen and part of that of dissolved butane was likely due to the presence of trapped gas

bubbles. Butane retardation was also likely caused by sorption to the aquifer solids.

The most challenging part in this work was to deliver 1,1,1 -TCA, 1,1 -DCE,

butane and dissolved oxygen into the lunm reactor continuously and maintain

transformation of the chlorinated compounds. However, once the reactor system was set-

up, stable delivery of the chlorinated compounds and substrates was achieved.

The butane utilizing culture was successfully bioaugmented into the column

reactor by injecting microorganisms into the influent port as shown by Munakata-Marr et

al., 1996. The microbial culture transformed 1,1,1 -TCA well. The population of butane-



utilizing microorganisms could be maintained for the transformation of 1,1,1 -TCA by

pulsing butane and dissolved oxygen.

The transformation of 1,1,1 -TCA was very sensitive to the presence of butane in

the column effluent. Better removal of 1,1,1 -TCA was always achieved when butane

concentrations were below detection levels. This is consistent with the observations by

Mathias (2002) and Kim et al., (2002), where presence of butane strongly inhibited the

transformation of 1,1,1 -TCA.

The butane-utilizing culture was not able to achieve stable steady-state removal of

l,1,l-TCA when a high 1,l,l-TCA concentration of 430 ug/L was continuously added.

However, the butane-utilizing population could withstand the changes induced and 1,1,1 -

TCA was effectively transformed when the concentration was lowered. Exact reasons for

this behavior are not known. Mass balances indicated that on a total mass basis, more

1,1,1 -TCA was transformed at the higher concentrations. Modeling studies indicate that

the toxicity of 1,1,1 -TCA could be important. A change in the transformation capacity in

model simulation was required to better fit experimental observations. Model simulations

also indicate that native microorganisms that do not degrade 1,1,1 -TCA effectively may

have grown up in the column.

The butane-utilizers could also withstand a period of 16 days without the presence

of butane. This is a significant finding for the experiments that are conducted in the field,

as the microorganisms could resume steady-state removals of 1,1,1 -TCA after the butane

pulse was reinitiated. Residual transformation activity detected in the column during the

period when butane pulse was off, could not be explained thoroughly. One possibility is



that the high retardation of butane may have enabled it to have a longer residence time in

the column. Also, the retardation of 1,1,1 -TCA may have slowed its increase in

concentration to influent values. The microbial Real Time-PCR analysis conducted by Li

(2004) indicated that there existed a diverse mixture of microorganisms in the column

effluent. Thus, the residual activity may also be due to other microorganisms (native)

present in the column.

When longer butane pulses were induced into the column, stabilized

transformation of 1,1,1 -TCA was not achieved. Transformation of 1,1,1 -TCA was

effective and steady when 2 hours of oxygen and V2 hour of butane was pulsed. This is

consistent with the sensitivity analysis done by Mathias (2002), where longer pulses of

butane and oxygen did not yield good transformation of 1,1,1 -TCA for field tests and

effective cometabolic populations could not be maintained.

introduction of 1,1 -DCE into the column reactor caused transformation of 1,1,1 -

TCA to almost cease. Butane could be detected in the effluent and oxygen concentrations

increased. This suggested that the transformation of 1,1 -DCE inhibited the butane-

utilizing culture's ability to transform 1,1,1 -TCA effectively. These results are consistent

with the kinetic studies of Kim et al., 2000. The increase in dissolved oxygen

concentrations also indicated that the culture has lost some of its oxygen uptake activity

consistent with the findings of Dolan and McCarty 1995. The transformation of l,1-DCE

is expected to be highly toxic. Results of modeling studies showed a much lower

transformation capacity of 1,1 -DCE (0.03 mg/mg) compared to 1,1,1 -TCA (0.14 mg/mg).

These results are consistent with modeling studies of the field tests of Mathias (2002).
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DO increases were consistent with 50% of the butane not being consumed with

prolonged addition of 1,1 -DCE.

The combined biotransformation and transport model simulated the breakthrough

of 1,1,1 -TCA in the colunm well. The physical parameters such as the dispersion

coefficient, porosity, sorption coefficients predicted by CXTFIT transport code and the

biotransformation model were similar for the packed column, thus, enabling us to

understand the transport of chlorinated compounds well.

The first phase of the biotransformation test model simulations was performed

using the biotransformation parameters obtained previously by Kim et al. (2000) and

Mathias (2002). However, modeling later phases required an adjustment in

transformation capacity to match the lab data. Thus, some adjustment in model

parameters, were required to match the different column test results. As the system is

complex, it is difficult to know exactly which parameter value to change. Also, the

biotransformation model does not include retardation of the electron donor and electron

acceptor. Modeling transport data with CXTFIT indicated that both butane and dissolved

oxygen are retarded. Thus, some differences were noticed between the model simulations

and laboratory data for dissolved oxygen and butane. However, the model could initially

predict biotransformation occurring in the column by using parameters obtained

previously by Kim et al., (2000) and Mathias (2002).

The simulations indicated that 1,1 -DCE is more toxic than 1,1,1 -TCA. The model

indicated that the introduction of 1,1 -DCE into the column caused a decrease in biomass,

and increases in concentration of butane, DO and 1,1,1 -TCA consistent with
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experimental observations. The column studies and model simulations indicated a

difficulty of transforming both 1,1-DCE and 1,1,1-TCA at the concentration of 130 ug/L

and 200 ug/L, respectively.

The Real-time PCR analysis indicated the presence of bioaugmented culture

throughout the study. The number of organisms detected in the column effluent were low

compared to the numbers expected to be present based on model simulations of the total

biomass. Only microorganisms present in the groundwater and not attached

microorganisms, however were measured by Real-time PCR. The results however do

indicate that the bioaugmented culture represents just a fraction of the butane-utilizers

that were present.

In conclusion, bioaugmentation and biostimulation conducted in the soil column

using the butane-utilizers has been effective and can be used to assess the potential for in-

situ bioremediation. The column reactor had an advantage over conventional aqueous

batch reactors as it simulated the dynamic field conditions better. Complications in

modeling the lab data may be due to perturbations in the delivery of 1,1,1 -TCA, butane

and oxygen; influence of sorption of butane and oxygen; and a change in microbial

community during biostimulation. However, modeling column data with microbial

parameter values obtained from laboratory experiments (Mathias 2002; Kim et al., 2000

and 2002) proved to have a reasonable fit. Thus, this study was successful in mimicking

bioaugmentation and biostimulating the effectiveness in treatment that might be

achieved. The combination of continuous-flow column studies anf modeling provides a

powerful way to aid the design of in-situ remediation systems.
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Appendix A

Moffeltfield soil cores used for packing the column reactor

Core materials were obtained from Moffett Air Field site, CA and were refrigerated until

used. The aquifer material obtained from these cores was homogenized under a Laminar

Flow Hood to limit microbial contamination. Large pebbles, gravel stones and lumps of

clay were hand picked and discarded. The homogenized aquifer material was then

transferred into mason jars to be refrigerated until they were used to pack the colunm.

Table A.!: Core materials used for packing

Name Depth Interval
from to

SU39-17 18 18.5

SU39-17 18.5 19

SU39-17 19 19.5

SU39-17 19.5 20

SU39-18 15 15.5

SU39-18 15.5 16

SU39-18 16.5 17

SU39-18 17 17.5

SU39-18 17.5 18

SU39-18 18 18.5

SU39-18 18.5 19

SU39-18 19 19.5

SU39-19 14.5 15

SU39-19 15 15.5

SU39-19 15.5 16

SU39-19 16.5 17

SU39-19 17 17.5

SU39-19 17.5 18

SU39-19 18 18.5

SU39-19 18.5 19

SU39-20 14.5 15

SU39-20 15 15.5

SU39-20 15.5 16

Name Depth Interval
from to

SU39-20 17 17.5

SU39-20 17.5 18

SU39-20 18 18.5

SU39-FP1 15 15.5

SU39-FP1 15 15.5

SU39-FP1 15.5 16

SU39-FP1 16 16.5

SU39-FP3 15 15.5

SU39-PP1 15 15.5

SU39-PPI 15.5 16

SU39-PP2 15 15.5

SU39-PP3 14.5 15

SU39-PP3 15.5 16

SU39-PP4 15.5 16

SU39-PP4 16 16.5

SU39-PP5 14.5 15

SU39-PP5 15.5 16

SU39-PP6 14.5 15

SU39-PP6 14.5 15

SU39-PP6 15 15.5

SU39-PP6 15.5 16

SU39-PP6 16 16.5

SU39-PP6 16 16.5
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Appendix B

Calibration ofdissolved oxygen meter for liquid samples

A continuous record of DO concentration from the column effluent was achieved with an

in-line DO probe (Figure 2.2). The oxygen electrode was calibrated with at least two

standard gases with oxygen concentration in the range of oxygen concentration to be

measured. Common values used are 0% oxygen for zeroing the instrument and 21%

oxygen (ambient air) to establish a slope. The probe was therefore calibrated with

nitrogenlheliumlargon gas cylinders for 0% oxygen and compressed air for 21% and pure

oxygen for 100% oxygen.

The procedure for calibrating the DO meter is as follows. The DO electrode once

calibrated was stable for a period of at least 2-2.5 months. However, the microelectrode

was checked with a 2-point standard every week with water saturated with oxygen and

deoxygenated water. The microelectrode membrane is cleaned using the cleaning

solution provided in the kit.

Equipment used:

1. DO meter

2. Oxygen electrode

3. Replaceable flow-thru membrane housing

4. Viton tubing



5. Oxygen/air/nitrogen gas cylinder for sparging

6. Beaker, flask, and needles

Procedure for the calibration of DO meter:

1. About 350 mis were taken a 500m1 conical flask and sparged with pure gas

(oxygen/air/nitrogen) in to the flask for about 30 minutes to flush and obtain a

steady state oxygen level and at a constant temperature of 20°C.

2. The apparatus was connected and arranged as shown in figure B. 1.

3. The bubbling rate of about 3-6 bubbles per second was maintained in the conical

flask. Initially nitrogen was used to calibrate the zero of the meter.

4. After stable reading was obtained, the zero of the meter was adjusted.

5. For calibrating 21% oxygen, the sampling tube was removed from first standard.

A small air bubble was allowed into the sampling tube for separating the two

standards. The sampling tube was then placed it into the second standard. The

calibration control was adjusted to the value of second standard (21%).

Calibration to 100% DO was also carried out in the same fashion.

6. The sampling tube is alternated between the standards until the results are

reproducible.

7. The electrode was now ready to be used.



Figure B.!: Calibration of DO meter

II



Appendix C

CXTFIT2 Model Input to simulate transport tests from the column

Table C.!: Input Data Values to Simulate Bromide Transport Data using CXTFIT Model

1

BLOCK A: MODEL DESCRIPTION *************************************

Bromide Tracer Curve

In 30cm long column for Moffett Sediments

INVERSE MODE NREDU

1 1 3

MODC ZL(BLANK IF MODE=NREDU=1)

3 30.0

BLOCK B: INVERSE PROBLEM *******************************************

MIT ILMT MASS

150 0 0

BLOCK C: TRANSPORT PARAMETERS

V D R Mu

0.00263 0.0000201 1.0 0.0

1 1 0 0

BLOCK D: BVP; MODB=0 ZERO; =1 Dirac; =2 STEP; =3 A PULSE

MODB =4 MULTIPLE; =5 EXPONENTIAL; =6 ARBITRARY

2

1.0

BLOCK E: IVP; MODI=0 ZERO; =1 CONSTANT; =2 STEP WISE; =3
EXPONENTIAL**********************************************************

MODI

0

BLOCK F: PVP; MODP=0 ZERO; =1 CONSTANT; =2 STEPWISE; =3
EXPONENTIAL *********************************************************

MODP



0

BLOCK G: DATA FOR INVERSE PROBLEM ********************************

INPUTM =0; Z,T,C =1; T,C FOR SAME Z =2; Z,C FOR SAME T

1

30.0

TIME CONC

0.00 0.00

0.16 0.00

0.32 0.00

0.47 0.00

0.68 0.03

0.89 0.32

1.11 0.69

1.26 0.86

1.47 0.95

1.68 1.01

1.89 1.00

2.11 1.00

2.32 1.01

2.58 1.00

2.89 1.01

3.21 1.01

3.58 1.01

3.95 1.02

0.0 0.0

(Give "0 0 0" after last data set.)

Input file for modeling transport of Bromide given in Figure 3.1

Table C.2: Input Data Values to Simulate 1,l,1-TCA Transport Data using CXTFIT
Model



1

BLOCK A: MODEL DESCRIPTION *****************************************

Transport of 1,1,1 -TCA

Units: cm, sec

INVERSE MODE NREDU

1 2 3

MODC ZL

1 30.0

BLOCK B: INVERSE PROBLEM *******************************************

MIT ILMT MASS

150 0 0

MNEQ MDEG

0 0

BLOCK C: TRANSPORT PARAMETERS

V D R Beta omega Mul Mu2

2.61E-03 0.1961E-02 2.4 0.5 0.2 0. 0.

0 0 1 1 1 0 0

BLOCK D: BVP; MODB=0 ZERO; =1 DIRAC; =2 STEP; =3 A PULSE ************

MODB (Reduced Conc.& time) =4 MULTIPLE; =5 EXPONENTIAL; =6
ARBITRARY

2

1.0

BLOCK E: IVP; MODI=O ZERO; =1 CONSTANT; =2 STEP WISE; =3
EXPONENTIAL *********************************************************

MODI

0

BLOCK F: PVP; MODP=0 ZERO; =1 CONSTANT; =2 STEP WISE; =3
EXPONENTIAL *********************************************************

MODP

0

BLOCK G: DATA FOR INVERSE PROBLEM

INPUTM =0; Z,T,C =1; T,C FOR SAME Z =2; Z,C FOR SAME T



1

30.0

TIME CONC (Give "0 0 0" after last data set.)

0.00 0.00

0.32 0.02

0.95 0.04

1.26 0.10

1.58 0.21

1.89 0.37

2.21 0.45

2.53 0.48

3.00 0.62

3.47 0.69

4.11 0.70

4.42 0.76

4.89 0.85

5.37 0.90

6.00 0.89

6.32 0.90

8.13 0.99

14.45 1.03

22.37 1.08

29.95 1.05

35.37 0.97

42.53 1.04

50.11 0.94

57.32 1.08

65.68 1.09

82.42 1.07

88.16 1.02

0 0



Table C.3: Input Data Values to Simulate Dissolved Oxygen Transport Data using

CXTFIT Model

1

BLOCK A: MODEL DESCRIPTION *****************************************

Dissolved Oxygen Transport

In 30cm long column for Moffett Sediments

INVERSE MODE NREDU

1 1 3

MODC ZL(BLANK IF MODE=NREDU=l)

3 30.0

BLOCK B: INVERSE PROBLEM *******************************************

MIT ILMT MASS

150 0 0

BLOCK C: TRANSPORT PARAMETERS ************************************

V D R Mu

2.61E-03 0.1961E-02 1.0 0.0

1 0 1 0

BLOCK D: BVP; MODB=0 ZERO; =1 Dirac ; =2 STEP; =3 A PULSE

MODB =4 MULTIPLE; =5 EXPONENTIAL; =6 ARBITRARY

2

1.0

BLOCK E: IVP; MODI=0 ZERO; =1 CONSTANT; =2 STEP WISE; 3
E)(PONENTIAL

MODI

0

BLOCK F: PVP; MODP=0 ZERO; =1 CONSTANT; =2 STEPWISE; =3
EXPONENTIAL *********************************************************

MODP

0

BLOCK G: DATA FOR INVERSE PROBLEM
************************************************************************



INPUTM =0; Z,T,C =1; T,C FOR SAME Z =2; Z,C FOR SAME T

1

30.0

TIME CONC (Give "0 0 0" after last data set.)

0.00 0.19 1.52 0.32 1.89 0.48

0.05 0.28 1.53 0.32 1.91 0.49

0.16 0.27 1.54 0.33 1.92 049

0.32 0.26 1.55 0.34 1.94 0.50

0.47 0.25 1.56 0.34 1.95 0.50

0.55 0.24 1.57 0.35 1.96 0.51

0.63 0.22 1.58 0.35 1.98 0.52

0.79 0.19 1.59 0.36 1.99 0.52

0.87 0.17 1.61 0.37 2.00 0.52

0.95 0.16 1.59 0.38 2.01 0.53

1.31 0.21 1.63 0.38 2.03 0.53

1.32 0.21 1.65 0.39 2.04 0.54

1.34 0.22 1.66 0.39 2.05 0.54

1.35 0.23 1.68 0.41 2.06 0.55

1.37 0.24 1.74 0.40 2.08 0.55

1.38 0.24 1.75 0.40 2.09 0.56

1.39 0.25 1.77 0.41 2.11 0.56

1.41 0.25 1.77 0.41 2.12 0.56

1.42 0.26 1.78 0.42 2.13 0.57

1.43 0.26 1.78 0.43 2.14 0.57

1.44 0.27 1.79 0.43 2.16 0.58

1.45 0.28 1.81 0.44 2.17 0.58

1.46 0.28 1.82 0.44 2.18 0.59

1.47 0.29 1.83 0.45 2.20 0.59

1.48 0.29 1.85 0.46 2.21 0.59

1.49 0.30 1.86 0.46 2.22 0.59

1.50 0.31 1.87 0.47 2.24 0.60

1.51 0.31 1.88 0.48 2.25 0.60



2.26 0.61 2.68 0.70 3.61 0.79

2.27 1
2.69 0.70 3.63 0.79

2.29 0.61
2.71 0.71 3.66 0.79

2.31 0.62
2.73 0.71 3.68 0.80

2.32 0.62
2.74 0.71 3.69 0.80

2.33 0.62
2.76 0.71 3.74 0.79

2.34 0.63
2.77 0.71 3.84 0.79

2.35 0.63
2.79 0.72 3.89 0.80

2.36 0.63
2.80 0.72 3.95 0.80

2.40 0.61
2.82 0.72 4.00 0.80

2.41 0.62
2.84 0.73 4.05 0.80

2.41 0.63
2.85 0.73 4.11 0.80

2.42 0.64
2.88 0.73 4.16 0.80

2.43 0.64
2.89 0.73 4.21 0.80

2.45 0.65
2.92 0.74 4.26 0.80

2.46 0.66
2.93 0.74 4.37 0.80

2.47 0.66
2.95 0.74 4.47 0.80

2.48 0.66
2.98 0.74 4.58 0.80

2.50 0.66
3.00 0.74 4.68 0.80

2.52 0.67
3.01 0.75 4.79 0.80

2.53 0.67
3.03 0.75 4.89 0.80

2.54 0.68
3.05 0.75 5.00 0.80

2.55 0.68
3.08 0.75 5.11 0.80

2.57 0.68
3.11 0.76 5.21 0.80

2.58 0.69
3.32 0.76 5.37 0.80

2.59 0.69
3.36 0.76 5.53 0.80

2.61 0.69
3.37 0.77 5.68 0.80

2.62 0.69
3.38 0.77 5.84 0.81

2.63 0.69
3.39 0.78 6.00 0.81

2.64 0.70
3.41 0.78 7.68 0.88

2.66 0.70
3.42 0.79 9.16 0.91

2.67 0.70
3.53 0.79 13.42 0.91



16.58 0.94 0.0 0.0

21.58 0.89

Table C.4: Input Data Values to Simulate Butane Transport Data using CXTFIT Model

1

BLOCK A: MODEL DESCRIPTION *****************************************

Transport of butane through the column

In 30cm long column for Moffett Sediments

INVERSE MODE NREDU

1 1 3

MODC ZL(BLANK IF MODE=NREDU=l)

1 30.0

BLOCK B: INVERSE PROBLEM *******************************************

MIT ILMT MASS

150 0 0

BLOCK C: TRANSPORT PARAMETERS

V D R Beta Omega Mul Mu2

1.04E-02 1.17E-02 1.0 0.5 0.2 0.0 0.0

0 1 1 1 1 0 0

BLOCK D: BVP; MODB=0 ZERO; =1 Dirac ; =2 STEP; =3 A PULSE *************

MODB =4 MULTIPLE; =5 EXPONENTIAL; =6 ARBITRARY

3

1.0 3.79

BLOCK E: IVP; MODI=0 ZERO; =1 CONSTANT; =2 STEP WISE; =3
EXPONENTIAL *********************************************************

MODI

0

BLOCK F: PVP; MODP=0 ZERO; =1 CONSTANT; =2 STEPWISE; =3
EXPONENTIAL *********************************************************

MODP

0

BLOCK G: DATA FOR INVERSE PROBLEM ********************************



1NPUTM =0; Z,T,C =1; T,C FOR SAME Z =2; Z,C FOR SAME T

1

30.0

TIME CONC (Give "0 0 0" after last data set.)

0.00 0.007028

0.63 0.010684

1.26 0.033077

1.89 0.074535

2.53 0.165667

3.16 0.248137

3.79 0.319535

4.42 0.367758

5.05 0.420662

5.68 0.417853

6.32 0.43 1197

6.95 0.366353

7.58 0.364949

8.21 0.284889

8.84 0.259842

9.47 0.223347

10.11 0.201342

10.74 0.174656

11.37 0.149795

12.00 0.125005

12.63 0.112902

13.26 0.090102

13.89 0.083196

14.53 0.081464

15.16 0.068191

16.42 0.050564

17.68 0.025329

18.95 0.014334
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20.21 0.01229

21.47 0.002926

22.74 0.001756

24.00 0.001966

0.0 0.0
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Appendic D

Biotransformation model input for the simulation oftransformation tests

Table D.1: Input Data to the Combined Transport/Biotransformation Model

DHI QLI

0.0169 0.000288

PORI ThICK WIDTH

0.26 0.024545 0.024545

IMAX NSTOP NT HT XMAX

25 800000 100 0.00003 0.36

CPSD1 CPSD2 CPSAI CPSA2 CPD2 CPD3 CPD4 CPD5 CPA2 CPA3 CPA4

0 18.33 24 0 18.33 18.33 18.33 18.33 24 24 24

DNEB FK KD WELRAD

1.6 3 0.25 1

CXAI K KSD KSA K2 KS2

0.9 3.48 1.11 1 6.5 0.14

K22 KD2 FK2 KS22

0.64 0.5 2 1.63

KHAL PAl PA2 PM
800 30 31 31

Y YE B B! TC TC2

0.395 0.5 0.1 0.1

D FD CDOD

4 0.8 1.42

IRAD ICON IPRINT IDBRK ICXAI

2 2 1 21 2

PTO PT! PT2 PT3 PULSE! PULSE2 PULSE3 PULSE4 PULSE5 PULSE6 PULSE7 PULSE8
31 32 33 34 0.0208 0.1038 0.0208 0.1038 0.0208 0.1038 0.0208 0.1038

CSDPIO CSAPIO CS2PI CS2PIO CS2PI2 CS2I

CSPI3 CS2PI4

PSI PS2 PS3 PS4 PS5

31 32 33 34 35

PS2I PS22 PS23

31 32 33

CS22PI CS22PIO CS22PII CS22P12 CS22P13

0.2 0 0.2 0.2 0.2

KICID KIC2D KIUID KIU2D KICDI KIC2I

0.843 41.786 800 800 0.019 2.27

KIUD! KIU2! KICD2 KJC12 KIUD2 KIUI2

0.4002 800 800 0.107 0.029 800
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Detailed explanation ofthe parameters is given in Appendix E.

Transformation Capacity of 1,1,1-TCA for different phases used in the model:

Phase I: 0.16 mg/mg

Phase II:

High: 0.08 mg/mg

Low: 0.06 mg/mg

Phase III: 0.14 mg/mg

Transformation Capacity of l,1-DCE in Phase III: 0.03 mg/mg

NOTE: In the model inverse of the above values is used.
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Appendix E

Biotransformation Model Code Parameter Description

DHI Dispersion coefficient (m2/day)input parameter

QLI Volumetric flow rate-input parameter

PORI Porosity-input parameter

THICK Aquifer thickness

WIDTH Aquifer width

IMAX Number of spatial nodes within the test zone

{Spacing = (IMAX 1 )/XMAX, where XMAX is the total simulation

distance},

NSTOP Total number of iterations

NT Iteration step at which we would like to record or print values

{Time step = NT*HT},

HT Time step for calculating values

{Total simulation time = HT*NSTOP},



CPSD 1 First injection concentration of the electron donating substrate

CPSD2 Second injection concentration of the electron donating substrate

CPSA 1 First injection concentration of the electron accepting substrate

CPSA2 Second injection concentration of the electron accepting substrate

CPD2 Concentration of ED at time 2

CPD3 Concentration of ED at time 3

CPD4 Concentration of ED at time 4

CPD5 Concentration of ED at time 5

CPA2 Concentration of EA at time 2

CPA3 Concentration of EA at time 3

DNEB Density of solids for retardation calculations

FK First order sorption parameter for contaminant #1

KD Sorption coefficient for contaminant #1

WELRAD Radius for radial coordinates

CXAI Initial uniformly distributed biomass

K Maximum utilization rate of the ED



KSD Half saturation coefficient for ED

KSA Half saturation coefficient for EA

K2 Maximum utilization rate of contaminant #1

KS2 Half saturation coefficient of contaminant #1

K22 Maximum utilization rate of contaminant #2

KD2 Sorption coefficient for contaminant #2

FK2 First order sorption parameter for contaminant #2

KS22 Half saturation coefficient of contaminant #2

KHAL Haladene's constant, which is a measure of ED toxicity. High # indicates

low toxicity

(PAl)

(PA2)

Y Cell yield

YE EC/ED yield for oxygen consumption

B Cell decay coefficient

B! Enzyme decay coefficient set as zero to assume that ED is always

present
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TC Transformation capacity of contaminant #1

TC2 Transformation capacity of contaminant #2

D EAIED utilization for biomass synthesis (g EAIg ED)

FD Fraction of degrading cells 0.8 as per literature

CDOD Cell decay oxygen demand

IRAD Determines whether radial coordinates are used if yes then 1

(ICON)

IPR1NT Whether you want to print or not if you want to print then 1

IDBRK Location or node point at which the data is printed as an output

ICXAI Whether there is initial biomass present or not if biomass is present then

1

(PTO), (PT 1), (PT2), (PT3) Time at which ED injection (boundary)

concentration and pulse duration change

(PULSE1), (PULSE2), (PULSE3), (PULSE4), (PULSE5), (PULSE6) Pulsing

duration for ED and EA & EA and ED injection switch

CSDPIO Initial concentration of ED within the aquifer

CSAPIO Initial concentration of EA within the aquifer



CS2PI Second injection concentration of contaminant #1

CS2PIO First injection concentration of the contaminant #1

CS2PI2 Third injection concentration of the contaminant #1

CS2I Initial concentration of contaminant #1 within the aquifer

CS2PI3 Fourth injection concentration of contaminant #1

CS2PI4 Fifth injection concentration of contaminant #1

(Psi), (PS2), (PS3), (PS4), (PS5) Time at which injection (boundary)

concentration changes for contaminant #1

(PS2 1), (PS22), (PS23) Time at which injection (boundary) concentration changes

for contaminant #2

(C522P1)

C522P10 Initial concentration of contaminant #2 within the aquifer

(C522P 1), (C522P2), (C522P3) Injection concentration of contaminant #2

KIC1D Competitive inhibition constant of contaminant #1 on ED

KIC2D Competitive inhibition constant of contaminant #2 on ED

KIU1D Uncompetitive inhibition constant of contaminant #1 on ED

KIIJ2D Uncompetitive inhibition constant of contaminant #2 on ED



KICD1 Competitive inhibition constant of ED on contaminant #1

KIC21 Competitive inhibition constant of contaminant #2 on contaminant #1

KIUD1 Uncompetitive inhibition constant of ED on contaminant #1

KIU2 1 Uncompetitive inhibition constant of contaminant #2 on contaminant #1

KICD2 Competitive inhibition constant of ED on contaminant #2

KIC 12 Competitive inhibition constant of contaminant #1 on contaminant #2

KIUD2 Uncompetitive inhibition constant of ED on contaminant #2

KIU12 Uncompetitive inhibition constant of contaminant #1 on contaminant #2




